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Abstract:



Host plant protease inhibitors offer resistance to proteases from invading pathogens. Trypsin inhibitors (TIs), in particular, serve as protective agents against insect and pathogen attacks. In this study, we designed a pair of degenerate primers based on highly conserved motifs at the N- and C-termini of the TI from tartary buckwheat (Fagopyrum tataricum; Ft) to clone the central portion. Genomic walking was performed to isolate the 5′ and 3′ flanking regions of FtTI. We demonstrated the successful PCR amplification of a 644 bp portion of FtTI. The full-length DNA of FtTI contains a complete open reading frame of 264 bp, encoding 87 amino acids with a mass of approximately 9.5 kDa. The FtTI protein sequence was 49% identical and 67% similar to potato protease inhibitors. Site-directed mutagenesis identified the residues, Asp67 and Arg68, as crucial for the inhibitory activity of the FtTI. Recombinant and mutant FtTI inhibited both the hyphal growth and spore germination of Alternaria solani. The calculated 50% inhibitory concentrations of FtTI ranged from 5–100 μg mL−1 for spore germination and 1–50 μg mL−1 for fungal growth. Thus, recombinant FtTI may function in host resistance against a variety of fungal plant pathogens.
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1. Introduction


Fungal pathogens have a major influence on agricultural crop yields and are a very serious threat to global food security. Traditional measures of disease control rely heavily on chemical methods which have allowed farmers to overcome many common plant diseases [1]. Early blight of tomato caused by Alternaria solani is an important fungal disease worldwide. The most used and effective control method is the application of synthetic chemical fungicides. However, they are generally used in excess, causing environmental contamination and human health problems, and can even lead to the emergence of pathogen-resistant strains [2]. Therefore, alternative products, such as natural products from plant extracts, should be developed to reduce the dependence on synthetic chemical fungicides. Exposure to severe environments and evolution have allowed plants to develop efficient protective mechanisms against phytopathogens. Among these, plant proteins exhibiting toxic or antimetabolic activities toward pathogens are of great interest. The roles played by antifungal proteins in plant defense have been well studied [1]. These proteins, such as protease inhibitors, can provide an obstacle during the early stages of infection. Protease inhibitors are also considered protective proteins because they suppress the activity of proteolytic enzymes of both pathogenic microorganisms and herbivorous pests that try to penetrate the host plant tissues [3]. There is growing interest in the use of plant protease inhibitors for the protection of agricultural crops, owing to their low toxicity to mammals and low persistence in the environment. Protease inhibitors that suppress the activity of specific proteases are present in animals, plants, and microorganisms [4,5]. The best studied are the serine protease inhibitors. These have been found in many plant species in which they participate in the defense against phytophagous insects and microorganisms. Plant protease inhibitors have been isolated and characterized from Leguminosae, Solanaceae, Gramineae, and Cruciferae [6,7,8]. In their defense against natural enemies, plants have formed a variety of protease inhibitors, the best-characterized being members of four different families: the Kunitz-type (18–22 kDa), the Bowman–Birk (8–10 kDa), the Kazal (6–8 kDa), and potato protease inhibitor I (10–14 kDa) [9]. In these four families, the reactive P1 residue is always an arginine or lysine [9,10]. The active sites of plant protease inhibitors result from their capacities to form stable complexes with microbial secreted proteases; these complexes then block, alter, or prevent access to the microbial proteolytic enzymes’ active sites.



