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Abstract
Background  Sweet sorghum (Sorghum bicolor L. Moench) is one of the most important renewable bioenergy crops 
that have high biomass production capacity and high sugar content in stems. The aim of this study was to identify 
promising lines derived from a recombinant inbred population with greater potential for bioenergy in Mediterranean 
conditions through an initial, line-level evaluation under the target environment.

Results  Twenty-four genotypes derived from a recombinant inbred line (RIL) population were evaluated during the 
growing seasons of 2021 and 2022 under Mediterranean field conditions. These lines were derived from crossing 
“Erdurmus” (sweet sorghum) with “Ogretmenoglu” (grain sorghum). There was significant genotypic variation for 
all bioenergy-related traits, including plant height (PH), stem diameter (SD), fresh biomass yield (FBY), stem yield 
(SY), Brix (BX), and plant juice content (JC). Heritability varied from 0.17 for JC to 0.91 for PH. The high values for PH 
and BX indicate strong genetic effects, and the positive correlations between PH, FBY, and SY show that these traits 
can be beneficial for selection when evaluated in combination. Principal component and cluster analyses classified 
genotypes that had greater potential for producing more biomass and sugar and revealed distinct trait-based 
groupings among lines. Several lines, particularly Srg174, Srg334, and Srg351, performed better than the check 
cultivars for one or more bioenergy-related traits under the conditions of this study.

Conclusion  These lines can be helpful for breeding because they can be used for developing high-yielding cultivars 
with promising performance under Mediterranean conditions for sustainable bioenergy production and represent 
valuable genetic material for further advancement in bioenergy-oriented sorghum breeding programs.

Keywords  Biomass, Brix, Juice content, Plant height

Identification of promising sweet sorghum 
advanced lines for bioenergy production 
under Mediterranean conditions
Birgul Guden1*

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1186/s12870-026-08764-8
http://crossmark.crossref.org/dialog/?doi=10.1186/s12870-026-08764-8&domain=pdf&date_stamp=2026-4-20


Page 2 of 11Guden BMC Plant Biology          (2026) 26:958 

Background
Among the various energy crops, sorghum (Sorghum 
bicolor L. Moench), especially the sweet type, is one of 
the most valuable sources for renewable bioenergy. This 
crop is characterized by high biomass capacity, rich sugar 
content in the stems, and high adaptability in harsh con-
ditions [1] including limited water sources, high temper-
ature, and nutrient-deficient soil environments [2]. These 
characters demonstrate that sweet sorghum is a promis-
ing energy crop for the production of sustainable biofuels 
and bio-based industries [3].

In sweet sorghum, plant height, Brix, juice content, 
stem diameter, fresh biomass yield and stem yield are 
among the important components for bioenergy pro-
duction [4–6]. The plant height has a strong relation-
ship with vegetative production, and lines that had taller 
height generally yielded more stem and leaf material. This 
advantage leads to increased yield of fresh biomass and 
stem in sorghum [4, 7]. The Brix and plant juice content 
of sorghum provide valuable information for the qual-
ity of stalks; Brix refers to the concentration of soluble 
sugars, and juice content defines information about the 
amount of liquid that can be obtained from the plant [8, 
9]. These traits directly impact on the quantity of ethanol 
that can be produced from sweet sorghum. Variations in 
bioenergy yield among the sweet sorghum lines related 
not only to these agronomic traits but also to differences 
in environmental conditions and the genetic structure of 
each genotype [10]. Variations in temperature, moisture 
availability, soil fertility, and photoperiod interact with 
genotypic factors to affect the expression of height, juice 
quality, and biomass traits. This demonstrates the signifi-
cance of assessing various genotypes to determine supe-
rior one within specific conditions [11].

Low rainfall often reduces the growth and yield of 
many agricultural crops [12]. Biomass production and 
sugar development in most species can be restricted 
under these dry phases with high temperatures in Medi-
terranean regions [13]. Sweet sorghum, however, gener-
ally represents comparatively good performance under 
such stresses. It can maintain growth and continue pro-
ducing stalk biomass and stem sugars even when water 
availability is restricted and temperatures are high, mak-
ing it a promising option for bioenergy use in these envi-
ronments [13]. Therefore, it is important to evaluate 
various sorghum genotypes and identify those that show 
high performance in specific conditions characterized by 
frequent high temperatures and drought [14]. Identifying 
lines that tolerate these conditions while ensuring reliable 
yields is a major step toward developing cultivars that can 
contribute to sustainable bioenergy production in Medi-
terranean areas [6].

As a bioenergy crop, sweet sorghum has been exten-
sively studied in different agro-ecological environments, 

but research especially conducted under Mediterranean 
conditions is still limited. The majority of research has 
focused on hybrid varieties or genetically heterogeneous 
populations, whereas only a few studies have evalu-
ated the performance of advanced inbred lines derived 
from recombinant populations (recombinant inbred 
lines, RILs) under Mediterranean environments [5, 6]. 
Such lines are ideal for this type of evaluation because 
they combine genetic diversity at the population level 
with a high degree of genetic uniformity within each 
line. Although all RILs originate from a single biparental 
cross, genetic diversity is maintained through the segre-
gation and independent fixation of parental alleles dur-
ing successive generations of selfing. As a result, each line 
carries a unique and stable combination of alleles. Con-
sidering that each line is nearly homozygous and geneti-
cally stable, the influence of the genotype can be studied 
more reliably, and the environmental impact can be iden-
tified more easily, allowing a clearer separation of genetic 
and environmental effects. When these lines are derived 
from parents that contrast strongly in bioenergy-related 
traits, they can provide valuable insights into the genetic 
basis and phenotypic variation of these traits, as the 
recombinant population captures a broad range of trait 
variation derived from the parental genotypes. There-
fore, the present study aimed to evaluate sweet sorghum 
recombinant inbred lines under Mediterranean growing 
conditions, with the objective of characterizing their per-
formance for key bioenergy-related traits.

