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CRISPR-Cas9 is a versatile genome editing system widely used since 2013 to introduce site-specific modifications into the genomes of model and non-model species. This technology is used in various applications, from gene knock-outs, knock-ins, and over-expressions to more precise changes, such as the introduction of nucleotides at a targeted locus. CRISPR-Cas9 has been demonstrated to be easy to establish in new species and highly efficient and specific compared to previous gene editing strategies such as Zinc finger nucleases and transcription activator-like effector nucleases. Grand challenges for emerging CRISPR-Cas9 tools in filamentous fungi are developing efficient transformation methods for non-model organisms. In this paper, we have leveraged the establishment of CRISPR-Cas9 genome editing tool that relies on Cas9/sgRNA ribonucleoprotein complexes (RNPs) in the model species Trichoderma reesei and developed the first protocol to efficiently transform the non-model species, Sphaerulina musiva. This fungal pathogen constitutes a real threat to the genus Populus, a foundational bioenergy crop used for biofuel production. Herein, we highlight the general considerations to design sgRNAs and their computational validation. We also describe the use of isolated protoplasts to deliver the CRISPR-Cas9 RNP components in both species and the screening for targeted genome editing events. The development of engineering tools in S. musiva can be used for studying genes involved in diverse processes such as secondary metabolism, establishment, and pathogenicity, among many others, but also for developing genetic mitigation approaches. The approach described here provides guidance for potential development of transformation systems in other non-model spore-bearing ascomycetes.
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INTRODUCTION
Fungi are often overlooked in nature although their roles in biology, their influence on the environment and their usage across multiple sectors, including industry and medicine are undeniable (Neglecting Fungi, 2017). These organisms play essential roles in ecosystems by being the earth’s best degraders of organic matter and providing nutrients critical for plant growth (Frac et al., 2018). In addition, fungi’s greatest attributes are their ability to produce industrial enzymes and secondary metabolites, which hold prodigious potential for biotechnological and pharmaceutical applications (Keller, 2019; Shankar and Sharma, 2022). Yet, besides these beneficial functions some fungal species are known to be pathogenic and cause life-threatening diseases or significant reduction in agricultural activities and food production worldwide (Doehlemann et al., 2017; Fausto et al., 2019; Rokas, 2022). The development of tools to genetically modify these organisms is inevitable to improve the implementation of their benefits or reduce their negative impacts.
Ascomycota is the largest fungal phylum, with well over 93,000 described species, consisting of soilborne saprotrophs, opportunistic human pathogens or plant pathogens and symbionts. (Schoch et al., 2009). This phylum encompasses both yeasts and filamentous fungal morphologies. Transformation efficacy is low in filamentous fungi compared to yeasts, mainly due to their rigid cell wall, and therefore it is considered as a holdup in genetic engineering (Ruiz-Díez, 2002). Different genetic transformation systems have been developed in a variety of filamentous fungi. Physical gene editing methods such as biolistics (also known as particle bombardment), glass bead method, and electroporation have been optimized in Trichoderma harzianum, Trichoderma reesei (Te’o, et al., 2002), Blumeria graminis (Christiansen et al., 1995), Aspergillus niger (Ozeki et al., 1994), Aspergillus nidulans (Fungaro et al.,. 1995; Sánchez and Aguirre, 1996), and Fusarium oxysporum (Singh, 2012) among others. Chemical transformation systems that rely on the use of chemicals that enhance membrane permeability and DNA uptake, such as calcium chloride or lithium acetate, have been developed in A. nidulans (Tilburn et al., 1983) and Neurospora crassa (Paietta and Marzluf, 1984). Lastly, biological systems that employ the use of Agrobacterium tumefaciens for transformation have been successfully established in Aspergillus awamori (Gouka et al., 1999), Fusarium venenatum and others (Groot et al., 1998).
