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Abstract

:

Purpureocillium lilacinum has been widely used as a commercial biocontrol agent for the control of plant parasitic nematodes. Whole genome analysis promotes the identification of functional genes and the exploration of their molecular mechanisms. The Cyclophilin (CYP) gene family belongs to the immunophillin superfamily, and has a conserved cyclophilin-like domain (CLD). CYPs are widely identified in prokaryotes and eukaryotes, and can be divided into single- and multi-domain proteins. In the present study, 10 CYP genes possessing the CLD, named PlCYP1–P10, were identified from the genome of P. lilacinum strain 36-1. Those 10 PlCYPs were predicted to have different cellular localizations in P. lilacinum. Phylogenetic and gene structure analysis revealed the evolutionary differentiation of CYPs between Ascomycotina and Saccharomycotina fungi, but conservation within the Ascomycotina fungi. Motif and gene structure distributions further support the result of phylogenetic analysis. Each PlCYP gene had a specific expression pattern in different development stages of P. lilacinum and its parasitism stage on eggs of Meloidogyne incognita. In addition, the 10 PlCYP genes exhibited different expression abundances in response to abiotic stresses, among which PlCYP4 was highly expressed at a high temperature (35 °C), while PlCYP6 was up-regulated under 5 mM of H2O2 stress. Furthermore, the heterologous expression of PlCYP4 and PlCYP6 in Escherichia coli enhanced the cellular tolerance against a high temperature and H2O2. In summary, our study indicates the potential functions of PlCYPs in virulence and the stress response, and also provides a frame for further analysis of the CYP gene family in Ascomycotina fungi.
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1. Introduction


Plant parasitic nematodes infect almost all cultivated plants worldwide and cause huge economic losses of up to $157 billion per year [1]. It is difficult to discover nematode disease in fields owing to the small size of nematodes and the inconspicuous symptoms of infected plants [2]. The control of plant parasitic nematodes mainly depends on the application of nematicides, including carbofuran, ethoprophos, and aldicarb, while these pesticides have gradually been forbidden due to their adverse effects on the environment and human health. Therefore, biological control has become an alternative environment-friendly strategy for disease control. The nematophagous fungus, Purpureocillium lilacinum, is one of the most extensively tested fungi for controlling plant parasitic nematodes [3]. A number of studies have shown that P. lilacinum has a highly negative effect on the reproduction of nematodes. The application of P. lilacinum could effectively control second-stage juveniles, eggs, or egg masses of root-knot nematodes in pot experiments [4]. The combination of Syncephalastrum racemosum and P. linacinum can significantly decrease galls and nematodes in soil [5]. By soil application of P. lilacinum, the control efficacy against Meloidogyne javanica and Globodera pallida can reach above 70% [6]. So far, P. lilacinum has been registered as a biocontrol agent to control nematodes [7].



Genomes of four P. lilacinum strains have been sequenced [8,9,10]. According to the transcriptome analysis of P. lilacinum, a series of genes annotated as cyclophilins were found to display up-regulated expression when P. lilacinum infected nematodes [10]. Cyclophilins (CYPs) are a member of peptidyl prolyl cis-trans isomerases (PPIases), originally characterized as the receptor of an immunosuppressive drug cyclosporine A [11,12]. CYPs possess a highly conserved cyclophilin-like domain (CLD) and are divided into two types. One type is single-domain proteins that contain only the CLD, and the other is multi-domain proteins that harbor functional domains other than CLD, such as WD40, U-box, Leu Zipper, the RNA recognition motif (RRM), and tetratricopeptide repeats (TPRs) [13].



CYPs have been widely identified throughout prokaryotes (e.g., two in Escherichia coli) and eukaryote organisms such as fungi, nematodes, plants, animals, and humans [14,15,16,17,18,19,20,21,22,23]. CYPs play diverse roles in many cellular processes, including protein folding, cell morphogenesis, cell signaling, transcriptional regulation, RNA splicing, and the response to environmental stress [24,25,26,27,28,29,30,31]. However, the understanding of filamentous fungal CYPs and their potential functions is still preliminary. Studies of individual genes have revealed that CYPs are associated with virulence in filamentous fungi. The gene BbCypB with a signal peptide in the insect pathogenic fungus Beauveria bassiana contributes positively to virulence during the infection stage [32]. The hCYPA homologs in two plant pathogenic fungi, Magnaporthe grisea and Botrytis cinerea, were found to be closely related to pathogenicity [33,34].



