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Novelty statement
     Eucommia ulmoides is a traditional Chinese herbal medicine, which is primarily used to regulate blood pressure. Literature on its anti-fungal property is scarce. In this study, a chitinase gene was cloned and transformed into tobacco. The results showed that the overexpressed gene improved the activity of chitinase and the resistance to Botrytis cinerea in tobacco. The total protein of transgenic tobacco was extracted and its activity against Fusarium oxysporum was studied. The results showed that compared with wild tobacco, the transgenic tobacco significantly inhibited the growth of F. oxysporum.


1
Abstract

Eucommia ulmoides is a medicinal plant with proven antifungal activity in clinical trials. Moreover, this species produces antifungal chitinases that could be used in other species as a resistance strategy. We studied the transcriptome of E. ulmoides and identified 15 chitinase fragments and a new chitinase gene, EuCHIT1, which was cloned by rapid amplification of cDNA ends (RACE) technology. The DNA and amino acid sequences of EuCHIT1 were found to be 77 to 81% and 70 to 84% similar to those of other plant chitinases. EuCHIT1 consists of conserved catalytic residues and a sugar-binding site. The phylogenetic analysis indicated that its close association with Acacia koa and Ricinus communis. Furthermore, we generated transgenic tobacco lines that exhibited significantly higher chitinase activity and concomitant resistance to Botrytis cinerea and Fusarium oxysporum than the wildtype. 
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Introduction

[bookmark: OLE_LINK10][bookmark: OLE_LINK27][bookmark: OLE_LINK25]Plants produce numerous small molecules (secondary metabolites) following exposure to a variety of biotic and abiotic stimuli during their long-term interaction with the environment. These play essential roles in providing resistance to various types of stress, such as pathogens, pests, cold, and drought (Wink 1999; Dixon 2001). Because of their specific biological characteristics, secondary metabolites are pharmaceutical constituents of traditional Chinese medicines. Eucommia ulmoidies, a traditional Chinese medicinal plant, contains a variety of moieties that regulate blood pressure, prevent miscarriage, and significantly increase the resistance to microbial pathogens (Deyama et al. 2001; Liu and Zhao 2008). Transgenic plant research primarily focuses on developing insect-resistant, anti-viral, and herbicide-resistant compounds. Numerous transgenic plants containing these traits have been generated (James 2013). However, not considerable efforts have been made to generate anti-fungal transgenic plants. Fungal pathogens not only cause substantial losses to crop production but also seriously affect the market value of crops. Currently, chemical fungicides are extensively used in global agricultural production (Inglis and Kawchuk 2002) to control diseases; however, these exert a serious impact on the environment. The use of fungal-resistant transgenic plants could help counter the adverse environmental effects of fungicides (Balode 2009; Conijn 2014). 
Numerous antimicrobial components are found in Chinese traditional medicinal plants (Deyama et al. 2001; Chen et al. 2016). Research on anti-microbial functions of E. ulmoides has been reported since 1994 (Liu et al. 1994), and certain antifungal proteins have been extracted and characterized. For example, Huang et al. (2002) extracted EAFP1 and EAFP2 from E. ulmoides. Both these proteins possess broad-spectrum antifungal activity against Phytophthora infestans, Fusarium moniliforme, Colletotrichum gossypii, and Alternaria lycopersici. EAFP1 and EAFP2 are structurally similar to Hevin protein, with these three sharing a high degree of sequence homology (Huang et al. 2002). Our research group focused on the use of E. ulmoides for almost two decades and cloned the following three genes: EuFPS (AY15247), CAD (DQ142643.1), HMGR (AY796343.1). All genes cloned from E. ulmoides were reverse transcribed (Liu et al. 2003; Zhou et al. 2003). We successfully extracted and purified an antifungal peptide, EAFP3, from E. ulmoides bark that significantly inhibited the growth of Candida albicans (Liu et al. 2008b).
Chitinase (EC3.2.1.14) is an important plant pathogenesis-related enzyme and multiple genes have been cloned from several plants (Payne et al. 1990; Davis et al. 1991). Furthermore, a novel germplasm that contained chitinase-related genes showed resistance to fungal diseases (Huang et al. 2013; Kovács et al. 2013). Identifying the genes encoding for the antimicrobial activity and exploring their functions to generate novel fungus-resistance germplasm are crucial for sustained environmental and economical development. In this study, the chitinase gene (EuCHIT1) (gi|616997549, KJ413008.1) from E. ulmoides was cloned for the first time using RACE technology. Furthermore, the conserved region and the phylogenetic relationship between EuCHIT1 and other organisms were compared. 

Materials and Methods

Plant materials and microbial strains

[bookmark: OLE_LINK19][bookmark: OLE_LINK2][bookmark: OLE_LINK1][bookmark: OLE_LINK24][bookmark: _Hlk57813597]Eucommia ulmoides tree, Nicotiana tabacum cv. Xanthi, Escherichia coli strain DH5α, Agrobacterium tumefaciens strain LBA4404 were obtained from the Key Laboratory of Mountain Plant Resources Conservation and Germplasm Innovation, Ministry of Education. Botrytis cinerea (HM2), a tobacco pathogen, was provided by Dr. Hancheng Wang, Guizhou Academy of Tobacco Science. Fusarium oxysporum, another tobacco pathogen, was provided by Dr. Zhong Li, Guizhou University.