The utmost shift to the field of genome editing in filamentous fungi was the discovery and development of the CRISPR-Cas9 system that enables the targeted cleavage of a specific double-stranded DNA sequence by an RNA-guided endonuclease in a precise, efficient, and highly versatile mode (Mali et al., 2013). The Cas9 enzyme can be delivered into the host cell in three different forms, either DNA, mRNA, or protein, depending on the organism and the transformation approach being used, which enables good adaptability. Each approach has its own characteristics, prerequisites, benefits, and downsides (Lin et al., 2022). When introduced in DNA form, the primary advantage is that a single construct that harbors all the necessary components for editing (a Cas9 gene under constitutive expression, a selectable marker, a single-guide RNA (sgRNA) expression cassette, and a donor DNA (dDNA) sequence) can be successfully transformed into the cell. However, the use of this form is dependent on the availability of an expression system for the species of interest (Wilson and Wingfield, 2020). The RNA-based delivery of the CRISPR/Cas9 system also comes with challenges, mainly due to the instability of the RNA during the transformation process (Wilson and Wingfield, 2020). On the other hand, the ribonucleoprotein (RNP)-mediated editing has become an attractive method offering many benefits over the two other techniques. The ease of design, effectiveness, and adaptability enable the use of this approach in various biological systems, particularly in organisms without a well-established genetic manipulation system. Moreover, RNPs provide a shorter exposure time of the targeted genome to active Cas9 enzymes, which reduces the risk of off-target editing (S. Kim et al., 2014).
Another major benefit of using the CRISPR-Cas9 system is the ability to edit multiple genes simultaneously, allowing to create mutants with multiple site mutations in a single transformation (Jiang et al., 2021). The CRISPR-Cas9-DNA double strand breaks can be repaired through either the nonhomologous end joining (NHEJ), which is the main repair pathway or by homology-directed repair (HDR). The latter can be used to introduce specific sequences into the gRNA cutting site if exogenous donor DNA is provided, whereas NHEJ typically engenders short insertion/deletion (indels) or frameshift mutations at the repair junctions leading to premature stop codons within the open reading frame (ORF) of the targeted gene (H. Kim and Kim, 2014). Various versions of CRISPR/Cas9 tools have been developed in filamentous ascomycete fungi and each of these methods may be the preferred approach for a specific species. The model species T. reesei was the first filamentous ascomycete fungus in which a CRISPR/Cas9 editing tool was applied (Liu et al., 2015). Since then, this editing system has found wide applications in other ascomycete filamentous fungal genera, such as Neurospora (Matsu-ura et al., 2015), Aspergillus (Katayama et al., 2016; Abdallah et al., 2017), Penicillium (Pohl et al., 2016; Grijseels et al., 2018), and Fusarium (Gardiner and Kemal, 2018; Shi et al., 2019).
Sphaerulina musiva (formerly known as Septoria musiva), a member of the Mycosphaerellaceae family, is an ascomycete plant pathogen often encountered on Populus plantations and responsible of necrotic leaf spots and stem canker diseases on susceptible plant genotypes (Feau et al., 2010). While high quality genomic and transcriptomic data are available for this species (Tabima et al., 2020), no genome editing protocols have been developed, and hence the research to decipher the mechanisms underlying the S. musiva- Populus pathosystem has been mainly focusing on the host side (Liang et al., 2002; Dunnell and Leboldus, 2017; Abraham et al., 2019; Lenz et al., 2021; Kelsey L.). This paper describes the development of the first transformation system for S. musiva using a protein-based version of the CRISPR-Cas9 genome editing system. Herein, we target the pyrG gene encoding for Orotidine 5′-phosphate decarboxylase that confers prototrophy to uracil and uridine. This approach was developed after validation of the CRISPR/Cas9 gene editing in RNP format in the model ascomycete fungal species T. reesei. The initial exploitation of this system in a model organism using pre-validated sgRNAs is important and aims to validate the feasibility of successfully establishing an RNP version of the CRISPR-Cas9 genome editing system in filamentous fungi.
METHODS
Organisms and targeted genes
Trichoderma reesei—T. reesei strain QM6a (ATCC13631) (Li et al., 2017) was used in this study. The targeted gene is the ura5 auxotrophy gene.
Sphaerulina musiva—S. musiva isolate MN14 was used in this study to establish the CRISPR-Cas9 RNP-mediated transformation. This species was isolated from canker of an interspecific hybrid poplar (P. nigra x P. maximowiczii) tree in Minnesota, United States (Tabima et al., 2020). The gene targeted in this transformation is the pyrG encoding for Orotidine 5′-phosphate decarboxylase that confers prototrophy to uracil and uridine.
