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Abstract
Sweet sorghum (Sorghum bicolor Moench) seedling emergence and growth are significantly impeded by physical 
soil crusts (PSCs) in saline-alkaline soils. Abscisic acid (ABA) is a potent seed priming agent known for modulating 
plant physiological and metabolic responses under salinity stress. However, the influence of ABA priming on 
seedling emergence in PSCs remains unclear. This study conducted both pot and field experiment to examine 
the effects of ABA priming on enhancing seedling emergence under PSC conditions. ABA priming altered the 
balance of at least 24 endogenous phytohormones, including abscisic acid, jasmonic acid, gibberellins, ethylene, 
auxins, and cytokinins. Additionally, it reprogrammed starch and sucrose metabolism, resulting in the differential 
expression of genes encoding key enzymes such as AMY, BAM, and INV, which are crucial for converting complex 
sugars into readily available energy sources, thereby supporting seedling growth. Furthermore, 52 differentially 
expressed metabolites (DEMs) of flavonoids were identified in germinating seedlings, including 15 anthocyanins, 
3 flavones, 7 flavonols, 6 isoflavones, 7 flavanones, and 14 other flavonoids. Genetic and metabolic co-expression 
network analysis, along with flavonoid biosynthesis pathway exploration, revealed that the biosynthesis of 17 key 
DEMs—including liquiritigenin, apigenin, kaempferide, syringetin, phloretin, formononetin, dihydrokaempferol, 
and xanthohumol—was regulated by 10 differentially expressed genes (DEGs) associated with flavonoid 
biosynthesis. These DEGs encoded 7 enzymes critical for this pathway, including chalcone synthase, shikimate 
O-hydroxycinnamoyltransferase, bifunctional dihydroflavonol 4-reductase, naringenin 7-O-methyltransferase, and 
anthocyanidin reductase. This regulation, along with reduced levels of superoxide anion (O2

−) and malondialdehyde 
and increased antioxidant enzyme activities, suggested that flavonoids played a vital role in mitigating oxidative 
stress. These findings demonstrate that ABA priming can effectively enhance sweet sorghum seedling emergence 
in PSCs by accelerating emergence and boosting stress resistance.
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Introduction
Sweet sorghum (Sorghum bicolor Moench), a crucial for-
age and biofuel energy crop, boasts wide distribution in 
saline-alkaline soils owing to its robust resilience against 
drought, salt, and nutrient deficiencies [1, 2]. However, 
sorghum seedling emergence faces challenges in saline-
alkaline soils [3], where the presence of unstable loamy 
soils with low organic matter content and degraded soils 
resulting from intensive land use foster the development 
of physical soil crusts (PSCs) [4]. Therefore, enhanc-
ing seedling emergence in crusted soil is imperative for 
achieving optimal harvest yields in such soils. Abscisic 
acid (ABA), as one of the important seed priming agents, 
has been shown to be effective in mediating plant physi-
ological and metabolic responses that are sensitive to 
salinity stress [5]. However, whether and how ABA prim-
ing influences seedling emergence in PSCs is still unclear.

Generally, ABA levels are typically high in dormant 
seeds, inhibiting germination processes. As germina-
tion progresses, ABA levels gradually decrease, breaking 
seed dormancy and initiating germination processes. A 
decline in ABA levels allows for the expression of genes 
involved in radicle elongation and seedling establishment 
[6]. By exposing seeds to ABA during priming, more 
ABA would enter the seeds before germination. Such an 
increase might disrupt the normal dynamics of endog-
enous hormones during seed germination, potentially 
inhibiting germination. In contrast, pre-treating seeds 
with ABA enhances their ability to cope with environ-
mental stresses, such as drought, salinity, and tempera-
ture fluctuations, during germination and early growth 
stages [7]. For example, ABA priming enhances salt toler-
ance in maize (Zea mays) seedlings by regulating osmotic 
adjustment, bond energies, reactive oxygen species (ROS) 
homeostasis, and organic acid metabolism [8]. Seedling 
survival, plant growth, and grain yield in rice (Oryza 
sativa) were enhanced by ABA priming in saline-alkaline 
paddy fields [9]. However, while seed priming has shown 
promise in reducing seed germination time and enhanc-
ing seedling survival in adverse soil conditions [10], the 
germinated seeds still face the challenge of penetrating 
the crusted soil.

The significance of seedling strength before emer-
gence, particularly in the context of PSCs, underscores 
the importance of adopting comprehensive assessment 
parameters [11]. Beyond mere germination time, seedling 
vigor serves as a critical determinant of successful emer-
gence in challenging soil conditions. The observed cor-
relations between plumule length, diameter, and seedling 
vigor index highlighted the biomechanical aspects essen-
tial for seedlings to penetrate and thrive in PSCs [12, 13]. 
Longer plumules might suggest stronger seedlings capa-
ble of penetrating the soil crust, while thicker plumules 
indicated greater force to break through soil crusts [14, 

15]. Studies on tomato seedlings have also shown that 
higher mesocotyl and root lengths are directly corre-
lated with enhanced seedling emergence and subsequent 
growth [16]. The holistic evaluation of seedling vigor, 
encompassing measurements of plumule and mesocotyl 
lengths along with seedling dry weight, offers insights 
into the resilience of seedlings against the formidable 
challenges posed by PSCs.

Seed germination is a complex and finely orchestrated 
process governed by a multitude of physiological and bio-
chemical events [17]. During this process, beta-amylase 
is synthesized de novo, playing a significant role in starch 
breakdown. Interestingly, the exogenous addition of ABA 
has been shown to inhibit beta-amylase activity, mRNA 
accumulation, and the germination process in rice seeds 
[18]. This highlights the intricate regulatory role of ABA 
in modulating key enzymes and processes involved in 
seed germination. As the seed embryo undergoes cellu-
lar expansion and elongation, facilitated by the synthe-
sis of new biomolecules, the radicle (embryonic root) 
emerges to penetrate the seed coat and reach the soil. 
During this process, primary metabolites such as sugars 
are broken down from stored reserves like starch, pro-
viding the energy required for metabolic processes [19], 
while amino acids derived from protein breakdown in 
the seed provide the building blocks for synthesizing new 
proteins needed for seedling growth [20]. Meanwhile, 
secondary metabolites, including flavonoids, phenolics, 
alkaloids, and terpenoids, have been shown serving as 
defense compounds to protect the seed and emerging 
seedling from environmental stresses [21]. Flavonoids 
have antioxidant properties that help scavenge ROS pro-
duced during seed germination, protecting the seedling 
from oxidative damage, and ensuring its survival [22]. 
Previous studies have indicated that kaempferol, dihy-
drokaempferol, dihydroquercetin and dihydromyricetin 
have antioxidant capacity, which can scavenge excessive 
ROS and mitigate the damage of salt stress on plant cell 
membranes and enzyme systems [23, 24]. In addition, 
these flavonoids can regulate the physiological and meta-
bolic processes of plants and enhance the salt tolerance 
of plants [25]. Studies have shown that ABA is involved 
in flavonoid biosynthesis [26, 27]. ABA priming may 
modulate flavonoid biosynthesis during seed germination 
by reshaping hormone dynamics and altering secondary 
metabolites, contributing to enhanced seedling resis-
tance to PSCs.

To unravel the mechanisms enhancing the efficacy of 
ABA seed priming on seedling emergence in PSCs, we 
conducted comprehensive physiology, metabolome, and 
transcriptome analyses for germinated seeds and meso-
cotyls of sweet sorghum. We hypothesized that ABA 
seed priming might enhance the penetration of sorghum 
seedlings through the crusted soil by fastening mesocotyl 
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elongation and strengthening seedling vigor. Our study 
addressed three main aspects: (1) Investigation of sweet 
sorghum emergence in saline-alkaline soils; (2) Physiol-
ogy and metabolome analysis to explore the physio-bio-
chemical mechanisms driving improved seed emergence 
in PSCs; (3) Transcriptome analysis to elucidate the 
molecular mechanisms of ABA seed priming. The results 
of this study provide basic knowledges to obtain optimal 
sweet sorghum yields in PSCs through ABA seed priming 
techniques.

Materials and methods
Seed materials, priming treatments and germination 
experiment
The seeds of Sorghum bicolor cv Sb0119, inbred sweet 
sorghum line, were provided by Sorghum Research 
Group of Qingdao Agricultural University. The con-
trol (CK) group consisted of seeds with no priming. The 
water treatment (H2O priming) involved soaking seeds in 
water, while the ABA treatment used a 20 mg·L− 1 solu-
tion of abscisic acid (ABA). All treatments were con-
ducted under dark conditions at 25  °C for 24  h. After 
priming, the seeds were rinsed thrice with water to 
remove excess solution, air-dried until a constant weight 
was reached. The treatment duration of 24  h and the 
ABA concentration of 20 mg·L− 1 were selected based on 
our previous studies, where these treatments showed sig-
nificant influence on seed germination [28]. Each batch 
of 500 g seeds was treated with approximately 2 L of the 
priming solution. Seed germination was tested in a con-
trolled climate chamber (temperature: 25  °C, humidity: 
70.0%, light intensity: 12 K Lux, 14 h light/10 h dark). The 
primed seeds (CK, ABA-priming, H2O-priming) were 
placed on petri dishes (12 × 12 cm) lined with filter paper, 
ensuring that the paper remained moist. Each priming 
treatment had four replicates, with 30 seeds per replicate. 
Seedling morphology, germination rate, and germination 
speed index were recorded until the completion of ger-
mination (7 days).