RNA isolation

[bookmark: OLE_LINK3]Total RNA was extracted and purified from 100 mg of tender leaves or spear of a mature E. ulmoides tree. For difficult samples, the leaves were grounded in liquid nitrogen to powder using the E.Z.N.A. Plant RNA Kit (Omega Bio-Tek., USA). Wood was removed from the preparation. To remove the excess salt, the extract products were washed twice with ethanol. Next, the extract was dissolved in 40 µL of RNAse-free water. 
[bookmark: OLE_LINK32][bookmark: OLE_LINK6]Total RNA was extracted from tobacco tissue (100 mg) and purified for RT-PCR. The tissue was grounded to powder and stored in liquid nitrogen according to the method described by Dong et al. (2017). All steps were performed strictly in accordance with the instructions provided in the kit. All RNA samples were examined at 260/280 nm absorbance ratio and their quality was checked using a 1.2% agarose gel electrophoresis and GelRed (Biotium, USA) staining.

Rapid amplification of cDNA ends

[bookmark: _Hlk58792754][bookmark: OLE_LINK18]According to the partial sequence of EuCHIT1 in the E. ulmoides transcriptome, gene-specific primers EuCHIT1-GSP1 and EuCHIT1-GSP2 were designed (Table1) and 5′ and 3′ ends of the gene EuCHIT1 were cloned by RACE. The reagents, methods, and conditions used in the synthesis of first-strand cDNA and PCR were based on those described by Dong et al. (2017). The PCR products corresponding to the DNA band (Fig. S1) were separated and visualized on a 1.0% agarose/GelRed gel. The product was cloned into T-Vector, amplified, and sequenced according to the method described by Han et al. (2014, 2015). Serial Cloner 2.1 was used to align putative 3′ and 5′-RACE cDNAs with overlapping fragments of the transcriptome library to form a cDNA contig. BIOX and SERIAL CLONER 2.1 software were used for sequence analysis to determine the putative domain of 5'-UTR, ORF, and 3'-UTR. A pair of primers EuCHIT1-BamHI-F and EuCHIT1-EcoRI-R was devised to amplify the ORF of EuCHIT1 (Table 1 and Fig. S1). All primers were synthesized by Invitrogen Trading (Shanghai).

Bioinformatics analysis of EuCHIT1
[bookmark: OLE_LINK44]
BLASTn was used for nucleotide search of EuCHIT1, and encoded amino acid sequence search was conducted using BLASTp (http://blast.ncbi.nlm.nih. gov/Blast.cgi). The ORF and the deduced amino acid sequences were analyzed by Serial Cloner V2.6.1. Isoelectric point (pI), molecular weight (MW), and instability index of EuCHIT1 were predicted using the ExPASy tool ProtParam (http://web.expasy.org/protparam/). EuCHIT1 with chitinase from Beta vulgaris (gi:1168935), Chenopodium (gi:2570162), Fragaria ananassa (gi:6002766), Picea glauca (gi:7435352), F. ananassa (gi:11528439), Arabidopsis thaliana (gi:15224321), A. thaliana (gi:15228911), P. infestans (23394444), Citrus jambhiri (gi:23496447), and Hordeum vulgare (2BAA) revealed conserved signature domains with CDD tool CD-Search (http://www.ncbi.nlm.nih.gov/Structure/cdd/docs/cdd_search. html). Conserved domains of the amino acid sequence of EuCHIT1 were analyzed using the CDD tool CD-Search. Transmembrane regions and signal peptide were forecasted using a SignalP 4.1 server (http://www.cbs.dtu.dk/services/SignalP/). The amino acid sequences of EuCHIT1 and CHITs from other organisms were analyzed by cluster analysis and phylogenetic trees constructed using MegA 5.22 (5130611) analysis software with 1,000 permutation neighborhood connection method.

Construction of plant overexpression vector

All DNA experiments were performed in accordance with the protocols described in the fourth edition of Molecular Cloning (Green et al. 2012). The composition of the binary plasmid pSH737 (Fig S2A) was consistent with that of Qin et al. (2015b). Plasmid pSH737 was provided by the Institute of Agro-Bioengineering (Guizhou University). The PCR was conducted to amplify the ORF sequence of EuCHIT1 using primers and BamHI and EcoRI as restriction enzymes. The purified PCR products were inserted into the BamHI and EcoRI sites of multiple cloning sites in the pSH-35S binary vector, which were present between the 35S promoter of cauliflower mosaic virus (CaMV) and the terminator of the nopaline synthase (NOS) (Fig. S2B). The overexpressed vector pSH-35S-EuCHIT1 was transformed into A. tumefaciens strain LBA4404 (Bevan 1984) by freeze-thawing (Chen et al. 1994; Liu et al. 2015a).