Design and computational validation of sgRNAs
Trichoderma reesei—To ensure the successful development of the CRISPR-Cas9 RNP-mediated transformation system, we tested the gRNA (5ʹ-GGA​TGC​CGA​AAT​CAT​GGC​CGt​gg-3ʹ, PAM shown in lowercase) designed and confirmed in the study by Liu et al. (2015) that targets the ura5 gene in the model fungus T. reesei.
Sphaerulina musiva—In addition to the Cas9 nuclease, the CRISPR-Cas9 gene editing requires a custom single guide RNA (sgRNA) that is made up of two parts: i) the Crispr RNA (crRNA) that comprises 20 nucleotide sequence complementary to a region in the target gene that will direct the Cas9 nuclease activity and ii) the trans-activating crRNA (tracrRNA) that serves as a binding scaffold for the Cas9 nuclease. First, we run a Blast search using the pyrG gene from A. nidulans FGSC A4 (XM_658,669.1) against the S. musiva strain SO2202 genome on NCBI. A local blastn search against the genome of strain MN14 was later performed to locate the coordinates of pyrG in the isolate of interest. For the design of the crRNA, the web tool CRISPOR (http://crispor.tefor.net/) is used. This tool lists possible crRNA sequences within a specific DNA region and provides scores such as specificity, efficiency prediction, out of frame, and off targets. To start generating crRNA sequences, copy and paste the sequence of the target gene, and select the genome of interest from their list. If the genome does not exist in the list, the GCF_/GCA_ ID from NCBI can be sent to the CRISPOR support team. Lastly, we selected a Protospacer Adjacent Motif (PAM). For our analysis, the gene of interest was the Orotidine 5′-phosphate decarboxylase encoding gene (pyrG) from Sphaerulina musiva strain MN14 and the selected PAM is -NGG specific for Streptococcus pyogenes (Sp)-derived Cas9 (SpCas9). Below are the different criteria we followed in the selection of the crRNA sequence.
⁃ It is recommended to select from the list gRNAs that target conserved coding domains of the gene of interest.
⁃ The MIT specificity score summarizes all off targets into a single number from 0–100. The higher the number, the less off-target effects are predicted. It is recommended that crRNA have an MIT specificity score >50.
⁃ The Cutting Frequency Determination (CFD) specificity score is a prediction of the interaction between the guide and the target. The values range between 0 and 100, with 0 being the weakest interaction due to mismatches between the guide and the DNA target.
⁃ The Doench efficiency score is a prediction of the efficiency of cutting and is recommended to be > 60.
⁃ The off-target mismatch counts represent the number of possible off-targets in the genome, for each number of mismatches. This is a summary of the whole-genome search for sequences similar to the guide target sequence.
⁃  The out of frame score corresponds to the probability that mutations induced by the gRNA will disrupt the open reading frame.
After selecting the crRNA sequence with the best location, high predicted activity score and low off-target scores, we used the RNAfold webserver (http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi) to ensure that the RNA molecule will fold into the correct 3D structure for binding to the Cas9 enzyme. We generated a combined sequence including the protospacer and the Cas9-specific scaffold sequence and proceed to secondary structure prediction on RNAfold. For our analysis the gRNA scaffold sequence used is: GTT​TTA​GAG​CTA​GAA​ATA​GCA​AGT​TAA​AAT​AAG​GCT​AGT​CCG​TTA​TCA​ACT​TGA​AAA​AGT​GGC​ACC​GAG​TCG​GTG​C (Liu et al., 2015).
Lastly, we evaluated the RNAfold results and chose a final crRNA candidate from those that passed the different filtering steps. In this regard, it is recommended that the crRNA and tracrRNA exhibit interactions without affecting the essential stem-loop structures of the sgRNA. The secondary structure of the sgRNA should contain three stem loops, interrupted by five ring structures. High binding probabilities should also be displayed through the entire structure, except for the protospacer region.
