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Abstract

:

Six α-amylase/subtilisin inhibitor genes (MnASIs) were identified from mulberry (Morus notabilis). In this study, bioinformatics and expression pattern analysis of six MnASIs were performed to determine their roles in resistance to B. cinerea. The expression of all six MnASIs was significantly increased under Botrytis cinerea infection. MnASI1, which responded strongly to B. cinerea, was overexpressed in Arabidopsis and mulberry. The resistance of Arabidopsis and mulberry overexpressing MnASI1 gene to B. cinerea was significantly improved, the catalase (CAT) activity was increased, and the malondialdehyde (MDA) content was decreased after inoculation with B. cinerea. At the same time, H2O2 and O2− levels were reduced in MnASI1 transgenic Arabidopsis, reducing the damage of ROS accumulation to plants. In addition, MnASI1 transgenic Arabidopsis increased the expression of the salicylic acid (SA) pathway-related gene AtPR1. This study provides an important reference for further revealing the function of α-amylase/subtilisin inhibitors.
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1. Introduction


Plant protease inhibitors (PIs) are a class of small proteins with various biological functions. They regulate endogenous protease activity and apoptosis while protecting plants from animals, insects, and microorganisms [1,2,3]. PIs are divided into different families based on their identical cysteine pattern, overall 3D structure, and mechanism of action. They can also be grouped based on amino acid sequence similarity [4,5]. There are more than 10 different families of PIs from many plant species depending on the type of protease they act on [6,7,8]. Kunitz-type protease inhibitors (PKPIs) are usually present in the storage tissues of plants and can resist pathogen infection [9]. PKPIs have a molecular weight of about 20 to 22 kDa and may consist of one to two polypeptide chains linked by one to two disulfide bonds [5]. Their structures may be missing cysteine residues [10,11]. As a member of PKPIs, α-amylase/subtilisin inhibitors (ASIs) inhibit α-amylase in mammals and lepidopteran pests [12]. Therefore, ASIs can protect plants from lepidopteran pests. In addition, ASIs have an inhibitory effect on subtilisin and are therefore also associated with plant resistance to microorganisms [2].



Mulberry (Morus L.) is widely distributed all over the world and has important economic value in the production of food and medicine due to its rich content of secondary metabolites that are beneficial to humans [13,14,15,16]. Botrytis cinerea is a necrotizing fungal pathogen that can infect more than 200 species of plants around the world [17,18,19]. At the same time, B. cinerea is one of the main pathogenic fungi of mulberry [20,21]. Previous studies on ASIs mainly focused on identification and classification. Although it was found to be related to plant disease resistance, the mechanism of disease resistance was not completely clear. At the same time, there is no systematic study on the role of ASIs in mulberry resistance. The aim of this study is to reveal the underlying mechanism of disease resistance in mulberry ASIs.



The availability of transcriptomic data from mulberry (Morus notabilis) in response to B. cinerea infection facilitates studies on resistance of ASIs to B. cinerea infection [22]. Based on the previous transcriptome data, we found that the expression levels of six ASIs in M. notabilis were significantly increased during B. cinerea infection. The resistance of ASIs to B. cinerea infection was investigated. Furthermore, to investigate their functions, we performed MnASI1 expression in Arabidopsis and mulberry. The resistance of transgenic Arabidopsis and mulberry was studied by various methods, and it was confirmed that MnASI1 was involved in the defense response of transgenic plants. These results initially revealed the mechanism of ASIs disease resistance, laid the foundation for further understanding the function of ASIs, provided a reference for other plant ASI research, and provide potential target genes for enhancing the resistance of mulberry to B. cinerea.




2. Results


2.1. Bioinformatics Analyses of MnASIs


A total of six α-amylase/subtilisin inhibitor genes were identified from the mulberry genome sequence. The six α-amylase/subtilisin inhibitor proteins ranged in length from 191 (MnASI1 and MnASI5) to 207 amino acids (aa) (MnASI3) (Table 1). The relative molecular mass ranged from 20.82 kDa (MnASI1) to 22.65 kDa (MnASI3). The theoretical isoelectric points (pI) ranged from 4.46 (MnASI1) to 8.53 (MnASI6).



The multiple alignment results of MnASIs and other plant α-amylase/subtilisin inhibitors showed that there were two regions of plant α-amylase/subtilisin inhibitors, namely the protease inhibitory region and the α-amylase inhibitory region (Figure 1).