Materials and methods
Hybridization and advancement of genetic materials
In 2016, a cross between Erdurmus and Ogretmenoglu 
sorghum cultivars was performed in the greenhouse of 
Akdeniz University. The female parent, Erdurmus, is a 
sweet sorghum cultivar characterized by tall plant height, 
high Brix value, and high biomass production, while the 
male parent, Ogretmenoglu, is a grain sorghum cultivar 
with high grain yield potential. Erdurmus and Ogret-
menoglu cultivars were obtained from the Western Med-
iterranean Agricultural Research Institute (WMARI) 
situated in Antalya, Türkiye. Both cultivars were officially 
developed and registered as part of the sorghum breed-
ing program at WMARI, with the breeder seed material 
provided to Akdeniz University for research purposes.

In 2017, F₁ plants were self-pollinated in the experi-
mental fields of the Department of Field Crops, Faculty 
of Agriculture, Akdeniz University (36°53′ N, 38°30′ E; 
altitude 15  m). In the following year, the F₂ population 
was grown at the WMARI experimental area (36°52′ N, 
30°50′ E; elevation 41  m above sea level, Antalya, Tür-
kiye). All F₂ plants germinated from the sown seeds. 
Among these, twenty-four individual plants (lines) were 
evaluated for bioenergy-related traits, including plant 
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height, Brix value, juice yield, and fresh biomass produc-
tion. These plants were selected to represent phenotypic 
diversity for bioenergy-related traits rather than through 
intentional or directional breeding selection. These plants 
were individually self-pollinated using bagging and har-
vested separately. The selected F₂ plants were advanced 
to the F₃ generation through progeny-row advancement, 
and subsequently to the F₄ and F₅ generations by contin-
ued self-pollination without intentional or directional 
selection, with the aim of achieving genetic fixation and 
line uniformity.

Experimental site and design
Field experiments were conducted during the 2021 and 
2022 growing seasons at the experimental fields of the 
Department of Field Crops, Faculty of Agriculture, 
Akdeniz University. The study included twenty-four 
advanced inbred lines, along with two registered sweet 
sorghum cultivars, Erdurmus and Uzun (developed 
by WMARI), used as checks. The experiments were 
arranged in a randomized complete block design with 
three replicates for each year.

Each plot consisted of four rows, 5  m in length, with 
0.70 and 0.20  m were row and plant spacing, respec-
tively. Experimental site soil was classified as loam–clay 
with slightly alkaline reaction (pH = 7.7) and low organic 
matter content (1.23%). Total rainfall during the 2021 
and 2022 growing seasons were 39.3 mm and 31.4 mm, 
respectively. The average monthly temperature and rela-
tive humidity were 27.4 °C and 55.2% in 2021, and 26.7 °C 

and 62.1% in 2022, respectively, indicating slightly higher 
humidity and lower temperature in 2022 (Fig. 1).

Data collection and trait measurements
From each plot, three representative plants from the two 
central rows were randomly selected for measurements 
(PH, SD, and BX). In addition, the two central rows in 
each plot were harvested, and yield-related traits were 
recorded from these rows. The following traits were 
recorded in both years:

 	• Plant height (PH, cm): measured from the soil 
surface to the tip of the panicle after full emergence.

 	• Fresh biomass yield (FBY, t ha⁻¹): determined by 
cutting the whole plant above ground level, weighing 
immediately, and converting to per-hectare.

 	• Stem yield (SY, t ha⁻¹): determined after removing 
panicles and leaves; measured as the weight of stalks 
per hectare.

 	• Stem diameter (SD, cm): measured at the third 
internode from the base of the main stem using 
a digital caliper (Clockwise Tools DCLR-0605 
Electronic Digital Caliper).

 	• Plant juice content (PJC, %): was identified by 
extracting juice from stalks using a roller mill, and 
the proportion of the extracted juice in the fresh 
stalk biomass was calculated as a percentage.

 	• Brix (BX, %): was measured with a digital 
refractometer (Hanna Instruments, HI96801, USA).

Fig. 1  Monthly temperature, rainfall, and relative humidity during the 2021 and 2022 growing seasons at the experimental site (Antalya, Türkiye)
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Statistical analysis
Data analysis was performed using R (v4.3.2) and RStu-
dio. For each evaluated trait, a linear mixed model was 
fitted to estimate the best linear unbiased predictors 
(BLUPs). In the model, genotype giwas considered a ran-
dom effect, whereas year yjand replication within year 
rk(j) were treated as fixed effects. The significance of the 
fixed terms was evaluated using F-tests. The model can 
be expressed as follows:

	 Yijk = µ + yj + rk(j) + gi + ϵijk

where Yijk is the observed phenotypic value of the ith 
genotype in the jth year and kth replication, µ is the over-
all mean, yj  is the fixed effect of the jth year, rk(j) is the 
fixed effect of the replication nested within the year, gi 
is the random effect of the ith genotype (gi ∼ N(0, σ2

g)), 
and ϵijk is the random residual error (ϵijk ∼ N(0, σ2

e)).
Broad-sense heritability (H²) was estimated based on 

the variance components from the mixed model using 
the following formula:

	
H2 =

σ2
g

σ2
g + σ2

g×y

y + σ2
e

ry

Here, σ²g represents the genetic variance, σ²g×y the 
genotype × year interaction variance, σ²e the residual 
variance, y the number of years, and r the number of 
replications.

