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Abstract

:

Buffalobur (Solanum rostratum Dunal) is an invasive species that seriously endangers crop production and the ecological environment. Seeds are the primary source of infestation; therefore, understanding the molecular basis of buffalobur seed dormancy, and germination is crucial for precision weed management. In this study, high-throughput RNA-Seq was performed on buffalobur seeds, which imbibed under 0.35 mmol/L giberellic acid (GA) and 0.35 mmol/L abscisic acid (ABA). In total, 3658 differentially expressed genes (DEGs) were identified during seed germination. Gene annotation revealed that the DEGs were significantly enriched during the protein metabolic process, as well as the macromolecular complex and cytoplasmic part for ABA versus GA. Pathway analysis predicted that the DEGs were associated with metabolic pathways, the biosynthesis of secondary metabolites and ribosome. Nine germination-related genes involved in the biosynthesis and metabolism of the phytohormones and encoding of the endo-β-mannanase (EBM) were identified. Gene expression indicated that GA upregulated GA3OX1 and MAN2 expression to increase the EBM activity, which caused the endosperm cap to weaken and lowered the puncture force to trigger the germination of buffalobur. The obtained results would be helpful to clarify the regulation of seed dormancy and the germination of buffalobur, and could serve as a valuable resource when unravelling the genetic basis of seed biology of this weed species.
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1. Introduction


Buffalobur (Solanum rostratum Dunal) is an exotic weed species of Solanaceae family, which is native to North America and spreads to nearly 20 countries and regions in the world [1,2]. It is a noxious weed, which has strong adaptability and is fast-growing, and livestock may experience poisoning symptoms or even death if it is eaten by mistake [3]. In addition, it is also an intermediate host of destructive pests and diseases, which seriously endangers agricultural production [4,5].



Seeds are an important media for the dispersal and infestation of buffalobur [6]. Germination is a critical stage for control in their life-cycle. Seeds can adjust their germination timing through dormancy, allowing for plants to complete their vegetative and reproductive growth under more favorable conditions [7,8]. Phytohormones are important factors that affect the transition of seeds from dormancy to germination. Abscisic acid (ABA) and gibberellic acid (GA) are two classical phytohormones, and many reports indicate that they antagonize each other to regulate seed dormancy and germination [9]. ABA plays crucial roles in the maintenance and induction of seed dormancy. Previous reports showed that the binding of ABA to its receptors could cause interactions that inhibit PP2C activity and thus relieve SnRK2 to initiate downstream genes that respond to ABA [10,11,12,13]. The 9-cis-epoxycarotenoid dioxygenase (NCED) is a vital enzyme, responsible for ABA biosynthesis, which is widely reported in Arabidopsis (Arabidopsis thaliana (L.) Heynh.), tomato (Solanum lycopersicum L.), tobacco (Nicotiana tabacum L.) and wheat (Triticum aestivum L.) [14,15,16,17]. Expression analysis proved that the CYP707A gene could play a mediating role in vivo, determining the contents of ABA under imbibition and stress conditions [18]. GA plays an important role in promoting germination and breaking seed dormancy. The gibberellin-insensitive gene (GAI) is one of the DELLA proteins that negatively regulates the gibberellin signaling pathway. The upregulation of GAI inhibits the process of seed germination [19,20,21,22]. GA 20-oxidase (GA20OX) and GA 3-oxidase (GA3OX) are crucial enzymes involved in gibberellin biosynthesis, and their upregulation can effectively promote the breaking of dormancy, while GA 2-oxidase (GA2OX) is involved in gibberellin catabolism, and its overexpression affects the process of seed germination [23,24,25,26].



Buffalobur belongs to the same genus as tomato, a typical species in studies of seed germination [27]. The endosperm cap of Solanoideae-type seeds is the place of radicle protrusion [28,29], which constitutes a major barrier for the germination of tomato seeds [30]. Endo-β-mannanase (EBM; E.C.3.2.1.78) is a key enzyme for the hydrolysis of mannan-rich cell wall, and thus weakens the endosperm cap. The cell walls of the solanaceous seed endosperm contain approximately 60% mannans, and the EBM is involved in the degradation of mannan polymers [28]. The EBM activity showed a negative correlation with the force needed to penetrate the endosperm cap. The weakening of the endosperm cap by EBM may possibly provide a pre-requisite for radicle protrusion [31]. In tomato seeds, ABA could repress germination by inhibiting phase II of endosperm cap-weakening without suppressing the EBM activity [31]. GA could trigger the weakening of endosperm cap and induce cell-wall hydrolysis, which allows the radicle protrude to pass through the endosperm cap [30].