The protein sequences of other plant α-amylase/subtilisin inhibitors obtained from NCBI were multiple aligned. Phylogenetic and molecular evolutionary analyses were performed using MEGA 6 to explore the evolutionary relationships among different species (Figure 2). The results showed that the MnASIs proteins of mulberry clustered together and were more distantly related to the α-amylase/subtilin inhibitors in Aegilops tauschii, Hordeum vulgare, and Brachypodium distachyon, and were more closely related to the α-amylase/subtilin inhibitors in Vitis vinifera and Citrus sinensis.




2.2. B. cinerea-Induced MnASIs Expression


The expression levels of six MnASIs in mulberry seedlings infected with B. cinerea were determined by qRT-PCR (Figure 3). The expression levels of all six MnASIs were significantly increased 3 days after inoculation, which was consistent with our previous transcriptome data (Table S1) [22]. These highly expressed α-amylase/subtilisin inhibitor genes may be involved in the resistance of mulberry to B. cinerea. MnASI1 is the gene with the most increased expression after B. cinerea infection, which may play an important role in resistance to B. cinerea infection. In order to further verify the disease resistance function of MnASIs, MnASI1 was selected for follow-up research.




2.3. Subcellular Localization of MnASI1


Subcellular localization of transgenic Arabidopsis root tips was used in confocal microscopy (Figure 4). The results showed that the MnASI1 protein was localized on the cell membrane, which indicated that MnASI1 might play a disease-resistant role on the cell membrane.




2.4. Positive Regulation of MnASI1 for Resistance to B. cinerea


Arabidopsis was transformed with MnASI1 cDNA to obtain three T3 transgenic lines (Figure 5). Afterward, the expression of MnASI1 was confirmed by qRT-PCR in transgenic Arabidopsis (Figure 5a). To study the resistance of Arabidopsis transgenic with MnASI1 to B. cinerea, the leaves of transgenic Arabidopsis were inoculated with an agar block containing B. cinerea hyphae (Figure 5b). Compared with severe lesions on control leaves 36 h after inoculation, only mild lesions appeared on leaves of MnASI1 overexpression lines. Quantitative analysis revealed that Arabidopsis transformed with MnASI1 inhibited the infection of B. cinerea (Figure 5c). Furthermore, the production of reactive oxygen species is a response to stress in plants. The contents of hydrogen peroxide (H2O2) and superoxide (O2−) in leaves were detected by DAB staining and NBT staining, respectively (Figure 5d). Compared with Arabidopsis transfected with MnASI1, large dark brown patches appeared after DAB staining in Arabidopsis transfected with empty vector, indicating the accumulation of H2O2, and large dark blue patches appeared after NBT staining, which was the accumulation of O2−.




2.5. Detection of Biochemical Indices


To determine the physiological changes of transgenic Arabidopsis, MDA content and CAT activity were measured (Figure 6). There was no significant difference in MDA content between MnASI1 transgenic Arabidopsis and empty vector transgenic Arabidopsis before B. cinerea infection (Figure 6a). After 36 h infection with B. cinerea, the MDA content of transgenic Arabidopsis increased, while the MDA content of MnASI1 transgenic Arabidopsis was significantly lower than that of empty vector transgenic Arabidopsis. These results indicated that the plasma membrane damage of empty vector transgenic Arabidopsis was more severe than that of MnASI1 transgenic Arabidopsis. Similarly, there was no significant difference in CAT activity between MnASI1 and empty vector transgenic Arabidopsis before infection with B. cinerea (Figure 6b). After 36 h infection with B. cinerea, the CAT activity of transgenic Arabidopsis increased, while the CAT content of MnASI1 transgenic Arabidopsis was significantly higher than that of empty vector transgenic Arabidopsis. These results suggest that overexpression of MnASI1 enhanced plant resistance to oxidative damage.