Genetic transformation and analysis of transgenic tobacco

[bookmark: OLE_LINK21][bookmark: OLE_LINK72][bookmark: OLE_LINK71][bookmark: _Hlk59046040][bookmark: OLE_LINK43]Transgenic-resistant seedlings of tobacco were grown and transplanted according to the study of Qin et al. (2015a). Only one seedling was planted in each tub, which contained 5 g of active organic fertilizer (soybean cake), and an equivalent amount of organic fertilizer was applied at the 6th to 8th leaf stage of plant development. Gus (β-glucuronidase) histochemical staining was used to identify kanamycin-resistant plants. We used the DNA extraction kit (Tiangen, China) (Zeng et al. 2016) to extract the genomic DNA from Gus-positive plants as per the instructions given in the kit. A pair of primers was designed to validate the amplification using the method described by Dong et al. (2017) and EuCHIT2 replaced with EuCHIT1. The PCR was performed with Premix Taq (Takara, Dalian, China) using 20 ng of DNA as a template to generate a product of 1,387 bp fragment. The PCR was performed under the following conditions: 98℃, 10 s, 55℃, 30 s, 72℃, 1 min, and 30 cycles, 4℃. The transgenic lines overexpressing EuCHIT1 and identified by PCR were preserved for further analysis.

Analysis of chitinase activity

The seedings of T1 generation transgenic tobacco lines identified as positive by Gus staining and PCR were cultured at 25°C on a 16 h light/8 h dark cycle to the 6th to 8th leaf stage. The chitinase activity was determined using the method described by Zeng et al. (2016) with leaf tips of seedlings at similar growth stages. The chitinase activity of tobacco seedlings from wild type and transgenic lines was determined without inoculation and after 6 h, 12 h, 24 h, and 72 h inoculation with B. cineria. Tobacco leaves (100 mg) were homogenized and centrifuged. Next, the supernatant was used to prepare the crude enzyme (Mauch et al. 1984). Colloidal chitin was prepared according to the method described by Shimahara et al. (1988) as a reaction substrate. The release of 1 µg of N-acetylglucosamine (SIGMA-Aldrich, China) in 1 h (measured by the change in absorption at 540 nm) was defined as one unit of chitinase activity.

Analysis of anti-fungal activity of EuCHIT1

[bookmark: OLE_LINK15][bookmark: OLE_LINK13]We use BL21 (DE3) cells to express the pMCSG-EuCHIT1 fusion expression vector. Next, the cells were induced with 1 mM IPTG (isopropyl β-D-thiogalactoside) and cultured at 16℃ at 120 rpm. The cells were broken by ultrasonic waves on ice, and the fusion protein was purified using a Ni column; 100 mM imidazole was used to wash the fusion protein followed by measuring the antifungal activity.
[bookmark: OLE_LINK38][bookmark: OLE_LINK36][bookmark: OLE_LINK73][bookmark: OLE_LINK74][bookmark: OLE_LINK75][bookmark: OLE_LINK76]Potato dextrose agar (PDA, 9 mL) containing streptomycin (Shanghai Bioway Technology Co. Ltd.) to 10 cm diameter in a petri dish. Next, agar mycelium plugs of 6 mm diameter were inoculated in a petri dish until the diameter was approximately 5 cm. Afterward, 6 mm diameter of filter paper saturated with the protein solution, 1% carbendazim as the positive control, and 100 mM imidazole (Yeasen Biotech Co. Ltd.) as the negative control, 26 ℃ inversion darkness, every 24 h observation records.
The root tissue of the 6th to 8th leaf stage was removed to extract the total protein of transgenic tobacco and wild type tobacco to inhibit the experiment. Next, 1 mL of extract protein was added to 9 mL of the PDA medium in the 10 cm petri dish. Subsequently, 6 mm diameter agar mycelium plugs were inoculated in a petri dish at 26℃ in dark in an inverted position. The measurements were recorded every 24 h.

Analysis of disease resistance

[bookmark: _Hlk58258413]Leaf pieces were inoculated with B. cinerea (HM2) to evaluate the resistance of transgenic tobacco to a fungal pathogen. Three lines, EuCHIT1-31, EuCHIT1-37, EuCHIT1-151 of the sterile T1 transgenic tobacco seedlings (Gus- and PCR-positive), and wild-type tobacco seedlings were cultivated at 25°C with a 16 h light/8 h dark cycle until the 6th to 8th leaf stage. Nine similar leaves 5 to 6 cm long were picked from each row of tobacco. Botrytis cinerea (HM2) was incubated on PDA for 10 days at 25℃. Actively mycelial plugs, 3 mm in diameter, were cut from the colony margins containing actively growing hyphae were used to inoculate the detached tobacco leaves. The leaves were inoculated into 90 mm Petri dishes containing 10 g·L-1 agar medium and a single leaf piece per dish (Miclot et al. 2012). Inoculated leaves were maintained at 25°C with a 16 h light/8 h dark cycle (Doukhanina et al. 2006; Sun et al. 2014). The disease progression was measured by studying symptom formation and was noted each day after inoculation.
[bookmark: OLE_LINK41][bookmark: OLE_LINK39]To analyze the activities of catalase (CAT), peroxidase (POD), and the content of malondialdehyde (MDA) and the expression of genes PR-1a and COI1, tobacco plants were inoculated with two 6 mm diameter agar mycelium plugs, which were at 6th to 8th leaf stage. Inoculations were performed with agar plugs as controls.

