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Abstract

:

Seed ageing is an important issue for the long-time seed storage of tobacco. Seed priming has been popularly applied in tobacco production. In this study, the development of molecular marker genes encoding proteins L-isoaspartyl methyltransferase NtPIMT1 and 8-oxoG DNA glycosylase 1 NtOGG1 to detect the degree of seed ageing and the effect of seed priming is conducted in tobacco. Quantitative real-time PCR (qRT-PCR) analysis reveals that relatively higher mRNAs of NtPIMT1 and NtOGG1 are observed in the dry and early germinating seeds. The expressions of NtPIMT1 and NtOGG1 are negatively correlated with the degree of seed damage in non-pelleted and pelleted seeds after accelerated ageing treatments. The early best effects of gibberellin (GA3) priming on speed and uniform germination are observed in 33 h primed seeds, and relatively lower expressions of NtPIMT1 and NtOGG1 are observed in priming seeds. NtPIMT1 and NtOGG1 genes have potential for use as molecular markers in detecting the seed ageing degree and priming effect of tobacco.
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1. Introduction


Tobacco (Nicotiana tabacum L.) is one of the most important crops in Yunnan Province in China. Seed ageing results in slow germination and poor germination uniformity, and eventually leads to the loss of seed viability [1,2]. Meanwhile, seed ageing tolerance is an important trait for the long-term storage of germplasm resources. Seed ageing is a critical issue to maintain seed viability during storage in tobacco. Therefore, the identification of molecular biomarkers for the evaluation of potential seed storability is important in tobacco production.



The accumulation of isoaspartyl (isoAsp) residues in seeds due to seed ageing has been indicated to adversely influence seed vigor and longevity [3,4,5]. The L-isoaspartyl methyltransferase (PIMT) is a protein-repairing enzyme that involves the conversion of abnormal L-isoaspartyl residues to normal L-aspartyl forms. It has been well reported that PIMT is involved in the regulation of seed vigor and longevity in plants. In Arabidopsis, the overexpression of PIMT1 can reduce detrimental isoAsp residues in seed proteins, and then increase seed vigor and longevity [4]. In rice, the suppression of OsPIMT1 causes the excessive accumulation of isoAsp and accelerates the loss of seed vigor [6]. However, little is known about the expression of tobacco NtPIMT during the course of seed germination and seed storage, particularly whether it can be used as a biomarker to evaluate the degree of seed ageing.



Reactive oxygen species (ROS) are major sources to induce DNA damages that cause seed ageing [7]. The repair of DNA damage during the initial imbibition is required for seed germination [8,9]. The 8-oxoG DNA glycosylase 1 (OGG1) protein is a bifunctional DNA glycosylase/DNA apurinic (AP) lyase that excises 8-oxo-G and cleaves DNA at the 3′-side of the resulting AP site [10,11]. It has been revealed that the overexpression of Arabidopsis AtOGG1 promotes seed longevity by reducing DNA damage in the dry seeds during storage, and by increasing the reparation of DNA lesions during germination [12]. Meanwhile, the expression of MtOGG1 has also been reported to be involved in the oxidative stress response during seed imbibition in the model plant M. truncatula, when DNA repair is activated to withstand ROS injury [13]. The biochemical markers for detecting the degree of seed ageing have been proposed in plants [14,15,16,17]. However, the expressions of tobacco NtOGG1 during seed germination and seed storage are still unclear, and it is interesting to reveal whether it can be used as a biomarker to evaluate the degree of seed ageing.



Meanwhile, seed priming is widely used to improve seed survival during storage [18] and seed vigor [19,20]. Seed priming is an important technology that allows seed imbibition while preventing radicle emergence [19]. Thus, the correct time-point of stop imbibition is an important issue to ensure priming effect. Usually, the assay of seed germination is used to evaluate the priming effect; however, the phenotype is largely influenced by the genotype, seed lot, and the germination conditions. The development of molecular biomarkers is helpful to choose the best time-point to stop priming [21]. To determine whether tobacco NtPIMT1 and NtOGG1 transcripts can be used as biomarkers for detecting the seed ageing degree and priming effect, their expressions are investigated during seed germination, seed ageing, and seed priming processes in this study. Our results provide novel insight into the practical applications of NtPIMT1 and NtOGG1 as molecular markers to determine the degree of seed ageing and the effect of seed priming in tobacco.