To investigate the role of MnASI1 in mulberry, transient overexpression was performed in mulberry (Figure 7). The beta-glucuronidase (GUS) histochemical analysis showed strong GUS staining in the leaves of mulberry seedlings, indicating that this transient expression system is effective in mulberry (Figure 7a). The expression levels of MnASI1 were up-regulated in mulberry leaves overexpressing MnASI1 compared with those overexpressing empty vectors (Figure 7b). The resistance of mulberry overexpressing MnASI1 to B. cinerea was enhanced compared with the overexpressing empty vector (Figure 7c). Under the condition of B. cinerea infection, the transient expression of MnASI1 significantly reduced the content of MDA in mulberry seedlings (Figure 7d) and increased the content of CAT (Figure 7e), which was consistent with the previous results of MnASI1 transgenic Arabidopsis.




2.6. MnASI1 Transgenic Plants Enhance PR1 Expression


PR1 is a plant defense-related marker gene. The results showed that the expression of AtPR1 in empty vector and MnASI1 transgenic Arabidopsis was up-regulated 36 h after B. cinerea infection, and empty vector transgenic Arabidopsis was significantly lower than MnASI1 transgenic Arabidopsis (Figure 8). This indicated that MnASI1 overexpression in Arabidopsis could enhance the resistance to B. cinerea by inducing the expression of the resistance-related gene.





3. Discussions


Many resistant plants have evolved specific PIs that both regulate plant protease activity and promote plant defense against pests and pathogens [23]. As a class of PIs, there are few studies on plant α-amylase/subtilin inhibitors genes, and most reports have not performed functional analysis. Previous studies related to ASIs disease resistance mainly focused on the study of recombinant ASIs protein. For example, after infection with P. palmivora spores pretreated with recombinant HbASI, the growth, lesion number, and scopolamine content of the spores were low, and the effect was better with the increase of recombinant HbASI content [2]. Similarly, Kunitz inhibitory fusion protein had a certain inhibitory effect on the growth of F. moniliforme mycelium [24]. The study of MnASIs gene in mulberry will help to further understand the characteristics and function of this gene. Based on amino acid sequence features (Figure 1), MnASIs can be classified as α-amylase/subtilisin inhibitors, belonging to group C of the kunitz protease inhibitor family [25]. Furthermore, phylogenetic tree results indicated that MnASIs clustered with other plant α-amylase/subtilin inhibitors (Figure 2). High homology between MnASIs and V. vinifera a-amylase/subtilisin inhibitors. Analysis showed that the mulberry MnASIs were intronless (Table 1). These results are consistent with previous reports on intronless PI genes [26]. Intronless genes may be a structural feature that provides a selective advantage to rapidly encode and flip transcripts in response to a variety of exogenous signals without significant delays [27].



In plants, the expression level of pathogenicity-related (PR) genes is generally low, and only high induced expression during pathogen infection [28,29,30]. Similar to PR genes, except for MnASI5, the other five MnASIs were only induced to express during B. cinerea infection (Figure 3). Inoculation of mulberry leaves with B. cinerea increased the expression of MnASIs, indicating that MnASIs are induced by biological elicitors and participate in plant defense responses. These results are consistent with previous reports [2,9]. The MnASI5 gene was highly expressed in mulberry leaves mock-treated and B. cinerea inoculated. This suggests that the MnASI5 gene may have dual functions of development and self-protection. The transcriptome data were consistent with the qRT-PCR results as a whole (Figure 3 and Table S1), and the expression of MnASIs was significantly enhanced, but the multiple of MnASIs expression enhancement was different, which may be caused by mulberry individual differences.



To further study the role of MnASIs in disease resistance, the empty vector and MnASI1 gene transgenic Arabidopsis and mulberry transiently overexpressed were constructed (Figure 5 and Figure 7). Compared with plants transformed with empty vector, after inoculation with B. cinerea, plants transformed with MnASI1 gene had smaller necrotic spots. The results showed that molecular and physiological responses to B. cinerea included ROS production and transcriptional responses. A more significant response of the SA-mediated defense gene was detected in B. cinerea-infected transgenic MnASI1 plants (Figure 8), suggesting that overexpression of MnASI1 enhances the defense capacity of transgenic plants by activating hypersensitive responses. The SA-dependent signaling pathway leads to the expression of the PR protein AtPR1, which promotes resistance. Consistent with previous reports, the SA signaling pathway plays an important role in response to B. cinerea infection [31]. Arabidopsis had obvious disease at 36 h of B. cinerea infection, while mulberry had obvious disease at 72 h of B. cinerea infection, indicating that mulberry was more resistant to B. cinerea.