Preparation of sgRNA-Cas9 ribonucleoprotein complex
The designed crRNA, tracrRNA (Cat No. 1072533) and the Cas9 nuclease (Cat No. 1081059) were synthesized by Integrated DNA Technologies (IDT). First, we diluted the crRNA and tracrRNA to a final concentration of 200 µM in IDT duplex buffer (Cat No. 1072570). To prepare the sgRNA, we mixed 5 µl of 200 µM crRNA and 5 µl of 200 µM tracrRNA and completed the volume to 20 µl with IDT duplex buffer. The sgRNA mixture was later heated to 95°C for 5 min and allowed to cool down at room temperature for at least 20 min. Lastly, to assemble the Cas9/sgRNA ribonucleoprotein (RNP) complex, we mixed 6 µl of sgRNA and 8.3 µl of the Cas9 nuclease (60 µM stock) and completed the volume to 25 µl using RNase-free water.
Assessing the cleavage ability of the S. musiva sgRNA in vitro
This step is optional but recommended to test the ability of the sgRNA to cleave in vitro. First, we designed a primer set (Smusiva_pyrG F/R) that will amplify a fragment harboring the chosen sgRNA target site. Genomic DNA from S. musiva strain MN14 was extracted following the protocol from Tannous et al. (2018). The targeted DNA fragment was amplified using the designed primer set and a standard DNA polymerase following the manufacturer instructions. We later prepared the sgRNA by combing 0.5 µl of the 200 µM crRNA and 0.5 µl of the 200 µM tracrRNA from the step above into a final volume of 10 µl duplex buffer. The mixture was incubated at 95°C for 5 min, then allow it to cool at room temperature. To form the RNP complex, we combined the 10 µl of sgRNA with 1.6 µl of Cas9 (60 µM stock) and completed the volume to 100 µl with Cas9 dilution buffer (30 mM HEPES, 150 mM KCI, pH 7.5). The mixture was incubated at room temperature for 10 min for optimal formation of the RNP complex. The in vitro digestion reaction was performed by combining 1 µl of the Cas9 dilution buffer, 1 µl of the Cas9-RNP complex, 3 µl of the purified PCR product into a final volume of 10 µl with nuclease free water. The reaction was incubated at 37°C for 60 min. To release the DNA substrate from the Cas9 nuclease, we added 2 μl of Proteinase K (10 mg/mL) to the reaction, then incubated the mixture at 56°C for 10 min. Lastly, the digestion reaction and the PCR product were analyzed on a 2% agarose gel to visualize the cleaved products.
Isolation of protoplasts and PEG-mediated transformation
First, the cryo-preserved spores of T. reesei and S. musiva were activated on PDA and KV8 agar medium (180 ml V8 vegetable juice, 2 g CaCO3, 20 g agar in 1 L distilled water, pH = 7–7.2) supplemented with streptomycin (100 μg/ml), respectively. The plates were incubated for at least 5 days at 25°C. To isolate protoplasts from fungal cells, we inoculated 108 fresh spores of each of the fungal species collected using sterile water. The morphology of spores collected from both species are shown in Figures 1A, B Depending on the fungal species, the incubation time prior to protoplasting can vary. For T. reesei, 24 h growth were required to get enough fungal biomass, whereas for Sphaerulina musiva which is a slow grower species, we allowed 72 h of growth prior to protoplasting. To harvest the germlings (or germinated spores), we transferred the liquid culture into 50 mL falcon tubes and centrifuged at 4,000 g for 5 min. The supernatant was discarded, the germlings were washed with sterile water to eliminate all traces of media and centrifuged again to collect the germling pellet. To lyse the cell wall of the young germlings and release protoplasts, the germling pellet was resuspended in 10 ml of protoplasting solution (100 mg of lysing enzyme from T. harzianum and 50 mg of yatalase in 10 ml osmotic medium (1.2 M MgSO4 and 10 mM Sodium Phosphate Buffer). The protoplasting solution/germlings preparation was incubated at 30°C with shaking at 80 rpm for 3–4 h. The preparation should be checked every hour for protoplast release. Protoplasts will appear as shown in Figure 1C, d after complete cell wall digestion. Protoplasts are cells without cell walls and are thus very sensitive to mechanical disruption. Make sure to handle them gently when pipetting. To collect protoplasts, we overlayed the preparation gently with 10 ml of cold Trapping buffer (0.6 M Sorbitol and 0.1 M Tris-HCl, pH 7), and centrifuged at 5,000 g and 4°C for 15 min. The protoplasts were collected from the interface into a new 15 ml centrifuge tube and overlayed with an equal volume of cold