Pot experiments
All pot experiments were conducted in a greenhouse 
under controlled conditions (temperature: 25 °C, humid-
ity: 70%, light intensity: 12  K Lux, photoperiod: 14  h of 
light/10 h of dark), with plants irrigated using tap water. 
The soil for pot experiment was sampled from a saline-
alkaline soil (pH8.50, water soluble salt 3.52  g/kg), air-
dried, and passed through a 2 mm mesh sieve to remove 
stones, plant roots, and leaves. Seeds were sown in plas-
tic pots (13 × 15 × 20 cm), with 30 sorghum seeds per pot.

Pot experiment 1 followed a randomized design with a 
two-way ANOVA, considering both sowing depth (3 cm, 
5 cm, and 7 cm) and treatment type (CK, ABA priming, 
H2O priming) as factors. There were three treatment 

groups and three sowing depths, with each combination 
replicated four times. Emergence was recorded daily, 
with data collection concluding on day seven. Seedling 
penetration through the soil surface was first observed on 
day four after germination. Emergence rate and germina-
tion speed index were calculated for different treatments 
and sowing depths. Seedlings were extracted from the 
soil for measurement and photographic documentation 
of seedling length and root length. At the five-leaf stage, 
plant height, aboveground biomass and underground 
biomass were measured.

Pot experiment 2 was a completely randomized design 
with a one-way ANOVA analysis, focusing on a sow-
ing depth of 5  cm and including six different treatment 
groups. These treatments included: (1) germinated seeds 
one day after germination—CKS (control), ABAS (ABA 
priming), H2OS (H2O priming), and (2) mesocotyls from 
seedlings four days after germination—CKM (control), 
ABAM (ABA priming), H2OM (H2O priming). Each 
treatment replicated four times. The seeds for one day 
after germination and mesocotyls four days after ger-
mination were collected and quickly cleaned. A portion 
of the samples was flash-frozen in liquid nitrogen and 
stored at -80  °C for subsequent analyses, including the 
contents of phytohormones, carbohydrates, flavonoids, 
activities of antioxidant enzymes, and the contents of 
malondialdehyde, proline, and soluble proteins, as well as 
transcriptome analyses. Another portion of the samples 
was used to measure mesocotyl length, plumule length, 
and for cytological observations.

Measurement of germination rate, emergence rate and 
germination speed index
Seeds were considered germinated when the seminal 
root reached half of the seed length, and the germina-
tion percentage was calculated as the ratio of germinated 
seeds to total seeds. The emergence rate was determined 
when the plumule of the germinated seed broke through 
the physical soil crusts, with the emergence percentage 
calculated as the ratio of emerged seeds to total seeds. 
The germination speed index (GSI) was calculated using 
the formula: GSI = Σ(Gt / Dt), where Gt is the number of 
seeds germinated (or emerged) on day t, Dt is the day of 
observation (counted from the beginning of the experi-
ment), and t is the day index during the germination or 
emergence period.

Cytological observation of seedling mesocotyl
Four days after seed germination in soil, the plumule 
and mesocotyl lengths were measured using vernier cali-
per. Then, mesocotyl samples were collected for paraffin 
embedding and thin sectioning. The production protocol 
followed the method outlined by WC Cornell, et al. [29], 
but was optimized to meet experimental specifications. 
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Thin sections were stained with Fast green FCF (OKA 
Biotechnology Co. LTD., CHINA) and examined under 
a microscope (Stemi 305, Carl Zeiss AG, Germany) for 
analysis.

Measurement of phytohormones
The phytohormones were measured according to the 
method of T Zhao, et al. [30]. Briefly, about 50 mg of seed 
samples collected 1 day after germination and mesocotyl 
samples collected on day 4 after germination were com-
bined with an internal standard mixture and an extrac-
tion solvent, followed by vortexing and centrifugation. 
The resulting supernatant is collected, concentrated, 
and then resuspended before being filtered for analysis 
using Liquid Chromatography-Electrospray Ionization-
Tandem Mass Spectrometry (LC-ESI-MS/MS). The LC 
mobile phase comprises water with acetic acid (A phase) 
and acetonitrile with acetic acid (B phase) (Merck Chem-
ical Technology Co., Ltd., Shanghai, China), facilitating 
the separation of compounds. Gradient elution occurs 
on a C18 column with specific gradient conditions. Each 
ion pair is meticulously scanned and detected based on 
optimized parameters. To quantify hormone levels accu-
rately, concentration standards of hormones like indole-
3-acetic acid (IAA), abscisic acid (ABA), and gibberellic 
acid (GA3) are employed to establish standard curves 
(Aladdin Biochemical Technology Co., Ltd., Shanghai, 
China.). The internal hormone content within the sam-
ples is then determined using these standard curves. 
Data obtained from mass spectrometric detection are 
subjected to qualitative analysis by integrating peak area 
ratios and applying linear equations derived from the 
standard curve.

Measurement of carbohydrates
Carbohydrates were extracted and measured follow-
ing a modified protocol based on G Ejeta, et al. [31]. The 
samples used for carbohydrate content analysis were 
collected simultaneously with those used in the phyto-
hormone assay. Approximately 100  mg of samples were 
weighed and placed into a 15 mL centrifuge tube, fol-
lowed by the addition of 2 mL of acetone for extraction. 
The mixture was shaken at 37  °C for 5  min and centri-
fuged at 10,000  rpm for 5  min. This step was repeated 
twice to remove lipids. The precipitate was then treated 
with 5 mL of preheated 80% ethanol (Aladdin Biochemi-
cal Technology Co., Ltd, Shanghai, China.) and shaken 
for 5  min before heating in a boiling water bath for 
30 min with intermittent shaking. After cooling, the sam-
ple was centrifuged, and the supernatant was transferred 
to a 50 mL volumetric flask. This extraction process was 
repeated thrice. The supernatant was used for reducing 
sugars and soluble sugars determination, while the pre-
cipitate was treated with distilled water and perchloric 

acid for starch determination. For carbohydrate mea-
surement, 0.2 mL of the extracted solution from each 
volumetric flask was mixed with anthrone-sulfuric acid 
solution and heated in a boiling water bath for 10  min. 
Absorbance was measured at 620 nm. Sucrose determi-
nation required the addition of 0.1 mL of 7.6 mol/L KOH 
before the anthrone-sulfuric acid solution. The content 
of reducing sugar was calculated by subtracting sucrose 
content from soluble total sugars. Standard curves using 
glucose and sucrose solutions (0.0–60.0  µg/mL) were 
constructed to calculate carbohydrate content in the 
samples. Each measurement represents the average of 
four biological replicates ± SD.

Measurement of flavonoids
Flavonoids were analyzed following the protocol outlined 
by J Meng, et al. [32], with some modifications. About 
1  g of germinated seeds and mesocotyls were ground 
and crushed with liquid nitrogen separately using an 
MM400 sieve, repeated thrice for consistency. The result-
ing powder was extracted overnight at 4 °C with 1 mL of 
70% methanol (Merck Chemical Technology Co., Ltd., 
Shanghai, China) containing 0.1 mg L− 1 lidocaine. After 
centrifugation and filtration through a 0.22  μm hydro-
philic polytetrafluoroethylene syringe filter, the super-
natant was prepared for metabolomic analysis. Quality 
control samples were measured simultaneously with 
every two experimental samples to ensure repeatability. 
Metabolites were analyzed using LC-ESI-MS/MS (HPLC, 
Shim-pack UFLC SHIMADZU CBM30A system; MS, 
Applied Biosystems 4500Q TRAP). Metabolites were 
identified and quantified using a comprehensive targeted 
metabolomic approach provided by MetWare (Wuhan, 
China), matching accurate m/z values for each precursor 
ion (Q1) with standards in the self-assembled database. 
Metabolites exhibiting significant changes were filtered 
based on|Log2(Fold change)|≥1 and p-value < 0.05. Prin-
cipal component analysis (PCA) of significant changed 
metabolites was performed using R to explore species-
specific accumulation patterns.