The genome of P. lilacinum strain 36-1 has been sequenced [10]. In this study, we performed a genome-wide analysis of the CYP family members in P. lilacinum strain 36-1 (termed PlCYPs), and further explored the phylogenetic relationship of PlCYPs with other CYPs of Ascomycota fungi. We identified candidate PlCYPs associated with parasitism to nematodes, and also investigated the function of PlCYPs in response to abiotic stresses.




2. Results


2.1. Ten CYP Genes Were Identified in P. lilacinum


To identify CYP genes in P. lilacinum, the amino acid sequences of hCYPA (GenBank: AAI37059.1) were used to search against the P. lilacinum strain 36-1 genome and transcriptome database to obtain homologous sequences which were further confirmed by domain analysis [10]. In total, 10 non-redundant CYP genes were obtained and named PlCYP1–P10 (Table 1). To confirm the authenticity of acquired genes, the genomic DNA and cDNA of P. lilacinum 36-1 were used as templates, and they successfully amplified all of the genes (Figure 1A). The size of these 10 PlCYPs ranged from 162 to 627 amino acids, and the values of isoelectric points varied from 5.81 to 9.49 (Table 1). The prediction of subcellular localization revealed that PlCYP1, 2, 4, 6, 8, and 10 were localized in the cytoplasm. PlCYP3 and PlCYP9 targeted the endoplasmic reticulum and mitochondria, while both PlCYP5 and PlCYP7 were shown to have nuclear localization signals, and were predicted to localize in the nucleus (Table 1). AtCYP59 and SpRct1 are orthologs of PlCYP5 which localized in the nucleus and associated with transcriptional regulation [35,36]. Therefore, the localization of PlCYP5 and PlCYP7 was determined by the transient expression eGFP-tagged fusion proteins in Nicotiana benthamiana, suggesting that PlCYP5 and PlCYP7 are localized in the nucleus (Figure 2).




2.2. The PlCYPs Contain the CLD Domain with Residue Variation


The ScanProsite analysis showed that, among the 10 PlCYPs, PlCYP1, 3, 7, 8, 9 and 10 are single-domain proteins that only contain the CLD, while PlCYP2, 4, 5, and 6 possess additional domains. PlCYP2 and PlCYP6 contain a U-box and WD40 domain in the N-terminal of their sequences, while PlCYP4 has a TPR domain in the C-terminal and PlCYP5 possesses an RRM (Figure 1B).



In CYPs, CLD is the PPIase functional domain that contains many conserved residues, including H54, R55, F60, Q111, F113, W121, and H126 specific to hCYPA [37]. To obtain more sequence details, alignment of the CLD region was performed and the hCYPA, which represents the typical CYP, was used as the reference. The result indicated that sequences encoding the secondary structures of CLD in each PlCYP were conserved (Figure 1C). However, the residues for PPIase activity and cyclosporin A binding were partially mutated in PlCYPs such as PlCYP5 and PlCYP7 (Figure 1C, triangle). In addition, PlCYP4, 5, 7, 8, and 10 contained extra short sequences that hCYPA lacks, for which four gaps were shown by multiple alignment analysis (Figure 1C, blue box).




2.3. Phylogenetic Analysis Showed Evolutionary Divergence of CYPs between Ascomycotina and Saccharomycotina Fungi


To explore the evolutionary relationship within fungal CYPs, besides that of CYPs in P. lilacinum, sequences of 94 CYPs from different fungal species belonging to the Ascomycota phylum (Ascomycotina and Saccharomycotina) were collected, and used to construct a phylogenetic tree. As observed in Figure S1, the phylogenetic tree was divided into 10 groups (group A to J) based on sequence homology, and the PlCYPs were distributed in different groups. Eight pairs of CYPs from B. bassiana and P. lilacinum were clustered together, including PlCYP2/BbCYP8, PlCYP3/BbCYPB, PlCYP4/BbCYPD, PlCYP6/BbCYPE, PlCYP7/BbCYP9, PlCYP8/BbCYP3, PlCYP9/BbCYPA, and PlCYP10/BbCYPH. In addition, only groups G, H, and I had CYPs of Saccharomycotina fungi, but their CYPs were separated into the Ascomycotina fungal CYPs in these groups, which formed two independent branches (groups G1/G2, H1/H2 and I1/I2).