Determination of physicochemical indicators

[bookmark: OLE_LINK40]The activities of CAT and POD and the content of MDA were assayed separately as per the manufacturer’s instructions and using the kit obtained from Suzhou Comin Biotechnology Company and the method described by Pan et al. (2016). The leaves were collected from both transgenic and wild-type tobacco before inoculation and at 6 h, 12 h, 24 h, and 72 h after inoculation with the pathogen. The collected leaves were preserved at –80°C until they were used in subsequent experiments (Qin et al. 2015a).

[bookmark: OLE_LINK59]Analysis of gene expression

Next, the expression of COI1 and PR-1a genes was analyzed. The sequence of tobacco gene COI1 was identified from the National Center of Biotechnology Information (NCBI) and using real-time PCR primers. The real-time PCR primers for β-actin (the internal control) and PR-1a genes were used as mentioned in the literature by Qin et al. (2015b) (Table 1). The total RNA was extracted from transgenic and wild-type plants before and after inoculation with the pathogen at 6 h, 12 h, 24 h, and 72 h. They were subsequently reversed transcribed into the cDNA using the reverse transcription M-MLV (RNase H-) (Takara, China). The reagents, methods, and conditions used in the amplification and RT-PCR were based on the method described by Dong et al. (2017).

Results

Cloning and characterization of EuCHIT1
[bookmark: OLE_LINK11][bookmark: OLE_LINK37][bookmark: OLE_LINK14][bookmark: OLE_LINK12][bookmark: OLE_LINK34][bookmark: OLE_LINK33]A partial chitinase sequence of 186 bp was found using the annotation transcriptome database of E. ulmoides. The complete cDNA sequence of this specific gene was obtained with RACE technology and cloned using PCR amplification. The length of this cDNA sequence was 1,402 bp, which was composed of a 969 bp ORF, a 137 bp 5′-UTR, and a 296 bp 3′-UTR. The GC content of the ORF was 51.1%. This cDNA sequence was named EuCHIT1 and deposited in GenBank (Fig. S1). The new chitinase gene, EuCHIT1, encoded a predicted protein of 322 amino acids with molecular weight and PI of 35.21 kDa and 7.10, respectively. It corresponded to a stable, transmembrane protein that belonged to the chitinase glycol hydroxy 19 family. Alignment analysis with the NCBI conserved domain database (CDD) indicated that this polypeptide contained catalytic residues and a putative sugar-binding site. Multiple sequence alignment of EuCHIT1 with chitinase from diverse organisms revealed highly conserved signature domains. Seven residues were well-conserved and consisted of the catalytic residues at 127 (K), 149 (E), 180 (P) positions, and sugar-binding residues at 185 (Y), 186 (N), 262 (Y), and 271 (S) loci (Fig. 1). Furthermore, this sequence was analyzed using the program available at http://www.ebi.ac.uk and http://smart.embl-heidelberg.de. Each program indicated that EuCHIT1 was a typical plant chitinase.

Sequence and phylogenetic analyses

[bookmark: OLE_LINK69]The EuCHIT1 nucleotide sequence was analyzed by BLASTn and indicated 77 to 81% similarity of the chitinase gene sequence with other organisms in the NCBI database. The EuCHIT1-encoded amino acid sequence was analyzed by BLASTp revealing 70 to 84% identity with other plant chitinases. EuCHIT1 had high sequence similarity with other plant chitinases (80%–84%). Phylogenetic analysis of the deduced amino acid sequence of EuCHIT1 and those of other CHITs from diverse organisms, including plants, bacteria, fungi, and insects, indicated that EuCHIT1 belonged to the plant chitinase group and had high homology with Ricinus communis chitinase. All chitinases originated from the same ancestor, and EuCHIT1 shared a common evolutionary origin with other plant chitinases as revealed by the phylogenetic analysis (Fig. 2). 

Verification of vectors and transgenic plants

The plant overexpression vector pSH-35S-EuCHIT1 was constructed; it included a reporter gene Gus and a selection gene Kan. A 1,006 bp fragment was amplified from the vector using EuCHIT1-specific primers. The sequencing demonstrated that this fragment contained the complete CDS of EuCHIT1 (Figs. 3A, C, and D). A 1,387 bp fragment (containing 448 bp partial 35S promoter fragment and 939 bp partial fragment of EuCHIT1) was present in the A. tumefaciens vector (Fig. 3B). Transgenic tobacco plants were generated using this EuCHIT1 overexpression vector, and transformation was confirmed by Gus staining and PCR amplification (Fig. 4). In total, 53 transgenic lines were regenerated.

