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ABSTRACT

Despite hybrid dominance contributing to the genetic improvement of crops, little is known about heterosis and
inheritance patterns of endogenous substances in sorghum (Sorghum bicolor (L.) Moench) root bleeding sap. In
this study, six sterile and six restorer lines of sorghum and 36 hybrid sorghum combinations formulated as
incomplete double-row crosses were selected as test materials, and heterosis, combining ability, heritability,
and their interrelationships of root bleeding sap endogenous substances in different hybrid sorghum combina-
tions and their parents were investigated. The results showed that the root bleeding sap of the F1 generation
of hybrid sorghum had a high heterosis in both soluble sugar content and amino acid content at the flowering
stage, and the average high-parent heterosis was 129.34% and 74.57%, respectively. Indole-3-acetic acid (IAA),
cytokinins (CTK), gibberellic acid (GA3), abscisic acid (ABA), soluble sugar, amino acid, and root bleeding inten-
sity were mainly affected by non-additive genetic effects of the genes. Soluble protein was affected by additive
genetic effects of the genes and had a high narrow heritability (75.50%), which could be selected at low genera-
tions in breeding. The combining ability analyses showed that the sterile lines 521A and 170A, and the restorer
lines Ji318R and 0–30 were promising parents with high general combining ability. Correlation analysis showed
that all endogenous substances of root bleeding sap were positively correlated with the sum of parental general
combining ability (GCA) at highly significant levels, and IAA, CTK, GA3, ABA, soluble sugar, amino acid, and
root bleeding intensity were positively correlated with male GCA at significant or highly significant levels. There-
fore, the GCA of the restorer lines root bleeding sap endogenous material or the sum of both parents’ GCA can be
used to predict the performance of wounding endogenous material in the F1 generation of hybrid sorghum. Over-
all, this study results can help elucidate heterosis mechanisms of root bleeding sap endogenous material and
improve sorghum quality.
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1 Introduction

Sorghum (Sorghum bicolor (L.) Moench) and its products are integral to human life and are extensively
studied by researchers worldwide [1,2]. Although numerous studies have focused on optimizing plant
morphology and enhancing leaf photosynthetic capacity to boost sorghum yield, the crucial role of the
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transport mechanism of the root system as plant source stores has often been overlooked [3,4]. The plant root
system absorbs minerals and water from the soil to support plant growth and synthesizes essential plant
nutrients [5]. The root system is one of the three major nutrient metabolism organs in plants, performing
vital functions such as nutrient absorption, plant immobilization, information transmission, and organic
matter synthesis [6–8]. As a control center and sensory organ in crop growth and development, the life
processes of the root system are intricately linked to those of the entire plant [9,10].

Endogenous plant hormones play important regulatory roles at various stages of plant growth and
development. These hormones include indole-3-acetic acid (IAA), abscisic acid (ABA), gibberellic acid
(GA3), cytokinins (CTK), and ethylene (ETH), which significantly affect plant growth and development
at low concentrations [11,12]. The main functions of endogenous plant hormones include promoting or
inhibiting cell division, elongation, and differentiation, and influencing processes such as germination,
rooting, flowering, fruiting, sex determination, dormancy, and abscission [13,14]. Although these
hormone levels in plants are very low, their physiological effects are complex and diverse, thereby
achieving fine regulation of plant growth and development [15]. Soluble sugars, proteins, and free amino
acids play important roles in plant metabolic activities [16]. Soluble sugars are energy sources and
structural materials in plants and play key regulatory roles in seed germination, growth, development,
maturation, and senescence. Soluble proteins are gene expression products and play a role in plant
metabolic activities, and their levels indicate the intensity of physiological and biochemical organ
functions [17,18]. Amino acids are the basic units of proteins, and the nitrogen absorbed by plant roots is
mainly transported as amino acids and amides. Therefore, determining different endogenous substance
levels in the root wounding fluid is necessary for root physiological studies [19,20]. Furthermore,
heterosis in root physiological traits requires further research to improve plant variety.

Nie et al. found that as the yield increases in sorghum varieties, the intensity of root bleeding sap also
increases [21]. Hoecker et al. observed heterosis during early maize root development shortly after
germination [22]. Zhang et al. discovered heterosis in the diversity and composition of root
microorganisms in hybrid rice compared to its parents [23]. Karaağaç found that root length and weight
inheritance were mainly influenced by additive genes, while grafting success was controlled by both
additive and non-additive genes in cucurbit rootstock studies [24]. Zhang revealed that genetic
enhancements in sorghum genes are the primary drivers of yield growth, with root physiological
characteristics undergoing significant changes as the yield increases [25]. Moreover, sorghum varieties
can improve their mineral and water absorption abilities from the soil by enhancing the intensity of the
root bleeding sap, ultimately leading to enhanced photosynthesis, increased biomass, and higher yields.
Liu noted that both root bleeding sap volume and aboveground biomass in soybeans increased over
successive breeding years, showing a strong positive correlation between the two, suggesting that genetic
improvements in soybean varieties boost aboveground biomass and strengthen root vigor [26]. Deng
et al. study demonstrated a gradual increase in soluble sugar content in soybean root bleeding sap as
breeding years progressed [27]. However, currently, there is limited research on root physiological
characteristics regarding sorghum genetic improvement, and the heterosis and inheritance patterns of
sorghum root bleeding sap intensity and endogenous substance content remain unclear. Understanding the
genetic characteristics of hybrid sorghum combinations and their parent varieties is important for the
breeding of sorghum species. Therefore, further exploration of heterosis and inheritance patterns of root
physiological characteristics in hybrid sorghum combinations and their parent varieties is crucial for
advancing sorghum breeding practices.