To further understand the clustering manner, all labels were tinted with different background colors, representing different predicted cellular localizations. It showed that the CYPs of the same predicted cellular localization tend to cluster together. Proteins predicted to target the mitochondria were distributed in group H, and groups A and B only contained CYPs that were predicted to localize in the nucleus (Figure S1). Moreover, the multi-domain CYPs with similar domain architectures were also clustered together, including groups B, E, F, and I (Figure S1).




2.4. The CYPs in Ascomycotina Fungi Display a More Complex Motif and Gene Structure Distribution than the CYPs in Saccharomycotina


The MEME program was employed to analyze the conserved and potential motifs of all selected fungal CYPs. Twenty motifs were identified, and their distribution was displayed corresponding to the phylogenetic tree (Figure S2A). This showed that the CYPs in the same group have similar motifs (Figure S2B). The sequences of motifs were then annotated (Table S1), showing that six motifs (motif 1, 2, 3, 4, 5, and 7) are part of the CLD and existed in all groups except for group B, which lacks motifs 2 and 5 (Figure S2B). Moreover, some motifs exclusively appeared in a certain group of proteins. For example, only members of group B possess motif 6 (Figure S2B), motifs 9, 10, 12, 16, and 20 are only presented in group F, and motifs 14 and 15 only exist in group I (Figure S2B).



The gene structure analysis showed that intron numbers in coding sequences of the 10 PlCYPs vary from 0 to 5. Similar to the motifs, the exon-intron distribution was diverse in different groups (Figure S2C). Additionally, the intron numbers are different for members in the same group. Proteins in group B had intron numbers that range from 0 to 3, whereas, groups G, H, and I which contain both Ascomycotina and Saccharomycotina fungal CYPs exhibited more complex intron numbers and lengths (Figure S2C). Nevertheless, CYPs clustered into pairs display similar distributions, such as PlCYP5/GzCYP8, PlCYP8/BbCYP3, and PlCYP3/BbCYPB.




2.5. The PlCYP6 Gene Has Two Transcripts


Among the 10 PlCYPs, PlCYP6, whose coding product possesses the CLD and WD40 domain, has the longest length (Figure 1B). The comparison of the transcriptome and genome indicated that PlCYP6 has two transcripts. To confirm this result, specific primers were used for amplification and sequencing, and two transcripts were obtained, transcript-a (T-a) and transcript-b (T-b) (Figure 3B). Thus, PlCYP6 has two introns within its coding region, and the second intron can either be spliced or not. In the case of T-a, the second intron is retained, and the translation process will end at the termination codon TAA, which is located in the second intron, otherwise, if the second intron is spliced, the translation process will end at the termination codon TAG (Figure 3A).




2.6. PlCYPs Exhibit Different Expression Patterns in Different Fungal Morphologies and at the Egg Parasitic Stage


To overview the roles and activities of PICYPs across fungal developments, their expression levels were assessed using the real-time RT-PCR analyses of total RNAs prepared from conidia, germinating conidia, blastospores, vegetative hyphae, and aerial hyphae of P. lilacinum strain 36-1 (Figure 4A). The quantitative results showed that the 10 PlCYPs were ubiquitously expressed in all samples (Figure 4B). Compared with un-germinated conidia, all PlCYPs except PlCYP7 were significantly up-regulated after 8 h of germination, and two genes, PlCYP5 and PlCYP6, had significantly higher expressions in blastospores than in conidia (Figure 4B). In addition, compared with the hyphae in the vegetative growth stage, the expression levels of PlCYPs in aerial hyphae were almost the same, with only the expressions of PlCYP4 and PlCYP9 being significantly decreased (Figure 4B).



Considering that P. lilacinum is an egg-parasite fungus, the eggs of the nematode were inoculated with fungal conidia of P. lilacinum, and relative expressions of PlCYPs were investigated at different times after inoculation (hpi), with 0 hpi being used as the control. The results showed that the expressions of all 10 PlCYPs increased after the inoculation of eggs. Many genes, such as PlCYP3, 6, 8, and 9, exhibited significant expression at later stages of inoculation (Figure 5). In particular, PlCYP5 was significantly up-regulated at all time points with the highest expression at 6 hpi (Figure 5).