Chitinase activity in transgenic tobacco

The chitinase activity in the wildtype tobacco was 1,270 U·g-1 as compared to 2 to 4 fold less activity in the transgenic lines EuCHIT1-31 (4,011 U·g-1), EuCHIT1-37 (2,703 U·g-1), and EuCHIT1-151 (2,413 U·g-1) (Fig. 5A). Moreover, the chitinase activity in both wild-type and transgenic tobacco plants was measured after they were inoculated with B. cinerea (Fig. 5B). Six h after the inoculation, the chitinase activity was significantly elevated in both wild-type and transgenic plants as compared with controls. At 6 h, the chitinase activity in the transgenic plants was 2,808 U·g-1, which was significantly higher (P < 0.05) than 2,302 U·g-1 measured in the wildtype. However, because transgenic plants had higher chitinase activity before inoculation, the enzymatic increment in transgenic tobacco plants was less than that in the wild-type plants. The enzyme activity in wild-type tobacco increased 1.9 times, whereas that in transgenic lines only increased by 1.2 times (Fig. 5B).

[bookmark: OLE_LINK31]Effect of EuCHIT1 on fungal resistance
[bookmark: OLE_LINK42][bookmark: OLE_LINK35][bookmark: OLE_LINK77][bookmark: OLE_LINK78]
The final concentrations of 5 mg·mL-1, 10 mg·mL-1, 15 mg·mL-1, and 20 mg·mL-1 protein extracted from transgenic tobacco and wildtype were used to examine the resistance against F. oxysporum. The results demonstrated that the growth of F. oxysporum was inhibited when the concentration of tobacco protein was increased. The colony diameters of F. oxyporum were 5.77 cm, 4.93 cm, 2.73 cm, and 2.1 cm in transgenic plants at 5 mg·mL-1, 10 mg·mL-1, 15 mg·mL-1, and 20 mg·mL-1, respectively, whereas the colony diameters were 6.57 cm, 5.30 cm, 3.9 cm, and 3.17 cm in the wildtype, respectively (Fig. 6). However, only when protein concentration was 15 mg/mL, the bacteriophage colony of the transgenic plant (2.73 cm) was significantly smaller than that in the wildtype (3.9 cm), suggesting that overexpressing EuCHIT1 in transgenic tobacco increased the resistance against F. oxysporum in the certain range.
[bookmark: OLE_LINK56][bookmark: OLE_LINK57]The 110 mg·mL-1 concentration exerted a significant difference in inhibiting F. oxysporum growth (Fig. 7) as demonstrated by cotton blue staining. transgenic tobacco extract processing to the heavy commitments of the hyphae has beaded change in the transgenic tobacco extract protein, wild type tobacco also changes a little bead in wild type tobacco extract protein and the hyphae was normal in the negative medium. The mycelial state of F. oxysporum was observed under the inhibition of transgenic tobacco protein. The microscopic image demonstrated that when EuCHIT1 overexpression tobacco protein (total protein concentration at 110 mg·mL-1) was applied, the growth of fungal hyphae was severely inhibited and appeared as a chain bead. This result indicated that under EuCHIT1 inhibition, the cell wall of fungal hyphae was greatly damaged, consistent with the function of chitinases. This finding proved that this novel gene identified from E. ulmoides encoded a chitinase protein.
[bookmark: OLE_LINK65][bookmark: OLE_LINK64][bookmark: OLE_LINK60][bookmark: OLE_LINK62]The antifungal activity of EuCHIT1 on F. oxysporum and B. cinerea was examined in vitro using EuCHIT1-His recombinant protein, which was expressed using the prokaryotic expression system, whereas 1% carbendazim and 100 mM imidazole were used as positive and negative controls, respectively (Fig. 8). The results showed that 1 mg/mL recombinant protein could not directly inhibit fungal growth. In addition, there was a possibility that the activity of the recombinant protein may be affected by the His-tag or lack of modification when expressed in the prokaryotic system. EuCHIT1 indirectly enhanced the antifungal activity in transgenic lines.

Disease resistance assay with B. cinerea

POD, CAT, and MDA are inducible enzymes and participate in plant resistance. To determine whether EuCHIT1 transgenic plants increased plant’s defense against fungal pathogens, the activity of these enzymes and the content MDA was measured (Fig. 9). The CAT activity was 122 U·g-1 in the transgenic lines 72 h after inoculation with B. cinerea, which was significantly higher than that measured in the wildtype (50 U·g-1) simultaneously. The transfer of the EuCHIT1 gene dramatically increased the activity of CAT in tobacco leaves (Fig. 9A). However, the POD activity was 3,050 U·g-1 in transgenic lines 72 h after inoculation, which was significantly lower than that in wild-type leaves (7916.667 U·g-1) (Fig. 9B). In this study, the MDA content was 5.7 mmol·g-1 in transgenic tobacco and significantly (P < 0.05) lower than that in wild-type tobacco (9.4 mmol·g-1) before inoculation. The MDA content was 8.7 mmol·g-1 in transgenic tobacco 72 h after inoculation and was significantly lower than that in wild-type tobacco (10.5 mmol·g-1) (Fig. 9C).
The development of symptoms after inoculation with B. cinerea was observed each day. Small, pinpoint lesions appeared after 2 days on both wild and transgenic tobacco leaves, which enlarged over time. The diameters of the lesion were measured after 4 days and reflected the severity of the disease (Fig. 10). Mean lesion diameters in wild type (2.6 cm) and three transgenic tobacco lines (EuCHIT1-31: 1.2 cm, EuCHIT-37: 1.8 cm, EuCHIT-151: 1.7 cm) were significantly smaller on transgenic plants as compared with wild-type plants (Fig. 10). Overexpressed EuCHIT1 in tobacco increased the resistance to B. cinerea in transgenic plants.