Correlations among BLUPs of the measured traits were 
calculated using Pearson’s method. Principal component 
analysis (PCA) was performed on standardized BLUP 
values to explore relationships among traits and to deter-
mine which traits contributed most to total variation. 
Hierarchical clustering (Ward’s method, Euclidean dis-
tance) was also conducted to group genotypes with simi-
lar performance.

All figures, including biplots, heatmaps, and dendro-
grams, were created using R visualization tools.

Results
Variation and descriptive statistics of bioenergy-related 
traits
The combined data from the F₄ and F₅ showed significant 
differences among the evaluated lines, as summarized 
in Table  1. SY exhibited the highest CV (28.9%), while 
BX showed the lowest (9.08%). The mean PH identified 
257.23  cm. Average FBY and SY were 31.55 t ha⁻¹ and 
26.78 t ha⁻¹, respectively, while mean BX and JC were at 
14.96% and 34.11%.

Performance of lines for bioenergy-related traits
Across two years, the F₄–F₅ lines and check cultivars 
exhibited wide variation in bioenergy-related traits 
(Table 1). Significant differences (p ≤ 0.001), among lines 
were detected for plant height (PH), fresh biomass yield 
(FBY), stem yield (SY), and Brix (BX), whereas no sig-
nificant differences were observed for stem diameter 
(SD) and juice content (JC). PH showed a wide range 
among the lines, from 167.22 cm in Srg147 to 353.6 cm 
in Srg303. FBY ranged from 20.14 to 44.98 t ha⁻¹, with the 
highest value observed in Srg174 (44.98 t ha⁻¹), followed 
by Srg156 (41.67 t ha⁻¹), and the lowest value recorded 
in Srg147. The highest SY was identified in Srg156 and 
Srg174 (37.19 t ha⁻¹), followed by Srg351 (36.0 t ha⁻¹); the 
lowest was in Srg147 (15.38 t ha⁻¹). A narrow variation 
was observed for SD, ranging between 1.61 (Srg221) and 
2.20 cm (Srg351). BX ranged from 10.92 to 17.65%, with 
the highest value observed in Srg35 (17.65%), followed 
by Srg351 (17.15%) and Srg296 (17.04%) while the low-
est value was recorded in Srg147 (10.9%). The highest JC 
value was determined in Srg18 (40.34%) while the lowest 
value was in Srg97 (26.43%). Among the check cultivars, 
Erdurmus had a relatively high BX (16.26%) with moder-
ate FBY, whereas Uzun had higher FBY (38.62 t ha⁻¹) and 
SY (33.05 t ha⁻¹).

Variance components and heritability
Genotypic variance (σ²g) was significant only for PH 
and BX, whereas it was not significant for FBY, SY, SD, 
or JC (Table  2). PH showed the highest genotypic vari-
ance (σ²g = 2198.94), explaining 73.31% of the total vari-
ance. Genotypic variation for FBY and SY was lower 
(σ²g = 20.75 and 19.89, respectively), explaining 19.22% 
and 21.98% of the total variance. The genotype × year 
(σ²g×Y) component varied depending on the trait; the 
highest value was observed for PH (σ²g×Y = 251.14) rep-
resenting 8.37% of the total variance, whereas SD showed 
no detectable interaction effect. This component, σ²g×Y, 
was also significant for PH and BX but non-significant for 
the remaining traits; for BX, the genotype × year interac-
tion explained 17.53% of the total variance, while it was 
negligible for SD (0.00%).

Broad-sense heritability (H²) ranged from 0.17 for JC 
to 0.91 for PH. Heritability was high for PH (0.91) and 
BX (0.73), and genotypic differences for these traits were 
generally consistent across years, as genotypic variance 
accounted for a large proportion of the total variance 
(73.31% for PH and 42.42% for BX) compared with resid-
ual variance. These heritability estimates therefore reflect 
both genotypic effects and the magnitude of genotype × 
year interaction, rather than representing single-environ-
ment values. FBY (0.52) and SY (0.57) showed moderate 
heritability, with genotypic performance varying among 
environments, which was reflected by the dominance of 
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residual variance, explaining 68.21% and 66.38% of the 
total variance, respectively. In contrast, heritability was 
low for SD (0.40) and JC (0.17), indicating a stronger 
environmental influence and genotype × year effects on 
these traits; indeed, residual variance explained 89.84% of 
the total variance for SD and 94.43% for JC.

Associations among bioenergy-related traits and 
clustering
Correlation analysis showed that several traits in the 
evaluated lines were associated with each other (Fig. 2). 
The strongest positive association was determined 
between SY and FBY (r = 0.97, p < 0.001). SY was also 
positively related to PH (r = 0.62, p < 0.001), while PH 
was moderately positively correlated with FBY (r = 0.57, 

Table 1  Mean values of bioenergy-related traits for F₄–F₅ sweet sorghum advanced lines and check cultivars
Genotypes/cultivars PH (cm) FBY (t ha⁻¹) SY (t ha⁻¹) SD (cm) BX (%) JC (%)
Srg18 190.33 24.45 18.24 2.00 12.64 40.34