2.7. The Expression of PlCYP4 and PlCYP6 Were Induced under High Temperature and H2O2 Stresses


The mycelia were grown on solid medium for long-term stress and stimulated in liquid media for short-term stress. The expression levels of PlCYPs were analyzed by comparing similarities and differences between long-term and short-term stress response tests (Figure S3). As shown in Figure 6, there are differences between the two results. All PlCYPs were down-regulated when P. lilacinum grew on the plates containing 1 M NaCl and 1.2 M sorbitol, whereas PlCYP2, 5, and 6 were positively induced during the short-term response period (Figure 6). Nevertheless, two genes showed consistency in their expression levels. PlCYP6 showed the most active response to H2O2 both in the long-term and short-term assays, and the PlCYP4 maintained the highest expression in both assays after high temperature treatment (Figure 6).




2.8. Heterologous Expressions of PlCYP4 and PlCYP6 in E. coli Enhance Tolerance towards Abiotic Stresses


The expression results suggest that PlCYP4 and PlCYP6 have higher expressions in response to high temperature and the presence of H2O2, respectively (Figure 6). Therefore, heterologous expressions of PlCYPs in E. coli were determined based on the growth of E. coli on Luria-Bertani (LB) solid media supplemented with different abiotic stresses to detect whether PlCYP4 and PlCYP6 are involved in abiotic stress tolerance (Figure S4). Due to PlCYP6 having alternative splicing, heterologous expressions of transcripts T-a and T-b were both tested. The E. coli cultured on LB basal plates was used as the control, showing that the growth of recombinants and the wild type strain was similar (Figure S5). On the LB plate supplemented with 1 mM H2O2, both transcripts T-a and T-b of the PlCYP6 recombinants grew, but the control and PlCYP4 recombinant were unable to grow (Figure S5). On LB plates containing 600 mM NaCl, 800 mM sorbitol, or LB medium for which the pH was adjusted to 10, tolerance was not displayed by any of the recombinants (Figure S5).



In order to quantify the growth rate, the liquid culture method was adopted under the conditions of H2O2 and a high temperature. The liquid cultures were diluted to appropriate concentrations and spread on LB media to count the colony numbers. As expected, in liquid culture containing H2O2, the growth of E. coli recombinants expressed T-a and T-b better than in the wild type control (Figure 7A). In addition, after being treated at 70 °C for 20 min, the colonies of the PlCYP4 recombinant were significantly more numerous than with the control (Figure 7B).





3. Discussion


P. lilacinum has a high efficiency in terms of parasitizing nematode eggs and is beneficial for plant growth, making it an effective biocontrol agent for controlling plant parasitic nematodes. However, there are obstacles in the large-scale application of this fungal agent, such as the difficulty in maintaining its activity and its adaption to unfavorable environments, which lead to a short shelf life and unstable field biocontrol effect. Understanding the molecular mechanisms of nematode parasitism and adaption to adversity will promote the application of this fungus in plant protection. The current study revealed the composition of members of the Cyclophilin gene family in P. lilacinum by profiling their expression patterns during development and nematode egg infection and analyzing their potential functions. These results provide a framework for future studies and the use of CYPs in P. lilacinum.



In the present study, 10 PlCYPs were identified through a genome-wide analysis. Within the fungi analyzed in this study, the Ascomycotina fungi were shown to have approximately 10 CYP proteins, whereas Saccharomycotina such as C. albicans, C. glabrata, and S. cerevisiae have 6, 6, and 8 CYPs, respectively, supporting that Saccharomycotina has a lower number of CYPs than Ascomycotina [38]. In addition, previous research showed that prokaryotes generally have less CYPs than eukaryotes [14].



Phylogenetic analysis of 10 PlCYPs in P. lilacinum with 84 CYPs identified in nine Ascomycota fungi, and generated a tree that was artificially divided into 10 groups. The phylogenetic tree did not show a close relationship within the 10 PlCYPs, which were distributed into separated groups with no paralog. This is probably associated with the functional diversity of the PlCYPs. In addition, three groups G, H, and I were found to possess all of the analyzed species, while the CYPs of Ascomycotina and Saccharomycotina fungi were clearly separated into two branches, suggesting evolutionary divergence between the two kinds of fungi. Motif and gene structure analysis is an effective tool that can be employed to understand sequence signatures in plant research [39,40,41]. The motif distributions and gene structures of fungal CYPs associated with the phylogenetic tree were exhibited. We found that fungal CYPs in the same group had similar motif arrangements, and six motifs (motifs 1–5 and 7) were annotated as having the conserved CLD, similar to the CYPs in plants. In particular, members in group B, such as PlCYP5 were found to lack motifs 2 and 5, suggesting that proteins in this group may possess a degenerated CLD with a weak catalytic capacity. Overall, the motifs and gene structure analyses provided additional evidence to support the phylogenetic relationship.