2 Materials and Methods

2.1 Experimental Materials and Design
Six sterile sorghum lines (Ji2055A, TAM428A, 521A, I15A, 170A, and L407A) and six restorer lines

(Nan133, Ji318R, T40, 0–30, 501R, and JiR107) were selected to create 36 hybrid combinations using the
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NCII incomplete biallelic genetic mating design method (Table 1). These hybrids, along with their parents,
were planted separately in the F1 generation on 13 May 2023, at the Sorghum Germplasm Innovation
Experimental Base in the Gongzhuling Campus of the Jilin Academy of Agricultural Sciences (latitude:
43°29′N; longitude: 124°48′E). The field experiment followed a randomized block design with six rows,
row spacing of 0.65 m, row length of 5 m, and three replications, totaling 144 plots, with each plot
covering an area of 19.5 m2. Seedlings were transplanted at the 5-leaf stage at a density of 120,000 per
hectare and harvested on 29 September 2023 under standard field cultivation and management.

2.2 Climatic Conditions
In 2023, the experimental site had black soil, and the previous crop grown was soybeans. The soil in

the 0–40 cm tillage layer had an organic matter content of 22.40 g/kg, quick-acting nitrogen content of
75.70 mg/kg, quick-acting phosphorus content of 42.10 mg/kg, quick-acting potassium content of
120.30 mg/kg, and a pH value of 6.43. The effective cumulative temperature (≥10°C) in 2023 was
3087.50°C. The average daily temperature and total precipitation during the reproductive period (May to
October) were 20.18°C ± 4.59°C and 660.20 mm, respectively. Fig. 1 shows the average daily
temperature and precipitation. The meteorological data for the experimental area were sourced from an
automatic meteorological monitoring system at the study site.

Table 1: Test materials

Sterile lines Restorer lines

Nan133 Ji318R T40 0–30 501R JiR107

Ji2055A Ji2055A × Nan133 Ji2055A × Ji318R Ji2055A × T40 Ji2055A × 0–30 Ji2055A × 501R Ji2055A × JiR107

TAM428A TAM428A × Nan133 TAM428A × Ji318R TAM428A × T40 TAM428A × 0–30 TAM428A × 501R TAM428A × JiR107

521A 521A × Nan133 521A × Ji318R 521A × T40 521A × 0–30 521A × 501R 521A × JiR107

I15A I15A × Nan133 I15A × Ji318R I15A × T40 I15A × 0–30 I15A × 501R I15A × JiR107

170A 170A × Nan133 170A × Ji318R 170A × T40 170A × 0–30 170A × 501R 170A × JiR107

L407A L407A × Nan133 L407A × Ji318R L407A × T40 L407A × 0–30 L407A × 501R L407A × JiR107

Figure 1: Average daily temperature and precipitation in the whole growth period of sorghum
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2.3 Test Methods

2.3.1 Determination of Root Bleeding Intensity
Root bleeding sap was collected in the morning on sunny days at different growth stages of sorghum:

jointing, flowering, and ripening. Cotton, plastic bags, and rubber sleeves were assembled, weighed, and
recorded as W1 (g). Three sorghum plants with similar growth rates were selected from each sample.
Plants were cut 5 cm above the ground, cleaned, and dried using distilled water and blotting paper. Pre-
weighed cotton was placed against the cuts, sealed in a plastic bag, and tied with a rubber sleeve to
prevent sap volatilization. After 2 h, the cotton was removed, weighed as W2 (g), and transferred to a
laboratory. The root bleeding sap was stored at −70°C for further analysis. The formula used to calculate
bleeding intensity was: bleeding intensity (g·h−1·p−1) = (W2 − W1)/2.

2.3.2 Determination of Osmotic Adjustment Substance and Hormone Content in Root Bleeding Sap
IAA, GA3, CTK, and ABA levels were determined using an enzyme-linked immunoassay (ELISA) [28].

The soluble sugar content of the root bleeding sap was determined using the anthrone-sulfuric acid method
described by Quan et al. [29]. Soluble protein content was measured using the Coomassie Brilliant Blue G-
250 method described by Guzel et al. [30]. Free amino acid content was determined using the ninhydrin
colorimetry method described by Sun et al. [31].

2.4 Data Analysis
Raw data collation, analysis of differences in root traits between hybrid sorghum combinations and their

parents, and heterosis analyses were performed using Excel 2016. Heterosis was calculated using the
following formula:

Medium parental dominance (MPH) = (F1 − MP)/MP × 100%

High parental dominance (HPH) = (F1 − HP)/HP × 100%

where F1 is the mean value of hybrid combination traits, MP is the mean value of biparental traits, and HP is
the mean value of optimal parental traits.

Statistical analysis of the genetic mating design was performed using DPS 7.05 software to estimate the
general combining ability (GCA) of the parents, the special combining ability (SCA) of each cross
combination, and their genetic parameters. Analysis of variance (ANOVA) and significance tests were
performed using Origin 2021 (Originlab Corp., Northampton, MA, USA) and SPSS version 22.0 (IBM
Corp., Armonk, NY, USA).