Synergistic effects of EuCHIT1 on B. cinerea resistance-related gene expression

[bookmark: OLE_LINK55]The relative expression of PR-1a and COI1 involved in EuCHIT1-mediated resistance signaling pathways was analyzed (Fig. 11). The relative expression of COI1 in three transgenic lines was approximately twice as high as that in the wild-type lines before inoculation (Fig. 11A). In wild-type tobacco plants, the expression of the COI1 gene increased in the first 12 h and decreased thereafter. The mean expression increased 4.1 times 12 h after inoculation. However, in the transgenic tobacco, the COI1 gene activity was significantly reduced after inoculation, and the relative expression were only 0.5, 0.3, and 0.5, respectively, in the three transgenic lines after 12 h inoculation. Therefore, tobacco transformed with EuCHIT1 induced the expression of COI1 gene before B. cinerea inoculation; however, it inhibited its expression after inoculation with the pathogen. The relative expression of PR-1a averaged about 3.6 times higher in three transgenic lines than in wildtype before inoculation. The PR-1a gene expression was the maximum in the 6 h samples of wild-type tobacco and 72 h transgenic tobacco after inoculation with B. cinerea. The maximum expression of PR-1a gene in transgenic tobacco was 33.8 times higher than that in wild-type tobacco (Fig. 11). EuCHIT1 gene transformed into tobacco induced the resistance to B. cinerea by stimulating the expression of PR-1a.

Discussion

Chitinases produced by higher plants are encoded by a family of genes. Moreover, they share high sequence similarity (Brunner et al. 1998). Chitinases degrade the chitin found in the cell walls of true fungi into N-acetyl-D-glucosamine (Van Loon 1989) and its activity rapidly increases when the plant is attacked by pathogens (Mauch et al. 1984; Legrand et al. 1987; Broekaert and Peumans 1988; Kombrink et al. 1988). Since the past 3 years, chitinase genes have been transferred into the target plants to create new resistant germplasms. In this regard, several plant chitinase genes have been cloned and used to generate antifungal transgenic plants (Kovács et al. 2013). Eucommia ulmoides is a traditional Chinese medicinal plant, recorded in The Classic of Herbal Medicine that has proven antibacterial properties. A study in our laboratory showed that the total protein isolated from E. ulmoides was effective against B. cinerea (Liu et al. 2008a).
In this study, we used RACE technology to successfully clone and characterize the full-length EuCHIT1 gene from E. ulmoides. The deduced amino acid sequence included the conserved catalytic residues and a sugar-binding site, belonging to the chitinase glycol hydroxy 19 family. Multiple sequence alignment of EuCHIT1 with chitinases from various species demonstrated that the position of catalytic residues and the sugar-binding residue was conserved well. In nature, chitinases are widely distributed in animals, plants, bacteria, and fungi. According to our phylogenetic analysis, EuCHIT1 shares the evolutionary origin with other plant chitinases. Therefore, EuCHIT1 is a typical chitinase and is likely to encode an active protein with biological functions.
[bookmark: OLE_LINK5][bookmark: OLE_LINK63]Chitinase is considered a crucial pathogenesis-related protein in plants. Studies have reported that a transgenic plant with chitinase expression enhanced the resistance to rice blast (Zeng et al. 2016), black leaf streak disease (Kovács et al. 2013), and B. cinerea (de Cáceres González et al. 2015). Botrytis cinerea commonly infects the seedlings of tobacco. In this study, although the first chitinase gene was cloned from E. ulmoides, its protein activity could not be studied in E. ulmoides transgenic plants that are difficult to generate. Therefore, we studied the function of this gene using a rapid and effective method of transformation of tobacco. Compared with the wild-type tobacco, the chitinase activity and resistance to B. cinerea increased in the transgenic tobacco. Chitinase activity was significantly higher in transgenic plants as compared with wild-type tobacco before inoculation. However, the difference in the enzyme activity between transgenic and wild-type tobacco plants decreased significantly, and this difference disappeared after 12 h. Twelve h after infection with B. cinerae, the transgenic tobacco resisted the fungus by not only chitinase. Chitinases are known to function in two ways in response to fungal infection. First, chitinases digest the fungal cell wall, and second, they release pathogen-borne elicitors to induce defense immune responses (Jach et al. 1995; Lorito et al. 1998). Moreover, POD and CAT play crucial roles in the active oxygen scavenging system during the response to biotic and abiotic stressors (Chamnongpol et al. 1998). For instance, compared with wild type tobacco, the CAT activity was significantly higher in transgene tobacco after inoculation. The expression of EuCHIT1 in tobacco increased with CAT expression to mitigate the damage of B. cinerea. Malondialdehyde (MDA) concentration is used to evaluate plant defensive ability. It can be used as a proxy indicator for the extent of oxidative damage caused to the cell membranes (Draper and Hadley 1990; Marnett 2002). The MDA content was lower than that in the wildtype plants before and after inoculation, and confirmed that the CAT expression reduced the damaging effects of B. cinerea. 
The overexpression of two chitinases from the mycoparasitic fungus T. harziaum in tobacco significantly increased the expression of PR-1a (de las Mercedes Dana et al. 2006). PR-1a is the key gene involved in the pathway of SA (salicylic acid)-dependent systemic acquired resistance or SARs (Uknes et al. 1993). In our study, PR-1a expression was assayed before plant and pathogen interaction and results similar to those of the study by de las Dana were obtained. However, B. cinerea normally evokes plant resistance signaling through JA (jasmonic acid)-dependent induced systemic resistance (ISR), but not SARs (Thomma et al. 1998). In this study, the expression of the key gene COI1 (Feys et al. 1994; Xie et al. 1998) of ISR was measured. Before inoculation, the expression of COI1 gene was significantly higher in transgenic tobacco than in the wildtype, indicating that the overexpression of EuCHIT1 increased the expression of COI1 gene in pathogen challenged, healthy plants. However, after inoculation with the pathogen, the expression of COI1 was significantly suppressed in transgenic tobacco. Therefore, the overexpression of EuCHIT1 in tobacco plants affected the ISR pathway.
This study presents a new chitinase gene, which was cloned from E. ulmoides. The overexpression of this gene increased the chitinase and CAT activities in tobacco and increased the resistance to B. cinerea. In addition, the overexpression of EuCHIT1 affected the expression of PR-1a and COI1, which are key genes involved in SAR and ISR pathways.