2. Materials and Methods


2.1. Plant Materials


The common cultivar ‘Yunyan 87′ of tobacco provided by Yuxi Zhongyan Seed Company Ltd. (Yuxi, China) was used in this study. The mature seeds were harvested and dried to a moisture content of approximately 4.5% in April of 2018, and then seeds were stored at 20 °C with 40% relative humidity conditions. After that, the seeds were used for the treatments of seed pelleting, accelerated seed ageing, and seed priming in June of 2021.




2.2. Accelerated Seed Ageing Treatment


The pelleted seeds were produced by Yuxi Zhongyan Seed Company Ltd. according to the Practice Rules of Tobacco Seed Pelleting in China (GB/T 24308-2019). To accelerate the effect of ageing treatment, the seeds were placed in a Petri dish with filter papers and 50 mL distilled water was added according to Konzen et al. [22] with minor modifications. Then, seeds were subjected to a standardized accelerated ageing treatment of 45 °C with 100% relative humidity for 1 and 3 days for pelleted seeds and 5 and 7 days for non-pelleted seeds. After that, seeds were dried to their original moisture content (approximately 4.5%) at 25 °C conditions. Unaged seeds were used as the control. Three biological replicates were conducted.




2.3. Seed Priming


Non-pelleted seeds were used for priming treatment according to the Practice Rules of Tobacco Seed Priming in China (GB/T 24308-2019). Seeds were placed in a container with 50 mg/L GA3 and were incubated at 25 °C for 3, 9, 15, 21, 27, 33, and 39 h. After that, the imbibed seeds were harvested and dried to their original moisture content (approximately 4.5%). Unprimed dry seeds were used as the control. Three biological replicates were conducted.




2.4. Seed Germination


Thirty seeds per replicate were imbibed in Petri dishes (diameter 9 cm) with two filter papers and 10 mL distilled water was added at 25 °C for aged seeds and 15 °C for primed seeds for 12 days. Seeds were considered as germinated when the radicle protruded through the seed coat. The percentage of germinated seeds at 5 d was referred to as germination potential. Germination index (GI) was calculated as follows: GI = Σ (Gt/t), where Gt is the number of the germinated seeds on day t [23]. Three biological replicates were conducted.




2.5. Identification of NtPIMT1 and NtOGG1 in Tobacco


The protein sequences of PIMT and OGG1 of rice and Arabidopsis were obtained from NCBI (https://www.ncbi.nlm.nih.gov/; accessed on 1 February 2021) and TAIR (https://www.arabidopsis.org/; accessed on 1 February 2021), respectively. The genome of tobacco (Nicotiana tabacum L.) was searched through the blastp function of NCBI, and then the homologous candidate PIMT and OGG1 proteins of tobacco were obtained. After removing the redundant gene sequences and sequences without typical domains, we performed a Conserved Domains (CD) (https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi; accessed on 1 February 2021) and pfamscan (https://www.ebi.ac.uk/Tools/pfa/pfamscan/; accessed on 1 February 2021) search, and then the genes that were preserved were considered as tobacco PIMT and OGG1. The sequence similarities of amino acids among species were investigated using DNAMan. Evolutionary history was constructed by MEGA6. Briefly, all sequences were aligned by ClustalW with the default parameters, and the tree was created using the neighbour-joining method with the pairwise deletion option. Poisson correction and bootstrap analysis were conducted with 1000 replicates.




2.6. Expression Analysis


The non-pelleted seeds of each treatment were harvested in liquid nitrogen for RNA extraction. For pelleted seeds, they were firstly packed in a piece of gauze, and their pelleted materials were quickly washed and removed by water. Then, the seeds were harvested for RNA extraction in liquid nitrogen. Total RNA was extracted using the TransZol Plant kit (Transgen, www.transgen.com; accessed on 5 July 2021). The first-strand cDNA was synthesized with random oligonucleotides using the HiScriptII Reverse Transcriptase system (Vazyme Biotech Co., Ltd.). The qRT-PCR conditions were as follows: 95 °C for 5 min, followed by 40 cycles of 95 °C for 15 s and 60 °C for 30 s. The NtActin gene was used as internal control. All the primers were designed through the primer designing tool of NCBI (https://www.ncbi.nlm.nih.gov/tools/primer-blast; accessed on 5 July 2021). Primers of NtPIMT (TGAGGGTACTCCCGCTTACA and TGTGGTCCAACCATCAGAGC), NtOGG1 (TATTGTTGGCACGGTGGAGG and GAGCAATACATGCTGCGACC) and NtActin (TGAGATGCACCACGAAGCTC and CCAACATTGTCACCAGGAAGTG) were used. Normalized transcript levels were calculated using the comparative 2−ΔΔCT method [24]. Three biological replicates were conducted.