Activities of antioxidant enzymes and contents of 
malondialdehyde, proline and soluble protein
Antioxidant enzyme activities were measured follow-
ing previous studies, with slight modifications. Briefly, 
0.5  g of germinated seeds or mesocotyls were frozen 
and ground with liquid nitrogen, and the process was 
repeated three times and passed through an MM400 
sieve. Subsequently, the samples were mixed with 
0.05 mol/L phosphate buffer (PBS, pH 7.8) (Merck Chem-
ical Technology Co., Ltd., Shanghai, China), thoroughly 
shaken, and transferred to centrifuge tubes. The mixture 
was then centrifuged at 4  °C and 12,000  g for 20  min, 
yielding the enzyme extract in the supernatant. The 
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activity of superoxide dismutase (SOD) was determined 
using the p-Nitro-Blue tetrazolium chloride (NBT, Win-
ter song Boye Biotechnology Co., Ltd., Beijing, China) 
method [33], peroxidase (POD) activity was assessed via 
the guaiacol (Aladdin Biochemical Technology Co., Ltd., 
Shanghai, China) method [34]. The activity of catalase 
(CAT) was assessed by monitoring the degradation of 
H2O2 in a reaction mixture containing 50 mM potassium 
phosphate buffer (PPB, pH 7.8, Merck Chemical Tech-
nology Co., Ltd., Shanghai, China), 10 mM H2O2, and 2 
mL of enzyme extract. The absorbance of the reaction 
was subsequently measured at 240  nm [35]. The rate of 
superoxide anion radical (O2

−) production was measured 
through hydroxylamine oxidation (Aladdin Biochemical 
Technology Co., Ltd., Shanghai, China) [36]. The content 
of soluble protein (SP) was determined by Coomassie 
brillant blue (Thermo Fisher Scientific, Waltham, MA, 
USA) staining [37]. Malondialdehyde (MDA) and proline 
(Pro) contents were quantified using thiobarbituric acid 
colorimetric (Thermo Fisher Scientific, Waltham, MA, 
USA) method [38]. Each treatment was replicated four 
times for accurate assessment and consistency.

Transcriptome analyses
For the transcriptome analyses, 0.1  g of frozen samples 
from seeds harvested one day after germination and 
mesocotyls collected four days after germination were 
used, with three biological replicates for each treatment. 
Total RNA extraction was performed for three replica-
tions in each treatment using Trizol reagent (Invitrogen, 
Carlsbad, CA, USA). RNA quality and concentration 
were assessed using the NanoDrop 2000 spectrophotom-
eter (Thermo Scientific, Wilmington, DE, USA), while 
RNA integrity was evaluated using the Agent2100 (Agi-
lent Technologies, Santa Clara, CA, USA). Following 
mRNA extraction, cDNA synthesis, purification, and 
repair, sequencing through splicing connections was 
conducted. PCR enrichment was employed to generate 
cDNA libraries, with Q-PCR ensuring a library concen-
tration exceeding 2nM for quality control. Sequencing 
was carried out on the Illumina NovaSeq6000 platform, 
resulting in 119.00 Gb of clean reads with a Q30 base per-
centage of no less than 94.30% for each sample. HISAT2 
[39] software facilitated the rapid and accurate align-
ment of high-quality clean reads to the reference genome 
(Sorghum_bicolor.v3.1.1.genome.fa), with StringTie [40] 
utilized for read assembly and transcriptome recon-
struction. Alignment statistics revealed an efficiency of 
reads mapping to the reference genome ranging between 
88.37% and 94.92% for each sample.

In the quantification of gene expression, StringTie 
was employed, utilizing FPKM (Fragments Per Kilo-
base of transcript per Million fragments mapped) val-
ues greater than 1 as the normalization criterion. Newly 

identified genes were annotated using DIAMOND [41] 
and InterProScan [42] software against NR, Swiss-Prot, 
COG, KOG, KEGG [43] and GO [44] databases. DESeq2 
[45] software was employed for comparing differen-
tially expressed genes (DEGs) among CK, ABA priming, 
and H2O priming treatments, with Fold Change ≥ 2 and 
FDR < 0.01 used as filtering criteria during DEGs analy-
sis. ClusterProfiler conducted GO enrichment analysis 
for biological processes, molecular functions, and cel-
lular components, while KEGG enrichment analysis ref-
erenced the KEGG database for significantly enriched 
pathways of DEGs. Bioinformatics analysis was per-
formed using the pipeline provided by BMKCloud (www.
biocloud.net). To validate gene expression levels, qRT-
PCR was used on 10 selected DEGs, with β-actin used as 
internal reference gene (Supplementary Table 1, Supple-
mentary Fig. 1).

Field experiment
The field experiment was conducted in the Agricultural 
High-tech Industry Demonstration Zone of the Yel-
low River Delta in Dongying City, Shandong Province 
(118.65°W, 37.32°N). Characterized by a warm temper-
ate semi-humid monsoon continental climate, the area 
experiences an annual average temperature of 13.3  °C, 
annual precipitation of 537 mm, and annual evaporation 
of 1885 mm. The soil (0–30 cm) was saline-alkaline soil 
with a pH of 8.5, soil bulk density and electrical conduc-
tivity were 1,64 g/cm3 and 1426.87 us/cm, the contents of 
soil soluble salts, total organic matter, total nitrogen, total 
phosphorus and total potassium were 3.52, 5.92, 0.45, 
0.16, and 11.43 g/kg, and the contents of available nitro-
gen, available phosphorus and available potassium were 
110.23, 8.17 and 400.32 mg/kg.

Field sowing depths of 3  cm and 5  cm were selected 
based on the germination results obtained from earlier 
pot experiments (Fig.  1). The field experiment followed 
a two-factor design with three priming treatments (CK, 
ABA priming, H2O priming) and two sowing depths 
(3 cm and 5 cm), with plot sizes of 15 m² (3 m × 5 m). 
Each treatment was replicated three times. Before sow-
ing, 450  kg/hm2 compound fertilizer (N: P:K = 15:15:15) 
was applied and incorporated during plowing. The seeds 
were sown with row space of 40  cm and plant space of 
20  cm, covered with soil, and irrigated with water with 
intensities of 70 mm h− 1 and 84.10° droplet impact angle 
according to the references reporting in PSCs [46, 47]. 
The surface soil was observed for the formation of PSCs, 
and the seedling emergence rate were recorded 10 days 
after irrigation. Due to low rainfall in May, the seedlings 
were rewatered once after seedling establishment 15 days 
after sowing, then no irrigation was applied. No fertilizer 
was applied and the plants were weeded manually twice. 
Before harvest in their maturing stage, plant height and 

http://www.biocloud.net
http://www.biocloud.net
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Fig. 1  Effects of ABA priming on the emergence and growth of sorghum seedlings in physical soil crust (PSCs) of saline-alkaline soil. (A, B, C) germina-
tion rate, germination speed index, and seedling length of seedlings on filter paper and in soil on day 4 after germination. (D) Seedlings germinated on 
filter paper after 4 day. (E) Seedlings at day 7. (F) Emergence rate at day 7. (G) Germination speed index 1–7 days. (H) Phenotype of seedling at five-leaf 
stage, bar = 10 cm. (I) Plant height. (J) aboveground biomass and (K) underground biomass at five-leaf stage. (L) Figures of germinated seeds one day 
after germination and seedlings four day after germination in PSCs. (M) Mesocotyl cells at day four, bar = 100 μm. (N) Length of plumule and mesocotyl. 
(O) Length of mesocotyl cell. Data are the means ± standard error (n = 4), with different lowercase letters above data bar showing significant differences 
according to the least significant difference test (P < 0.05)
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stem diameter were recorded, and the fresh aboveground 
biomass was measured.

Statistical analyses and data integration
All data plotting and statistical analyses were per-
formed with GraphPad Prism 8.0.2(263) software ​(​​​h​t​t​p​
s​:​/​/​w​w​w​.​g​r​a​p​h​p​a​d​.​c​o​m​/​​​​​)​, and IBM SPSS 26.0 software 
(https://www.ibm.com/spss). All values are presented as 
means ± SE. One-way or two-way ANOVA analysis was 
applied to compare plant height, dry weight, stem diam-
eter, emergence rate, rate of O2

−, content of MDA, pro, 
SP, SOD, POD and CAT activities (SPSS 17.0, Chicago, 
USA). Significance was tested according to the least sig-
nificant difference test at P < 0.05. We used the ClueGO 
package in Cytoscape software (version 3.9.0) [48, 49] 
to construct KEGG enrichment analysis network and to 
perform GO enrichment analysis of functional networks 
associated with relevant biological processes. The anno-
tation source was Sorghum bicolor [taxon ID: 4558], and 
the kappa score level was set to 0.3. For the comparative 
analyses, networks of the top 20 significantly enriched 
KEGG pathways, as well as GO networks in germinating 
seeds and seedling mesocotyls, were generated. Addi-
tionally, we performed a co-expression network analysis 
in Cytoscape to correlate the 10 differentially expressed 
genes (DEGs) associated with flavonoid biosynthesis with 
the differentially expressed metabolites (DEMs) identi-
fied. Among them, the DEGs showed significant correla-
tions with key DEMs (|Pearson correlation coefficients| 
≥ 0.9).