The cyclophilin-like domains in the PlCYPs sequences were highly conserved, which is consistent with the previous description [42]. However, the PlCYPs varied widely in terms of sequence length, isoelectric point, and subcellular localization, providing another piece of evidence for functional diversity of PlCYPs. In the PPIase superfamily, the CYP family is the only one that has members which localize in the mitochondria [42]. However, the subcellular localization of PlCYPs did not show a close relationship with the phylogenetic analysis. For instance, both PlCYP5 and PlCYP7 were predicted to localize in the nucleus, but PlCYP5 has an RRM domain and was classified into group B, and PlCYP7 which does not harbor an RRM domain and was placed into group A. This indicates that PlCYPs in the same cellular place play different roles, supporting a previous observation that it is insufficient to regard localization as the sole criteria for classification of CYPs [21].



The expression profiles of PlCYPs in different fungal morphologies, during the process of egg parasitism and under abiotic stresses, indicated that the 10 PlCYPs appear to have a wide range of diverse roles within the cell. Previous studies have demonstrated that plant CYPs have tissue-specific expression [23]. In our results, PlCYPs showed a ubiquitous expression abundance at different stages of fungal development, which is different from plant CYPs. In addition, we measured the expressions of PlCYPs at different time points after egg inoculation, and the results confirmed the transcriptome data (Figure S6), demonstrating that the expressions of all PlCYPs were up-regulated to varying degrees. PlCYP5 was significantly expressed at 0.5 hpi, suggesting PlCYP5 might have a similar function as its orthologs AtCYP59 and SpRct1 (Table S2) that are involved in transcriptional regulation [35,36]. The expression of PlCYP3 was increased significantly after 3 hpi, suggesting that PlCYP3 may assist in the eggshell invasion of hyphae. In addition, other genes, such as PlCYP2, 6, 8, and 9, showed significant expression levels at later stages of inoculation, indicating their potential roles in egg parasitism.



It has been shown that CYP proteins play crucial roles in abiotic stress tolerance [22,23]. For PlCYPs, the long- and short-term responses to abiotic stresses were measured. There were differences between the two results, suggesting different mechanisms of response. The expression of PlCYP5 increased during short-term responses to stresses but decreased in long-term responses, implying that it may be involved in early-stage regulation of genes related to the stress response. Nevertheless, PlCYP4 exhibited a higher expression level in both the short- and long-term responses to high temperature. Similarly, PlCYP6 had a higher expression level in both short- and long-term response to H2O2. This indicates that PlCYP4 and PlCYP6 may be related to high temperature and H2O2 stress tolerance. In addition, the related functions of PlCYP4 and PlCYP6 were further proved by the heterologous expression assay. This study indicates the potential functions of PlCYPs in pathogenicity and the abiotic stress responses, and also provides a frame for further analysis of the CYP gene family in Ascomycotina fungi. However, the accurate functions of PlCYPs in P. lilacinum need to be explored in the future.




4. Materials and Methods


4.1. Fungal Strains and Growth Condition


The fungus P. lilacinum strain 36-1 was isolated from the egg surface of Meloidogyne incognita from field soil from Hubei Province in China. Strain 36-1 was cultured on a potato dextrose agar (PDA) plate at 28 °C for normal culture and on Czapek-Dox medium (CZM) at 28 °C for phenotypic determination. It was stored at 4 °C.




4.2. Identification and Classification of CYP Genes in P. lilacinum Strain 36-1


To identify CYP genes in the genome of P. lilacinum strain 36-1, a local BLASTP search was performed using the amino acid sequences of hCYPA (GenBank: AAI37059.1). The generated sequences were searched again for other PlCYPs until no new sequence appeared. ScanProsite (https://prosite.expasy.org/) and the Conserved Domain Database (CDD) were used to ensure that the candidate PlCYPs harbored a cyclophilin-like domain (CLD). The genome of the P. lilacinum strain PLFJ-1 (Accession: LSBI00000000) was regarded as another database for validation, using the same searching procedure.



The coding sequences of PlCYPs were obtained by comparing the genomic and transcriptome databases [10]. The molecular weight (kD) and isoelectric point (pI) of each protein were predicted by Expasy programs using amino acid sequences (http://www.expasy.org/tools/). The WoLF PSORT II program (https://www.genscript.com/wolf-psort.html) was used for the prediction of subcellular localizations of PlCYPs.