MDA is a key lipid peroxidation product in plant defense [32]. The results showed that transgenic MnASI1 plants resulted in a decrease in MDA content (Figure 6a and Figure 7d). MDA content in plants is often associated with oxidative stress. Transfection of MnASI1 can reduce cell membrane damage. When plants are infected with pathogens, the activity of plant defense-related enzymes is induced, which helps scavenge peroxides [33]. The CAT activity of MnASI1 overexpressing plants was significantly enhanced (Figure 6b and Figure 7e), thus resisting B. cinerea infection.



Previous studies have shown that ASI recombinant protein has a disease-resistance effect, and this study is the first to report the disease-resistance mechanism of the ASI gene in mulberry, indicating that ASI has a disease-resistance effect both in vitro and in vivo. However, the upstream regulatory genes and downstream interacting genes of ASI are still unclear and need to be further studied. In addition, alginate encapsulation of plant biocontrol bacteria has been studied to some extent [34], and ASI protein may also be coated with alginate for plant disease control in the future.




4. Materials and Methods


4.1. Phylogenetic Tree of ASIs


To investigate evolutionary relationships, the full-length amino acid sequences of ASIs proteins were aligned using ClustalW under default settings, and a neighborhood-joining phylogenetic tree of ASIs was subsequently constructed using MEGA 6 [35]. Bootstrap analysis of 1000 replicates was performed.




4.2. Quantitative Real-Time PCR


Total RNA was extracted using RNAiso Plus Kit (Takara Bio., Kusatsu, Shiga, Japan). cDNA synthesis using the PrimeScript™ RT Reagent Kit (Takara Bio., Kusatsu, Shiga, Japan). qRT-PCR detection was performed using SYBR® Premix Ex Taq™ II (Takara Bio., Kusatsu, Shiga, Japan) and StepOnePlus™ Real-time PCR system (Applied Biosystems, Waltham, MA, USA). The actin gene was used as an internal reference gene. qRT-PCR was performed in three technical replicates. qRT-PCR primers were shown in Table S2.




4.3. Transformation of Arabidopsis


To generate overexpression plasmid, MnASI1 was cloned into the KpnI (5′-GGGTACCATGGCTTCTCGTGGCATGGCAG-3′) and SalI (5′-GCGTCGACTTATATTGTAGCTCGCTCAAACA-3′) restriction sites of the pLGNL vector and transformed into the A. tumefaciens GV3101. In subcellular localization, insert the MnASI1 gene into the KpnI (5′-GGGTACCATGGCTTCTCGTGGCATGGCAG-3′) and BamHI (5′-CGGGATCCTATTGTAGCTCGCTCAAACA-3′) sites of the pZYGC expression vector, which includes a green fluorescent protein (GFP). Then pLGNL-MnASI1 and pZYGC-MnASI1 were transferred into Arabidopsis (Col-0) by flower dip method [36].




4.4. Transient Expression Analysis of Mulberry Gene Function


The A. tumefaciens GV3101 containing pLGNL-MnASI1 or pLGNL vectors prepared with transformation solution (1/2 MS, 5% sucrose, 200 µM acetosyringone and 0.05% Tween-20, pH 5.6) to a final OD600 to 0.5. The 15-day-old mulberry seedlings were placed in the transformation solution of the GV3101 containing pLGNL-MnASI1 or pLGNL, and vacuumed at room temperature for 20 min.




4.5. Resistance Analysis of Transgenic Arabidopsis and Mulberry to B. cinerea


The hyphal fragments were placed on plant leaves. Photographs were taken 36 h after inoculation. The plants transformed into pLGNL were used as controls. Malondialdehyde (MDA) content and catalase (CAT) activity were determined using a Malondialdehyde Assay Kit (Solarbio, Beijing, China) and a Catalase Assay Kit (Solarbio, Beijing, China) according to the manufacturer’s instructions. All treatments were repeated three times. The content of superoxide radical (O2−) and hydrogen peroxide (H2O2) in leaves was determined by nitroblue tetrazole (NBT) and 3,3′-diaminobenzidine (DAB) staining as described previously [37,38].




4.6. Statistical Analysis


All data were subjected to Student’s t-test or one-way ANOVA with SPSS 26.0 software. These values are expressed as mean ± standard deviation (SD). p < 0.05 was considered statistically significant.









Supplementary Materials


The following supporting information can be downloaded at https://www.mdpi.com/article/10.3390/ijms232113372/s1.