Results
Seed priming with ABA improved sorghum emergence in 
saline-alkaline soils
When germinated on filter paper, the germination rates 
of seeds undergoing priming treatments approached 
100%, indicating high seed vigor (Fig. 1A). Compared to 
the CK, H2O priming significantly increased the germi-
nation speed index, accelerated seed germination, and 
promoted seedling length, four days after germination. 
In contrast, ABA priming had no significant effect on the 
germination speed index under the same conditions but 
moderately inhibited seedling length (Fig. 1B, C, D).

Pot experiments demonstrated that ABA-primed seeds 
exhibited higher emergence rates and germination speed 
index when sown in saline-alkaline soils (Fig.  1E, F, G). 
Among the three different sowing depths, ABA-primed 
seeds showed superior seedling emergence morphology 
compared to H2O-primed and CK treatments (Supple-
mentary Fig.  2A). ABA priming significantly enhanced 
seedling length and root length under saline-alkaline 
soil conditions (Supplementary Fig.  2B, C). Addition-
ally, the ABA-primed seedlings had higher plant height, 
aboveground biomass and underground biomass when 

compared with the non-primed ones and those primed 
with H2O, particularly at sowing depths of 5 cm and 7 cm 
(Fig. 1H, I, J, K).

To elucidate the underlying mechanisms by which 
ABA priming enhanced seedling penetration and growth 
under saline-alkali soil conditions, detailed observations 
were made on seeds germinated one day and mesocotyl 
four days after germination at a sowing depth of 5  cm. 
ABA priming significantly influenced the morphology of 
soil-grown seedlings compared to those germinated for 
four days on filter paper. Specifically, ABA priming led to 
a 73.58% increase in seedling length relative to the con-
trol (Fig. 1L, C). Further morphological analyses revealed 
that ABA priming markedly promoted the elongation 
of the plumule and mesocotyl, highlighting its critical 
role in facilitating seedling development under adverse 
soil conditions. Specifically, compared to CK, ABA seed 
priming resulted in a 43.8% and 81.26% increase in the 
length of the plumule and mesocotyl (Fig.  1M), and led 
to a significant increase in the length of mesocotyl cells 
by 43.52% (Fig.  1N). Cell morphology investigations 
also indicated that the longer mesocotyl length in ABA-
primed seedlings was attributed to higher cell length of 
mesocotyl (Fig. 1O).

Plant hormones involved in ABA seed priming
The dynamic changes in endogenous phytohormones in 
germinated seeds (one day after germination) and meso-
cotyls of seedlings (four days after germination) under 
saline-alkali soil conditions were evaluated. Following 
ABA priming, significant alterations were observed in the 
levels of 24 endogenous plant hormones, which orches-
trated a wide range of physiological processes crucial for 
seedling development. Compared to the control and H2O 
priming, ABA concentration was the highest in germi-
nated seeds and the lowest in mesocotyls in ABA-primed 
samples (Fig. 2A). JA levels, including JA-ILE, JA, OPC-
4, OPDA, and JA-Val, increased from germinated seeds 
to mesocotyls but decreased with ABA priming (Fig. 2B). 
GA concentrations were higher in germinated seeds and 
rapidly declined in mesocotyls, with ABA priming elevat-
ing GA5 and GA9 in germinated seeds and GA15 in both 
germinated seeds and mesocotyls (Fig.  2C). Ethylene 
levels increased significantly by 19.56% in germinated 
seeds after ABA priming, and by 191.61% and 29.04% in 
mesocotyls compared to the control and H2O priming, 
respectively (Fig.  2D). Auxin and cytokinin levels fol-
lowed similar patterns to GA, with increases in OxIAA, 
MEIAA, IAN, and IAA-Ala in germinated seeds, and 
IAA-Asp and IAA-Glu in both germinated seeds and 
mesocotyls (Fig. 2E and F).

https://www.graphpad.com/
https://www.graphpad.com/
https://www.ibm.com/spss
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Transcriptome analysis during seed germination
Principal component analysis (PCA) revealed a clear 
separation among samples subjected to different prim-
ing treatments, particularly between germinated seeds 
one day after germination and mesocotyls from seed-
lings four days after germination. The first two principal 
components, PCA1 (54.5%) and PCA2 (12.8%), together 
accounted for 67.3% of the total variance, indicating a 
dynamic gene expression pattern during sorghum ger-
mination (Fig. 3A). Furthermore, PCA displayed a lower 
variability among biological replicates, suggesting strong 
correlations between them, which was further supported 
by samples correlation analysis (Fig.  3A, B). Hierarchi-
cal cluster analysis (HCA), based on the relative expres-
sion levels of genes associated with germinated seeds 
and mesocotyls at different developmental stages, dem-
onstrated significant changes in gene expression during 
seed germination, further confirming the PCA results 
(Fig. 3C). Comparative analyses between CKS vs. ABAS 
and H2OS vs. ABAS revealed 4992 DEGs, with 393 spe-
cifically regulated by ABA priming. Similarly, in com-
parisons between CKM vs. H2OM and H2OM vs. ABAM, 
1942 DEGs were identified, with 241 specifically regu-
lated by ABA priming (Fig. 3D).

GO and KEGG enrichment analysis of DEGs
The biological functions of the DEGs were compre-
hensively analyzed through Gene Ontology (GO) and 
Kyoto Encyclopedia of Genes and Genomes (KEGG) 

enrichment analyses. The top 10 significantly enriched 
GO terms (p-value < 0.05) for each cluster across the four 
comparisons are presented in Supplementary Fig.  3A. 
Among the four comparisons, eight GO terms were 
commonly annotated, including the hydrogen perox-
ide catabolic process, and the apoplast, cell wall, extra-
cellular region, plant-type cell wall and plasmodesma. 
Additionally, heme binding and peroxidase activity were 
identified.

The functional networks of biological processes 
enriched by DEGs in the four comparison groups were 
further analyzed. DEGs in the CKS vs. ABAS compari-
son were predominantly associated with various pro-
cesses, including the abscisic acid-activated signaling 
pathway, carbohydrate metabolic processes, cell wall 
biogenesis, lignin biosynthesis process, response to abi-
otic stimulus, regulation of oxidative stress response, 
hydrogen peroxide catabolic process, regulation of the 
jasmonic acid-mediated signaling pathway, systemic 
acquired resistance, and cell division-related processes 
such as mitotic cell cycle phase transition, among others 
(Supplementary Table 2). DEGs identified in the H2OS 
vs. ABAS comparison were mainly associated with path-
ways related to plant hormone regulation (abscisic acid-
activated and auxin-activated signaling), morphogenesis, 
translational elongation, response to oxidative stress, 
response to salt stress and response to hydrogen perox-
ide. Notably, no significant enrichment was observed in 
carbohydrate metabolism (Supplementary Table 3). In 

Fig. 2  Endogenous phytohormone contents in the germinated seeds one day after germination and seedling mesocotyls four days after germination 
under CK, ABA priming and H2O priming. (A) Abscisic acid. (B) Jasmonic acid. (C) Gibberellin acid. (D) Ethylene. (E) Auxin. (F) Cytokinin. Data are the 
means ± standard error (n = 4), with different lowercase letters above data bar showing significant differences according to the least significant difference 
test (p < 0.05)

 



Page 9 of 21Yang et al. BMC Genomics          (2025) 26:241 

the CKM vs. ABAM comparison, DEGs were predomi-
nantly linked to abscisic acid-activated signaling, auxin-
activated signaling pathway, carbohydrate metabolism, 
response to oxidative stress, response to hydrogen perox-
ide, systemic acquired resistance, and cell wall develop-
ment processes (Supplementary Table 4). In the H2OM 
vs. ABAM comparison, DEGs were primarily associated 

with responses to salt stress, oxidative stress, ethylene 
signaling, phototropism, cytokinin regulation, auxin-acti-
vated signaling pathway and cell wall development (Sup-
plementary Table 5). Compared to H2O priming, ABA 
priming enhanced stress responses and cell development, 
suggesting a stronger role in overcoming PSCs through 

Fig. 3  Transcriptome analysis for germinated seeds and seedling mesocotyls of sweet sorghum at sowing depth of 5 cm in PSCs. (A) Principle compo-
nent analysis (PCA) between treatments (n = 3). (B) Correlation heatmap between samples. X-axis: sample IDs; Y-axis: corresponding sample IDs. Colour 
indicates R2 value. (C) Hierarchical clustering heatmap of gene expression levels in germinated seeds (left) and seedling mesocotyls (right), calculated 
as|log2FC|≥1 and FDR < 0.01. (D) Venn diagram showing DEG numbers across CKS vs. ABAS and H2OS vs. ABAS for germinated seeds and CKM vs. ABAM 
and H2OM vs. ABAM for seedling mesocotyls
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hormonal and signaling pathways, particularly involving 
ethylene.