4.3. Protein Alignment and Phylogenetic Analysis


The full-length coding sequences of PlCYPs were aligned by the ClusterW program with default parameters. To show the residual variation of CLD, sequences of the CLD were singled out for alignment in the same manner. For phylogenetic analysis, amino acid sequences of the fungal CYPs were downloaded from National Center for Biotechnology Information (NCBI, Rockville Pike, Bethesda MD, USA) by accession number (Table S3), and the sequences were aligned using the MUSCLE program of MEGA 6.0 with default settings. MEGA 6.0 software (http://www.megasoftware.net/) was employed to construct the phylogenetic tree using the neighbor-joining (NJ) method with 1000 bootstrap replicates. The tree was exported into the Interactive Tree of Life (http://itol.embl.de) for further annotation.




4.4. Motifs and Gene Structure Analyses


The MEME (http://meme-suite.org/tools/meme) was used to analyze conserved and potential motifs with the parameter settings: any number of repetitions, a minimum motif width of 6, a maximum motif width of 200, and a maximum number of motifs of 20. Subsequently, the created motifs were annotated by the Pfam (http://pfam.xfam.org/). Exon-intron organization was predicted using Gene Structure Display Server 2.0 (GSDS 2.0) (http://gsds.cbi.pku.edu.cn/) by comparing the coding sequences with corresponding DNA sequences.




4.5. Transient Expression of Tobacco


The open reading frames of PlCYP5 and PlCYP7 were cloned into the vector pEGAD to generate the vectors pEGAD::PlCYP5 and PEGAD::PlCYP7 [43]. The recombinant vectors were transferred into Agrobacterium tumefaciens GV3101 by electroporation. The cultured A. tumefaciens cells (OD600 = 0.4) were infiltrated into the leaves of Nicotiana benthamiana which were grown in the greenhouse for four weeks at 26 °C under a 16 h light/8 h dark cycle. The same process using the empty vector pEGAD was used as a control. Subcellular localizations of the fused proteins were visualized using fluorescence microscopy at 48 h after infiltration.




4.6. Sample Treatments for qRT-PCR


Different fungal morphological samples were collected from P. lilacinum strain 36-1, including conidia, germinating conidia, blastospores, vegetative mycelia, and aerial mycelia. Briefly, the conidia were washed from P. lilacinum strain 36-1 that had been cultured on PDA for three weeks. For germination, the conidia were standardized to 1 × 107 conidia per milliliter and added to liquid CZM with a dilution ratio of 1:100 for shaking culture, and the samples were then collected at 4 and 8 h post inoculation (hpi). To produce blastospores, we conducted the study based on previously reported methods for B. bassiana with modifications; namely, potato dextrose broth (PDB) was used instead of Sabouraud’s medium [44]. Vegetative and aerial mycelia were separated and collected from the fungus that was cultured for one week on PDA. All collected samples were immediately used for RNA extraction.



Mycelia-infecting nematode eggs were collected by a previously described method [10]. Specifically, M. incongnita egg-masses were isolated from tomato roots and suspended in sterile distilled water after being sterilized with 0.5% (v/v) NaClO. The conidia of P. lilacinum strain 36-1 were pre-cultured in liquid minimal media for 24 h and washed by sterile water. Then, the pre-cultured conidia were mixed with M. incongnita eggs. Mycelia were collected at 0, 0.5, 1, 3, 6, and 12 hpi by filtering.



In the abiotic stress treatment assay, the conidia were standardized to 1 × 105 conidia per mL, and 50 μL of conidia was spread on CZM supplemented with 1 M NaCl, 1.2 M sorbitol, 5 mM H2O2, or 0.15 mg/mL Congo red, and the pH was adjusted to 10. Strain 36-1 cultured on normal CZM was regarded as the control. The mycelia of the strain 36-1 were collected at 3 dpi. To test the expressions of PlCYPs under different temperatures, the P. lilacinum 36-1 strains were cultured on normal CZM for three days, and were then were cultured at 4 or 35 °C for 1 h.



A liquid assay was also performed to detect the short-term expressions of PlCYPs under the same abiotic stress conditions. The conidia were inoculated in 150 mL liquid CZM and shock culture for two days. After filtration, the collected mycelia were immediately transferred to the fresh liquid CZM containing the same abiotic stresses for further shaking culture. The mycelia were collected at 15, 30, 45, and 60 min. All of the above-mentioned assays were performed with three biological replicates.