Transcriptome and bioinformatics are important tools for gene-mining and a comprehensive analysis of molecular regulation in many species. Our objectives are to: (1) use high-throughput RNA-Seq to analyze the gene expression profiles of the seed germination of buffalobur under GA and ABA treatments; (2) unveil the interaction between GA and ABA in terms of their effects on puncture force and EBM activity during the seed germination of buffalobur; and (3) mine potential genes that might be used in the regulation of seed dormancy and germination for the integrated management of buffalobur.




2. Materials and Methods


2.1. Plant Material


Mature buffalobur berries were collected from multiple plants from a corn (Zea mays L.) field in Beijing, China (longitude E 116.84°, latitude N 40.40°), in early December 2021. Berries were broken and seeds were separated using a sieve under tap water, before being rinsed and dried at a temperature of 25 ± 3 °C for 7 d, and then kept in paper bags at 5 °C for further use.




2.2. Seed Germination Assays


Buffalobur seeds were placed in petri dishes (the diameter = 9 cm) on two layers of filter paper, which were moistened with 7 mL of ddH2O or a test solution of 0.35 mmol/L GA (giberellic acid, Sinopharm, Beijing, China) and 0.35 mmol/L ABA (abscisic acid, Sinopharm, China). Each of these three treatments contains three biological replicates with 100 seeds. All seeds were incubated for 7 d at 30 ± 0.5 °C with constant darkness. The number of germinated seeds was recorded and removed daily from the 1st to the 7th day during imbibition. The germination index (GI) was estimated using the following equation:    GI =   ∑    G t   D t      , where Gt is the germinated seed number on day t, and Dt is the corresponding days to Gt. The seeds from the same treatment were put together, and three biological replicates were collected at 0 h, 2 h, 12 h, 24 h, 72 h, 120 h and 168 h after seed imbibition. Samples were immediately placed in liquid nitrogen and stored at −80 °C.




2.3. RNA Extraction and Quality Evaluation


Extractions of total RNA were performed with TRIzol-A+ reagent (TIANGEN BIOTECH, Beijing, China) and RNase-free DNase I (TaKaRa Bio Inc., Beijing, China). RNA quantities were determined by the Nanodrop Qubit 2.0 Flurometer (Life Technologies, Carlsbad, CA, USA). RNA quality was measured using an Agilent Bioanalyzer Model 2100 (Agilent Technologies, Santa Clara, CA, USA). Three biological samples of each treatment with an RNA integrity number (RIN) larger than 7.5 were accepted by the requirements during the Illumina transcriptome sequencing protocol.




2.4. Library Generation and RNA-Seq


A pooled cDNA library of 21 seed samples, which correspond to 7 treatments (0 h, 24 h and 72 h of ddH2O imbibition; 24 h and 72 h of GA imbibition; 24 h and 72 h of ABA imbibition), were analyzed to obtain comprehensive transcripts of buffalobur. The library for sequencing was constructed with NEBNext UltraTM RNA Library Prep Kit for Illumina (NEB, Ipswich, MA, USA) according to the manufacturer’s recommendations. The library fragments were treated with AMPure XP system (Beckman Coulter, Beverly, MA, USA) and the qualities were evaluated using Agilent Bioanalyzer 2100 system. Construction of the mRNA pool was conducted following the methods reported by Wang et al. [32]. The constructed cDNA libraries were sequenced by Illumina Hiseq 4000. An assembly of clean reads was performed in Trinity. Unigenes were annotated using seven databases [33,34]: NCBI non-redundant protein sequences database (NR), NCBI nucleotide sequences database (NT); KEGG orthology database, gene ontology (GO), and clusters of orthologous groups of proteins (COG/KOG). The expression of the unigene was evaluated as fragments per kilobase of transcript per million reads mapped (FPKM) [35]. FPKM value was estimated by RSEM [36].