3 Results

3.1 Changes in Endogenous Substances in Sorghum Root Bleeding Sap at Different Fertility Periods
The results illustrated in Fig. 2 shows that IAA and GA3 levels in the root bleeding sap of sorghum

exhibited an increasing pattern, followed by a decrease throughout the reproductive stages, peaking at
flowering and declining at ripening. Moreover, the F1 generation of the hybrids displayed higher levels of
IAA and GA3 than the parent plants across all three periods. In contrast, CTK content showed a steady
increase, with no significant differences between the F1 generation at the jointing and flowering stages,
although the former had lower CTK levels than its parents. This suggests that positive heterosis was not
observed in CTK content at the jointing and flowering stages. Additionally, ABA levels in the hybrid
F1 generation peaked at flowering, slightly decreased at ripening, and did not exhibit significant
differences compared with its parents at the jointing and ripening stages. However, at the flowering stage,
the ABA content of the F1 generation showed heterosis, which was notably higher than that of the parent
plants. Soluble sugars, soluble proteins, and amino acids gradually increased, peaking during the ripening
stage. The synthesis of these compounds in the root bleeding sap is primarily observed during the middle
and late reproductive stages. The hybrid F1 generation displayed 196.37% and 131.58% higher soluble
sugar contents than the mother and father, respectively, at the flowering stage. However, soluble proteins
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and amino acids did not exhibit heterosis at different reproductive stages. Interestingly, the F1 hybrid
generation showed a higher heterosis in soluble protein content at the jointing and flowering stages.
Moreover, the amino acid content of the hybrid F1 generation displayed the highest heterosis at the
ripening stage, particularly at the flowering stage. As the reproductive period of sorghum progressed, root
bleeding intensity increased and then decreased, peaking at the flowering stage suggesting that during the
flowering stage, the sorghum root system is more robust and transports more nutrients to the
aboveground parts. In conclusion, further studies on the heterosis of endogenous substances in the root
bleeding sap during the flowering stage of sorghum are required.

Figure 2: Changes of IAA (A), GA3 (B), CTK (C), ABA (D), soluble sugar (E), soluble protein (F), amino
acid (G), bleeding intensity (H) in root bleeding sap of sorghum at different fertility periods. *Significant at
p < 0.05
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3.2 Differences in Endogenous Substances in Flowering Stage Sorghum Root Bleeding Sap
As shown in Table 2, there were differences between the groups at significant or highly significant levels

(F-values) regarding endogenous substances content in the 12 parents, as well as in the eight root bleeding
sap samples of the 36 hybrid sorghum combinations that were grouped together. The coefficient of variation
(CV) was highest for soluble protein (36.36%) and soluble sugar (33.53%), and lowest for root bleeding
intensity (7.57%). Moreover, this study revealed that the inheritance of these traits is complex and not
solely based on additive effects. Notably, the F1 generation of hybrids did not always exhibit the lowest
or highest content compared with the parental groups. Furthermore, the mean values of endogenous
substances in the root-bleeding sap were higher in the hybrid sorghum combinations than in their parents,
indicating the presence of heterosis.

Table 2: Differences in the content of endogenous substances in sorghum root bleeding sap

Genotypes IAA GA3 CTK ABA Soluble
sugar

Soluble
protein

Amino
acid

Bleeding
intensity

(μg/g) (ng/g) (μg/g) (μg/g) (mg/g) (mg/g) (μg/g) (g/h)

Male
sterile
lines

Ji2055A 18.86 3.12 6.28 38.10 1.17 0.68 22.15 15.37

TAM428A 15.69 3.31 7.61 42.14 1.74 0.64 21.11 16.39

521A 16.47 4.77 10.60 30.98 1.80 1.04 11.85 15.03

I15A 13.01 4.45 6.82 30.59 2.02 0.70 8.63 16.78

170A 18.59 4.37 5.76 24.69 3.42 0.56 10.20 13.33

L407A 15.18 3.56 6.98 28.82 1.40 0.58 14.45 17.19

Restorer
lines

Nan133 17.92 4.00 8.99 39.11 2.75 1.47 13.77 16.04

Ji318R 14.95 3.71 7.76 36.77 2.75 0.57 20.70 19.36

T40 13.86 3.97 9.21 25.92 2.92 1.07 19.62 16.93

0–30 13.55 4.83 7.20 25.28 2.24 0.53 16.89 16.15

501R 15.36 3.92 6.87 28.32 2.09 0.50 9.79 15.59

JiR107 15.06 3.80 6.56 33.31 2.07 0.60 11.47 17.14

F1 hybrid Ji2055A ×
Nan133

16.23 5.72 7.10 47.57 8.21 0.56 49.01 18.98

Ji2055A ×
Ji318R

20.82 4.60 8.03 51.20 3.72 0.59 20.61 18.85

Ji2055A × T40 18.14 4.24 8.22 32.00 5.19 0.59 74.66 17.11

Ji2055A × 0–30 14.25 4.37 6.15 40.38 8.95 0.49 58.16 17.18

Ji2055A × 501R 19.97 4.28 7.69 28.38 2.29 0.53 66.71 15.81

Ji2055A ×
JiR107

12.93 3.13 9.38 35.59 6.78 0.51 6.61 18.33

TAM428A ×
Nan133

19.59 3.57 8.54 47.11 1.95 0.50 47.86 18.64

TAM428A ×
Ji318R

19.55 4.02 10.18 27.93 5.78 0.58 16.07 19.67

TAM428A ×
T40

19.83 4.80 5.69 46.47 3.04 0.48 23.73 17.29

(Continued)
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Table 2 (continued)

Genotypes IAA GA3 CTK ABA Soluble
sugar

Soluble
protein

Amino
acid

Bleeding
intensity

(μg/g) (ng/g) (μg/g) (μg/g) (mg/g) (mg/g) (μg/g) (g/h)