4.7. RNA Extraction and qRT-PCR


Total RNA was isolated with TRIzol reagent (InvitrogenTM, Carlsbad, CA, USA) according to the manufacturer’s protocols. The total RNA was treated with the DNA-free™ DNA Removal Kit (InvitrogenTM, Carlsbad, CA, USA), and was then used to generate the first strand of cDNA with the RevertAid First Strand cDNA Synthesis Kit (Thermo Scientific, Rockford, IL, USA). Primers used for qRT-PCR are listed in Table S4. The amplification efficiencies were individually verified and are shown in Figure S7. Gene expression abundance was analyzed by qRT-PCR using the Bio-Rad CFX96 Real Time System and SsoFastTM EvaGreen Supermix (Bio-Rad, Hercules, CA, USA). The fold changes of gene expression were calculated versus the control by the 2−△△Ct method (Table S5), which was applied to draw a heat map using the pheatmap function in R. β-actin and tubulin were used as endogenous reference genes [9,10].




4.8. Phenotypic Assay of PlCYP4 and PlCYP6 in E. coli


Heterologous expressions of PlCYP4 and PlCYP6 in E. coli were carried out to detect whether these genes enhance the tolerance of E. coli to abiotic stress. The pET-28a(+) plasmid was used as the original vector and the full-length CDS fragments of selected PlCYP genes were inserted between restriction sites BamH I and EcoR I to generate recombinant expression vectors. Rosetta (DE3) cells containing the recombinant vectors or an empty vector were grown in 10 mL of Luria-Bertani (LB) medium with 50 μg/mL kanamycin until the OD600 was about 0.6. A final concentration of 0.5 mmol/L β-d-thiogalactopyranoside (IPTG) was then added into the medium and E. coli cells were continually shaken at 16 °C and 150 rpm for 18 h. Finally, all samples were adjusted to OD600 = 1.0 and then further diluted to 10−1, 10−2, and 10−3. In total, 2 μL of each dilution was spotted on LB plates containing 600 mM NaCl, 800 mM sorbitol or 1 mM H2O2, and LB (pH 10).



Overnight, the transformants were grown overnight in LB liquid medium containing 50 μg/mL kanamycin, and then all samples were diluted to OD600 = 0.1. In total, a 10 μL aliquot of solution was added into 10 mL of LB liquid medium that contained 0.5 mM IPTG and 1 mM H2O2. This was shaken at 37 °C and 180 rpm for 12 h. The strains cultured in LB without H2O2 were used as controls. In addition, partial cultures of the control group were treated at 70 °C for 20 min. The above-mentioned assays were performed with three replicates.