STC buffer (1.2 M Sorbitol, 10 mM CaCl2, 10 mM Tris-HCl, pH 7.5). The protoplasts were later pelleted by centrifuge at 3,000 g and 4°C for 10 min. To initiate the transformation, we combined 100 µL of isolated protoplasts with 25 µl of the RNP complex mixture and completed the volume to 200 µL using STC buffer. We vortexed the solution gently to ensure it is thoroughly mixed. A negative control should be prepared by mixing 100 µL of isolated protoplasts with 100 µL of STC buffer. The transformation mixture and the negative control were incubated on ice for 50 min. Later, 1.2 mL of PEG were added to both mixtures and incubated for an additional 20 min at room temperature. Then, we added 5 mL of STC buffer to both mixtures and gently homogenized them. After incubation, we combined the transformation mixture with 45 mL of molten Sorbitol Minimal Medium (SMM) top agar medium (SMM with reduced amount of agar by half) (Tannous et al., 2023) supplemented with uracil (0.56 g/L) and uridine (1.26 g/L) and poured 5 mL of the mixture on top of plates containing 20 mL of SMM supplemented with the same amino acids. For the negative control, we combined 1 mL of the mixture with 5 mL of Top agar medium and poured on top of SMM medium plates supplemented with the same amino acids. The first layer of top agar was allowed to set by incubating the cultures overnight at 21°C (for S. musiva) and 25°C (for T. reesei). The next day, we added an additional layer of SMM top agar supplemented with 5- Fluoroorotic acid (5-FOA) at a final concentration of 1.5 mg/ml of medium. The cultures were incubated again until single transformants were observed growing through both layers of agar. To check the stability of the protoplasts through the transformation process, we recommend having a positive control plate not supplemented with 5-FOA.
[image: Figure 1]FIGURE 1 | Microscopic images of Trichoderma reesei and Sphaerulina musiva spores and protoplasts. Brightfield microscopy optics of (A) T. reesei spores collected from 48 h cultures on PDA medium at 25°C and (B) S. musiva spores collected from 5 days cultures on KV8 medium at 21°C. Images of S. musiva isolated protoplasts after 3 h enzymatic digestion using (C) brightfield optics and (D) phase contrast optics. White arrow indicates protoplast with vacuole. Scar bars are 10 μm.
Individual isolates were later picked and screened on new SMM plates supplemented with 5-FOA and uracil and uridine. Lastly, we extracted gDNA from all selected T. reesei and S. musiva transformants using the method cited above.
Screening for genome editing events
To screen for the genome editing events in T. reesei, we designed the primer set (Treesei_Ura5 F/R) that will amplify fragment of the ura5 gene harboring the sgRNAs target sites. For S. musiva, we used the same set of primer designed for the in vitro validation of the gRNA cleavage to amplify the fragment harboring the gRNA cut site. The primer sequences are presented in Table 1. We amplified the two fragments using a standard DNA polymerase and purified the PCR products prior to sequencing using the QIAquick PCR Purification kit (Qiagen, Cat. No. 28104). The sequences from the different transformants were lastly aligned with the WT sequence of the gene for INDEL detection at the gRNA cut site.
TABLE 1 | Primer pairs used in this study to confirm the gene editing events.
[image: Table 1]RESULTS
Computational and in vitro validation of the designed sgRNA targeting the pyrG gene in S. musiva
The approach described in this study employed an RNP version of the CRISPR-Cas9 genome editing system and the critical step in this protocol is the design and synthesis of a high quality sgRNA. The location of the designed crRNA in the pyrG sequence of S. musiva strain MN14 is shown on Figure 2A. Figure 2B displays the scores of the crRNA sequence provided by CRISPOR. This molecule was selected in such a way that it: i) specifically targets the pyrG gene (with an MIT specificity score of 100), ii) shows high interaction score with the target sequence (with a CFD specificity score of 100), iii) is capable of effectively cleave the target region (with a Doench score of 58), iv) shows slight similarity to other regions in the genome (with 1 off target predicted), and v) folds correctly in order to bind with the Cas9 protein. The ability of this sgRNA to target and cleave the target region was later confirmed in vitro by showing two products of the expected sizes (Figure 2C).