2.7. Data Analysis


The significant differences between samples were compared using one-way analysis of variance (ANOVA) with the least significant difference (LSD) test based on the 1% level (p values < 0.01).





3. Results


3.1. Identification of NtPIMT and NtOGG1 in Tobacco


Two NtPIMT and one NtOGG1 genes were identified from tobacco (Figure 1a). The ORF lengths of NtPIMT1 and NtPIMT2 were 894 and 693 bp, respectively, coding 293 and 231 amino acids (AA) with the molecular weights (MW) of 74.37 and 56.48 kDa. The ORF length of NtOGG1 was 1176 bp, encoding 392 AA with the MW of 98.88 kD. The assay of amino acid sequence similarities showed that the sequence of NtPIMT1 was mostly similar to AtPIMT1 with 70.3% similarity (Figure 1b), and the sequence of NtOGG1 was mostly similar to AtOGG1 with 63.0% similarity (Figure 1d). The evolutionary analysis also confirmed that tobacco genes were more similar to Arabidopsis genes (Figure 1c,e). Meanwhile, a high similarity of amino acid sequences was observed between NtPIMT1 and NtPIMT2, and then the genes NtPIMT1 and NtOGG1 were focused on in the following investigation.




3.2. Expression Patterns of NtPIMT1 and NtOGG1 during Early Seed Germination


The radicle protrusion started as early as about 48 h at the imbibition stage in unaged and non-pelleted seeds of tobacco. In order to quickly detect the expressions of NtPIMT1 and NtOGG1, their expression patterns were firstly investigated during the early germination stage (0–12 h) using unaged and non-pelleted seeds. qRT-PCR analysis showed that the expression of NtPIMT1 gradually decreased during seed germination, and it had a relatively higher expression during 0 to 2 h imbibition stage (Figure 2a). The expression of NtOGG1 was significantly induced at the initial imbibition stage (0 to 3 h) and decreased after 3 h imbibition with a relatively lower expression (Figure 2b). These results indicate that relatively higher mRNAs of NtPIMT1 and NtOGG1 exist in dry and early germinating seeds. Thus, the expressions of NtPIMT1 and NtOGG1 were mainly investigated in the dry or early germinating seeds subject to ageing conditions.




3.3. Expression Patterns of NtPIMT1 and NtOGG1 in Non-Pelleted Seeds after Artificial Ageing Treatments


To determine the relationships between NtPIMT1 and NtOGG1 expression and the degree of seed damage, the non-pelleted seeds were firstly used for artificial ageing treatments. Significantly lower germination potential and germination index were observed in seeds after 5 and 7 days of artificial ageing treatments compared to those in unaged seeds (0 d; CK) (Figure 3a–c). qRT-PCR results showed that no significant correlations between the expressions of PIMT1 and NtOGG1 in dry seeds and ageing degree were observed; however, the mRNA levels of NtPIMT1 and NtOGG1 in germinating seeds (9 h imbibition) gradually and significantly increased with the increasing degree of seed ageing (Figure 3d,e). These results suggest that the detection of NtPIMT1 and NtOGG1 expression in germinating seeds might be used to evaluate the degree of seed ageing in non-pelleted seeds.




3.4. Expression Patterns of NtPIMT1 and NtOGG1 in Pelleted Seeds after Artificial Ageing Treatments


To further determine the correlations between NtPIMT1 and NtOGG1 expression and the degree of seed damage, the pelleted seeds were further used for artificial ageing treatments. Significantly lower germination potential and germination index were observed in seeds after 1 and 3 days of artificial ageing treatments compared to those in unaged seeds (0 d; CK) (Figure 4a–c). qRT-PCR results indicated that the mRNA levels of NtPIMT1 and NtOGG1 in dry seeds gradually and significantly increased with the increasing degree of seed ageing (Figure 4d,e). These results suggest that the detection of NtPIMT1 and NtOGG1 mRNAs in dry seeds might be used to test the degree of seed damage in pelleted seeds.