Comparative analyses among CKS vs. ABAS, H2OS vs. 
ABAS, CKM vs. ABAM, and H2OM vs. ABAM identified 
the top 20 KEGG pathways with significant DEG enrich-
ment (Supplementary Fig. 3B). Notably, phenylpropanoid 
and flavonoid biosynthesis pathways were enriched 
across all comparisons, underscoring the enhanced role 
of secondary metabolic pathways in ABA-primed seeds. 
Additionally, pathways related to starch and sucrose 
metabolism, plant hormone signal transduction and 
MAPK signaling were enriched in all comparisons except 
H2OS vs. ABAS, suggesting that both ABA and H2O 
priming aid germination by mobilizing seed reserves and 
modulating hormone interactions to support seedling 
emergence and growth (Supplementary Fig. 3B).

Starch and sucrose metabolism induced by ABA seed 
priming
Among the DEGs of germinated seeds (393 DEGs) and 
mesocotyls (241 DEGs) specifically regulated by ABA, 
a total of 13 DEGs were enriched in the Starch and 
sucrose metabolism KEGG pathway, including the genes 
encoding glycogen phosphorylase (PYG), starch syn-
thase (glgA), trehalose-6-phosphate phosphatase (otsB), 
alpha-amylase (AMY), beta-amylase (BAM), beta-fruc-
tofuranosidase (INV) and others (Fig. 4A). The heatmap 
analysis revealed that the DEGs enriched in this pathway 
were predominantly upregulated in germinated seeds 
and mostly non-expressed or downregulated in seed-
ling mesocotyls. To further investigate the relationship 
between DEGs and the primary altered carbohydrates 
in seed reserves, this study systematically constructed 
the KEGG pathways for starch and sucrose metabolism 
in germinated seeds and seedling mesocotyls (Fig.  4B). 
Upregulation of genes responsible for hydrolyzing large 
molecule sugars such as starch and sucrose into small 
molecule sugars like glucose and fructose was observed, 
particularly in germinated seeds, involving AMY, BAM, 
INV, EG and otsB, etc. Further analyses revealed that 
ABA priming enhanced soluble total sugar accumulation 
(Fig. 4C, D, E, F).

ABA seed-priming altered the synthesis of flavonoids
Seven enzymes, encoded by 10 DEGs associated with 
flavonoid biosynthesis in sorghum, participated in four 
distinct metabolic pathways of flavonoid biosynthesis 
pathways. These included genes encoding chalcone syn-
thase (CHS), shikimate O-hydroxycinnamoyltransferase 
(HCT), bifunctional dihydroflavonol 4-reductase (DFR), 
naringenin 7-O-methyltransferase (NOMT), 4’-methoxy-
isoflavone 2’-hydroxylase (CYP81E), isoflavone 7-O-glu-
coside-6 “-O-malonyltransferase (IF7MAT) and anthidin 
reductase (ANR) (Fig. 5A). Additionally, 52 differentially 

expressed metabolites (DEMs) of flavonoid were detected 
in germinated seeds and mesocotyls, categorized into 
seven groups (Table  1): anthocyanins (15), Flavones (3), 
flavonols (7), isoflavones (6), flavanones (7) and Other 
flavonoids (14). Furthermore, three types of coumarin 
compounds, including 7-hydroxycoumarin, isofraxindin 
and scopoletin were enriched in germinated seeds and 
mesocotyls.

In the subsequent analysis, genetic and metabolic co-
expression network were constructed for DEGs and 
DEMs enriched in flavonoid biosynthesis pathways 
(Fig. 5B). The accumulation levels of 48 DEMs were regu-
lated by 10 DEGs, with 17 key DEMs showing a signifi-
cant correlation with these DEGs (|Pearson correlation 
coefficients| ≥ 0.9). For example, phloretin exhibited a 
positive correlation with CHS and a negative correla-
tion with CYP81E. Apigenin showed positive correlations 
with CHS, NOMT, and DFR. Kaempferide demonstrated 
a negative correlation only with HCT. Dihydrokaemp-
ferol was positively correlated with CHS, ANR, DFR, and 
NOMT, while it exhibited both positive and negative cor-
relations with HCT. Similar patterns were observed for 
other DEMs.

To further explore the relationship between DEGs and 
DEMs involved in flavonoids synthesis, this study sys-
tematically constructed the flavonoid biosynthetic path-
way during seed germination and seedling development 
in sorghum (Fig. 6). The pathway included the upstream 
secondary metabolite pathway: phenylpropanoid biosyn-
thesis KEGG pathway, flavones and flavonol biosynthesis 
KEGG pathway, isoflavones biosynthesis KEGG pathway 
and anthocyanins biosynthesis KEGG pathway. Across 
18 branches in the flavonoid biosynthesis pathways, 10 
DEGs related to flavonoid synthesis and metabolism were 
annotated (Fig.  5A), and 7 DEGs were observed in the 
flavonoid biosynthesis KEGG pathway, and 1 DEG was 
observed in the flavone and flavonol biosynthesis KEGG 
pathway. Similarly, 2 DEGs in the isoflavonoid biosynthe-
sis KEGG pathway reflected an intricate regulatory net-
work influenced by ABA priming. Notably, DEGs related 
to flavonoid synthesis exhibited an upregulation trend in 
germinated seeds. For instance, key enzymes involved 
in flavonoid biosynthesis pathways, such as CHS, HCT, 
NOMT and ANR, displayed relatively higher expres-
sion levels in germinated seeds primed by ABA, benefit-
ing seedling resistance. Conversely, some genes, such as 
CYP81E and IF7MAT, demonstrated a downregulation 
trend in the mesocotyl, indicating tissue-specific regu-
lation of flavonoid metabolism. Concurrently, 17 key 
DEMs were annotated in the flavonoid biosynthesis path-
ways and significantly changed in germination seeds and 
mesocotyls. For example, the contents of liquiritigenin, 
apigenin and kaempferide in ABA-primed ones were 
reduced in germinated seeds but increased in mesocotyl. 
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Fig. 4  Influences of ABA priming on starch and sucrose metabolisms of the germinated seeds one day after germination and seedling mesocotyls four 
days after germination. (A) Heat map of DEGs enriched on starch and sucrose biosynthesis KEGG pathway across CKS vs. ABAS and H2OS vs. ABAS for 
germinated seeds and CKM vs. ABAM and H2OM vs. ABAM for seedling mesocotyls. (B) Schematic diagram of main starch and sucrose metabolisms KEGG 
pathways in germination seeds and mesocotyl with ABA priming in physical soil crusts. The brown squares represent carbohydrates involved in the path-
way, with the primary altered carbohydrates highlighted in red, while white squares depict their chemical structures. Carbohydrates are linked to their 
associated differentially expressed genes (DEGs) by arrows, with DEGs represented in color-coded squares: the upper half indicates DEGs in germinated 
seeds, and the lower half indicates DEGs in the seedling mesocotyls. Squares filled with white represent no DEGs, red indicates upregulation, green indi-
cates downregulation, and blue signifies both upregulation and downregulation. (C) Contents of c starch. (D) soluble total sugars (STS). (E) sucrose and 
F reducing sugar. Data are the means ± standard error (n = 4), with different lowercase letters above data bar showing significant differences according 
to the least significant difference test (P < 0.05)
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Fig. 5  Co-expression network between the differentially expressed genes (DEGs) and differential expressed metabolites (DEMs) in flavonoid biosynthesis 
pathway. (A) 10 DEGs related to flavonoids biosynthesis KEGG pathway. (B) The DEGs and DEMs co-expression network, DEGs was significantly correlated 
with Key DEMs (|Pearson correlation coefficients| ≥ 0.9, p < 0.05)
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Class Compounds Seeds Mesocotyls
CKS ABAS H2OS CKM ABAM H2OM

Anthocyanins Cyanidin-3,5-Diglucoside 0e 42.50 ± 5.61b 0e 36.86 ± 1.89c 69.29 ± 6.87a 17.49 ± 3.85d
Cyanidin-3-Ara 255.49 ± 52.30a 242.37 ± 35.16b 138.34 ± 29.96b 131.35 ± 14.58b 57.22 ± 3.70c 126.77 ± 22.87b
Delphinidin-3,5-Diglu-
coside

314.77 ± 4.46b 119.25 ± 20.02d 425.97 ± 45.36a 109.61 ± 20.81e 150.99 ± 16.79c 81.69 ± 9.41f

Delphinidin-3-O-Glucoside 106.66 ± 6.37a 0b 0b 0b 0b 0b
Delphinidin-3-Rutinoside 358.76 ± 56.00a 0b 0b 0b 0b 0b
Malvidin-3,5-Digalcoside 0.57 ± 0.17bc 1.60 ± 0.13a 0.09 ± 0.01d 0.69 ± 0.14b 0.23 ± 0.01 cd 0.31 ± 0.12c
Malvidin-3-Arabinoside 22.69 ± 4.51a 17.93 ± 4.74b 4.09 ± 0.45d 8.02 ± 2.64c 5.23 ± 0.90 cd 5.99 ± 0.69 cd
Malvidin-3-Glucoside 0c 10.70 ± 0.75b 0c 0c 22.25 ± 2.06a 0c
Pelargonidin-3,5-Diglu-
coside