Srg33 225.50 29.76 28.00 1.62 15.23 34.17

Srg35 267.83 34.05 29.60 1.83 17.65 38.31

Srg37 270.22 34.24 28.43 1.74 15.49 38.63

Srg74 242.50 37.95 32.52 1.98 15.37 36.04

Srg97 230.78 30.86 25.74 1.85 14.61 26.43

Srg147 167.22 20.14 15.38 1.75 10.92 38.62

Srg156 272.72 41.67 37.19 1.98 15.68 37.09

Srg174 243.56 44.98 37.19 1.92 16.85 32.85

Srg203 318.89 30.19 27.62 1.63 13.77 29.91

Srg214 345.39 26.84 24.29 1.77 15.25 33.17

Srg221 207.72 21.33 16.71 1.61 14.87 38.66

Srg225 167.39 22.76 18.71 1.70 13.09 29.74

Srg238 257.50 32.62 26.86 2.03 15.75 30.34

Srg287 254.78 33.48 27.19 2.12 15.22 38.49

Srg289 236.78 26.81 22.14 1.91 15.08 28.35

Srg293 245.67 30.48 24.57 1.88 15.58 35.57

Srg296 268.44 32.67 28.95 1.93 17.04 33.56

Srg302 268.00 35.81 30.33 2.05 16.19 34.04

Srg303 353.61 37.95 30.10 1.99 11.42 27.35

Srg334 204.11 24.05 20.00 1.63 14.35 37.60

Srg351 327.00 38.86 35.95 2.20 17.15 39.83

Srg366 242.06 27.24 22.90 1.93 14.23 32.81

Srg404 265.94 30.52 27.29 1.76 15.46 32.81

Erdurmus 312.61 32.05 27.33 1.73 16.26 33.57

Uzun 301.33 38.62 33.05 2.27 13.94 28.64

Mean 257.23 31.55 26.78 1.88 14.96 34.11

LSD 35.53*** 13.01*** 11.75*** 0.54NS 2.06*** 13.44NS

CV (%) 9.11 27.20 28.94 18.06 9.08 26.00
PH Plant height, cm, FBY Fresh biomass yield, t ha⁻¹, SY stem yield, t ha⁻¹, SD Stem diameter, cm, BX Brix, %, JC Juice content, %

Probability level; ***p < 0.001, NS; non-significant

Table 2  Variance components and broad-sense heritability (H²) of evaluated traits
Trait σ²g σ²g×Y σ²e σ²g (%) σ²g×Y (%) σ²e (%) H²
PH (cm) 2198.94** 251.14** 549.31 73.31 8.37 18.31 0.91

FBY (t ha⁻¹) 20.75NS 13.57NS 73.65 19.22 12.57 68.21 0.52

SY (t ha⁻¹) 19.89NS 10.53NS 60.07 21.98 11.64 66.38 0.57

SD (cm) 0.013NS 0NS 0.115 10.16 0.00 89.84 0.40

BX (%) 1.96** 0.81** 1.85 42.42 17.53 40.04 0.73

JC (%) 2.86NS 1.78NS 78.68 3.43 2.14 94.43 0.17
Proportional contribution (%) of variance components was calculated as the ratio of each variance component to the total variance

σ²g  genotypic variance, σ²g×Y  genotype × year interaction variance, σ²e  residual error variance, H² broad-sense heritability, PH Plant height, cm, FBY Fresh biomass 
yield, t ha⁻¹, SY stem yield, t ha⁻¹, SD Stem diameter, cm, BX Brix, %, JC Juice content, %

Probability level; ***p < 0.001, NS; non-significant
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p < 0.01). Moreover, a moderate but positive relationship 
was determined between SY and BX (r = 0.56, p < 0.01). In 
contrast, JC showed weak or negative or non-significant 
associations with most traits, except for a slight positive 
related to BX (r = 0.20).

Principal component analysis (Fig.  3) based on BLUP 
values was used to evaluate how traits contributed to the 
overall variation. The first principal component explained 
52.2% of the total variation and was mainly influenced 
by FBY, SY, PH, and SD, which were positioned close to 
each other on the biplot. These traits therefore showed a 
similar response pattern across the evaluated lines. The 
second principal component explained 20.1% of the vari-
ation and largely separated BX and JC from the remain-
ing traits, indicating that quality-related traits followed 
a different pattern compared with biomass- and yield-
related traits. PCA scores separated the lines into three 
clusters. Cluster II (n = 9) was found on the positive side 
of PC1 and generally showed higher SY, FBY, and BX, 

suggesting superior biomass productivity combined with 
higher sugar-related traits. Cluster I (n = 12) occurred 
between the other clusters and displayed a broad spread 
along PC2, reflecting variation in PH and SD. Cluster III 
(n = 5) was located on the negative PC1 axis and showed 
lower yield traits.

Hierarchical clustering of the scaled BLUP values 
grouped the lines into three clusters (Fig. 4). Lines with 
generally higher values for several bioenergy-related 
traits, such as Erdurmus, Srg334, and Srg174, were 
found in the same cluster, showing a similar overall per-
formance. By contrast, lines with lower BX or JC values 
tended to fall into different clusters. The clustering pat-
tern broadly matched the relationships observed in the 
correlation matrix and the PCA results. Overall, the 
clusters mainly reflect differences in trait combinations 
among the RILs.