3.5. Expression Patterns of NtPIMT1 and NtOGG1 in Primed Seeds


To further determine whether NtPIMT1 and NtOGG1 expression can be used as molecular markers for detecting the priming effect in tobacco, the different duration of GA3 priming treatments were conducted using non-pelleted seeds. Based on the traits of speed and uniform germination, i.e., germination potential and germination index, the early best priming effects were observed in seeds after 33 h priming treatment under 15 °C conditions (Figure 5a–c). qRT-PCR analysis showed that the relatively lower mRNA levels of NtPIMT1 and NtOGG1 were observed in seeds after 27 h priming (Figure 5d,e). These results suggest that the best stop time-point of seed priming might be at the 33 h stage when relatively lower NtPIMT1 and NtOGG1 expressions are detected in seeds.





4. Discussion


Seed ageing usually occurs under high temperatures and humid conditions, which cause the loss of seed viability [1,25]. The rapid evaluation of seed ageing degree is important for seed storage in tobacco. Imbibition is the first step of seed germination, in which the quiescent embryonic cells shift into a metabolically active state [26]. The genes PIMT and OGG1 have been used as biomarkers of seed quality in plants. In this study, we observed higher mRNAs of tobacco NtPIMT1 and NtOGG1 in the dry and early germinating seeds, suggesting these two genes might be used to test seed quality by detecting their mRNA levels in dry and early germinating seeds. Thus, the applications of NtPIMT1 and NtOGG1 as biomarkers for detecting the degree of seed ageing and the effect of seed priming were mainly investigated in this study.



PIMT is a protein-repairing enzyme that is involved in the seed vigour and longevity of Arabidopsis and rice [4,5,6]. The accumulated DNA damage during seed storage is repaired during seed imbibition [27,28]. The overexpression of Arabidopsis OGG1 increases ageing tolerance via the decrease in 8-oxoG levels upon seed imbibition [12]. In this study, the biomarkers of NtPIMT1 and NtOGG1 for detecting the degree of seed damage after accelerated seed ageing treatments were investigated in tobacco. Using a rapid ageing treatment, we produced non-pelleted and pelleted seeds with different traits of seed vigour such as germination potential and germination index. The associations between the seed ageing damage and NtPIMT1 and NtOGG1 expressions in aged seeds were established; generally, high mRNA levels of NtPIMT1 and NtOGG1 were associated with lower seed vigour in aged seeds. These results suggest that the detection of NtPIMT1 and NtOGG1 transcripts might be used as molecular markers for testing the degree of seed ageing in tobacco.



Molecular markers such as OsIPMS1 have been explored to control the priming process in rice [29,30]. In this study, the genes NtPIMT1 and NtOGG1 as biomarkers to detect priming effect were investigated in tobacco. We produced seeds with different seed vigour by GA3-priming treatments in tobacco. More rapid and uniform seed germination were observed in seeds after the GA3 priming of tobacco in this study. Based on the phenotype of rapid and uniform seed germination, the best effects of GA3 priming were observed early in seeds after 33 h priming treatment, when the relatively lower expressions of NtPIMT1 and NtOGG1 were observed. We assumed that the best stop time-point of seed priming was likely at the time when the relatively lower NtPIMT1 and NtOGG1 expression occurred in seeds during the priming process. The application of NtPIMT1 and NtOGG1 as biomarkers to determine the best time-point to stop priming needs to be further investigated by using more priming treatments in various varieties.




5. Conclusions


In summary, NtPIMT1 and NtOGG1 might be used as potential biomarkers to detect seed ageing degree and priming effect in tobacco. It is of great significance to rapidly and accurately evaluate seed ageing degree and priming effect by detecting the gene expression in the dry seeds or early germinating seeds in tobacco. Future studies should improve the reliability of rapid testing using different seed lots and varieties of tobacco.