Author Contributions


D.W. (Donghao Wang) and Y.X. conceived the study; Y.X. and X.J. conducted experiments; D.W. (Donghao Wang), N.G., C.L. and S.L. performed the main experiments; Z.G., G.W., Q.S. and D.W. (Dongming Wang) analyzed the data; Y.X. and X.J. wrote the manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by National Key R&D Program of China (2018YFD1000602), National Natural Science Foundation of China (32171748; 32172799), Natural Science Foundation of Shandong Province (ZR2022QC136; ZR2019MC017), and Modern Agricultural Technology System of Shandong Province (No. SDAIT-18-04).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


All data supporting the findings of this study are available within the paper and its supplementary data are published online.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Cai, D.; Thurau, T.; Tian, Y.; Lange, T.; Yeh, K.W.; Jung, C. Sporamin-mediated resistance to beet cyst nematodes (Heterodera schachtii Schm.) is dependent on trypsin inhibitory activity in sugar beet (Beta vulgaris L.) hairy roots. Plant Mol. Biol. 2003, 51, 839–849. [Google Scholar] [CrossRef] [PubMed]

	



Bunyatang, O.; Chirapongsatonkul, N.; Bangrak, P.; Henry, R.; Churngchow, N. Molecular cloning and characterization of a novel bi-functional alpha-amylase/subtilisin inhibitor from Hevea brasiliensis. Plant Physiol. Biochem. 2016, 101, 76–87. [Google Scholar] [CrossRef] [PubMed]

	



Rathinam, M.; Mishra, P.; Mahato, A.K.; Singh, N.K.; Rao, U.; Sreevathsa, R. Comparative transcriptome analyses provide novel insights into the differential response of Pigeonpea (Cajanus cajan L.) and its wild relative (Cajanus platycarpus (Benth.) Maesen) to herbivory by Helicoverpa armigera (Hubner). Plant Mol. Biol. 2019, 101, 163–182. [Google Scholar] [CrossRef] [PubMed]

	



Rawlings, N.D.; Barrett, A.J.; Thomas, P.D.; Huang, X.; Bateman, A.; Finn, R.D. The MEROPS database of proteolytic enzymes, their substrates and inhibitors in 2017 and a comparison with peptidases in the PANTHER database. Nucleic Acids Res. 2018, 46, D624–D632. [Google Scholar] [CrossRef] [PubMed]

	



Bendre, A.D.; Ramasamy, S.; Suresh, C.G. Analysis of Kunitz inhibitors from plants for comprehensive structural and functional insights. Int. J. Biol. Macromol. 2018, 113, 933–943. [Google Scholar] [CrossRef]

	



Laskowski, M., Jr.; Kato, I. Protein inhibitors of proteinases. Annu. Rev. Biochem. 1980, 49, 593–626. [Google Scholar] [CrossRef]

	



De Leo, F.; Volpicella, M.; Licciulli, F.; Liuni, S.; Gallerani, R.; Ceci, L.R. PLANT-PIs: A database for plant protease inhibitors and their genes. Nucleic Acids Res. 2002, 30, 347–348. [Google Scholar] [CrossRef]

	



Rawlings, N.D.; Tolle, D.P.; Barrett, A.J. Evolutionary families of peptidase inhibitors. Biochem. J. 2004, 378, 705–716. [Google Scholar] [CrossRef]

	



Major, I.T.; Constabel, C.P. Functional analysis of the Kunitz trypsin inhibitor family in poplar reveals biochemical diversity and multiplicity in defense against herbivores. Plant Physiol. 2008, 146, 888–903. [Google Scholar] [CrossRef]

	



Oliva, M.L.; Silva, M.C.; Sallai, R.C.; Brito, M.V.; Sampaio, M.U. A novel subclassification for Kunitz proteinase inhibitors from leguminous seeds. Biochimie 2010, 92, 1667–1673. [Google Scholar] [CrossRef]

	



Zhou, D.; Hansen, D.; Shabalin, I.G.; Gustchina, A.; Vieira, D.F.; de Brito, M.V.; Araujo, A.P.; Oliva, M.L.; Wlodawer, A. Structure of BbKI, a disulfide-free plasma kallikrein inhibitor. Acta Crystallogr. F Struct. Biol. Commun. 2015, 71, 1055–1062. [Google Scholar] [CrossRef]