Fig. 2  Correlation coefficients among bioenergy-related traits based on combined F₄–F₅ data in sweet sorghum advanced lines
 PH (Plant height, cm), FBY (Fresh biomass yield, t ha⁻¹), SY (stem yield, t ha⁻¹), SD (Stem diameter, cm), BX (Brix, %), JC (Juice content, %). Probability level; 
***p < 0.001, **p < 0.01, NS; non-significant
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Comparison of lines with check cultivars for bioenergy-
related traits
Several lines performed better than the best control for 
one or more bioenergy-related traits (Fig. 5). Differences 
among lines were trait dependent. Some lines exceeded 
the check cultivars for yield or quality traits. As seen in 
Fig.  5, these differences were not uniform across traits, 
and lines that performed well for one trait did not nec-
essarily show similar performance for others. Srg156, 
Srg174, and Srg351 had higher stem yield (SY). Values 
reached 37.2, 37.2, and 36.0 t ha⁻¹. This was followed by 
Uzun, which had a stem yield of 33.1 t ha⁻¹. In the same 
lines, except for Srg351, fresh biomass yield was above 40 
t ha⁻¹. This trend suggests that higher stem yield in these 
lines was generally accompanied by higher fresh biomass 
production relative to the control. Srg35 had the high-
est BX value (17.65%). This value was higher than those 
of the check cultivars Erdurmus (16.26%) and Uzun 
(13.94%). Srg18 and Srg174 also showed higher JC val-
ues than the checks, reaching 40.3% and 32.85%, respec-
tively. In comparison, JC values of Erdurmus and Uzun 
were 33.57% and 28.64%. In contrast, Srg147 and Srg225 
showed lower values than the controls, especially for PH 
and FBY. The reductions were around 30–40% compared 
with the check cultivars. In Fig. 5, these lines are gener-
ally positioned on the negative side of the comparison.

Discussion
For higher bioenergy yields in Mediterranean environ-
ments, the development of lines adapted to local grow-
ing conditions is crucial [5]. In the present study, several 
lines showed strong performance for the evaluated bio-
energy-related traits under the Mediterranean conditions 
of the experimental site, indicating that evaluation within 
the target environment can provide useful preliminary 
insight (Fig. 5) [15]. These outcomes reflect relative per-
formance under the specific conditions of the study and 
should not be interpreted as evidence of broad or site-
specific adaptation [15]. The evaluated material consisted 
of advanced, near-homozygous lines assessed at the line 
level rather than as a segregating population, and the 
results are therefore intended to support further evalu-
ation rather than definitive inference [16]. Because each 
RIL-derived line represents a genetically fixed genotype, 
meaningful comparisons among lines remain possible 
despite the number of lines evaluated.

Within this framework, the results showed that breed-
ing efforts are more effective when priority is directed to 
lines that are well adapted to specific conditions. How-
ever, conclusions regarding adaptation should be inter-
preted with caution when based on a single location. 
Achieving wide adaptation is often difficult in regions 
where climatic and soil conditions vary considerably. For 
this reason, testing lines directly in the target environ-
ment remains important, as it provides a reliable basis 
for identifying lines with consistent performance under 
local conditions [17–19]. Accordingly, the present study 

Fig. 3  PCA biplot of bioenergy-related traits and clustering of F₄–F₅ sweet sorghum advanced lines
PH (Plant height, cm), FBY (Fresh biomass yield, t ha⁻¹), SY (stem yield, t ha⁻¹), SD (Stem diameter, cm), BX (Brix, %), JC (Juice content, %)
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focused on evaluating line-level performance under 
Mediterranean conditions as an initial screening step, 
and additional multi-location testing will be required to 
further validate performance and adaptation.

Heritability was high for several traits, showing that 
genetics had a strong effect and that these traits can be 
improved through selection [20]. In this study, moderate 
to high heritability observed for some traits such as PH, 
SY, and BX indicates that these traits are one of the useful 
criteria for selection to develop bioenergy performance 
(Table  2). In particular, the high heritability of plant 

height (H² = 0.91) was mainly associated with a large 
proportion of genotypic variance (σ²g = 73.31%), whereas 
the genotype × year interaction contributed only a minor 
fraction (8.37%), indicating a relatively stable genetic 
expression across years. Because heritability estimates 
were derived from data pooled across years, they also 
reflect the repeatability of trait expression across seasons. 
These heritability estimates should be interpreted in the 
context of genotype × environment interaction rather 
than as single-environment values. Accordingly, moder-
ate to high heritability suggests that genetic effects were 

Fig. 4  Hierarchical clustering heatmap based on scaled BLUP values of bioenergy-related traits in F₄–F₅ sweet sorghum advanced lines, showing distinct 
genotype clusters with similar trait profiles
Colors represent standardized trait values (blue = low, red = high). Hierarchical clustering grouped the genotypes into distinct clusters based on similar 
trait profiles, as indicated by the dendrogram
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sufficiently consistent across years despite environmental 
variation. By comparison, SD and JC showed more fluc-
tuation between seasons, indicating that their expres-
sion was more sensitive to environmental conditions. For 
this reason, data from different years were combined and 
analyzed using a mixed-model approach to reduce year-
to-year differences. Under this perspective, the observed 
heritability patterns are in line with earlier findings on 
bioenergy-related traits in sorghum. Similar associations 
between biomass- and sugar-related traits have also been 
reported in earlier sorghum studies [21–23]. In line with 
our results, previous work has shown that traits such 
as stem and biomass weight, juice volume, and sugar or 
ethanol yield tend to display relatively high heritability 
together with genetic advance [24]. This suggests that 
these traits can be practically useful when considering 
indirect selection for improved bioenergy yield in sweet 
sorghum.