[image: Figure 2]FIGURE 2 | In silico and in vitro analyses of the gRNA targeting the pyrG gene in S. musiva strain MN14. (A) Sequence of the S. musiva strain MN14 pyrG gene showing the location of the designed crRNA (B). In silico analysis of gRNA secondary structure to predict its efficacy for genome editing in S. musiva. The crRNA and tracrRNA exhibit marginal interactions not affecting the essential stem-loop structures of the sgRNA. The RNA secondary structure was predicted using the RNAfold web server (http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi). The color scale displays the base-pairing probability. The table shows the scoring algorithms provided by the web-based tool CRISPOR webserver (http://crispor.tefor.net/) for the selected guide. (C). Agarose gel displaying the cleavage of the pyrG fragment with the Cas9 RNP complex in vitro. The DNA fragment was not fully digested and therefore the 650 bp band is still showing on the gel after digestion.
Confirmation of the genome editing events in T. reesei and S. musiva
For both species, one successful transformation was performed. Ten random transformants were selected from the ura5-targeted transformation in T. reesei. All 10 selected transformants presented random deletions at the gRNA cut site as shown in the alignment with the WT sequence of this gene in Figure 3B. For this transformation, we used the same gRNA designed by Liu et al. (2015). The difference between the transformation methods was the format of the CRISPR components. In the previous study they were introduced to the cells as mRNA (in vitro transcribed) format, whereas here the Cas9 and the sgRNA were delivered as RNP complex. Regardless of the delivery format, we recorded a similar transformation efficiency of 100%.
[image: Figure 3]FIGURE 3 | DNA sequence alignment of wild type and mutant mutation site in Trichoderma reesei (A) and S. musiva (B). PCR products from ura5 and pyrG KO strains of Trichoderma reesei and S. musiva, respectively, were sequenced and aligned with the WT gene sequences using Geneious Prime version 2020.2.2. The gRNA location and the PAM region are showed in red and blue boxes, respectively. Double-strand DNA breaks were repaired by NHEJ generating random insertions and deletions.
For S. musiva, since this is the first CRISPR-cas9 editing protocol developed on this species, 20 transformants were randomly picked and subjected to a second screening on new SMM plates supplemented with 5-fluoroortic acid (5-FOA) and uracil and uridine. The disruption of the pyrG gene allows an easy selection on media supplemented with 5-FOA, a chemical that can be converted into the toxic intermediate 5-fluorodeoxyuridine through pyrG activity, thus generating S. musiva △pyrG mutant strains that display auxotrophy for uracil and uridine but insensitivity to 5-FOA.Of the 20 transformants, 19 were able to grow on the screening plates. An amplification and sequencing of the pyrG region harboring the gRNA cut site from these transformants and their alignment with the WT pyrG sequence showed various indels at the gRNA cut site in 17 isolates (Figure 3B). Two isolates S. musiva T17 and T18 showed no differences in the sequence while aligned with the WT copy of the pyrG gene. To summarize, a 100% editing efficiency was observed in T. reesei, while 90% editing efficiency was observed following S. musiva’s transformation.
DISCUSSION
In this paper we describe the development of a first protoplast-mediated transformation system in the poplar pathogen, S. musiva. This was attained via a protein-based version of the CRISPR-Cas9 genome editing system. The method entailed the in vitro preparation of the sgRNA, and its assembly with a commercially available Cas9 endonuclease to form RNP complexes used to transform protoplasts extracted from S. musiva. The success of this approach was demonstrated by the generation of various indels near the gRNA cut site in the pyrG sequence in 90% of the selected transformants (Figure 3B).