4.53 ± 0.09c 168.66 ± 5.28bc 203.77 ± 11.07ab 0d 213.19 ± 19.80a 175.04 ± 28.49b

Peonidin-3,5-Diglucoside 483.32 ± 25.75b 311.64 ± 21.33c 893.18 ± 40.16a 79.81 ± 10.02e 181.56 ± 10.75d 40.37 ± 8.96f
Peonidin-3-O-Galactoside 0b 0b 0b 0b 36.53 ± 2.48a 0b
Peonidin-3-Glucoside 415.29 ± 54.83c 654.58 ± 50.80b 302.58 ± 33.97d 294.15 ± 11.45e 276.34 ± 30.60e 715.57 ± 54.30a
Perlargonidin-3-O-Glu-
coside

499.05 ± 79.78b 355.24 ± 26.96c 281.62 ± 14.54d 316.01 ± 20.37d 275.58 ± 56.83d 1042.54 ± 84.55a

Petunidin-3-O-Galactoside 259.14 ± 33.68b 341.91 ± 65.88a 121.04 ± 28.94c 266.70 ± 26.29b 225.12 ± 28.68b 232.96 ± 24.14b
Petunidin-3-Glucoside 146.62 ± 21.70e 533.67 ± 17.81b 77.74 ± 9.30f 728.04 ± 52.23a 370.44 ± 37.60c 257.90 ± 23.55d

Flavones Apigenin 0.005 ± 0.00c 0.002 ± 0.00 cd 0.03 ± 0.00a 0.002 ± 0.00 cd 0.02 ± 0.00b 0.004 ± 0.00c
Chrysoeriol 1.79 ± 0.38a 0.40 ± 0.03c 0.30 ± 0.36c 1.03 ± 0.09b 0.15 ± 0.03d 0.31 ± 0.02c
Luteolin 0.16 ± 0.01ab 0.17 ± 0.04a 0.09 ± 0.01b 0.006 ± 0.00c 0.009 ± 0.00bc 0.004 ± 0.00 cd

Flavonols Dihydroquercetin 21.31 ± 1.88a 12.89 ± 1.30b 6.89 ± 0.29c 0.01 ± 0.01d 0d 0.03 ± 0.01d
Isovitexin 0.13 ± 0.02c 0.01 ± 0.00d 0.03 ± 0.00d 0.26 ± 0.04b 0.14 ± 0.02c 0.36 ± 0.04a
Kaempferide 0.07 ± 0.03b 0.01 ± 0.02c 0.34 ± 0.07a 0.04 ± 0.01bc 0.06 ± 0.04b 0.07 ± 0.02b
Kaempferol 0.36 ± 0.02c 0.15 ± 0.01d 0.18 ± 0.07d 4.18 ± 0.43a 3.76 ± 0.35b 3.44 ± 0.30b
Luteolin-7-O-Glucoside 0.14 ± 0.01a 0.11 ± 0.02b 0.07 ± 0.01c 0.005 ± 0.00e 0.02 ± 0.00d 0.02 ± 0.00d
Morin 0.05 ± 0.02d 0.06 ± 0.01d 0.06 ± 0.02d 0.46 ± 0.09a 0.27 ± 0.03c 0.34 ± 0.06b
Syringetin 0.02 ± 0.01 cd 0.03 ± 0.01c 0.05 ± 0.00b 0e 0.01 ± 0.00d 0.09 ± 0.03a

Isoflavones Phloretin 0c 2.39 ± 0.61b 3.84 ± 0.34a 0c 4.05 ± 0.53a 0c
2’-Hydroxydaidzein 0.018 ± 0.00a 0.01 ± 0.00b 0.01 ± 0.00b 0.002 ± 0.00c 0.003 ± 0.00c 0.001 ± 0.00c
Formononetin 0.0007 ± 0.00b 0.0014 ± 0.00ab 0.0004 ± 0.00c 0.0006 ± 0.00bc 0.0015 ± 0.00a 0.0012 ± 0.00ab
Glycitein 0.04 ± 0.01c 0.03 ± 0.00c 0.02 ± 0.00c 0.57 ± 0.04a 0.01 ± 0.00c 0.13 ± 0.01b
Prunetin 0.01 ± 0.00c 0.18a 0.17 ± 0.01a 0.03 ± 0.00b 0.21 ± 0.01a 0.01 ± 0.01c
Velutin 0.78 ± 0.04a 0.29 ± 0.04b 0.22 ± 0.03c 0.12 ± 0.01d 0.20 ± 0.01c 0.05 ± 0.01e

Flavanones Dihydrokaempferol 7.77 ± 0.45c 54.01 ± 4.12a 16.38 ± 2.81b 0.005 ± 0.00e 0.01 ± 0.01d 0.02 ± 0.00d
Eriodictyol 5.41 ± 0.52a 0.18 ± 0.01e 0.16 ± 0.01e 4.35 ± 0.18b 2.83 ± 0.25c 1.76 ± 0.07d
Naringenin 1.73 ± 0.29a 0.81 ± 0.15b 0.52 ± 0.01c 0.35 ± 0.02d 0.11 ± 0.00e 0.44 ± 0.02d
Liquiritigenin 0.12 ± 0.03b 0.01 ± 0.00c 0.09 ± 0.01bc 0.03 ± 0.00c 0.39 ± 0.07a 0.05 ± 0.01c
Nobiletin 0.02 ± 0.00b 0.02 ± 0.01b 0.10 ± 0.02a 0.02 ± 0.00b 0.01 ± 0.00c 0.02 ± 0.00b
Pinocembrin 0.06 ± 0.01a 0.07 ± 0.00a 0.06 ± 0.01a 0.02 ± 0.00b 0.002 ± 0.00c 0.001 ± 0.00c
Sakuranetin 0.002 ± 0.00c 0.01 ± 0.00b 0.09 ± 0.01a 0.005 ± 0.004c 0d 0d

Table 1  Influences of ABA priming on amounts of flavonoids identified in germinated seeds one day after germination and seedling 
mesocotyls four day after germination in sweet sorghum. Data are the means ± standard error (n = 4), with different lowercase letters 
after data within each row showing significant differences according to the least significant difference test (P < 0.05)
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In contrast, the levels of eriodictyol and naringenin 
decreased in both the germinated seeds and mesocotyls, 
while sakuranetin increased in the germinated seeds but 
decreased in the mesocotyls. Furthermore, ABA prim-
ing led to increased levels of syringetin, phloretin, for-
mononetin, dihydrokaempferol, and xanthohumol in 
both germinated seeds and mesocotyls.

Precursor synthesis-related genes for Anthocyanin bio-
synthesis such as ANR, were significantly upregulated 
in germinated seeds and remained unchanged in meso-
cotyls for ABA-primed ones. Meanwhile, the contents 
of cyanidin-3,5-diglucoside, malvidin-3-glucoside and 
pelargonidin-3,5-diglucoside increased in ABA-primed 
ones, while the contents of petunidin-3-glucoside and 
petunidin-3-glucoside increased in germinated seeds and 
decreased in mesocotyls.

Seed priming with ABA improved seedling antioxidative 
responses in saline-alkaline soils
Next, seedling antioxidative responses were evaluated 
to investigate their vigor in saline-alkaline soils. Com-
pared to the control, ABA seed priming led to a signifi-
cant reduction in O2

− and MDA levels. Specifically, in 
the mesocotyl, O2

− and MDA levels decreased by 16.95% 
and 17.01%, respectively (Fig.  7A, B). The contents of 
proline and soluble protein (SP) increased substantially 
post-priming, with ABA priming demonstrating effi-
cacy in mesocotyl. Proline and SP levels surpassed the 
control by 25.51% and 31.79% (Fig.  7C, D). Compared 
with the CK, ABA seed priming significantly increased 
SOD activity by 16.81% and 15.02%, and CAT activity by 
51.96% and 62.53%, in germinating seeds and mesocotyls, 

respectively (Fig. 7E, F). In contrast, POD activity did not 
show any significant change in germinating seeds but 
increased significantly by 9.70% in mesocotyls (Fig. 7G). 
Overall, ABA seed priming proved effective in mitigating 
oxidative stress during seed germination.