4.9. Statistical Analysis


Data quantified from the qRT-PCR of three biological replicates were subjected to two-way ANOVA analysis, followed by Bonferroni’s post-test for data comparison. A p-value of less than 0.01 was deemed to represent a significant difference.
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Figure 1. Members of the cyclophilin family in P. lilacinum (PlCYPs). (A) PCR amplification to detect PlCYP genes. Lane M is the DNA molecular weight marker, the numbers “1–10” in lanes 2–21 indicate genes PlCYP1–P10. The letter “D” indicates DNA as a template, and the letter “C” indicates cDNA as a template. “1D” indicates the use of the genomic DNA of P. lilacinum as a template to amplify the PlCYP1 gene. (B) Domains of PlCYPs are shown in proportion to the length of sequences. The single-domain PlCYPs are shown on the left side and the multi-domain PlCYPs are shown on the right side. (C) Multiple alignment of the conserved P. lilacinum cyclophilin-like domain (CLD) with the human CYPA (hCYPA). The secondary structures are displayed above the sequences. β indicates the β fold, and α indicates the α helix. Residues are shaded by different colors according to the conserved percent: cyan indicates 100%; reddish orange means 80%; and yellow indicates 60%. Solid and hollow triangles denote residues predicted to have peptidyl prolyl cis-trans isomerases (PPIase) activity and a cyclosporin A binding site. The blue boxes represent the gaps between PlCYPs and hCYPA. 
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Figure 2. Subcellular localizations of PlCYP5 and PlCYP7 in Nicotiana benthamiana. Agrobacterium tumefaciens was used to transiently express eGFP::PlCYP5 or eGFP::PlCYP7 fusion proteins in the leaves of N. benthamiana, and transient expression of eGFP was used as the control. Subcellular localizations of the fused proteins were visualized using fluorescence microscopy at 48 h after infiltration, and 4’, 6-diamidino-2-phenylindole was used to stain the nucleus of epidermal cells before microscopic observation. The arrows indicate proteins localized in the nucleus. 
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Figure 3. Alternative splicing of the PlCYP6 gene in P. lilacinum. (A) Diagram of the alternative splicing process, generating two transcripts (T-a and T-b). (B) PCR amplification of the two transcripts with specific primers using the cDNA of strain 36-1 as a template. 
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Figure 4. Expression levels of PlCYPs in different fungal morphologies. (A) Microscopic images of P. lilacinum at different growth stages. “C” indicates conidia, “G4” indicates conidia germinated for 4 h, “G8” indicates conidia germinated for 8 h, “B” indicates blastospores, “VH” indicates vegetative hyphae, and “AH” indicates aerial hyphae. Scale = 5 μm. (B) Relative expression levels of PlCYPs in conidia germination for 4 h, germination for 8 h and blastospores versus conidia, and relative expression levels in aerial hyphae versus vegetative hyphae. The β-actin and tubulin genes were used as internal controls to normalize the data. The error bar represents the standard deviation (SD) of three replicates. * denotes p < 0.01 in the variance analysis. 
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Figure 5. Expression levels of PlCYPs at the Meloidogyne incongnita parasitic egg stage. Relative expression levels of PlCYPs at 0.5, 1, 3, 6, and 12 h post inoculation (hpi) versus the control with no eggs. The β-actin and tubulin genes were used as internal controls to normalize the data. The error bar represents the SD of three replicates. * denotes p < 0.01 in the variance analysis. 
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Figure 6. Expression of PlCYPs under different abiotic stresses. (A) Relative expression of PlCYPs on solid Czapek-Dox medium (CZM) media under different abiotic stresses, including 1 M NaCl, 1.2 M sorbitol, 5 mM H2O2, 0.15 mg/mL Congo red, alkaline stress (pH 10), and temperature stress (35 and 4 °C). (B) Relative expressions of PlCYPs in liquid CZM media under the above-mentioned abiotic stresses. The fold changes of gene expressions were calculated versus the control by the 2−△△Ct method, and the logarithm (log 2) of those values was applied to generate the heat map. 
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Figure 7. Assay of PlCYPs’ response to different abiotic stresses. (A) Growth analysis of E. coli cells containing an empty vector (pET-28a) and recombinant vectors (pET-PlCYP4 and pET-PlCYP6) was carried on Luria-Bertani (LB) liquid medium with two treatments (supplemented with 1 mM H2O2 and 70 °C for 20 min). The treated cultures were diluted to a suitable concentration and then spread onto the LB plate to count the number of living bacteria. (B) Statistical analysis of the bacterial colonies. The error bar represents the SD of three replicates. * denotes p < 0.01. 
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Table 1. Characteristics of the Cyclophilin (CYP) gene family in Purpureocillium lilacinum strain 36-1.
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Gene Name

	
Orthologs in Strain PLFJ-1

	
ORF (bp)

	
Deduced Polypeptide

	
Predicted Subcellular Localization




	
Amino Acid (aa)

	
Molecular Weight (kDa)

	
Isoelectric Point






	
PlCYP1

	
XP_018182827.1

	
489

	
162

	
17.4

	
6.06

	
Cytoplasm




	
PlCYP2

	
XP_018178542.1

	
1764

	
587

	
64.0

	
8.49

	
Cytoplasm




	
PlCYP3

	
XP_018176208.1

	
627

	
208

	
22.8

	
7.89

	
Endoplasmic reticulum




	
PlCYP4

	
XP_018179002.1

	
1119

	
372

	
40.3

	
5.81

	
Cytoplasm




	
PlCYP5

	
XP_018178952.1

	
1437

	
478

	
54.8

	
5.93

	
Nucleus




	
PlCYP6

	
XP_018179645.1

	
1884

	
627

	
70.2

	
6.49

	
Cytoplasm




	
PlCYP7

	
XP_018177409.1

	
1623

	
540

	
60.2

	
5.98

	
Nucleus




	
PlCYP8

	
XP_018177405.1

	
507

	
168

	
18.1

	
7.01

	
Cytoplasm




	
PlCYP9

	
XP_018174420.1

	
684

	
227

	
24.6

	
9.49

	
Mitochondria




	
PlCYP10

	
XP_018175923.1

	
549

	
182

	
19.8

	
6.29

	
Cytoplasm
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