2.5. Differentially Expressed Gene Analysis


DESeq2 ver. 1.26 was used to perform the differential expression analysis [37]. The obtained p value was adjusted using the previously reported approach to control the false discovery rate (FDR) [38]. The genes with a p value < 0.05 detected by DESeq were denoted as differentially expressed genes (DEGs). The expressions of each gene between sample pairs were compared (GA vs. ABA, GA vs. H2O, ABA vs. H2O). Gene annotation of enrichment analysis was conducted by GOseq R packages ver. 1.22 with Wallenius non-central hyper-geometric distribution [39]. DEGs enriched in KEGG pathways were analyzed with KOBAS software 3.0 [40].




2.6. Quantitative Real-Time PCR (qPCR)


DEGs were further evaluated by qPCR. Three RNA samples of each treatment were obtained from buffalobur seeds, which were treated with 0.35 mmol/L GA, 0.35 mmol/L ABA or ddH2O for 0, 2, 12, 24, 72, 120 and 168 h. This was carried out using first-strand cDNA synthesis instruction manual to reverse transcription. Primers for qPCR were designed using the Oligo 7 (Molecular Biology Insights Inc., Colorado Springs, CO, USA). The qPCR was conducted using the 7500 RealTime PCR System (Applied Biosystems, Waltham, MA, USA). The reaction system and cycling conditions were set by the method used by Chen et al. [41]. The expressions of DEGs, normalized to reference gene PP2Acs (GeneBank ID: MK181639), were analyzed using the 2−ΔΔCt method [42,43].




2.7. EBM Extraction and Determination


Seeds of buffalobur were imbibed in 0.35 mmol/L ABA, 0.35 mmol/L GA or ddH2O, and incubated under the conditions described in Section 2.2. Three biological replicates of each treatment were sampled daily for EBM extraction. The volume of Hepes buffer used to grind the seeds was 300 mL. The subsequent extraction of EBM and determination of EBM activities were performed using the methods reported by Pinto et al. [28].




2.8. Puncture Force Measurement


Buffalobur seeds were treated with 0.35 mmol/L ABA, 0.35 mmol/L GA or ddH2O, and incubated under the conditions described in Section 2.2. Three biological replicates (30 seeds each) of each treatment were sampled daily to assess the force needed to puncture the seed endosperm cap. The measurement of puncture force was conducted using the methods described by Pinto et al. [28]. The puncture force, measured in Newtons (N), was used to compare the mechanical resistance of seed endosperm caps under different treatments.




2.9. Statistical Analyses


The data obtained in this experiment were analyzed using Excel 2019 and SPSS Statistics 22.0 (IBM, Armonk, NY, USA). One-way ANOVA and Duncan’s multiple range test were used to determine significant differences (p ≤ 0.05, 0.01 or 0.001).





3. Results


3.1. Buffalobur Seed Germination under GA and ABA Imbibition


Different phytohormones have contrasting effects on the seed germination of buffalobur. A dramatic increase in seed germination occurred 4 d after imbibition with 0.35 mmol/L GA, but the seeds imbibed with ABA remained ungerminated (Figure 1). The results also showed that the seeds undergoing GA imbibition germinated earlier and faster, and the germination index of seeds imbibed with GA and ABA were 15.05 and 0.00, indicating a significant difference in germination speed between these treatments.




3.2. Unigenes and Functional Annotation


To further elucidate the molecular basis of phytohormone on seed germination, RNA-Seq were performed using the buffalobur seeds under GA and ABA imbibition. A total of 336,057 unigenes, which ranged from 201 to 16,961 bp and with an N50 of 818 bp, were obtained from the transcriptome sequencing of 21 sample datasets (Table 1). The species that were mapped as containing the most unigenes were Solanum tuberosum L. (11.04%), Alternaria alternata (Fr.) Keissl. (7.12%) and S. pennellii Correll (3.89%). There were 224,740 (66.88%) unigenes annotated in these databases, 18,134 (5.40%) of which were present in all seven databases. The unigenes annotated in NR were the most numerous (47.56%). A total of 101,187 unigenes were assigned to 42 functional categories in the GO database. A total of 75,203 unigenes were categorized into 26 groups in KOG, and 63,579 unigenes were classified into 129 pathways in KEGG (Table 1).