To clone an unknown target gene, it is often necessary to perform a multiple sequence alignment that includes the amino acid sequence of the known protein. Successful cloning usually relies on the identification of clear blocks of conserved regions in multiple global alignments [11]. Therefore, the alignment quality must be high. However, in many cases, degenerate primers designed using multiple sequence alignments are unsuccessful, owing to the poor conservation among the amino acid sequences being studied. To overcome this problem, Boyce et al. suggested a method of designing degenerate primers that can be used for sequencing without well-conserved blocks in multiple sequence alignments [12]. The technique is based on multiple sequence alignments using the consensus degenerate hybrid oligonucleotide primers (CODEHOPs) to identify conserved regions that are long enough to serve as primers [12,13]. The 3′-degenerative structure of consensus degenerate hybrid oligonucleotide primers allows a wide PCR specificity for remotely relevant goal gene templates, while the 5′-consensus clamp permits the strong amplification from PCR product templates during the later PCR amplification cycles. The CODEHOP method has been applied to characterize novel genes and distinguish unknown plant protease inhibitors. It has been particularly useful for remotely relevant targets and with a finite template in complicated mixtures. Three rounds of successive PCR amplifications by locus-specific and walker primers and their corresponding nested primers can effectively amplify flanking DNA fragments [14]. Only the correct degenerate primers are designed to ensure that a certain percentage of primers can be paired with the template correctly [15]. Simultaneous high-throughput three-step PCR-based genome walking, followed by direct sequencing of PCR-amplified fragments with specific nested sequencing primers may enable the development of new research strategies for gap closure in genome-assembly projects [16]. The rapid PCR-based DNA walking can be performed with any plant genomic DNA to walk directionally from any sequence-tagged site. It is a rapid and reliable way of randomly introducing unique walker primer-binding sites into different regions of the genome by annealing long synthetic oligonucleotides with partial degeneracy at the 3′ or 5′ end, for proper annealing and then extending with DNA polymerase.



Buckwheat is divided into two major species with agricultural significance, common (Fagopyrum esculentum Moench) and tartary (Fagopyrum tataricum Gaertn) buckwheat [17]. Tartary buckwheat is widely cultivated in the southwestern mountains of China and grows mainly on the Yunnan–Guizhou Plateau (altitude range: 2100–3400 m above sea level). Common buckwheat protease inhibitors have remarkable functions and anti-inflammatory, anti-leukemia, anticancer, anti-bollworm, and anti-plant fungal disease effects [18,19,20,21,22,23]. However, there are relatively few studies on tartary buckwheat protease inhibitors. In recent years, we have isolated and purified a trypsin inhibitor (TI) of tartary buckwheat (FtTI) in vitro [24], and have cloned and expressed the corresponding gene in Pichia pastoris [25]. However, we do not know the structure of the promoter sequence or if it has an intron sequence. Moreover, the expression level of FtTI in P. pastoris is relatively low; therefore, we wished to clone FtTI and express it in Escherichia coli for tomato fungal defense. The protease inhibitor active site’s amino acid residues play critical roles in their inhibitory functions, and if a mutation occurs in the site, it loses nearly 100% of its inhibitory activity. An arginine or lysine residue must be present in the P1 subsite for trypsin inhibition [10]. To reveal the molecular mechanism associated with the inhibitory effect of FtTI toward animal proteases and proteases present in plant-pathogenic microorganisms, the nucleotide sequences of 86 protein residues and three mutants of FtTI were artificially synthesized by PCR amplification and independently expressed by fusion in E. coli DE3. The recombinant protein was purified by one-step affinity chromatography and its activity against plant-pathogenic fungi was evaluated.




2. Materials and Methods


2.1. Experimental Materials


The Genome Walking Kit, restriction endonucleases, TaKaRa Mutant BEST Kit and T4 DNA ligase were purchased from TaKaRa (Shiga, Japan). E. coli DH5a obtained from Novagen was used for cloning and nucleotide sequencing. E. coli BL21 and vector pET-32a were obtained from Invitrogen. The T-A cloning vector pMD19-T was obtained from TaKaRa, and was used to construct recombinant plasmids for subcloning and sequencing.




2.2. Cloning of the FtTI Gene


2.2.1. Nucleic Acid Preparation


DNA and RNA were isolated from tartary buckwheat using the MiniBEST Universal Genomic DNA Extraction Kit and the RNAiso plus Total RNA Extraction Kit (TaKaRa), respectively, unless otherwise stated. DNA and RNA concentration and purity were determined by measuring optical density at 260 and 280 nm using a spectrophotometer (SHIMADZU Uvmini-1240, Kyoto, Japan). RNase and DNase were added during the extraction procedure for DNA and RNA, respectively, and negative controls were run with each. First-strand cDNA was synthesized using Reverse Transcriptase M-MLV (TaKaRa) and oligo (dT) priming on DNase-treated RNA.




2.2.2. cDNA Cloning of the Central Fragment of FtTI


Degenerate PCR primers (Table 1) were designed to amplify an internal fragment of FtTI based on the conserved regions of several protein sequences of known protease inhibitors obtained from the NCBI Protein Sequence Database. Multiple alignments of amino acid sequences were performed with CLUSTAL-W2 software, and highly conserved amino acid motifs were compared.