Author Contributions


Investigation, Y.N., Y.Z. and C.W.; resources, D.Z.; data curation, J.Z.; writing—original draft preparation, Z.W. and J.Z.; writing—review and editing, Z.W.; supervision, Z.W. and L.Z.; project administration, Y.N.; funding acquisition, Y.N. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Science and Technology Department of China National Tobacco Corporation Yunnan Company (No. 2021530000242032).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Chen, B.X.; Fu, H.; Gao, J.D.; Zhang, Y.X.; Huang, W.J.; Chen, Z.J.; Zhang, Q.; Yan, S.J.; Liu, J. Identification of metabolomic biomarkers of seed vigor and aging in hybrid rice. Rice 2022, 15, 7. [Google Scholar] [CrossRef] [PubMed]

	



Li, W.; Niu, Y.; Zheng, Y.; Wang, Z. Advances in the understanding of reactive oxygen species-dependent regulation on seed dormancy, germination, and deterioration in crops. Front. Plant Sci. 2022, 13, 826809. [Google Scholar] [CrossRef] [PubMed]

	



Mudgett, M.B.; Lowenson, J.D.; Clarke, S. Protein repair L-isoaspartyl methyltransferase in plants. Pphylogenetic distribution and the accumulation of substrate proteins in aged barley seeds. Plant Physiol. 1997, 115, 1481–1489. [Google Scholar] [CrossRef] [PubMed]

	



Oge, L.; Bourdais, G.; Bove, J.; Collet, B.; Godin, B.; Granier, F.; Boutin, J.P.; Job, D.; Jullien, M.; Grappin, P. Protein repair L-isoaspartyl methyltransferase 1 is involved in both seed longevity and germination vigor in Arabidopsis. Plant Cell 2008, 20, 3022–3037. [Google Scholar] [CrossRef]

	



Verma, P.; Kaur, H.; Petla, B.P.; Rao, V.; Saxena, S.C.; Majee, M. PROTEIN L-ISOASPARTYL METHYLTRANSFERASE2 is differentially expressed in chickpea and enhances seed vigor and longevity by reducing abnormal isoaspartyl accumulation predominantly in seed nuclear proteins. Plant Physiol. 2013, 161, 1141–1157. [Google Scholar] [CrossRef]

	



Wei, Y.; Xu, H.; Diao, L.; Zhu, Y.; Xie, H.; Cai, Q.; Wu, F.; Wang, Z.; Zhang, J.; Xie, H. Protein repair L-isoaspartyl methyltransferase 1 (PIMT1) in rice improves seed longevity by preserving embryo vigor and viability. Plant Mol. Biol. 2015, 89, 475–492. [Google Scholar] [CrossRef]

	



Córdoba-Cañero, D.; Roldán-Arjona, T.; Ariza, R.R. Arabidopsis ZDP DNA 3′-phosphatase and ARP endonuclease function in 8-oxoG repair initiated by FPG and OGG1 DNA glycosylases. Plant J. 2014, 79, 824–834. [Google Scholar] [CrossRef]

	



Osborne, D.J.; Dell’Aquila, A.; Elder, R.H. DNA repair in plant cells. An essential event of early embryo germination in seeds. Folia Biologica 1984, 30, 155–169. [Google Scholar]

	



Waterworth, W.M.; Drury, G.E.; Bray, C.M.; West, C.E. Repairing breaks in the plant genome: The importance of keeping it together. New Phytol. 2011, 192, 805–822. [Google Scholar] [CrossRef]

	



Girard, P.M.; Guibourt, N.; Boiteux, S. The Ogg1 protein of Saccharomyces cerevisiae: A 7,8-dihydro-8-oxoguanine DNA glycosylase/AP lyase whose lysine 241 is a critical residue for catalytic activity. Nucleic Acids Res. 1997, 25, 3204–3211. [Google Scholar] [CrossRef]

	



Sandigursky, M.; Yacoub, A.; Kelley, M.R.; Xu, Y.; Franklin, W.A.; Deutsch, W.A. The yeast 8-oxoguanine DNA glycosylase (Ogg1) contains a DNA deoxyribophosphodiesterase (dRpase) activity. Nucleic Acids Res. 1997, 25, 4557–4561. [Google Scholar] [CrossRef] [PubMed]

	