3.3. Identifying DEGs and qPCR Validations


Differentially expressed genes (DEGs) were analyzed, and a total of 3658 DEGs was identified (Figure 2A). A comparison with H2O, ABA and GA revealed 718 (128 upregulated and 590 downregulated) and 2765 genes (1406 upregulated and 1359 downregulated), respectively, that were differentially expressed. There were 1281 DEGs between ABA- and GA-treated seeds; 490 genes were downregulated in ABA and 791 genes were upregulated in GA. Nineteen DEGs were detected in three comparison groups, which indicates that they may play a role in all three treatments. However, 2008, 210 and 353 DEGs were only differentially expressed in GA vs. H2O, ABA vs. H2O and ABA vs. GA groups (Figure 2B), which also indicates that these genes may be responsible for the changes in the different germination states.



All DEGs were annotated, and the classification of GO and KEGG is shown in Figure 3. In GO, for ABA vs. GA, the top three classifications of gene function terms were the protein metabolic process, macromolecular complex and cytoplasmic part; for GA vs. H2O, the top three processes were the cellular component, cell part and cell; for ABA vs. H2O, the top three terms were the primary metabolic process, macromolecule metabolic process and protein metabolic process (Figure 3A). In KEGG, for all sample pairs, DEGs are enriched in the metabolic pathways, the biosynthesis of secondary metabolites and ribosome. For ABA vs. GA, the top three pathways were the same as the overall annotations. In addition, carbon metabolism, protein processing in endoplasmic reticulum and the biosynthesis of amino acids are also important, leading to at least 64, 59 and 46 DEGs being enriched (Figure 3B).



To evaluate the reliability of transcriptome sequencing, 20 DEGs were randomly selected to determine their relative expression through qPCR. The correlation between FPKM in RNA-Seq and qPCR is presented in Figure 4. Primers for expression analysis of 20 DEGs in buffalobur seeds can be found in Table S1. Primers of reference gene and genes related to seed dormancy and germination in buffalobur seeds can be found in Table S2. Although some variations appeared due to the different quantitative analysis methods, the expression of about 80.8% RNA-Seq data was in accordance with that of the qPCR results, indicating that the RNA-Seq data were reliable for subsequent analyses.




3.4. Expression Analysis of Germination-Related DEGs


To unravel the molecular mechanisms underlying the germination differences that occur under different hormone conditions, nine seed-dormancy- and germination-related DEGs were identified (Table 2). Three genes are involved in the GA signaling pathway (GA3OX1, GA2OX2 and GAI), three genes are associated with the ABA pathway (NCED6, CYP707A and PYL2) and three genes do not directly participate in hormone signaling pathways (MAN2, MAN5 and MAN7). Here, we examined the relative expression of these nine genes within 7 d under different treatments (Figure 5).



GA3OX1 is the gene-encoding key enzyme involved in GA biosynthesis [24,25,26]. Its expression was significantly upregulated in GA-treated seeds (with the highest relative expression of 48.44) compared to H2O-treated seeds (2.00), while ABA significantly downregulated its expression. This shows that the endogenous GA synthesis increases during imbibition, and the application of GA promotes more endogenous GA synthesis, while the application of ABA inhibits the endogenous GA synthesis. GA2OX2, which encodes key enzymes involved in GA catabolism [44,45], was significantly upregulated in GA-treated seeds (18-fold at 72 h), whereas, in ABA-treated seeds, its expression was significantly downregulated. That is to say, in the process of imbibition, the external application of GA can promote the metabolism of GA, while the external use of ABA has no obvious impact on the metabolism of GA. GAI is a conserved suppressor of GA [46,47]. The relative expression of GAI for seeds with GA treatment was the highest at 24 h. No significant difference was observed in the expression of GAI under the three treatments.