ABA seed priming enhanced the emergence of sweet 
sorghum seedlings through PSCs and improved their field 
performance
Physical soil crusts (PSCs) in saline-alkaline soils typi-
cally formed rapidly (approximately 2 days) follow-
ing heavy rainfall or artificial irrigation as moisture 
evaporates, with the PSC depth reaching approximately 
2.5  cm (Fig.  8A, B). These PSCs significantly influenced 
the emergence of sweet sorghum (Fig.  8C, D, E), while 
ABA and H2O priming increased seedling emergence 
by 96.44% and 73.24% at a sowing depth of 3  cm, and 
by 33.34% and 27.37% at 5 cm (Fig. 8F). Although there 
was no significant difference in plant height at maturity 
between priming and non-priming treatments (Fig. 8G), 
ABA seed priming resulted in higher fresh weight and 
stem diameter, particularly at a seeding depth of 5  cm 
(Fig. 8H, I).

Discussions
ABA seed priming promoted the emergence and improved 
field performance of sweet sorghum in PSCs
The rapid formation of PSCs, typically within approxi-
mately 2 days following irrigation, significantly impeded 
sweet sorghum emergence. This phenomenon is con-
sistent with previous studies highlighting the adverse 
effects of soil crusts on seedling emergence [50, 51]. Soil 

Class Compounds Seeds Mesocotyls
CKS ABAS H2OS CKM ABAM H2OM

Other 
flavonoids

Tangeretin 0.02 ± 0.00a 0.01 ± 0.00b 0.01 ± 0.00b 0.01 ± 0.00b 0.01 ± 0.00b 0.01 ± 0.00b
Xanthohumol 0.002 ± 0.00f 0.006 ± 0.00e 0.01 ± 0.00d 0.014 ± 0.00c 0.17 ± 0.02a 0.11 ± 0.01b
Apigenin-7-Glucoside 0.32 ± 0.05d 0.39 ± 0.01 cd 0.33 ± 0.03d 1.32 ± 0.19b 0.57 ± 0.11c 1.79 ± 0.20a
Apigenin-7-Glucuronide 2.84 ± 0.26b 1.23 ± 0.39c 1.16 ± 0.13c 6.21 ± 0.30a 0.86 ± 0.05c 6.29 ± 0.63a
(-)-Epigallocatechin-3-O-
Gallate

0.008 ± 0.00b 0.005 ± 0.00c 0.02 ± 0.01a 0.007 ± 0.00b 0.008 ± 0.00b 0.003 ± 0.00d

Ginkgetin 0.35 ± 0.05a 0.24 ± 0.03b 0.32 ± 0.03a 0.31 ± 0.01a 0.19 ± 0.02c 0.16 ± 0.01c
7,4’-Oh-Flavone 0.01 ± 0.01a 0.01 ± 0.00a 0.01 ± 0.00a 0c 0.004 ± 0.00b 0.01 ± 0.01a
Chrysin 0.12 ± 0.01b 0.05 ± 0.02c 0.23 ± 0.03a 0.04 ± 0.01c 0.06 ± 0.02c 0.09 ± 0.01b
Diosmetin 1.62 ± 0.30a 0.35 ± 0.02d 0.75 ± 0.06b 0.91 ± 0.09b 0.14 ± 0.02e 0.52 ± 0.02c
Homoorientin 0.005 ± 0.00ab 0.005 ± 0.00ab 0.005 ± 0.00ab 0.003 ± 0.00b 0.006 ± 0.00a 0.005 ± 0.00ab
Sciadopitysin 0.99 ± 0.17a 0.55 ± 0.05b 0.58 ± 0.05b 0.31 ± 0.04c 0.30 ± 0.03c 0.29 ± 0.05c
Tricetin 0.05 ± 0.01c 0.02 ± 0.01c 0.04 ± 0.02c 0.16 ± 0.01b 0.45 ± 0.08a 0.15 ± 0.03b
Tricin 0.31 ± 0.09d 0.81 ± 0.05b 1.41 ± 0.09ab 1.62 ± 0.21a 0.58 ± 0.13c 1.62 ± 0.21a
Isosakuranetin 0.01 ± 0.00c 0.02 ± 0.00b 0.09 ± 0.01a 0.01 ± 0.01c 0.01 ± 0.00c 0.01 ± 0.00c

Coumarins 7-Hydroxycoumarin 0.02 ± 0.00b 0.09 ± 0.01a 0.006 ± 0.00c 0.001 ± 0.00e 0.002 ± 0.00d 0.002 ± 0.00d
Isofraxindin 0.002 ± 0.00b 0.006 ± 0.00a 0.002 ± 0.00b 0.004 ± 0.00ab 0.003 ± 0.00b 0.002 ± 0.00b
Scopoletin 0.06 ± 0.01b 0.08 ± 0.01a 0.03 ± 0.00c 0d 0d 0d

Table 1  (continued) 
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crusts create a hardened surface layer that restricts seed-
ling emergence by impeding seedling penetration and 
gas exchange, thus hampering root growth and nutri-
ent uptake [51]. ABA seed priming demonstrated clear 
advantages in enhancing seedling emergence rates, par-
ticularly at seeding depths of 5  cm, where emergence 
rates increased by approximately 33% compared to non-
primed seeds. Similar findings have been reported in 
other crops, where ABA seed priming enhances seedling 
emergence under various environmental stresses, includ-
ing salinity and drought [52]. Higher mesocotyl length 
and plumule length were also observed in ABA-primed 
seedlings, which might be the main reason contributing 
to enhanced seedling emergence. Cell morphology inves-
tigation in this study indicated that the higher mesocotyl 
length in ABA-primed seedlings was attributed to higher 
cell length of mesocotyl. The priming process enables 

seeds to undergo pre-germination metabolic activation, 
leading to quicker and more uniform germination, which 
is crucial for overcoming soil crust impediments [53].

While there were no significant differences in plant 
height at maturity between primed and non-primed 
treatments, ABA seed priming led to higher fresh weight 
and stem diameter, indicating improved early seed-
ling vigor contributing to later improved growth under 
soil crust conditions. These results align with studies in 
maize and wheat demonstrating the positive effects of 
ABA priming on seedling vigor and early growth param-
eters [8, 54]. The enhanced early growth vigor may be 
attributed to the improved nutrient mobilization and 
metabolic processes initiated by ABA priming, allow-
ing seedlings to establish more robust root systems and 
allocate resources efficiently [55]. By enhancing seedling 
emergence rates and promoting early growth vigor, ABA 

Fig. 6  Schematic diagram of main branches of flavonoid biosynthesis pathways in germinated seeds and seedling mesocotyls by ABA priming in PSCs. 
Flavonoids changes occur at transcriptome and metabolic levels. The oval box is a partial flavonoid biosynthesis, isoflavonoid biosynthesis, flavone and 
flavonol biosynthesis, anthocyanin biosynthesis pathway. The brown squares represent the flavonoid compounds involved in the pathway, with the key 
differentially expressed metabolites (key DEMs) highlighted in red font, while white squares denote their chemical structures. The flavonoid compounds 
are linked to the differentially expressed genes (DEGs) by arrows, with DEGs represented in color-coded squares: the upper half indicates DEGs in germi-
nated seeds, and the lower half indicates DEGs in the seedling mesocotyls. Squares filled with white represent no DEGs, red indicates upregulation, green 
indicates downregulation, and blue signifies both upregulation and downregulation
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priming offers a practical strategy to mitigate the chal-
lenges posed by PSCs in saline-alkaline soils.

ABA priming reshaped hormonal dynamics in germinating 
seedlings
ABA seed priming significantly influenced hormone 
dynamics during seed germination by altering endoge-
nous hormone synthesis pathways [56]. Our investigation 
revealed notable changes in key plant hormones, demon-
strating ABA’s role in coordinating hormonal dynamics 
essential for seedling development and stress response 
mechanisms. Exogenous ABA application increased 
endogenous ABA content, impacting seed dormancy 
release and stress adaptation [57]. In our study, JA lev-
els significantly increased during seed germination, sug-
gesting that JA primarily functions in response to stress. 
Variations in JA content among different priming treat-
ments were also observed, particularly in relation to the 
inhibition of mesocotyl elongation [58]. ABA priming 
influenced GA biosynthesis in the diterpenoid biosyn-
thesis pathway, which is crucial for seed germination and 
shoot elongation [59].

Additionally, our results indicated a crosstalk between 
ABA and auxin signaling pathways, coordinating physi-
ological processes vital for seedling establishment. Auxin 

regulates cell expansion that drives mesocotyl elonga-
tion [60], with increasing auxin concentrations corre-
lating with enhanced mesocotyl length. The interaction 
between ABA and cytokinin biosynthesis and signaling 
further highlights the complex hormonal interactions 
that control seed germination and early seedling growth. 
These findings underscore the regulatory function of 
ABA seed priming in modulating hormonal dynamics, 
enhancing seedling vigor, stress tolerance, and overall 
crop performance in PSCs. Furthermore, ABA regulated 
the expression of genes related to sugar metabolism, 
influencing energy release during germination, while 
also promoting secondary metabolism by regulating the 
expression of flavonoid biosynthesis genes.