Multivariate evaluations provided information into 
variation of traits among the evaluated lines. In the PCA 
biplot (Fig.  3), traits related to biomass, FBY, SY, PH, 
and SD were located in close proximity, indicating that 
they responded in a similar pattern across lines. In con-
trast, BX and JC appeared on different sections of the 

plot, which suggests that the components contributing 
to sugar concentration and the amount of extractable 
juice are not entirely aligned with the factors influenc-
ing biomass accumulation [25]. This separation suggests 
that biomass-related traits and sugar-related traits may 
be influenced by partly distinct physiological or genetic 
mechanisms. The differences obtained indicate that the 
lines were separated, and high biomass does not always 
coincide with high juice content. Clustering analysis 
(Fig.  4) had same pattern with the PCA results, further 
illustrating the extent of phenotypic variation among 
the lines. The agreement between PCA and clustering 
analysis strengthens the interpretation that the observed 
grouping reflects consistent trait associations rather than 
artifacts of a single analytical method. Several high-per-
forming lines (Srg174, Srg334, and Srg351) were clustered 
around Erdurmus. This clustering indicates similarity in 
overall trait profiles under the conditions of the study, 
rather than identical performance across all measured 
traits. Their locations in this cluster showed that some 
lines with high performance in specific traits rather than 
across all traits. For example, Srg35 had the highest BX, 
while Srg18 produced more JC. These trait-specific con-
trasts within clusters highlight that superior performance 

Fig. 5  Comparison of advanced lines with check cultivars (Erdurmus and Uzun) for bioenergy-related traits. PH (Plant height, cm), FBY (Fresh biomass 
yield, t ha⁻¹), SY (stem yield, t ha⁻¹), SD (Stem diameter, cm), BX (Brix, %), JC (Juice content, %)
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can be driven by different trait combinations. These 
results are consistent with Endalamaw and Adugn’s [26] 
study; ICSV700 had the highest fresh and dry stalk yield 
but relatively low juice, sugar, and ethanol yields, whereas 
genotypes such as NTJ2 and SDSL90167 had high sugar 
and ethanol yields but only moderate biomass, showing 
that bioenergy-related traits can peak in different geno-
types [4, 6]. Together, these findings emphasize that bio-
mass- and sugar-related traits do not necessarily reach 
their maximum values in the same genotypes, which is an 
important consideration for selection strategies based on 
multiple bioenergy components.

Several lines reached and, in some cases, exceeded the 
values of Erdurmus regarding FBY and SY, while some 
performed at almost similar levels to or surpassed Uzun 
(Fig. 5). These results show that recombination between 
contrasting parents can produce lines with improved 
traits, and that some lines can perform as well as or bet-
ter than either parent [21]. The observed transgressive 
performance points to substantial genetic potential in 
the population and helps distinguish lines with improved 
bioenergy-related traits. This response reflects favorable 
allele combinations expressed under the conditions of 
the present study. Overall, the evaluated lines appear to 
provide useful genetic diversity for the improvement of 
bioenergy performance in sorghum grown under Medi-
terranean conditions.

Conclusion
This study showed that the evaluated advanced lines dif-
fered widely for bioenergy-related traits, and several lines 
had high performance under Mediterranean conditions. 
Some lines produce high biomass, stem yield, or sugar-
related values, in some cases reaching levels similar to 
the check cultivars. These differences reflect the expres-
sion of diverse trait combinations among advanced, near-
homozygous lines evaluated at the line level. The findings 
also indicate that evaluating lines directly in the target 
environment is important. In this context, the observed 
performance should be interpreted as relative responses 
under Mediterranean conditions, providing useful guid-
ance for early-stage evaluation. High heritability esti-
mates for many traits suggest that genetic improvement is 
achievable through selection. Together with the observed 
transgressive performance, these results point to the 
presence of favorable allele combinations contributing to 
improved bioenergy-related traits. Accordingly, the pres-
ent results represent an initial step toward identifying 
promising sweet sorghum lines for bioenergy production 
under Mediterranean conditions. Overall, the population 
provides useful material for developing sweet sorghum 
lines with improved bioenergy performance under Medi-
terranean conditions and represents a valuable genetic 

resource for continued progress in bioenergy-oriented 
breeding programs.

Abbreviations
RIL	� Recombinant inbred lines
PH	� Plant height
SD	� Stem diameter
FBY	� Fresh biomass yield
SY	� Stem yield
BX	� Brix
JC	� Juice content

Authors’ contributions
Birgul Guden: Conceptualization, Methodology, Supervision, Investigation, 
Validation, Writing original draft and final manuscript.

Funding
The author declares that this study received no external funding.

Data availability
The datasets supporting the results of this article are included in the main 
manuscript file.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 17 November 2025 / Accepted: 10 April 2026

References
1.	 Appiah-Nkansah NB, Li J, Rooney W, Wang D. A review of sweet sorghum as a 

viable renewable bioenergy crop and its techno-economic analysis. Renew-
able Energy. 2019;143:1121–32. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​r​e​​n​e​n​​e​.​2​0​​1​9​​.​0​5​.​0​6​6.

2.	 Calvino M, Messing J. Sweet sorghum as a model system for bioenergy crops. 
Curr Opin Biotechnol. 2012;23(3):323–9. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​c​o​​p​b​i​​o​.​2​0​​1​
1​​.​1​2​.​0​0​2.

3.	 Mathur S, Umakanth AV, Tonapi VA, Sharma R, Sharma MK. Sweet sorghum 
as biofuel feedstock: Recent advances and available resources. Biotechnol 
Biofuels. 2017;10:146. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​8​6​​/​s​​1​3​0​6​8​-​0​1​7​-​0​8​4​0​-​4.