NCED6 is the ABA biosynthetic gene [48,49,50]. GA promoted the NCED6 expressions for from 2 to 24 h of imbibition. Within 2 h of imbibition, NCED6 was rapidly downregulated, and the external application of GA delayed the downregulation of the gene compared with other treatments. CYP707A, which plays an essential role in ABA catabolism, was significantly upregulated in GA-treated seeds compared to H2O-treated seeds. During imbibition, the dynamic expression of CYP707A promotes the decomposition of endogenous ABA. Under the treatment of exogenous GA, the expression of CYP707A reached the highest level at 2 h, preparing for the seed to break dormancy and start germination. However, exogenous ABA has no significant effect on CYP707A expression. For receptor PYL2, expression was significantly upregulated after GA treatment (with a relative expression of 134.33 at 72 h) and downregulated after ABA (0.09 at 12 h) and H2O treatment (4.05 at 72 h). For the expression of PYL2, the application of GA was significantly different from that of ABA and water, reaching its peak at 72 h.



MAN2, MAN5, and MAN7 are associated with the degradation of cell walls containing mannan in the seed endosperm and are favorable for seed germination [51]. Compared with H2O-treated seeds, the expressions of MAN2, MAN5 and MAN7 were significantly upregulated significantly in GA-treated seeds, while the MAN2 and MAN7 of ABA treatment did not significantly reduce their expression compared to H2O treatment. This indicated that GA participated in the regulation of MAN5 expression. The different expression patterns of these three β-mannanase genes under different treatments reveal that their functions in degrading endosperm cap tissue are not exactly the same, and the function of MAN5 is possibly independent.




3.5. Activities of EBM


In the endosperm cap of buffalobur seeds imbibed in H2O, the activities of EBM significantly increased at 3 d and peaked at 5 d (Figure 6). In the seeds imbibed in ABA, which peaked at 3 d, the EBM activity showed a similar trend to seeds imbibed in H2O but was relatively lower in these samples. EBM activity gradually increased from 2 d to 5 d when imbibed in GA, and decreased after 7 d of imbibition, but the activity was still higher than that imbibed in H2O and ABA.




3.6. Puncture Force Measurements


Among the seeds imbibed in water, 0.35 mmol/L ABA and 0.35 mmol/L GA during seed germination, the puncture force needed to penetrate the endosperm cap showed a downward trend during the germination process, and significant differences were observed following the three treatments at 5 d and 6 d (Figure 7). GA immersion rapidly decreased the puncture force to 1.65 N on the 5th day, compared with 2.15 N at 4 d, indicating that 5 d imbibition was a critical period for the germination of the buffalobur. On the 6th day, the puncture force of ABA immersion seeds tended to be stable, which was significantly higher than that achieved with imbibition in water and GA.





4. Discussion


The invasion of buffalobur in China has a serious impact on agricultural production and the ecological environment, and seeds are an important media for its survival and spread in the habitat. Buffalobur has a stong seed dormancy, which means that it could maintain its vitality for nearly 15 years in the soil and is difficult to eradicate using current weed management systems. It is important to gain knowledge regarding the molecular basis of seed dormancy and germination in buffalobur, which is fundamental to developing effective weed prevention and control strategies. In this study, buffalobur seeds showed a distinct germination behavior during imbibition with GA, ABA and H2O. Seed germination could be significantly enhanced by exogenous GA availability.



Using RNA-Seq, 520 million clean-read pairs were generated and 336,000 unigenes were assembled for buffalobur seeds with GA and ABA imbibition. These unigenes were mapped to 45 terms in GO and 129 pathways in KEGG. A total of 28,874 DEGs were identified using DESeq. The expression levels of 20 DEGs with regard to seed dormancy and germination were analyzed by qPCR and were basically consistent with the results of transcriptome sequencing.



4.1. Response of Genes in GA Pathway during Seed Imbibition


The expressions of GA3ox1 and GA2ox2 were significantly upregulated in GA-treated seeds within 7 days; GA3ox1 was significantly downregulated after ABA imbibition; and GAI expression was significantly upregulated for both treatments. During the imbibition process, exogenous GA can promote the biosynthesis and degradation of endogenous GA, and exogenous ABA inhibits the biosynthesis of endogenous GA. According to Baskin et al., the downregulation of LeGAI was not necessary for tomato seed germination [52]. Therefore, the changes in exogenous hormones might only affect the synthesis and metabolism of endogenous GA, with little effect on SrGAI.