TAM428A ×
0–30

14.62 3.31 8.09 27.79 8.46 0.35 30.57 16.57

TAM428A ×
501R

16.42 3.54 7.63 46.79 7.17 0.55 15.74 17.65

TAM428A ×
JiR107

21.72 3.38 10.23 48.72 4.28 0.53 35.24 17.33

521A × Nan133 13.40 5.67 6.30 49.37 7.71 0.64 10.09 17.45

521A × Ji318R 18.92 5.36 9.03 31.75 7.71 0.40 22.94 16.46

521A × T40 17.10 4.05 8.96 42.43 10.10 0.61 42.44 17.13

521A × 0–30 20.44 3.22 9.96 39.09 10.25 0.57 44.55 16.09

521A × 501R 20.33 4.97 9.53 29.49 7.36 0.68 21.95 16.85

521A × JiR107 18.48 5.00 10.15 32.05 9.18 0.66 15.84 15.87

I15A × Nan133 19.86 4.41 7.69 44.68 5.05 0.55 22.68 16.54

I15A × Ji318R 21.80 5.84 8.47 30.21 7.50 0.62 30.69 16.11

I15A × T40 14.51 3.20 6.73 40.25 6.52 1.04 17.83 16.24

I15A × 0–30 20.70 3.33 8.00 40.63 5.19 0.46 17.00 15.62

I15A × 501R 17.83 5.91 9.16 43.31 4.88 1.09 25.73 18

I15A × JiR107 14.37 4.61 5.49 25.12 8.37 1.49 3.48 16.77

170A × Nan133 18.28 4.32 5.42 42.04 3.20 1.24 58.71 17.49

170A × Ji318R 19.98 3.94 9.71 48.70 1.29 1.43 47.06 19.25

170A × T40 14.74 4.35 6.40 49.34 5.43 1.42 59.90 16.4

170A × 0–30 17.65 4.97 8.68 31.35 4.12 1.17 49.56 16.85

170A × 501R 15.81 4.48 7.83 37.09 1.88 1.37 33.90 16.33

170A × JiR107 17.36 5.20 6.30 46.41 6.47 1.48 2.62 15.71

L407A ×
Nan133

20.89 3.58 7.34 36.67 1.95 1.31 13.66 18.72

L407A ×
Ji318R

18.54 4.44 10.21 38.70 11.41 0.96 13.91 15.99

L407A × T40 15.31 3.64 8.30 49.49 2.97 0.77 23.73 15.50

L407A × 0–30 19.42 4.02 9.94 51.00 5.00 0.97 25.48 17.57

L407A × 501R 20.99 5.25 6.81 25.20 3.35 0.88 26.55 15.61

L407A ×
JiR107

16.13 3.56 10.33 30.63 3.24 1.08 33.60 16.67

(Continued)
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3.3 Heterosis Analysis of Endogenous Substances in Root Bleeding Sap of Hybrid Sorghum
Combinations
Mid-parent heterosis of the eight root bleeding sap components in the 36 sorghum hybrid combinations

is illustrated in Fig. 3A. Among the traits, soluble sugars and amino acids exhibited significantly higher mean
mid-parent heterosis than other traits. Specifically, the mean mid-parent heterosis for soluble sugars in
sorghum hybrid root bleeding sap was 172.06%, ranging from −58.07% to 449.88%. Similarly, the mean
mid-parent heterosis for amino acids in the hybrid root bleeding sap was 106.47%, ranging from
−75.81% to 389.67%. For IAA, GA3, CTK, ABA, soluble sugar, and root bleeding intensity, the mean
mid-parent heterosis in the hybrid root-bleeding sap was 15.22%, 9.62%, 9.37%, 24.62%, 17.95%, and
5.18%, respectively. Consequently, it was observed that the mid-parent heterosis of soluble sugar and
amino acid was more pronounced compared with other endogenous substances in root bleeding sap, with
a greater variation among materials.

The high parent heterosis of the eight root bleeding sap components in the 36 sorghum hybrid
combinations is illustrated in Fig. 3B. It is evident that the high-parent heterosis of the hybrid
combinations exhibited a trend similar to that of mid-parent heterosis. The average high-parent heterosis

Table 2 (continued)

Genotypes IAA GA3 CTK ABA Soluble
sugar

Soluble
protein

Amino
acid

Bleeding
intensity

(μg/g) (ng/g) (μg/g) (μg/g) (mg/g) (mg/g) (μg/g) (g/h)

Mean 16.46 4.10 7.75 34.44 3.37 0.77 20.30 16.54

SD 2.58 0.76 1.48 8.33 1.13 0.28 6.46 1.25

CV (%) 15.67 18.59 19.03 24.18 33.53 36.36 31.82 7.57

Difference in combinations
(F)

4.308* 7.016** 3.748** 3.918* 9.911** 11.261** 4.157* 3.515*

Note: *Significant at p < 0.05. **Significant at p < 0.01.

Figure 3: Heterosis analysis of each endogenous substance in sorghum root bleeding sap. (A) Mid-parent
heterosis of hybrids with different parameters; (B) High-parent heterosis of hybrids with different parameters
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values for soluble sugars and amino acids in the root bleeding sap of the hybrids were 129.34% and 74.57%,
respectively, which were significantly higher than those for other root bleeding sap endogenous substances.
The mean high-parent heterosis values for IAA, GA3, CTK, ABA, soluble sugar, and root bleeding intensity
in the root bleeding sap were 7.93%, 1.28%, −0.82%, 13.15%, 4.89%, and 0.22%, respectively. Therefore,
the soluble sugar and amino acid contents in the root bleeding sap exhibited more pronounced high-parent
heterosis, showing greater variability among the materials.

3.4 Relationship of Hybrid Sorghum Combinations to Various Endogenous Substances of the Parental
Root Bleeding Sap
As shown in Table 3, CTK reached a significant level of negative correlation with its paternal trait, while

all other traits did not reach a significant level with either parent, as well as with both parents’ means.