Table 1. Primers used in this study.





	Primer Name
	Primer Sequence (5′→3′)
	Purpose





	CAAP1
	TGG CCN GAR CTN GTT GGA
	Conservative area DNA



	CAAP2
	RAC NCA YAC NCG GTC ACA
	Conservative area DNA



	SP1
	TCA CAA CGA AAG TCG AAA GTG C
	5′ Genome walking



	SP2
	GGT GGC TAG AGT GGT TAA AGG AGG
	5′ Genome walking



	SP3
	CTT CCC TTT GGT TCC AAC AAG C
	5′ Genome walking



	SP4
	ACC CGG TCA CAA CGA AAG TC
	3′ Genome walking



	SP5
	CAC AAC GAA AGT CGA AAG GTC
	3′ Genome walking



	SP6
	GTG CGG CAG GTG GCT AGA GT
	3′ Genome walking



	Fusion expression P1
	CCG GAA TTC CAT GTT AAT TTA CGC TAA AGT T
	Fusion expression of gene



	Fusion expression P2
	GAA TGC GGC CGC ACC GAC GGT TGG GGT
	Fusion expression of gene



	SMP1
	CGT TGT GAC CTG GTG CGT GTT TTA A
	Site mutation, R68L



	SMP2
	AAA GTG CGG CAG GTG GCT AGA GTG G
	Site mutation, R68L



	SMP3
	CTT TCG TTG TGT CCG GGT GCG TGT T
	Site mutation, D67V



	SMP4
	TCG AAA GTG CGG CAG GTG GCT AGA G
	Site mutation, D67V



	SMP5
	CTT TCG TTG TGT CCT GGT GCG TGT T
	Site mutation, D67V, R68L



	SMP6
	TCG AAA GTG CGG CAG GTG GCT AGA G
	Site mutation, D67V, R68L










2.2.3. Genome Walking


The 5′ and 3′ flanking regions of FtTI were isolated with the Genome Walking Kit (TaKaRa) according to the manufacturer’s instructions. Primary and nested PCRs were performed with forward primers complementary to the adaptor sequence (adaptor primers (AP) 1, 2, and 3 provided with the kit), and FtTI gene-specific primers (GSPs) 1, 2, and 3, corresponding to residues 20–43, 67–90, and 110–133, respectively, which were designed based on the cDNA-cloned central fragment of FtTI.





2.3. Site-Directed Mutagenesis


Site-directed mutagenesis and sequence assays were carried out as described previously [26,27,28]. FtTI genes with point mutations were independently introduced into the cloning vector pMD19-T by PCR. The forward and reverse oligonucleotide primers (Table 1) were complementary to the opposite strands of the vector and contained the desired mutations in the middle of the primers. Extensions with these primers generated mutated plasmids at the relevant sites. Each PCR had a total volume of 50 μL, containing 5.0 μL of 10× Pyrobest Buffer II, 4.0 μL of 2.5 mM dNTP mixture, 1.0 μL of each primer (20 μM), 0.25 μL of Pyrobest DNA polymerase and 0.5 ng of pMD19-FtTI plasmid DNA. Sterilized distilled water was added to 50 μL. The reaction scheme was as follows: one cycle of initial denaturation (95 °C for 4 min), 30 cycles of amplification with a lower annealing temperature (94 °C for 30 s, 56 °C for 45 s, and 72 °C for 5 min), and cooling to 4 °C. The PCR products were subjected to a blunting reaction, in which the PCR had a total volume of 50 μL, containing 1 pmol DNA fragment, 2 μL of 10× Blunting Kination Buffer, 1 μL Blunting Kination Enzyme Mix and up to 20 μL ddH2O. The PCR program was as follows: 37 °C for 10 min and then 70 °C for 10 min. Approximately 0.25 mmol (5 μL) of this solution was added to a microcentrifuge tube in which the ligation reaction was carried out. Ligation Solution I (5 μL) was added and mixed well. The reaction solution was completely transformed into 100 μL competent cells. The reaction was carried out for 1 h at 16 °C. All constructs were confirmed by direct DNA sequencing.