4.2. Response of Genes in the ABA Pathway during Seed Imbibition


NCED6 expression sharply reduced within 2 h in buffalobur seeds during imbibition, which indicated that the biosynthesis of ABA was greatly reduced. GA significantly upregulated CYP707A, which meant that exogenous GA promoted the degradation of endogenous ABA. Compared with H2O treatment, GA and ABA had a positive and negative effect on the expressions of PYL2 in buffalobur seeds, respectively. This indicates that, at the imbibition stage of seed germination, the expression of an ABA receptor is required for seeds to complete some preparations related to seed germination.




4.3. Response of MAN2, MAN5 and MAN7 during Seed Imbibition


The expressions of MAN2, MAN5 and MAN7 in buffalobur seeds were significantly upregulated after GA imbibition; the highest expression was obtained for MAN5, followed by MAN7 and MAN2, but there was no significant difference when imbibed with ABA. A previous report showed that MAN2, MAN5 and MAN7, which encode β-mannanase degrad endosperm tissue, were expressed before the radicle protrusion of Arabidopsis seeds through the seed coating [53]. Our results were in accordance with the report stating that the germination of tomato gib-1 seeds depends on exogenous GA to induce MAN2 expression was induced by GA, and in Sisymbrium officinale (L.) Scop. and Brassica rapa L., MAN5 and MAN7 expressions were also induced with seed imbibition [51,54].




4.4. Puncture Force and EBM Activity


Seed germination can be divided into three phases, in accordance with water absorption and weight changes [55,56]. In phase I, the initial puncture force of endosperm cap of buffalobur seeds following imbibition in H2O, GA, and ABA was 2.69, 2.66 and 2.66 N, respectively. This indicated the lowering puncture force could not be attributed to embryo expansion, but may be caused by the coat rupture. Like other solanaceous species, including tobacco, petunia (Petunia hybrida E. Vilm.) and lobeira (Solanum lycocarpum St. Hill), coat rupture happens prior to the radicle protrusion resulting from water uptake and embryo swelling [28]. A change in the imbibition of buffalobur embryo will not occur until phase III of seed germination begins. This shows that the coat rupture that occurs in phase II may reduce the puncture force in seeds imbibed in H2O and GA. The puncture force prior to phase II of seeds imbibed in water and GA after 7 d was 1.66 N, while the puncture force of seeds imbibed in ABA remained stable during the whole incubation period (approximately 1.80 N). Therefore, the second reduction in puncture force in buffalobur seeds may be fundamental to radicle protrusion and seed germination.



The relative expression of MAN2 and MAN7 under GA imbibition was higher than that of the other two treatments, which was consistent with the trend of EBM activity, while the relative expression of MAN5 gradually increased under ABA imbibition, but the EBM enzyme activity did not show a similar trend. The EBM activity of buffalobur seeds imbibed in ABA reaches its maximum on the third day and then gradually declines. However, the EBM activity of seeds imbibed in GA began to significantly increased on the second day, reaching a maximum on the fifth day, while the EBM activity was relatively higher than that of the other imbibed seeds. Combining the results of puncture force and EBM activity showed that the force of puncture decreases with the increase in EBM activity, and there was a certain correlation between the EBM activity and puncture force of buffalobur seeds during imbibition. The trend of increasing EBM activity, along with the decreasing puncture force, indicates that the EBM plays an essential role in the weakening of the endosperm coating around the radicle.