3.5 ANOVA Measured the Combining Ability of Each Endogenous Substance in Hybrid Sorghum Root
Bleeding Sap
As shown in Table 4, the 36 tested hybrid sorghum combinations of root bleeding sap had significant or

highly significant levels of inter-combination variance for each endogenous substance, and the differences
between the zones were not significant. Furthermore, the combined ability measured by ANOVA showed
that the variance in GCA for each endogenous substance in the root bleeding sap of both parents of
hybrid sorghum combinations reached a significant or highly significant level of difference. The
differences in the SCA variance for each endogenous substance in the root bleeding sap of the hybrid
sorghum combinations were also highly significant. It can be indicated that there are real differences in
the F1 generation of hybrid sorghum root bleeding sap for each endogenous substance, and these
differences may be caused by genetic factors, so that the relative effect values of GCA of the parents and
SCA among combinations can be further estimated.

Table 3: Correlation coefficients of various endogenous substances between hybrid sorghum combinations
and parental root bleeding sap

Traits IAA GA3 CTK ABA Soluble
sugar

Soluble
protein

Amino
acid

Bleeding
intensity

HMC 0.059 −0.211 −0.096 0.200 −0.118 −0.052 −0.148 0.050

HRC 0.094 −0.272 −0.357* 0.097 −0.058 0.004 0.155 0.187

HMPC −0.097 0.126 0.078 0.061 −0.238 −0.176 0.276 0.098
Note: HMC, HRC, and HMPC denote the correlation coefficients of the hybrid F1 generation with the maternal, paternal, and middle-
parent values, respectively. *Significant at p < 0.05.

Table 4: The combining ability of each endogenous substance in hybrid sorghum root bleeding sap measured
using ANOVA

Source Df IAA GA3 CTK ABA Soluble
sugar

Soluble
protein

Amino
acid

Bleeding
intensity

Block 2 0.78 0.13 0.25 0.33 0.12 0.78 0.08 0.61

Cross 35 82.87** 143.71** 89.79** 498.07** 214.75** 587.02** 86.43** 28.76**

Female 5 10.25** 7.57** 6.39** 18.40** 3.49* 16.73** 8.03** 11.95**
(Continued)
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3.6 GCA Analysis of Each Endogenous Substance in the Root Bleeding Sap of Hybrid Sorghum Parents
The genotypic effects of each endogenous substance, GCA, on the root-bleeding sap of hybrid sorghum

parents varied among different parameter traits within the same parents and among different parents within
the same parameter traits (Table 5). This suggests that the magnitude of the additive effects on the genetic
effects of different endogenous substances in the hybrid sorghum parents differed. Among the sterile
lines, 521A and 170Awere the top performers, whereas Ji318R and 0–30 stood out among the restored lines.

3.7 SCA Analysis of Each Endogenous Substance in Hybrid Sorghum Root Bleeding Sap
The results of the SCA analysis for each endogenous substance in the root bleeding sap of the

36 sorghum combinations are presented in Table 6. The results show that the SCA values for each
endogenous substance varied significantly among sorghum combinations with the same hybrid sorghum
parents compared with those with different root bleeding sap from the same hybrid sorghum
combinations. This suggests diverse interactions among genes controlling each endogenous substance in
hybrid sorghum root bleeding sap. The top-performing combinations were TAM428A × JiR107,
TAM428A × T40, TAM428A × 0–30, L407A × Ji318R, L407A × JiR107, I15A × JiR107, and I15A ×
501R. Further comparison of the general combining ability effects of the hybrid sorghum parents with the
specific combining ability effects of the combinations revealed no direct correlation between the general

Table 4 (continued)

Source Df IAA GA3 CTK ABA Soluble
sugar

Soluble
protein

Amino
acid

Bleeding
intensity

Male 5 8.43** 4.36** 11.46** 11.28** 9.27** 19.59** 2.94* 16.96**

Female ×
Male

25 93.45** 129.63** 71.86** 510.25** 97.06** 158.34** 402.88** 24.07**

Note: *Significant at p < 0.05. **Significant at p < 0.01.

Table 5: GCA effects of each endogenous substance in parental root bleeding sap

Parent IAA GA3 CTK ABA Soluble
sugar

Soluble
protein

Amino
acid

Bleeding
intensity

Female Ji2055A −5.12 1.17 −4.26 −0.31 2.56 −35.46 51.03 3.00

TAM428A 2.83 −14.57 3.00 4.19 −10.64 −41.77 −9.20 5.51

521A 1.24 9.67 10.70 −5.31 56.26 −27.22 −15.22 −2.24

I15A 1.70 5.03 −7.74 −6.08 10.32 8.39 −36.44 −3.67

170A −4.40 4.38 −9.03 9.02 −36.46 71.88 38.73 −0.61

L407A 3.86 −6.56 6.50 −1.51 −19.72 24.36 −26.13 −1.96

Male Nan133 0.03 5.25 −12.95 13.82 −19.86 −1.31 9.93 5.89

Ji318R 10.10 10.01 14.49 −3.01 9.78 −6.24 −20.18 2.97

T40 −7.23 −7.63 −9.10 11.82 −3.69 1.79 34.16 −2.71

0–30 0.01 −11.54 4.05 −2.30 23.76 −19.28 21.49 −2.28

501R 3.46 8.86 −2.46 −12.01 −21.94 5.36 3.36 −1.93

JiR107 −6.53 −5.53 6.23 −8.24 12.33 20.05 −50.75 −1.93
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combining ability effects and the specific combining ability effects for each endogenous substance in the
hybrid sorghum root bleeding sap.