ABA priming fastened starch and sucrose metabolism
Starch and sucrose metabolism play pivotal roles in seed 
germination by providing energy and essential com-
ponents for growth [61]. In ABA-primed seedlings, 13 
DEGs associated with starch and sucrose metabolism 
pathways were identified, including those encoding key 
enzymes such as AMY, BAM and INV, facilitating the 
breakdown of complex sugars into usable forms [62]. 
Notably, these genes show upregulation during the early 
stages of germination, emphasizing their importance in 

Fig. 7  Influences of ABA priming on antioxidant capacity of the germinated seeds one day after germination and seedling mesocotyls four days after 
germination. (A) Rate of superoxide anion radical (O2

−) production. (B, C, D) Content of malondialdehyde, proline (Pro) and soluble protein (SP). (E, F, 
G) Activity of superoxide dismutase (SOD), Catalase (CAT), Peroxidase (POD). Data are the means ± standard error (n = 4), with different lowercase letters 
above data bar showing significant differences according to the least significant difference test (P < 0.05)
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energy release [63]. Conversely, genes involved in sugar 
synthesis pathways, like glgA, exhibit downregulation, 
indicating a shift towards sugar catabolism [64]. This 
dynamic regulation reflects the temporal coordination 
of starch and sucrose metabolism pathways to meet the 
metabolic demands during seedling growth [65]. Further 
analyses revealed that ABA priming enhanced soluble 
sugar accumulation, indicating increased sucrose metab-
olism enzyme activity and accelerated starch hydrolysis 
[66]. This metabolic reprogramming provided the nec-
essary energy reserves to support seed germination and 
early seedling growth, contributing to enhanced vigor 
and stress tolerance in PSCs [67].

ABA priming-induced flavonoid modulation enhances 
seedling resistance to PSCs
ABA seed priming exerted a profound influence 
on secondary metabolism, particularly in flavonoid 

biosynthesis, which serves as a cornerstone for stress 
responses and developmental processes [68]. Across 
18 branches in the flavonoid biosynthesis pathways, 
10 DEGs related to flavonoid synthesis and metabo-
lism were identified, reflecting an intricate regulatory 
network influenced by ABA priming. Notably, DEGs 
related to flavonoid synthesis exhibited an upregulation 
trend in germinated seeds, suggesting enhanced flavo-
noid production as a response to ABA priming [69]. For 
instance, key enzymes involved in flavonoid biosynthe-
sis pathways, such as CHS, HCT, NOMT and ANR, dis-
played relatively higher expression levels in germinated 
seeds primed by ABA, benefiting seedling resistance. 
Modulating the expression levels of EaCHS1 in tobacco 
leads to alterations in flavonoid accumulation and plays 
a regulatory role in enhancing plantlet tolerance to salin-
ity stress by preserving ROS homeostasis [70]. Con-
versely, some genes, like CYP81E and IF7MAT, showed 

Fig. 8  Influences of ABA priming on seedling emergence and growth of sweet sorghum in physical soil crusts (PSCs). (A) Formation of PSCs two days 
after irrigation. (B) Seedlings buried under PSCs. (C) Seedling emergence of CK. (D) Seedling emergence of ABA-primed seeds. (E) Seedling emergence of 
H2O-primed seeds. (F) Emergence rate. (G) Plant height. (H) Fresh weight at maturity. (I) Stem diameter. Data are the means ± standard error (n = 3), with 
different lowercase letters above data bar showing significant differences according to the least significat difference test (P < 0.05)
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a downregulation trend in the mesocotyl, indicating 
tissue-specific regulation of flavonoid metabolism. Pre-
vious studies have shown that after hormone treatment, 
the expression of IF7MaT in soybean leaves is increased 
compared with the control, which promotes the synthesis 
of isoflavones [71]. Therefore, ABA priming differentially 
influenced the expressions of genes involved in flavonoid 
biosynthesis, benefiting sweet sorghum seedling emer-
gence in PSCs.

The observed fluctuations in the levels of various 
flavonoid compounds further underscore the com-
plexity of plant responses to ABA priming and envi-
ronmental stresses. Flavonoids such as liquiritigenin, 
apigenin, kaempferide, eriodictyol, naringenin, syrin-
getin, phloretin, formononetin, dihydrokaempferol, 
and xanthohumol exhibited differential accumulation 
patterns in germinated seeds and mesocotyls follow-
ing ABA priming. These fluctuations in flavonoid con-
tent may reflect specific metabolic adjustments aimed 
at enhancing stress resilience, modulating signal trans-
duction pathways, and maintaining cellular homeostasis 
in response to environmental challenges. For example, 
the contents of liquiritigenin, known for its antioxidant 
properties, were significantly higher in alfalfa seedlings 
of MsMYB741-OE lines than wide type under 7 days’ 
aluminum stress, contributing to alfalfa resistance to 
aluminum stress [72]. Formononetin might modulate 
plant-microbe interactions, enhancing plant resilience to 
pathogens [73], Previous studies have demonstrated that 
kaempferol and dihydrokaempferol possess antioxidant 
properties, enabling them to scavenge excessive reactive 
oxygen species and thereby mitigate the damage caused 
by salt stress on plant cell membranes and enzyme sys-
tems [23, 24]. Additionally, dihydrokaempferol have been 
shown to accumulate significantly in mulberry (Morus 
atropurpurea) seeds under salt stress, promoting seed 
germination [74]. An increase of xanthohumol content 
was observed in salt-stressed Zygosaccharomyces rouxii, 
benefiting its resistance [75]. Apigenin pretreatment 
was associated with the induction of the rice antioxidant 
defense system represented by the induced activities of 
the antioxidant enzymes in the roots [76].

The significant enhancement in antioxidative responses 
following ABA seed priming suggests its potential as a 
valuable agronomic practice for improving sweet sor-
ghum emergence and vigor in saline-alkaline soils. 
Reduced levels of O2

− and MDA after ABA priming indi-
cate effective oxidative stress alleviation, which is crucial 
for seedling survival under adverse conditions [77]. The 
increased proline and SP contents observed, particu-
larly in the mesocotyl, highlights their role in osmotic 
adjustment and stress resilience, corroborating findings 
from previous studies that demonstrate their protec-
tive functions in stress environments [78]. Our study 

demonstrates that ABA priming significantly enhanced 
the activities of SOD, POD and CAT in germinating 
seeds and the mesocotyl of sorghum, highlighting the 
critical role of seed priming in mitigating salinity-alka-
linity stress. This aligns with the findings of Guo et al. 
[79], who observed that seed priming with various agents 
reduced MDA content, enhanced the activities of CAT, 
POD, and SOD, and increased proline content, thereby 
alleviating the adverse effects of salt stress on sorghum 
growth. Furthermore, the elevated activities of antioxi-
dant enzymes such as SOD, POD and CAT following 
ABA priming align with the known mechanisms where 
these enzymes mitigate ROS and protect cellular integ-
rity [80]. Such physiological changes might be attributed 
to the alterations of flavonoids induced by ABA prim-
ing. Flavonoids are involved in salt tolerance through 
ROS scavenging in the halophyte Atriplex canescens [81]. 
EbbHLH80-OE plants displayed higher salt tolerance 
than wild-type plants during seed germination and seed-
ling growth by up-regulating flavonoid accumulation, 
enhanced levels of antioxidant enzyme expression and 
Modulating ROS Levels in tobacco [82]. This comprehen-
sive antioxidative response underscores ABA priming’s 
effectiveness in enhancing sweet sorghum’s tolerance to 
the combined stresses of saline-alkaline soils and PSCs, 
making it a promising technique for improving crop per-
formance under such conditions.

Conclusions
This study highlights the effectiveness of ABA seed prim-
ing in enhancing sweet sorghum emergence in saline-
alkaline soils, especially in overcoming rapid physical soil 
crust (PSC) formation. ABA priming improved seedling 
emergence, early growth, and stress tolerance by acti-
vating pre-germination metabolic pathways. Changes in 
endogenous hormone levels demonstrated ABA’s role in 
coordinating phytohormone dynamics during germina-
tion. Transcriptome analysis revealed that ABA priming 
reprogrammed both primary and secondary metabolic 
pathways, particularly starch and sucrose metabolism, by 
upregulating key genes like AMY, BAM, and INV. This 
facilitated energy mobilization for faster seedling emer-
gence. Additionally, ABA priming induced flavonoid bio-
synthesis genes (CHS, HCT, DFR, NOMT, and ANR), 
leading to the accumulation of key flavonoids such as 
liquiritigenin, apigenin, dihydrokaempferol, and phlor-
etin. These metabolites enhanced antioxidant defense, 
reduced oxidative damage (O2⁻ and MDA), and improved 
seedling survival under stress. Therefore, ABA prim-
ing effectively promotes sweet sorghum seedling emer-
gence in PSCs by accelerating growth, enhancing energy 
mobilization, and improving stress resistance, thereby 
supporting better crop establishment under challenging 
conditions.
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