4.	 Guden B, Erdurmus C, Erdal S, Uzun B. Evaluation of sweet sorghum 
genotypes for bioethanol yield and related traits. Biofuels Bioprod Biorefin. 
2020;15(3):789–99. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​0​2​​/​b​​b​b​.​2​1​6​9.

5.	 Yucel C, Yucel D, Hatipoglu R, Dweikat I. Research on the potential of some 
sweet sorghum genotypes as bioethanol source underMediterranean condi-
tions. Turkish J Agric Forestry. 2022;46(2):2. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​5​5​7​3​​0​/​​1​3​0​0​-​0​1​1​
X​.​2​9​6​6.

6.	 Nazli RI, Aslankaciran C, Yang D, Liaqat W, Polat M, Cavdar AS, Tansi V, Baloch 
FS. Assessment of Sweet Sorghum Genotypes for Bioethanol Production 
Potential and Bagasse Combustion Characteristics in a Semi-Arid Mediterra-
nean Climate. Agronomy. 2024;14:2626. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​9​0​​/​a​​g​r​o​n​o​m​y​1​4​
1​1​2​6​2​6.

7.	 Guden B, Yol E, Erdurmus C, Lucas SJ, Uzun B. Construction of a high-density 
genetic linkage map and QTL mapping for bioenergy-related traits in sweet 
sorghum [Sorghum bicolor (L.) Moench]. Front Plant Sci. 2023;14:1081931. ​h​t​t​
p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​8​9​​/​f​​p​l​s​.​2​0​2​3​.​1​0​8​1​9​3​1.

8.	 Rutto LK, Xu Y, Brandt M, Ren S, Kering MK. Juice, ethanol, and grain yield 
potential of five sweet sorghum (Sorghum bicolor [L.] Moench) cultivars. J 
Sustainable Bioenergy Syst. 2013;3(2):113–8. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​4​2​3​6​​/​j​​s​b​s​.​2​0​1​
3​.​3​2​0​1​6.

https://doi.org/10.1016/j.renene.2019.05.066
https://doi.org/10.1016/j.copbio.2011.12.002
https://doi.org/10.1016/j.copbio.2011.12.002
https://doi.org/10.1186/s13068-017-0840-4
https://doi.org/10.1002/bbb.2169
https://doi.org/10.55730/1300-011X.2966
https://doi.org/10.55730/1300-011X.2966
https://doi.org/10.3390/agronomy14112626
https://doi.org/10.3390/agronomy14112626
https://doi.org/10.3389/fpls.2023.1081931
https://doi.org/10.3389/fpls.2023.1081931
https://doi.org/10.4236/jsbs.2013.32016
https://doi.org/10.4236/jsbs.2013.32016


Page 11 of 11Guden BMC Plant Biology          (2026) 26:958 

9.	 Rono JK, Cheruiyot EK, Othira JO, Njuguna VW. Cane yield and juice volume 
determine ethanol yield in sweet sorghum (Sorghum bicolor L. Moench). Int J 
Appl Sci. 2018;1(2):29–36. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​0​5​6​​0​/​​i​j​a​s​.​v​1​n​2​p​2​9.

10.	 Wight JP, Hons FM, Storlien JO, Provin TL, Shahandeh H, Wiedenfeld RP. Man-
agement effects on bioenergy sorghum growth, yield and nutrient uptake. 
Biomass Bioenergy. 2012;46:593–604. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​b​i​​o​m​b​​i​o​e​.​​2​0​​1​
2​.​0​6​.​0​3​6.

11.	 Pour-Aboughadareh A, Jamshidi B, Jadidi O, Bocianowski J, Niemann J. 
Multi-trait stability index in the selection of high-yielding and stable barley 
genotypes. J Appl Genet. 2025. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​0​7​​/​s​​1​3​3​5​3​-​0​2​5​-​0​0​9​9​8​-​w.

12.	 Bodner G, Nakhforoosh A, Kaul HP. Management of crop water under 
drought: A review. Agron Sustain Dev. 2015;35:401–42. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​0​
7​​/​s​​1​3​5​9​3​-​0​1​5​-​0​2​8​3​-​4.

13.	 Garofalo SP, Modugno AF, de Carolis G, Campi P. Energy of sorghum 
biomass under deficit irrigation strategies in the Mediterranean area. Water. 
2025;17(4):578. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​9​0​​/​w​​1​7​0​4​0​5​7​8.

14.	 Disasa T, Feyissa T, Admassu B. Characterization of Ethiopian sweet sorghum 
accessions for brix, morphological and grain yield traits. Sugar Tech. 
2016;19:72–82.

15.	 Ceccarelli S, Grando S. Evolutionary plant breeding as a response to the 
complexity of climate change. iScience. 2020;23(12):101815. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​
0​.​​1​0​1​6​​/​j​​.​i​s​c​i​.​2​0​2​0​.​1​0​1​8​1​5.

16.	 Holland JB, Nyquist WE, Cervantes-Martínez CT. 2003. Estimating and inter-
preting heritability for plant breeding: An update. In J. Janick, editor, Plant 
Breeding Reviews. 2003;22:9–111. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​0​2​​/​9​​7​8​0​4​7​0​6​5​0​2​0​2​.​c​h​
2. Wiley.

17.	 Leisova-Svobodova L, Michel S, Tamm I, Chourová M, Janovská D, Graus-
gruber H. Diversity and pre-breeding prospects for local adaptation in oat 
genetic resources. Sustainability. 2019;11(24):6950. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​9​0​​/​s​​u​
1​1​2​4​6​9​5​0.