2.4. Expression of FtTI and FtTI Mutants in E. coli


No start and stop codon regions of FtTI and the FtTI mutants, which were independently inserted into the E. coli expression vector pET32a (Novagen), were amplified by PCR. The pET-32 series was designed for the cloning and high-level expression of peptide sequences fused with the 109 amino acid Trx·Tag™ thioredoxin protein. The expression vectors were independently introduced into E. coli BL21 Star (DE 3) cells, and gene expression was induced by the addition of 0.5 mM isopropyl β-d-1-thiogalactopyranoside when the culture reached an optical density of 0.65 at 600 nm. After induction and growth overnight at 30 °C, the cells expressing FtTI and its mutants were centrifuged at 4000× g for 15 min, and 1 mL aliquots of the spent medium were placed in individual vials for further analyses.




2.5. Affinity Purification of FtTI and FtTI Mutants


His-tagged FtTI and FtTI mutants were individually affinity-purified by nickel–agarose chromatography using a protocol described previously [9]. After elution from the nickel–agarose column, the proteins were dialyzed against 50 mM phosphate buffer pH 6.8, 500 mM NaCl, 1 M (NH4)2SO4, 2 mM dithiothreitol. To evaluate purity, dialyzed fractions of purified protein were subjected to SDS-PAGE followed by Coomassie Brilliant Blue staining [22].




2.6. Molecular Weight Determination and Western Blot Analysis


The purified recombinant protein was subjected to SDS-PAGE using a 12.5% and 4% polyacrylamide slab gel system as described by Laemmli [29], and then transferred to a polyvinylidene fluoride membrane (Millipore, Burlington, MA, USA) using 100 mM N-cyclohexyl-3-aminopropanesulfonicacid buffer, pH 11, at 100 V for 30 min [30]. After blocking with skim milk, the membrane was rinsed twice for 5 min with 25 mL Tris buffered saline–Tween (TBS–T). The blot was placed in a box containing 3 mL mouse anti-histidine for 1 h. The membrane was rinsed three times for 5 min in TBS–T and then moved to a sealed box with 3 mL goat anti-mouse alkaline phosphatase-conjugated IgG for 1 h. After incubation, the membrane was rinsed four times with 25 mL TBS–T. Then, the membrane was soaked in 25 mL alkaline phosphatase buffer for 2 min. After washing away the buffer, 5 mL color substrate solution with 50 µL 5-bromo-4-chloro-3-indolyl phosphate and 50 µL tetranitroblue tetrazolium chloride was applied. The color reaction was allowed to proceed in the dark for approximately 20 min.




2.7. Determination of Recombinant FtTI Inhibitory Activity


Trypsin inhibitory activity on bovine pancreatic and tomato early blight trypsins were determined by the method of [8]. Different concentrations of TI were incubated with 5.6 × 10−7 M trypsin (final concentration in 1.5 mL assay volume) for 15 min at 30 °C in 67 mM K/Na-phosphate buffer, pH 6.8. After 15 min incubation, 1.0 mL of 0.5 mM N-benzoyl-dl-arginine-p-nitroaniline hydrochloride was added. After incubation for another 15 min at 30 °C, the reaction was stopped by adding 200 µL of 10% acetic acid. The changes in absorbance at 410 nm were recorded at 30 °C against a blank solution containing 1.5 mL of the substrate solution in the same buffer with a Shimadzu UV mini-1240 spectrophotometer. One unit of inhibitor activity produced a 0.1 unit decrease in absorption of the solution in the trypsin activity assay. The inhibition constants (Kis) for trypsin were measured using a Dixon plot (1/V0 against inhibitor), with two different substrate concentrations, 0.01 and 0.005 mol L−1 for N-α-benzoyl-l-arginine ethyl ester hydrochloride.