	



Franco, O.L.; Rigden, D.J.; Melo, F.R.; Grossi-De-Sa, M.F. Plant alpha-amylase inhibitors and their interaction with insect alpha-amylases. Eur. J. Biochem. 2002, 269, 397–412. [Google Scholar] [CrossRef]

	



Huang, H.P.; Ou, T.T.; Wang, C.J. Mulberry (sang shen zi) and its bioactive compounds, the chemoprevention effects and molecular mechanisms in vitro and in vivo. J. Tradit. Complement. Med. 2013, 3, 7–15. [Google Scholar] [CrossRef]

	



Yuan, Q.; Zhao, L. The Mulberry (Morus alba L.) Fruit-A Review of Characteristic Components and Health Benefits. J. Agric. Food Chem. 2017, 65, 10383–10394. [Google Scholar] [CrossRef]

	



Chen, H.; Yu, W.; Chen, G.; Meng, S.; Xiang, Z.; He, N. Antinociceptive and Antibacterial Properties of Anthocyanins and Flavonols from Fruits of Black and Non-Black Mulberries. Molecules 2017, 23, 4. [Google Scholar] [CrossRef]

	



Jiang, Y.; Nie, W.J. Chemical properties in fruits of mulberry species from the Xinjiang province of China. Food Chem. 2015, 174, 460–466. [Google Scholar] [CrossRef]

	



Williamson, B.; Tudzynski, B.; Tudzynski, P.; van Kan, J.A. Botrytis cinerea: The cause of grey mould disease. Mol. Plant Pathol. 2007, 8, 561–580. [Google Scholar] [CrossRef]

	



Dean, R.; Van Kan, J.A.; Pretorius, Z.A.; Hammond-Kosack, K.E.; Di Pietro, A.; Spanu, P.D.; Rudd, J.J.; Dickman, M.; Kahmann, R.; Ellis, J.; et al. The Top 10 fungal pathogens in molecular plant pathology. Mol. Plant Pathol. 2012, 13, 414–430. [Google Scholar] [CrossRef]

	



AbuQamar, S.F.; Moustafa, K.; Tran, L.S. ‘Omics’ and Plant Responses to Botrytis cinerea. Front. Plant Sci. 2016, 7, 1658. [Google Scholar] [CrossRef]

	



Xin, Y.; Meng, S.; Ma, B.; He, W.; He, N. Mulberry genes MnANR and MnLAR confer transgenic plants with resistance to Botrytis cinerea. Plant Sci. 2020, 296, 110473. [Google Scholar] [CrossRef]

	



Xin, Y.; Wang, D.; Han, S.; Li, S.; Gong, N.; Fan, Y.; Ji, X. Characterization of the Chitinase Gene Family in Mulberry (Morus notabilis) and MnChi18 Involved in Resistance to Botrytis cinerea. Genes 2021, 13, 98. [Google Scholar] [CrossRef] [PubMed]

	



Xin, Y.; Ma, B.; Zeng, Q.; He, W.; Qin, M.; He, N. Dynamic changes in transposable element and gene methylation in mulberry (Morus notabilis) in response to Botrytis cinerea. Hortic. Res. 2021, 8, 154. [Google Scholar] [CrossRef] [PubMed]

	



Fischer, M.; Kuckenberg, M.; Kastilan, R.; Muth, J.; Gebhardt, C. Novel in vitro inhibitory functions of potato tuber proteinaceous inhibitors. Mol. Genet. Genom. 2015, 290, 387–398. [Google Scholar] [CrossRef] [PubMed]

	



Heibges, A.; Salamini, F.; Gebhardt, C. Functional comparison of homologous members of three groups of Kunitz-type enzyme inhibitors from potato tubers (Solanum tuberosum L.). Mol. Genet. Genom. 2003, 269, 535–541. [Google Scholar] [CrossRef] [PubMed]

	



Heibges, A.; Glaczinski, H.; Ballvora, A.; Salamini, F.; Gebhardt, C. Structural diversity and organization of three gene families for Kunitz-type enzyme inhibitors from potato tubers (Solanum tuberosum L.). Mol. Genet. Genom. 2003, 269, 526–534. [Google Scholar] [CrossRef]

	