5. Conclusions


In summary, this study was conducted to investigate the transcriptome of buffalobur seeds under exogenous hormone to elucidate the molecular mechanisms of phytohormones on the seed germination of buffalobur. The exogenous hormone GA stimulates the synthesis of GA and the metabolism of ABA in buffalobur, so that seed germination occurs earlier. However, under exogenous ABA treatment, both ABA and GA synthesis and metabolism-related genes were expressed at low levels, preventing the seeds from germinating normally. Furthermore, the endosperm cap weakening is indispensable to the germination of buffalobur, and SrMAN plays a vital role in seed germination, of which GA promotes the upregulation in the expression of SrMAN2 and SrMAN7, and ABA promotes the downregulation in the expression of SrMAN5. The EBM activity is negatively correlated with the puncture force, while the contrasting germination responses in buffalobur under GA and ABA are associated with distinct endosperm cap weakness. This is the first report on seed germination transcriptomics in buffalobur. The knowledge achieved by this study could facilitate future efforts to elucidate the molecular mechanisms that regulate seed dormancy and germination, and serve as a valuable resource for the genetic studies of seed biology of buffalobur.
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Figure 1. Effect of GA and ABA on seed germination of buffalobur. (A) Germination rate of buffalobur; (B) germination index of buffalobur. Vertical bars represent the standard error of the means. *** represent significant differences at p ≤ 0.001 level; ns represents no significant differences. 
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Figure 2. The number of differentially expressed genes (DEGs) of three sample pairs in buffalobur seeds. (A) Bar chart of DEGs among three sample pairs; GA, ABA and H2O represent the samples treated with 0.35 mmol/L GA, 0.35 mmol/L ABA or ddH2O. The bar marked with green indicates upregulated genes, and the red indicates downregulated genes. (B) Overlapping Venn diagram of DEGs. All differentially expressed genes occurred in different differential combinations; numbers denote DEGs included in each subset. 






Figure 2. The number of differentially expressed genes (DEGs) of three sample pairs in buffalobur seeds. (A) Bar chart of DEGs among three sample pairs; GA, ABA and H2O represent the samples treated with 0.35 mmol/L GA, 0.35 mmol/L ABA or ddH2O. The bar marked with green indicates upregulated genes, and the red indicates downregulated genes. (B) Overlapping Venn diagram of DEGs. All differentially expressed genes occurred in different differential combinations; numbers denote DEGs included in each subset.



[image: Agronomy 14 00212 g002]







[image: Agronomy 14 00212 g003] 





Figure 3. GO and KEGG classification of DEGs of three sample pairs in buffalobur seeds. (A) DEGs annotated in GO; (B) DEGs annotated in KEGG. GA, ABA and H2O represent the samples treated with 0.35 mmol/L GA, 0.35 mmol/L ABA or ddH2O. 
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Figure 4. Gene expression of 20 DEGs in different sample pairs using RNA-Seq and qPCR. GA, ABA and H2O represent the samples treated with 0.35 mmol/L GA, 0.35 mmol/L ABA or ddH2O. Negative indicates downregulation; positive indicates upregulation. Vertical bars represent the standard error of the means. 
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Figure 5. Expression of genes related to the dormancy and germination of buffalobur seeds in response to exogenous gibberellin and abscisic acid. The numbers 0, 2, 12, 24, 72, 120 and 168 represent the time after samples were treated with 0.35 mmol/L GA, 0.35 mmol/L ABA or ddH2O. Vertical bars represent the standard error of the means. *, **, and *** represent significant difference at p ≤ 0.05, 0.01, and 0.001, respectively; ns represents no significant differences. 
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Figure 6. The activities of endo-β-mannanase (EBM) in buffalobur seeds treated with H2O, 0.35 mmol/L ABA and 0.35 mmol/L GA. Vertical bars represent the standard error of the means. **, and *** represent significant difference at p ≤ 0.01, and 0.001, respectively; ns represents no significant differences. 
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Figure 7. Changes in punture force of endosperm cap of buffalobur seeds imbibed in H2O, 0.35 mmol/L ABA and 0.35 mmol/L GA. Vertical bars represent the standard error of the means. ** represent significant difference at the p ≤ 0.01 level; ns represents no significant differences. 
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Table 1. Transcriptome sequencing and gene annotation for buffalobur.






Table 1. Transcriptome sequencing and gene annotation for buffalobur.









	
	Statistic Value





	Total clean reads
	23,047,819–26,014,113



	Unigenes
	336,057



	Min sequence length
	201



	Median sequence length
	336



	Max sequence length
	16,961



	N50 length
	818



	N90 length
	248



	Annotated in NR
	159,827 (47.56%)



	Annotated in NT
	122,783 (36.54%)



	Annotated in KEGG
	63,579 (18.92%)



	Annotated in SwissProt
	97,319 (28.96%)



	Annotated in Pfam
	126,338 (37.59%)



	Annotated in GO
	101,187 (30.11%)



	Annotated in COG/KOG
	75,203 (22.38%)










 





Table 2. KEGG annotation of DEGs relevant to the seed germination of buffalobur.
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