2.8. Bioassay of Inhibition of Spore Germination and Hyphal Growth by Recombinant FtTI


Spore suspensions of A. solani were shaken vigorously for 2 min. A 0.1 mL aliquot of the suspension was dispensed into a microtube containing potato dextrose broth (Difco; 0.4 mL, 0.5%), and the recombinant FtTI protein was added [31]. After incubating A. solani spores for 6 h at 28 °C, germinated spores were counted using a hemocytometer and light microscope. Conidial suspensions of A. solani in potato dextrose broth were incubated in microtubes until the hyphae had an average length of 25 mm. A 0.1 mL sample of the recombinant FtTI protein was then added to the conidial suspension. Various concentrations of the recombinant FtTI protein were used. The mixture was incubated at 30 °C until the control germlings attained an average length of approximately 300 mm. The lengths of 50 individual hyphae were determined using a Nikon UFX-DX light microscope (Nikon, Tokyo, Japan). Hyphal lengths and conidial germination were determined, for each replicate, from at least ten randomly chosen germ tubes and 50 conidia, respectively.




2.9. Experimental Design and Statistical Analysis


All data are expressed as means ± standard deviations (SDs) of three replications, and an Analysis of Variance (ANOVA) (SAS Inst. Inc., Cary, NC, USA) was carried out for the statistical analysis. The values were considered significantly or highly significantly different at p < 0.05 and 0.01, respectively [32].





3. Results and Discussion


3.1. Cloning and Characterization of FtTI


PCR was used to amplify the conserved 147 bp fragment of FtTI that encoded 49 amino acids. A nucleic acid sequence alignment analysis showed no homology with the protease inhibitor genes of other higher flora and fauna, but this fragment showed a 42.8% homology with the Xenopus (Silurana) tropicalis (NM_001114247.1) interleukin gene. The 49 amino acid sequence alignment analyses showed there is a 47–59% homology with the protease inhibitor-like proteins of other higher plants. The fragment was thought to be a new protease inhibitor. Genome walking was used to propagate the full-length DNA of FtTI. The gDNA sequence of the full-length FtTI was 644 bp. A DNAStar software analysis showed an open reading frame between nt 207 and 472, encoding 87 amino acids. The 5′ untranslated region was 207 bp in length, and the upstream sequence had two control elements and was GC rich. There was a conserved TATATT box upstream of the promoter at nt −25 to −35, and the start codon (ATG) was located at nt 209–211; the initial codon region sequence ATAATGT is a typical conserved region of the plant gene, with −3 bp being A/T, and +4 being T. The stop codon (TGA) was located at nt 469–471; the stop codon to the poly (A) tail for the noncoding region, in total 176 bp, was AT rich, including a typical AATAAA hex nucleotide polyadenylation signal sequence (Figure 1). There are no introns in the FtTI full-length sequence. Therefore, the coding sequence of the FtTI gDNA can be directly expressed in prokaryotic cells. A BLAST algorithm-based sequence homology analysis in GenBank showed that the gene’s sequence was completely different from that of the plant protease inhibitor gene, and was a new gene in dicotyledonous plants. Where the inhibitor background is not understood, and no homologous sequence can be used for reference, primer design is difficult. In this study, the biggest difficulty in primer design was that the amino acids in the conserved region of the inhibitor protein sequence were mostly encoded by a highly degenerate codon, which is very unfavorable to the specificity of PCR amplification. Using the primary structure of the FiTI and the conserved amino acid sequences of protease inhibitors from common buckwheat and other plant species, WPELVG and CDRVW, with high homology levels, were found at the N- and C-termini. A partially degenerate codon was applied to clone its conserved region’s sequence, and then genome walking was used to clone the full length of the FiTI gene for the first time.


Figure 1. Nucleotide sequences of FtTI. The open reading frame, from bases 208 to 471 predicts an 87 amino acid sequence before a stop signal (Z) is encountered. The promoter sequences, CAAT and TATA, in the 5′-untranslated region are from 89 to 92 and from 172 to 175, respectively. The poly (A) signal, AATAAA, in the 3′-untranslated region is from 579 to 584.
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3.2. Expression and Purification of FtTI and FtTI Mutants