18.	 Ceccarelli S. Wide adaptation: how wide? Euphytica. 1989;40:197–205.
19.	 Ceccarelli S. Positive interpretation of genotype by environment interac-

tions in relation to sustainability and biodiversity. In: Cooper M, Hammer 
GL, editors. Plant Adaptation and Crop Improvement. Wallingford, UK: CABI 
Publishing; 1996. pp. 467–86.

20.	 Sawadogo N, Drabo I, Ouédraogo N, Tondé WH, Béré TLK, Tiendrébéogo J, 
Compaoré G, Ouédraogo MH, Nanema KR, Bationo-Kando P. Heritability, 

genetic advance, and correlation studies of morpho-agronomic traits and 
brix in Burkina Faso sweet stalk sorghum genotypes. J Appl Biology Biotech-
nol. 2023;11(4):50–7. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​7​3​2​4​​/​J​​A​B​B​.​2​0​2​3​.​1​1​0​3​2​5.

21.	 Murray SC, Sharma A, Rooney WL, Klein PE, Mullet JE, Mitchell SE, Kresovich 
S. Genetic improvement of sorghum as a biofuel feedstock: I. QTL for stem 
sugar and grain non-structural carbohydrates Crop Sci., 2008;48:2165.

22.	 Makanda I, Tongoona P, Derera J, Sibiya J, Gasura E. Quantification of geno-
typic variability for stem sugar and biomass in Sorghum. Field Crops Res. 
2009;111(1–2):68–74. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​f​c​r​.​2​0​0​8​.​1​0​.​0​0​6.

23.	 Burks PS, Kaiser CM, Hawkins EM, Brown PJ. Genome wide association for 
sugar yield in. sweet sorghum Crop Sci. 2015;55:2138–48.

24.	 Yucel D, Hızlı H, Yucel C, Dweikat I. Genetic variability, heritability, and 
genetic advance for ethanol yield and yield components in sweet sorghum 
(Sorghum bicolor var. saccharatum L.). Int J Innovative Approaches Agric Res. 
2020;4(1):21–32. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​2​9​3​2​​9​/​​i​j​i​a​a​r​.​2​0​2​0​.​2​3​8​.​3.

25.	 Kanbar A, Shakeri E, Alhajturki D, Horn T, Emam Y, Tabatabaei SA, Nick P. 
Morphological and molecular characterization of sweet, grain and forage 
sorghum (Sorghum bicolor L.) genotypes grown under temperate climatic 
conditions. Plant Biosystems. 2019;153(1):49–58. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​8​0​​/​1​​1​2​
6​​3​5​0​​4​.​2​0​​1​9​​.​1​5​6​9​5​6​8.

26.	 Endalamaw C, Adugna A. Analysis of sweet sorghum genotypes for biofuel 
and grain yield potential in the lowland region of Ethiopia: Genetic variation, 
heritability, and ethanol production. Agrosystems, Geosciences Environ. 2025. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​0​2​​/​a​​g​g​2​.​7​0​1​1​8.

27.	 Wang M, Xin Z, Tonnis B, Farrell G, Pinnow D, Chen Z, Davis J, Yu J, Hung 
YC, Pederson GA. Evaluation of sweet sorghum as a feedstock by multiple 
harvests for sustainable bioenergy production. J Sustainable Bioenergy Syst. 
2012;2:122–37. ​h​t​t​p​s​:​​​/​​/​d​o​​i​.​​o​r​​g​​/​​1​0​​.​4​2​​​3​6​​/​j​​s​b​s​.​2​​0​1​2​.​2​4​0​1​9.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

https://doi.org/10.30560/ijas.v1n2p29
https://doi.org/10.1016/j.biombioe.2012.06.036
https://doi.org/10.1016/j.biombioe.2012.06.036
https://doi.org/10.1007/s13353-025-00998-w
https://doi.org/10.1007/s13593-015-0283-4
https://doi.org/10.1007/s13593-015-0283-4
https://doi.org/10.3390/w17040578
https://doi.org/10.1016/j.isci.2020.101815
https://doi.org/10.1016/j.isci.2020.101815
https://doi.org/10.1002/9780470650202.ch2
https://doi.org/10.1002/9780470650202.ch2
https://doi.org/10.3390/su11246950
https://doi.org/10.3390/su11246950
https://doi.org/10.7324/JABB.2023.110325
https://doi.org/10.1016/j.fcr.2008.10.006
https://doi.org/10.29329/ijiaar.2020.238.3
https://doi.org/10.1080/11263504.2019.1569568
https://doi.org/10.1080/11263504.2019.1569568
https://doi.org/10.1002/agg2.70118
https://doi.org/10.1002/agg2.70118
https://doi.org/10.4236/jsbs.2012.24019

	﻿Identification of promising sweet sorghum advanced lines for bioenergy production under Mediterranean conditions
	﻿Abstract
	﻿Background
	﻿Materials and methods
	﻿Hybridization and advancement of genetic materials
	﻿Experimental site and design
	﻿Data collection and trait measurements
	﻿Statistical analysis

	﻿Results
	﻿Variation and descriptive statistics of bioenergy-related traits
	﻿Performance of lines for bioenergy-related traits
	﻿Variance components and heritability
	﻿Associations among bioenergy-related traits and clustering
	﻿Comparison of lines with check cultivars for bioenergy-related traits

	﻿Discussion
	﻿Conclusion
	﻿References