Table 6: SCA effects of various endogenous substances in hybrid sorghum combinations root bleeding sap

Cross IAA GA3 CTK ABA Soluble
sugar

Soluble
protein

Amino
acid

Bleeding
intensity

Ji2055A × Nan133 −1.03 28.02 6.51 9.24 63.40 0.57 0.02 0.81

Ji2055A × Ji318R 11.63 −5.49 −12.56 34.22 −48.22 13.09 −66.63 4.28

Ji2055A × T40 15.08 2.94 16.97 −29.23 −6.85 4.53 63.44 0.39

Ji2055A × 0–30 −17.15 12.39 −24.68 6.18 32.37 11.11 21.05 −0.48

Ji2055A × 501R 9.72 −11.71 −0.29 −17.55 −41.67 −7.51 68.52 −10.53

Ji2055A × JiR107 −18.64 −25.76 12.85 −3.82 1.99 −22.03 −86.49 5.02

TAM428A ×
Nan133

4.51 −10.21 14.50 3.23 −39.09 1.40 55.90 −0.54

TAM428A ×
Ji318R

−5.19 −3.38 6.79 −29.47 1.93 17.28 −21.86 7.91

TAM428A × T40 13.00 31.21 −23.44 3.62 −33.35 −4.38 −48.12 −1.53

TAM428A × 0–30 −22.38 2.79 −10.98 −33.10 37.99 −0.83 −16.72 −5.66

TAM428A × 501R −15.78 −15.01 −8.04 26.40 59.88 2.54 −43.47 1.78

TAM428A ×
JiR107

26.21 −5.63 21.86 29.30 −27.53 −15.97 71.93 −1.85

521A × Nan133 −26.86 19.70 −20.98 18.43 −0.07 6.64 −63.31 −0.82

521A × Ji318R −6.03 9.44 −14.55 −12.20 −25.11 −18.89 8.35 −4.10

521A × T40 3.49 −9.99 8.58 3.91 26.50 1.30 21.14 7.23

521A × 0–30 13.91 −26.89 13.10 6.83 5.29 16.67 38.30 −4.05

521A × 501R 7.32 −3.78 7.29 −10.62 −2.96 5.34 −18.83 4.76

521A × JiR107 9.63 11.54 6.62 −6.76 −3.39 −11.57 14.14 −2.97

I15A × Nan133 8.69 −8.72 16.14 4.29 −3.95 −42.46 0.84 −5.32

I15A × Ji318R 10.02 24.53 0.18 −17.43 12.75 −27.94 58.77 −8.21

I15A × T40 −13.51 −24.07 −3.56 −4.65 6.02 18.73 −40.42 0.47

I15A × 0–30 14.05 −18.89 0.98 11.78 −43.64 −34.30 −30.76 −2.78

I15A × 501R −4.29 21.22 19.62 28.72 −2.77 23.77 17.57 11.01

I15A × JiR107 −14.47 7.39 −32.71 −22.64 31.13 58.11 −5.26 4.76

170A × Nan133 2.38 −10.40 −12.76 −15.84 9.89 −8.65 49.26 −2.39

170A × Ji318R −0.40 −23.76 16.82 19.64 −53.86 14.68 35.70 8.09

170A × T40 −6.96 3.59 −3.53 8.53 34.01 7.44 30.10 −0.49

170A × 0–30 5.45 20.05 12.17 −27.63 −16.15 −8.06 0.60 3.60

170A × 501R −7.75 −11.12 5.15 −2.97 −10.52 −2.21 −29.15 −3.09

170A × JiR107 6.77 19.72 −18.93 18.87 36.92 −3.39 −80.30 −5.60
(Continued)
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3.8 Correlation Analysis of Various Endogenous Substances with GCA in Hybrid Sorghum Parents Root
Bleeding Sap
The relationship between the content of each endogenous substance in the root bleeding sap of hybrid

sorghum parents and general combining ability effects is shown in Table 7, which shows that the IAA content
of sterile lines in the hybrid sorghum parents was significantly negatively correlated with general combining
ability effects; the correlation coefficient was −0.823, whereas the CTK content of the sterile lines and the
general combining ability effects were significantly positively correlated, with a correlation coefficient of
0.812. This indicates that the general combining ability effects of hybrid sorghum sterile lines with high
IAA content would be reduced accordingly, but the general combining ability effects would increase with
high CTK content. Notably, no significant correlation was found between other endogenous substances in
the root bleeding sap and the general combining ability effects. Therefore, when selecting and breeding
hybrid sorghum combinations, it is crucial to consider the content of endogenous substances in the root
bleeding sap and the level of general combining ability of each substance.

3.9 Correlation Analysis of Various Endogenous Substances with Combining Ability in F1 Generation of
Hybrid Sorghum Root Bleeding Sap
The correlation coefficients between the content of endogenous substances in the F1 generation of

hybrid sorghum root-blended sap and the sum of maternal, paternal, and parental GCA, as well as the

Table 6 (continued)

Cross IAA GA3 CTK ABA Soluble
sugar

Soluble
protein

Amino
acid

Bleeding
intensity

L407A × Nan133 13.46 −16.78 −3.09 −19.42 −29.41 39.92 −41.00 8.18

L407A × Ji318R −10.38 −1.20 2.64 4.05 119.04 0.81 −12.06 −7.49

L407A × T40 −11.42 −2.57 5.32 17.04 −27.49 −28.71 −28.61 −6.18

L407A × 0–30 6.30 9.69 7.95 35.83 −16.52 16.75 −12.16 9.73

L407A × 501R 10.85 19.03 −26.23 −24.39 −0.76 −22.03 7.81 −4.99

L407A × JiR107 −9.08 −7.76 11.65 −13.79 −38.68 −7.39 85.05 0.75

Table 7: Relationship between the content of each endogenous substance and GCA effects in parental root
bleeding sap