The major objective of this study was to determine whether the FtTI P1 loop is indeed the reactive site responsible for inhibiting trypsin and, in particular, whether Asp67 and Arg68 are involved in this inhibition. Three FtTI mutants of conserved active site amino acids and FtTI were independently produced in E. coli strain BL21 (DE3), an expression host designed for enhanced yields of active soluble recombinant proteins. The three mutants and recombinant FtTI were expressed in a pET-32a (+) vector, and the recombinant products, fused with His tags, were isolated, purified, and their inhibitory activity levels measured. An SDS-PAGE analysis of the expressed product showed similar molecular weights for FtTI before and after the mutations, 9.5 kDa (Figure 2). Using E. coli BL21 (DE3) cells for expression, the yields of purified proteins recovered exclusively from the intracellular soluble fraction were 256 mg (D67V), 264 mg (R68L), 248 mg (R68L/D67V), and 287 mg (recombinant FtTI) per 1 L of culture. These expression levels are very similar to those reported for other recombinant plant protease inhibitors, such as mustard, mung bean and winged bean TIs, with yields of approximately 180–200 mg per 1 L of culture [4,5,26]. E. coli BL21 (DE3) cells were induced for 5 h with isopropyl β-d-thiogalactoside.


Figure 2. SDS-PAGE (A) and Western blot analysis (B) of recombinant FtTI and its mutants. (A) Lanes 1, 2, 3, 4, and M: recombinant FtTI mutants R65L, D67V, and R65L/D67V, recombinant FtTI, and molecular mass standards, respectively; (B) Western blot analysis of the purified recombinant protein.
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3.3. Analyses of the Characteristics of Recombinant FtTI and Its Mutants


It has been reported that Asp67 and Arg68 are P1 residues of the potato protease inhibitor I family’s active site [10]. Data obtained from a multiple alignment study of FtTI with a number of other similar TIs showed that the Arg or Asp residue of FtTI remained conserved among the proteins [24]. As shown in Table 1, we selected Asp67 and Arg68 for mutation to address two questions: (i) whether the positively charged (Arg68) or negatively charged (Asp67) N-terminal residue plays a role in stabilizing the inhibitory active site; and (ii) whether the simultaneous mutation of these two amino acids will lead to a more severe decline in inhibitory activity. FtTI was mutated by site-directed mutagenesis technology, and three mutant strains, D67V, R68L, and R68L/D67V, were obtained. The recombinant and mutated FtTI peptides had no inhibitory activity against chymotrypsin. The inhibition kinetics of the mutants D67V, R68L, and R68L/D67V, as well as the recombinant FtTI peptide for bovine trypsin and chymotrypsin, were assessed by determining the equilibrium dissociation constant Kivalues using the Dixon plot. The Ki values for bovine trypsin were, respectively, 3.3 × 10−8 mol L−1, 1.9 × 10−8 mol L−1, 1.8 × 10−8 mol L−1, and 1.62 × 10−9 mol L−1 (using N-benzoyl-dl-arginine-p-nitroaniline hydrochloride as substrate; Figure 3). The variants D67V and R68L were found to have only 1–2% of the FtTI activity. This indicated that the inhibitor contains at least one reactive site where the P1 residues Asp67 and Arg68 are capable of binding one molecule of trypsin. This discovery is consistent with previous results [33]. The electron densities of the P1 residues of the reactive site matched perfectly with those of residues Asp67 and Arg68, as reported previously [4,10,32,33]. We suggest that the fully functional recombinant FtTI lost its trypsin inhibitory activity when its Asp67 or Arg68 residues were mutated. Of the P1-amino acid mutants studied, two amino acid residues in the site had essentially no trypsin inhibitory activities [10]. These had mutations at either Asp67 or Arg68, the negatively and positively charged residues, respectively, near the middle of the active site. The present work on FtTI further indicates that, even for the TI of this family, the inhibitory mechanism can also vary. Because of the presence of P1, neither residue Asp67 nor Arg68 at the reactive site of the D67V, R68L, and R68L/D67V mutants is favorable for trypsin binding; therefore, the mutants show quite weak inhibitory activity levels. The inhibitory activity of a protease inhibitor results from its ability to form a stable complex with the target protease, thereby blocking, altering, or preventing the substrate from entering the enzyme’s active site [8,34].


Figure 3. Kinetic analysis of the trypsin inhibitory activity of FtTI. Dixon plot for the determination of the dissociation constant (Ki) values of FtTI at two different concentrations of N-α-benzoyl-L-arginine ethyl ester hydrochloride. Final substrate concentrations were 0.01 M (■) and 0.005 M (▲). The reciprocals of velocity were plotted against different concentrations of FtTI.
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In summary, three FtTI mutants obtained by site-directed mutagenesis were used to investigate the structure–function relationship of the trypsin inhibitory activity. The study generated a series of results that appear to deviate from previous results related to how the P1 inhibitory active site of the potato protease inhibitor I family works and is stabilized. Most notably, our result indicated that the two amino acid residues in the FtTI P1 active site residues, Asp67 and Arg68, are critical for the inhibitory function, which conflicts with the long-held belief that only a positively charged amino acid is required. Our discovery thus suggests that trypsin inhibitory mechanisms are more complicated than previously thought, and should be the topic of renewed interest in further research on the potato protease inhibitor I family, especially its less well-known members.