Wang, Y.; Chen, X.; Qiu, L. Novel alleles among soybean Bowman-Birk proteinase inhibitor gene families. Sci. China C Life Sci. 2008, 51, 687–692. [Google Scholar] [CrossRef]

	



D’Onofrio, M.; Lee, M.D.; Starr, C.M.; Miller, M.; Hanover, J.A. The gene encoding rat nuclear pore glycoprotein p62 is intronless. J. Biol. Chem. 1991, 266, 11980–11985. [Google Scholar] [CrossRef]

	



Gao, X.; Zhang, Q.; Zhao, Y.Q.; Yang, J.; He, H.B.; Jia, G.X. The lre-miR159a-LrGAMYB pathway mediates resistance to grey mould infection in Lilium regale. Mol. Plant Pathol. 2020, 21, 749–760. [Google Scholar] [CrossRef]

	



Liu, Q.; Li, X.; Yan, S.; Yu, T.; Yang, J.; Dong, J.; Zhang, S.; Zhao, J.; Yang, T.; Mao, X.; et al. OsWRKY67 positively regulates blast and bacteria blight resistance by direct activation of PR genes in rice. BMC Plant Biol. 2018, 18, 257. [Google Scholar] [CrossRef]

	



Lv, Z.; Hao, L.; Ma, B.; He, Z.; Luo, Y.; Xin, Y.; He, N. Ciboria carunculoides Suppresses Mulberry Immune Responses Through Regulation of Salicylic Acid Signaling. Front. Plant Sci. 2021, 12, 658590. [Google Scholar] [CrossRef]

	



Glazebrook, J. Contrasting mechanisms of defense against biotrophic and necrotrophic pathogens. Annu. Rev. Phytopathol. 2005, 43, 205–227. [Google Scholar] [CrossRef]

	



Gechev, T.; Gadjev, I.; Van Breusegem, F.; Inze, D.; Dukiandjiev, S.; Toneva, V.; Minkov, I. Hydrogen peroxide protects tobacco from oxidative stress by inducing a set of antioxidant enzymes. Cell Mol. Life Sci. 2002, 59, 708–714. [Google Scholar] [CrossRef]

	



Klessig, D.F.; Durner, J.; Noad, R.; Navarre, D.A.; Wendehenne, D.; Kumar, D.; Zhou, J.M.; Shah, J.; Zhang, S.; Kachroo, P.; et al. Nitric oxide and salicylic acid signaling in plant defense. Proc. Natl. Acad. Sci. USA 2000, 97, 8849–8855. [Google Scholar] [CrossRef]

	



Saberi Riseh, R.; Skorik, Y.A.; Thakur, V.K.; Moradi Pour, M.; Tamanadar, E.; Noghabi, S.S. Encapsulation of Plant Biocontrol Bacteria with Alginate as a Main Polymer Material. Int. J. Mol. Sci. 2021, 22, 11165. [Google Scholar] [CrossRef]

	



Tamura, K.; Stecher, G.; Peterson, D.; Filipski, A.; Kumar, S. MEGA6: Molecular Evolutionary Genetics Analysis version 6.0. Mol. Biol. Evol. 2013, 30, 2725–2729. [Google Scholar] [CrossRef]

	



Clough, S.J.; Bent, A.F. Floral dip: A simplified method for Agrobacterium-mediated transformation of Arabidopsis thaliana. Plant J. 1998, 16, 735–743. [Google Scholar] [CrossRef]

	



Liu, H.; Ouyang, B.; Zhang, J.; Wang, T.; Li, H.; Zhang, Y.; Yu, C.; Ye, Z. Differential modulation of photosynthesis, signaling, and transcriptional regulation between tolerant and sensitive tomato genotypes under cold stress. PLoS ONE 2012, 7, e50785. [Google Scholar] [CrossRef]

	



Su, Y.; Xu, L.; Fu, Z.; Yang, Y.; Guo, J.; Wang, S.; Que, Y. ScChi, encoding an acidic class III chitinase of sugarcane, confers positive responses to biotic and abiotic stresses in sugarcane. Int. J. Mol. Sci. 2014, 15, 2738–2760. [Google Scholar] [CrossRef]








[image: Ijms 23 13372 g001 550] 