Conclusion
The EuCHIT1  gene was transformed into tobacco, which improved the resistance of tobacco to Botrytis cinerea. Furthermore, the total protein significantly inhibited the mycelial growth of Fusarium oxysporum. The possible mechanism could be that this gene enhanced the chitinase activity and the expression of pathogenesis-related proteins in tobacco. Prokaryotic expression proteins had no inhibitory effect on fungal growth, which may be related to the lack of modification in the prokaryotic system.
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Fig. 1: Alignment of deduced amino acid sequence of EuCHIT1 with others CHITs from diverse organisms. Beta vulgaris (gi:1168935), Chenopodium (gi:2570162), Fragaria ananassa (gi:6002766), Picea glauca(gi:7435352), Fragaria ananassa (gi:11528439), Arabidopsis thaliana (gi:15224321), Arabidopsis thaliana (gi:15228911) Phytophthora infestans (23394444), Citrus jambhiri (gi:234964476), and Hordeum vulgare (2BAA). #Indicates acid residues in the sugar-binding residues and catalytic residues.
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Fig. 2: Phylogenetic analysis of deduced amino acid sequence of EuCHIT1 with others organisms including plants, bacteria, fungi, and insects. Chitinase shares a common evolutionary origin with other plant chitinases, indicating that EuCHIT1 belongs to the plant Chitinase group and has a high homology with the chitinase of Acacia koa and Ricinus communis. Alignments were performed with MEGA5.2.2 software.
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Fig. 3: Identification of vectors and Agrobacterium strains. (A) M, DL2000 DNA marker. PCR amplification of pSH-35S-EuCHIT1 and P1, P2 plasmid vector. N, negative control. (B) M DL2000 DNA maker; N, negative control; P, positive control. AGR1~AGR3 kanamycin-resistance positive strains. (C) and (D) Exact sequence results. 
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Fig. 4: Transformation of tobacco and identity of transgenic tobacco plants. (A), (B),(C), (D), and (E) The transformation process of tobacco leaves. (F) Histochemical staining by Gus for transgenic tobacco (blue, positive staining; no color or white, wild type tobacco negative staining). (G) M: DL2000 DNA marker, PCR amplification for Gus-positive transgenic tobacco line. N wild type tobacco, p plasmid pSH-35S-EuCHIT1.
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Fig. 5: Chitinase activities of basal condition and infection with B. Cinerea in wildtype and transgenic tobacco plants. (A) Chitinase activities of basal condition tobacco lines (Wt-wildtype and T1 EuCHIT1 transgenic lines EuCHIT1-31, EuCHIT1-37, and EuCHIT1-151).(B) Chitinase activities of wildtype and T1 EuCHIT1 transgenic lines before and 6 h, 12 h, 24 h, and 72 h after inoculation with B. cinerea. Error bars represent standard deviation, *Represents significant differences at P <0.05 and **indicates significant differences at P < 0.01.
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[bookmark: OLE_LINK48][bookmark: OLE_LINK49]Fig. 6: In vitro antifungal activity of EuCHIT1. The fungal diameter formed after 6 days inoculated with Fusarium oxysporum. Wt-wild type and T1 EuCHIT1 transgenic lines EuCHIT1-31, EuCHIT1-37, and EuCHIT1-151. Error bars represent standard deviation, *indicates significant differences at P < 0.05;**indicates significant differences at P < 0.01.
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Fig. 7: In vitro antifungal activity of EuCHIT1. A. Crude leaf extracts (110 mg/mL) from EuCHIT1 transgenic tobacco treatment on day 6.  B. Crude leaf extracts (110 mg/mL ) from EuCHIT1 transgenic tobacco treatment on day 3 showing the change of mycelium.
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[bookmark: OLE_LINK58][bookmark: OLE_LINK53][bookmark: OLE_LINK54][bookmark: OLE_LINK88][bookmark: OLE_LINK89]Fig. 8: In vitro antifungal activity of EuCHIT1 of E. coli. (1) Recombinant protein (1 mg/mL) (2) 1% carbendazim (3) 100 mM imidazole. (A–E) The inhibitory effect of recombinant protein to Fusarium oxysporum. (F–J) The inhibitory effect of recombinant protein to Botrytis cinerea.
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Fig. 9: Measurement of physiological and biochemical characteristics before and after inoculation with B. cinerea in tobacco plants. (A) Measurement of CAT activity. (B) Measurement of POD activity.(C) Measurement of MDA content. Wt-wildtype, Tp-transgenic plant. Error bars represent standard deviations. *Represents significant differences at P < 0.05 and **indicates significant differences at P < 0.01
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Fig. 10: Disease development on Nicotiana tabacum cv. Xanthin inoculated with B. cinerea. Necrotic lesions on the leaves of wild-type tobacco and T1 EuCHIT1 transgenic lines, EuCHIT1- 31, EuCHIT1-37, and EuCHIT1-151. (A) One day after inoculation. (B) Two days after inoculation. (C) Three days after inoculation. (D) Four days after inoculation, Bar = 1 cm. 
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Fig. 11: The relative expression of resistance-related genes in basal condition tobacco plants and Botrytis-inoculated tobacco plants. (A) Relative expression of COI1. (B) Relative expression of PR-1a. Wt-wildtype and T1 EuCHIT1 transgenic lines EuCHIT1-31, EuCHIT1-37, and EuCHIT1-151 were three different  transgenic lines. Error bars represent standard deviations. **Indicates significant differences at P < 0.01.
 