3.4. In-Vitro Antifungal Activity of Recombinant FtTI


To determine whether the recombinant FtTI protein has a direct antifungal effect, it was purified from FtTI-expressing E. coli. The antifungal activity of the purified recombinant FtTI protein at various concentrations was tested against A. solani using a microtiter broth dilution assay. The purified recombinant FtTI protein completely inhibited A. solani mycelial growth at 50 μg mL−1 (Figure 4A). Fungal conidial germination was inhibited by recombinant thioredoxin–FtTI protein, but not by thioredoxin alone (Figure 4B). Treatment with 100 μg mL−1FtTI completely inhibited conidial germination (Figure 4B). At 1 μg mL−1, FtTI did not suppress A. solani spore germination. However, A. solani spore germination was strongly inhibited at 5 and 10 μg mL−1FtTI. The hyphal growth of A. solani was completely inhibited at 50 and 100 μg mL−1FtTI. These results indicate that the recombinant FtTI antifungal protein directly affects the mycelial growth and spore germination of fungal pathogens. Many plants respond to fungal attack by accumulating TI as a method of blocking fungal hyphal growth. TI production is one of the earliest cytological detectable responses to infection by fungal species. TIs also play vital roles in plant natural defenses against fungal infections. The function of FtTI in plant defense mechanisms has been extensively investigated, either in vivo using FtTI to fight plant-pathogenic microorganisms [24], or in vitro using native or recombinant FtTI to control lepidopteran pests [21,25]. In comparison with the recombinant FtTI, the inhibition of mycelial growth and spore germination by mutants D67V, R68L, and R68L/D67V decreased significantly, leading to a pronounced increase in the lengths of the mycelia and the numbers of conidia of A. solani (Figure 4). As shown by the arrows in Figure 5, compared with the control, the hyphal tips of the treatment group were deformed, the mycelial volumes were decreased, and no conidia were generated.


Figure 4. Inhibitory effects of the recombinant FtTI protein at various concentrations on the hyphal growth (A) and conidial germination (B) of A. solani. The results are expressed as relative values compared to those of untreated controls (set to 100%).
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Figure 5. In vitro hyphal morphology studies. Left, hyphal morphology of Alternaria solani in a control well. Right, hyphal morphology of A. solani in a protein-treated well. Deformations of the hyphal tips (arrows) and decreases in mycelial volume compared to the control.
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Thus, we identified a novel anti-phytopathogen gene, FtTI, which was isolated from tartary buckwheat leaves infected with A. solani. The molecular inhibitory mechanism of FtTI against plant-pathogenic fungal spore germination and mycelial growth remains unknown. On the one hand, phytopathogenic fungi need to hydrolyze proteases during the process of infection and spread to obtain nutrients. On the other, weaker protease-inhibitor interactions might result in lower concentrations of the protease-inhibitor complexes that are perceived by FtTI, thus repressing plant-pathogenic fungal protease secretion upon spore germination and mycelial growth. The elucidation of the three-dimensional structures of FtTI in complex with proteases secreted by phytopathogenic fungi will help determine whether slight changes in the vital amino acids of the FtTI active site form the basis of mutual recognition by the protease-inhibitor complex. The blockage of phytopathogenic fungal signaling pathways and molecular mechanisms by plant protease inhibitors warrants further study.





4. Conclusions


Molecular cloning, expression, and site-mutation studies enabled the characterization of a TI from tartary buckwheat. Purified recombinant FtTI exhibited strong in vitro antifungal activities against A. solani phytopathogenic fungi. A multiple sequence alignment with related inhibitors and site-directed mutagenesis indicated that the Asp67 and Arg68 residues are essential for FtTI’s inhibitory activity, as further substantiated by the mutational study of this TI.
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