Figure 1. Multiple sequence alignment of MnASIs with other α-amylase/subtilisin inhibitors. A solid line indicates the reactive loop. An asterisk shows the catalytic residue against subtilisin. A pound sign shows the catalytic residue against α-amylase. The accession numbers obtained from GenBank are as follows: RcASI (Ricinus communis, XP_002525871), VvASI (Vitis vinifera, XP_002265535), and PtASI (Populus trichocarpa, XP_006383817). 
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Figure 2. Phylogenetic tree of ASI amino acid sequences in mulberry and other plants. The tree is constructed using the neighbor-joining method. The bootstrap value is expressed as a percentage. The accession numbers obtained from GenBank are as follows: VvASI (Vitis vinifera, XP_002265535), CisASI (Citrus sinensis; XP_006468645), RcASI (Ricinus communis, XP_002525871), PtASI (Populus trichocarpa, XP_006383817), CusASI (Cucumis sativus; XP_004139193), CaASI (Cicer arietinum; XP_004514494), GsASI (Glycine soja; KHN19473), FvASI (Fragaria vesca subsp. Vesca; XP_004295670), BrASI (Brassica rapa; XP_009128557), AtASI (Aegilops tauschii; EMT21954.1), BASI (Hordeum vulgare; P07596.2), and BdASI (Brachypodium distachyon; XP_003581446). 
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Figure 3. Relative expression levels of MnASIs in mock-treated (Mock) and B. cinerea inoculated (Inoculated) mulberry leaves. Error bars represent standard deviation, n = 3 (*** p-value < 0.001; two-tailed t-test). 
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Figure 4. Image of Arabidopsis root tips producing MnASI1-GFP fusion protein. GFP fluorescence was detected by confocal laser scanning microscopy. The arrow shows the cell membrane. 
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Figure 5. Resistance analysis of transgenic Arabidopsis to B. cinerea. (a) Relative expression levels of MnASI1 in transgenic Arabidopsis. CK, empty vector transgenic; OE, MnASI1 transgenic. (b) Arabidopsis leaves were photographed 36 h after infection with B. cinerea. (c) Quantitative analysis of resistance to B. cinerea in transgenic Arabidopsis. (d) DAB and NBT staining showed H2O2 and O2− levels, respectively. Error bars represent standard deviation, n = 3 (*** p-value < 0.001; two-tailed t-test). 
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Figure 6. Detection of physicochemical indexes before and after inoculation of B. cinerea. (a) Malondialdehyde (MDA) content. (b) Catalase (CAT) activity. CK, empty vector transgenic; OE, MnASI1 transgenic. Error bars represent standard deviation, n = 3 (* p-value < 0.05, ** p-value < 0.01, and *** p-value < 0.001; two-tailed t-test). 
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Figure 7. Analysis of MnASI1 resistance to B. cinerea using mulberry transient expression. (a) GUS staining of untreated and transiently expressed mulberry leaves. (b) Expression analysis of MnASI1 in transiently expressed mulberry leaves. (c) Mulberry leaves were photographed 72 h after infection with B. cinerea. (d) Malondialdehyde (MDA) content. (e) Catalase (CAT) activity. CK, empty vector transgenic; OE, MnASI1 transgenic. Error bars represent standard deviation, n = 3 (* p-value < 0.05 and *** p-value < 0.001; two-tailed t-test). 
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Figure 8. Relative expression of AtPR1 gene in transgenic Arabidopsis before and after inoculation with B. cinerea. CK, empty vector transgenic; OE, MnASI1 transgenic. Error bars represent standard deviation, n = 3 (*** p-value < 0.001; two-tailed t-test). 
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Table 1. Characterization of α-amylase/subtilisin inhibitors in M. notabilis.
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	Gene Name
	Gene Name
	GenBank Acc.
	CDS (bp)
	Size (aa)
	MW (kDa)
	Predicted pI





	MnASI1
	L484_010983
	EXB74706.1
	576
	191
	20.82
	4.46



	MnASI2
	L484_010984
	EXB74707.1
	603
	200
	21.7
	5.41



	MnASI3
	L484_010986
	EXB74709.1
	624
	207
	22.65
	8.35



	MnASI4
	L484_010988
	EXB74711.1
	579
	192
	21.19
	7.52



	MnASI5
	L484_010987
	EXB74710.1
	576
	191
	21.12
	4.93



	MnASI6
	L484_010989
	EXB74712.1
	579
	192
	21.24
	8.53
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