Chen, H.; Chu, P.; Zhou, Y.; Li, Y.; Liu, J.; Ding, Y.; Tsang, E.W.; Jiang, L.; Wu, K.; Huang, S. Overexpression of AtOGG1, a DNA glycosylase/AP lyase, enhances seed longevity and abiotic stress tolerance in Arabidopsis. J. Exp. Bot. 2012, 63, 4107–4121. [Google Scholar] [CrossRef] [PubMed]

	



Macovei, A.; Balestrazzi, A.; Confalonieri, M.; Faé, M.; Carbonera, D. New insights on the barrel medic MtOGG1 and MtFPG functions in relation to oxidative stress response in planta and during seed imbibition. Plant Physiol. Biochem. 2011, 49, 1040–1050. [Google Scholar] [CrossRef] [PubMed]

	



Rajjou, L.; Debeaujon, I. Seed longevity: Survival and maintenance of high germination ability of dry seeds. Comptes Rendus Biol. 2008, 331, 796–805. [Google Scholar] [CrossRef] [PubMed]

	



Garza-Caligaris, L.E.; Avendaño-Vázquez, A.O.; Alvarado-López, S.; Zúñiga-Sánchez, E.; Orozco-Segovia, A.; Pérez-Ruíz, R.V.; Gamboa-deBuen, A. At3g08030 transcript: A molecular marker of seed ageing. Ann. Bot. 2012, 110, 1253–1260. [Google Scholar] [CrossRef]

	



Fu, Y.B.; Ahmed, Z.; Diederichsen, A. Towards a better monitoring of seed ageing under ex situ seed conservation. Conserv. Physiol. 2015, 3, cov026. [Google Scholar] [CrossRef]

	



Boucelha, L.; Abrous-Belbachir, O.; Djebbar, R. Is protein carbonylation a biomarker of seed priming and ageing? Funct. Plant Biol. 2021, 48, 611–623. [Google Scholar] [CrossRef]

	



Butler, L.H.; Hay, F.R.; Ellis, R.H.; Smith, R.D.; Murray, T.B. Priming and re-drying improve the survival of mature seeds of Digitalis purpurea during storage. Ann. Bot. 2009, 103, 1261–1270. [Google Scholar] [CrossRef]

	



Heydecker, W.; Higgins, J.; Gulliver, R.L. Accelerated germination by osmotic seed treatment. Nature 1973, 246, 42–44. [Google Scholar] [CrossRef]

	



Rajjou, L.; Duval, M.; Gallardo, K.; Catusse, J.; Bally, J.; Job, C.; Job, D. Seed germination and vigor. Annu. Rev. Plant Biol. 2012, 63, 507–533. [Google Scholar] [CrossRef]

	



Paparella, S.; Araújo, S.S.; Rossi, G.; Wijayasinghe, M.; Carbonera, D.; Balestrazzi, A. Seed priming: State of the art and new perspectives. Plant Cell Rep. 2015, 34, 1281–1293. [Google Scholar] [CrossRef] [PubMed]

	



Konzen, L.H.; Rodrigues, D.B.; Mazon, A.S. Parameters of the accelerated aging test for the determination of tobacco (Nicotiana tabacum L.) seed vigor. J. Agric. Stud. 2020, 8, 247–263. [Google Scholar] [CrossRef]

	



Wang, Z.F.; Wang, J.F.; Bao, Y.M.; Wang, F.H.; Zhang, H.S. Quantitative trait loci analysis for rice seed vigor during the germination stage. J. Zhejiang Univ. Sci. B 2010, 11, 958–964. [Google Scholar] [CrossRef] [PubMed]

	



Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and the 2−ΔΔCT method. Methods 2001, 25, 402–408. [Google Scholar] [CrossRef] [PubMed]

	



Mcdonald, M.B. Seed deterioration: Physiology, repair and assessment. Seed Sci. Technol. 1999, 27, 177–237. [Google Scholar]

	



Gallardo, K.; Job, C.; Groot, S.P.; Puype, M.; Demol, H.; Vandekerckhove, J.; Job, D. Proteomic analysis of Arabidopsis seed germination and priming. Plant Physiol. 2001, 126, 835–848. [Google Scholar] [CrossRef]

	



Cheah, K.S.E.; Osborne, D.J. DNA lesions occur with loss of viability in embryos of aging rye seed. Nature 1978, 272, 593–599. [Google Scholar] [CrossRef]

	