Traits Female GCA Male GCA

IAA −0.823* 0.174

GA3 0.762 −0.635

CTK 0.812* 0.647

ABA −0.035 0.199

Soluble sugar −0.396 −0.187

Soluble protein −0.496 0.025

Amino acid 0.410 0.344

Bleeding intensity −0.045 0.247
Note: *Significant at p < 0.05.
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SCA between each hybrid combination, are shown in Table 8, which shows that the endogenous substances
content in the root blending sap of hybrid sorghum combinations is highly significantly positively correlated
with the sum of parental GCA and SCA, with a variation range of 0.482–0.897 and 0.437–0.875,
respectively. Except for soluble protein, endogenous substances contents in the root-blended sap of the
hybrid sorghum group were significantly or extremely significantly positively correlated with the GCA of
the male parent. The root blending intensity of the hybrid sorghum combinations showed a highly
significant positive correlation with the GCA of the maternal parent, whereas the correlation between
other parameters and the maternal parent was not significant. Therefore, regarding the root blending sap
of sorghum, the content of endogenous substances in the F1 hybrid root blending sap can be inferred
using male GCA or parent GCA and SCA.

3.10 Analysis of Genetic Parameters of Each Endogenous Substance in Hybrid Sorghum Root Bleeding
Sap
To further analyze the impact of endogenous substances in the root bleeding sap of hybrid sorghum

parents and gene interactions on hybrid combinations, we assessed the genotypic variance, environmental
variance, GCA variance, SCA variance, broad-sense heritability, and narrow-sense heritability of each
endogenous substance. Table 9 shows that the proportion of SCA variance for most endogenous
substances, except soluble proteins, which was over 60%, significantly higher than the GCA variance,
indicating a significant contribution of non-additive gene effects to the genetic variation in these
substances. Conversely, the GCA variance for soluble protein was notably higher at 75.85%, suggesting a
predominant role of additive genetic effects in determining its content in root bleeding sap.

Table 8: Correlation analysis between the content of each endogenous substance and the effect value of
combining ability in hybrid sorghum combinations root bleeding sap

Traits Female GCA Male GCA Parents GCA SCA

IAA −0.070 0.442** 0.499** 0.856**

GA3 −0.185 0.418* 0.579** 0.812**

CTK 0.014 0.508** 0.656** 0.744**

ABA −0.219 0.426** 0.482** 0.875**

Soluble sugar 0.058 0.344* 0.685** 0.726**

Soluble protein 0.088 0.250 0.897** 0.437**

Amino acid 0.063 0.445** 0.698** 0.718**

Bleeding intensity 0.450** 0.493** 0.676** 0.714**
Note: *Significant at p < 0.05. **Significant at p < 0.01.

Table 9: Combining ability variance and heritability estimation for each endogenous substance in hybrid
sorghum root bleeding sap

Traits Variance component Variance ratio (%) Heritability (%)

P1GCA P2GCA P12GCA Env GCA SCA H2
B H2

N

IAA 0.00 0.23 6.25 0.22 3.59 96.41 96.72 3.47

GA3 0.03 0.05 0.60 0.02 11.33 88.67 97.81 11.08

CTK 0.10 0.37 1.77 0.08 21.12 78.88 96.74 20.43
(Continued)
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Based on the results of the combined ability ANOVA, the broad and narrow heritability of endogenous
substances in the hybrid sorghum root blended sap was further estimated. The results showed that the narrow
heritability of soluble proteins was as high as 75.50%, which was much higher than the narrow heritability of
endogenous substances in other root-blended sap samples. Therefore, during breeding, selection can be
performed on the lower generations.

4 Discussion

The root system is a vital organ for crop growth and development, plays a crucial role in controlling plant
life activities, and is key to regulating plant hormones [32]. Root bleeding sap is a manifestation of the active
absorption of minerals and water by the root system. The sap in the xylem overflows from the stem base
conduction tissues under root pressure, which is closely related to the growth status of the root system,
strength of vital metabolism, and other intrinsic factors. This is closely related to intrinsic factors, such as
root growth and the strength of vital metabolism. The components of root bleeding intensity and root
bleeding sap can also characterize crop growth and the strength of physiological activity of the root
system, and their performances differ during different reproductive periods [33–35]. Liu et al. reported
that the soluble sugar content of maize root wound sap was low at the seedling stage and high at the
nodulation, tassel, and grouting stages, whereas the free amino acid content was high at the seedling
stage, low at the nodulation and tassel stages, and elevated again at the grouting stage [36]. Here, soluble
sugars and amino acids in sorghum root bleeding sap were at higher levels at the anthesis and grouting
stages, which may be related to the fact that sorghum has more amino acid or protein synthesis at the
anthesis and grouting stages. Soluble protein was lower at the flowering stage and higher at the grouting
stage because amino acids were synthesized in large quantities as proteins after the flowering stage,
resulting in elevated soluble protein, whereas amino acids were synthesized in large quantities at the
grouting stage, which resulted in higher levels of soluble sugar content in these two periods. Overall, all
types of endogenous substances synthesized and transported by the root system were related, and the
synthesis of nutrients resulted from the joint participation of various indicators.