Table 1: Primers used in the full-length cloning of EuCHIT1 and expression analysis

	Use in study
	Gene
	Sequence (5’-3’)

	RACE
	EuCHIT1-GSP1
	CCTGGATTCGGTACCACTATGAATGTCC

	
	EuCHIT1-GSP2
	GCTTGGGTTGAAAGGAAGCTGCTCG

	ORF
	EuCHIT1-BamHI-F 
	CGGGATCCCGATGGCGAAGACTAGTAGAAACGCAC

	
	EuCHIT1-EcoRI-R
	CGGAATTCCGTATGGAACCCATAAATCTCAGGAAG

	Verification
	pSH-35s-F
	TCGTCAACATGGTGGAGCACGAC

	
	T-EuCHIT1-R
	GCTTGGGTTGAAAGGAAGCTGCTCG

	Internal control
	Actin
	TGGTTAAGGCTGGATTTGCT

	
	
	TGCATCCTTTGACCCATAC

	Expression analysis
	PR-1a
	ACAGCTCGTGCAGATGTAGGT

	
	
	GCTAGGTTTTCGCCGTATTG

	
	COI1
	GTTGTAGCCAGTGAGGGAAATA

	
	
	TTGCCCAGCAAGAGAATAGTAG
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Fig. S1: Electrophoresis of PCR product. 1, EuCHIT1-3’RACE (512 bp) 2, EuCHIT1-5’ RACE (1076 bp) 3, PCR product of ORF EuCHIT1 (1006 bp) M, DNA Marker 2000.
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Fig. S2: Linear schematic representation of T-DNA regions of the binary overexpression vector. pSH-35S-EuCHIT1. (A) Structure map of the T-DNA region of vector pSH-35S for plant transformation including 35S::GUS::NPT II cassette and another harbored 35S::MCS.NPT II was a selective maker in E. coli, Agrobacterium, and plants. GUS was a selective maker of transformants. (B) Structural map of the T-DNA region of vector pSH-35S-EuCHIT1, cDNA of EuCHIT1 was inserted between 35S promoter and NOS terminator for overexpression. RB, right border; LB, left border; 35S, cauliflower mosaic virus (CaMV) 35S promoter; NOS, nopaline synthase terminator; Gus, β-glucuronidase; NPT II, neomycin phosphotransferase; MCS, multiple cloning site.
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