Osborne, D.J. Biochemical control-systems operating in the early hours of germination. Can. J. Bot. 1983, 61, 3568–3577. [Google Scholar] [CrossRef]

	



Cheng, J.; Wang, L.; Zeng, P.; He, Y.; Zhou, R.; Zhang, H.; Wang, Z. Identification of genes involved in rice seed priming in the early imbibition stage. Plant Biol. 2017, 19, 61–69. [Google Scholar] [CrossRef] [PubMed]

	



He, Y.; Cheng, J.; He, Y.; Yang, B.; Cheng, Y.; Yang, C.; Zhang, H.; Wang, Z. Influence of isopropylmalate synthase OsIPMS1 on seed vigour associated with amino acid and energy metabolism in rice. Plant Biotech. J. 2019, 17, 322–337. [Google Scholar] [CrossRef]








[image: Agronomy 12 01897 g001 550] 





Figure 1. Characteristics of amino acid sequences of PIMT and OGG1 genes. (a) The basic information of NtPIMT and NtOGG1 genes. Sequence similarity analysis of (b) PIMT and (d) OGG1 genes using DNAMan. Colour scale represents sequence similarity. Phylogenetic tree of (c) PIMT and (e) OGG1 genes using the neighbour-joining method with default parameters. Abbreviations: ORF—open reading frame; AA—amino acids; MW—protein molecular weight; pI—protein isoelectric point. 
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Figure 2. Characteristics of NtPIMT1 and NtOGG1 expression during seed germination in unaged and non-pelleted seeds of tobacco cultivar ‘Yunyan 87′. Expression patterns of (a) NtIPMS1 and (b) NtOGG1 during early seed germination in 25 °C conditions. Data are means (±SD), n = 3. Different letters above the column indicate significant differences determined using ANOVA test: p < 0.01. 
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Figure 3. Characteristics of seed vigour and NtPIMT1 and NtOGG1 expression in non-pelleted seeds of tobacco cultivar ‘Yunyan 87′ after artificial ageing treatments. (a) Representative images of germination at 6 d under 25 °C conditions in seeds after 0- (CK), 5- and 7-day ageing treatments. Scale bars = 10 mm. (b) Germination potential; (c) germination index. Expression patterns of (d) NtIPMS1 and (e) NtOGG1 in dry and germinating (9 d) seeds. Data are means (±SD), n = 3. Different letters above the column indicate significant differences determined using ANOVA test: p < 0.01. 
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Figure 4. Characteristics of seed vigour and NtPIMT1 and NtOGG1 expression in pelleted seeds of tobacco cultivar ‘Yunyan 87′ after artificial ageing treatments. (a) Representative images of germination at 6 d under 25 °C conditions in seeds after 0- (CK), 1-, and 3-day ageing treatments. Scale bars = 10 mm. (b) Germination potential; (c) germination index. Expression pattern of (d) NtPIMT1 and (e) NtOGG1 in dry seeds. Data are means (±SD), n = 3. Different letters above the column indicate significant differences determined using ANOVA test: p < 0.01. 






Figure 4. Characteristics of seed vigour and NtPIMT1 and NtOGG1 expression in pelleted seeds of tobacco cultivar ‘Yunyan 87′ after artificial ageing treatments. (a) Representative images of germination at 6 d under 25 °C conditions in seeds after 0- (CK), 1-, and 3-day ageing treatments. Scale bars = 10 mm. (b) Germination potential; (c) germination index. Expression pattern of (d) NtPIMT1 and (e) NtOGG1 in dry seeds. Data are means (±SD), n = 3. Different letters above the column indicate significant differences determined using ANOVA test: p < 0.01.
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Figure 5. Characteristics of seed vigour and NtPIMT1 and NtOGG1 expression in non-pelleted seeds of tobacco cultivar ‘Yunyan 87′ after priming treatments. (a) Representative images of germination at 8 d under 15 °C conditions after 0 (CK), 3, 9, 15, 21, 27, 33, and 39 h GA3 priming treatments. Scale bars = 10 mm. (b) Germination potential; (c) germination index. Expression pattern of (d) NtPIMT1 and (e) NtOGG1 in priming seeds. Data are means (±SD), n = 3. Different letters above the column indicate significant differences determined using ANOVA test: p < 0.01. 
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