Further analysis of variance of endogenous substances in the root-bleeding sap showed that there were
significant differences in the measured traits, and the mean values of each index in the hybrid combinations
were higher than those of their parents, indicating that there was significant heterosis of endogenous
substances in the root-bleeding sap of hybrid combinations, with the most obvious heterosis of soluble
sugar reaching 129.34%. Heterosis of endogenous substances in the hybrid combinations was
significantly higher than that of the other endogenous substances, with the most obvious heterosis being
soluble sugars, with an average high-parent heterosis of 129.34%, which was significantly higher than

Table 9 (continued)

Traits Variance component Variance ratio (%) Heritability (%)

P1GCA P2GCA P12GCA Env GCA SCA H2
B H2

N

ABA 0.00 3.02 73.97 0.45 3.92 96.08 99.42 3.89

Soluble sugar 2.05 0.14 5.28 0.02 29.26 70.74 99.75 29.19

Soluble protein 0.10 0.00 0.03 0.00 75.85 24.15 99.53 75.50

Amino acid 73.26 38.15 241.95 0.54 31.53 68.47 99.85 31.48

Bleeding intensity 0.14 0.15 1.02 0.14 22.29 77.71 90.14 20.09
Note: P1GCA, P2GCA, P12GCA, Env, GCA, SCA, H

2
B, and H

2
N represent the GCAvariance of the female parent, GCAvariance of

the male parent, SCA variance of the interaction between parents, environmental variance, general combining ability, special
combining ability, broad heritability, and narrow heritability, respectively.
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that of the other endogenous substances. Windpassinger et al. discovered heterosis in sorghum root
parameters at low temperatures [37].

The GCA effect is the most important indicator designating the average potential value of a parent used
in a series of hybrid combinations and is based on additive genes, whereas the SCA effect is the expression of
the variability of the GCA effect of the parent used in different hybrid combinations and is associated with
nonadditive genes [38]. In the present study, there was a significant difference in the GCA and SCAvariance
of each endogenous substance of the root bleeding sap, indicating the co-existence of both additive and non-
additive gene effects. Sharma et al. reported that additive gene action contributes more to trait expression
than non-additive gene action [39]. Furthermore, this study showed that additive gene action has a
significant effect on the expression of soluble proteins. The prioritization of additive genetic variation
suggests that parental selection can be made based on the GCA values of soluble proteins in the
wounding fluid. The priority of additive genetic variation for a trait also implies that opportunities exist
for genetic advancement through the selection of suitable genes besides crossbreed breeding [40].
Conversely, non-additive gene action had equally significant effects on the expression of traits other than
soluble proteins. Narrow heritability (H2

N) is the ratio of additive genetic variation to phenotypic
variation [41] and Robinson et al. [42] categorised H2

N into three classes as low (<30%), medium (30%–

60%) and high (>60%). Thus, the H2
N content of the soluble proteins was high H2

N (75.50%), suggesting
that soluble proteins could be used in early breeding selection programs. These results suggest that non-
additive effects should not be neglected when focusing on parental GCA in sorghum breeding.
Correlation analysis showed that all endogenous substances in the hybrid combinations were positively
correlated with the sum of the parental GCA at significant levels. Except for soluble proteins, other
endogenous substances were positively correlated with the parental GCA at a highly significant level.
Root bleeding intensity positively correlated with parental GCA at a highly significant level. This
indicated that the parent had a greater effect on root vigor, whereas the parent had a greater effect on
endogenous substances. Therefore, parental selection should be considered comprehensively when mating
hybrid sorghum.

Hybrid dominance plays an important role in accelerated sorghum breeding because of the highly
additive gene and GCA effects of the parents [43]. In the present study, the highest GCA values were
recorded for soluble sugar in the sterile line 521A and restorer lines 0–30, and the highest GCA values
were recorded for soluble protein in the sterile line 170A and restorer line JiR107. Since soluble sugar
has the highest hybrid dominance and soluble protein is mainly controlled by additive genes, the sterile
lines 521A, 170A, and restorer lines 0–30, JiR107 can be selected as good parents for sorghum breeding.
SCA helps in identifying different hybrids with desired traits [44]. Similarly, different hybrid
combinations showed different (positive or negative) SCA effects on these traits. Here, the hybrid
combinations TAM428A × JiR107, TAM428A × T40, TAM428A × 0–30, L407A × Ji318R, L407A ×
JiR107, I15A × JiR107, and I15A × 501R exhibited significant SCA effects. These hybrid combinations
can be used in sorghum breeding programs to improve root traits based on different SCA performance.
For example, the hybrid combination I15A × 501R, which performed better in terms of root bleeding
intensity, could be used to further improve root vigor. Although GCA effects were more important than
SCA effects for all traits, high hybrid dominance values indicated that non-additive gene effects were also
important in influencing the sorghum root system. It has been reported that, in this case, hybrid
dominance and fitness should be evaluated in combination [45]. For example, I15A × JiR107 and its
parents showed good performance and significant SCA for soluble proteins with high hybrid dominance.

5 Conclusion

To the best of our knowledge, this is the first study to report hybrid dominance, fitness, and heritability of
endogenous substances in the root wound sap of sorghum hybrids and their parents. GCA enables breeders to
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identify parents of high breeding value to be retained in the hybridization process or to discard them while
following the cyclic selection process used to develop genotypes. Additive and non-additive gene actions
were present in this study, and non-additive gene action was the dominant type of gene action controlling
all traits except soluble proteins. However, significant GCA variance and higher H2

N for soluble proteins
indicated that a selection strategy with a stronger response to additive effects in sorghum breeding
favored the genetic improvement of soluble proteins in the early generations. Endogenous soluble sugars
and amino acids had higher hybrid dominance, suggesting that this trait can be successfully improved
using plant breeding methods. The results of this study showed that the sterile lines 521A and 170A and
the restorer lines 0–30, JiR107 are excellent parents for improving soluble sugar and soluble protein and
that a high GCA value is associated with high selection efficiency, high SCA effect, and high value of
utilization in breeding for hybrid dominance in sorghum.
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