The development of this gene editing tool in S. musiva can have various applications ranging from elucidating its metabolome and re-designing metabolic processes, to deciphering its pathogenicity determinants and understanding its role in plant and root microbiomes (Figure 4). In regards of metabolomics, a secondary metabolite biosynthetic gene cluster (BGC) analysis of S. musiva carried out by antiSMASH fungal 6.0 (Blin et al., 2019) identifies 31 putative BGCs. Of these, the function of only few clusters is predicted, but has not been experimentally proven, for example, the melanin-like gene cluster (Foster et al., 2014). The developed transformation system will enable the elucidation of metabolite biosynthesis in S. musiva by combining gene engineering methods with metabolite analysis since minor variations in gene expression and protein synthesis will potentially result in an amplified modification in the metabolite profile.
[image: Figure 4]FIGURE 4 | Potential applications of CRISPR-Cas9 editing tool in S. musiva. The engineering of this fungal plant pathogen can have various applications ranging from: (A) transcriptional activation of silent biosynthetic gene clusters to characterize unknown specialized metabolites, (B) identification and characterization of virulence factors and effectors playing important role in S. musiva-plant interactions, which can be potential targets for development of genetic mitigation approaches, and (C) elucidation of the role of S. musiva in the regulation of plant and soil microbiome.
Aside from the limited knowledge about S. musiva’s metabolome that might be playing critical role in the interaction of this pathogen with its host and surrounding microbes, up to now, little is known about the pathogenicity determinants in this species. A single transcriptomic study was conducted on S. musiva during infection of Populus susceptible genotypes (Dunnell, 2016). Data from this Ph.D. research allowed the identification of over 100 genes that were upregulated at 3 weeks post-inoculation in the infected trees compared to the control. Most of these differentially expressed genes were hypothetical proteins, with no known function. Yet, no further investigations were conducted to characterize these genes and establish their role in the S. musiva- Populus pathosystem due to the lack of a transformation protocol in this species. The development of the CRISPR-Cas9 editing system in S. musiva offers a great opportunity to characterize effectors and virulence factors in this pathogen. Lastly, this tool can also be leveraged for the establishment of genetic mitigation approaches that target these virulence factors to reduce diseases on Populus and other hosts and ensure sustainable agriculture.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article, further inquiries can be directed to the corresponding authors.
AUTHOR CONTRIBUTIONS
Conceptualization was carried out by JT, JL, and CE. Design of gRNAs and computational validation were performed by JT, CS, and MMH. Experiments were performed by JT. The article was written by JT and revised with input from all authors. The figures were made by JT. All authors contributed to the article and approved the submitted version.
ACKNOWLEDGMENTS
The Secure Ecosystem Engineering and Design (SEED) (https://seed-sfa.ornl.gov/) project is funded by the Genomic Science Program of the U.S. Department of Energy, Office of Science, Office of Biological and Environmental Research (BER) as part of the Secure Biosystems Design Science Focus Area (SFA). Figure 4 was created with http://www.biorender.com/.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Abdallah, Q., Ge, W., and Jarrod, R. F. (2017). A simple and universal system for gene manipulation in Aspergillus fumigatus: In vitro -assembled cas9-guide RNA ribonucleoproteins coupled with microhomology repair templates. MSphere 2 (6), e00446–e00517. doi:10.1128/msphere.00446-17
 Abraham, N., Chitrampalam, P., Nelson, B., Sharma Poudel, R., Chittem, K., Borowicz, P., et al. (2019). Microscopic, biochemical, and molecular comparisons of moderately resistant and susceptible Populus genotypes inoculated with Sphaerulina musiva. Phytopathology 109 (12), 2074–2086. doi:10.1094/PHYTO-03-19-0105-R
 Blin, K., Shaw, S., Steinke, K., Villebro, R., Ziemert, N., Sang, Y. L., et al. (2019). AntiSMASH 5.0: Updates to the secondary metabolite genome mining pipeline. Nucleic Acids Res. 47 (W1), W81–W87. doi:10.1093/nar/gkz310
 Christiansen, S. K., Knudsen, S., and Giese., H. (1995). Biolistic transformation of the obligate plant pathogenic fungus, erysiphe graminis f.Sp. Hordei. Curr. Genet. 29 (1), 100–102. doi:10.1007/BF00313200
 Doehlemann, G., Ökmen, B., Zhu, W., and Sharon, A. (2017). Plant pathogenic fungi. Microbiol. Spectr. 5 (1). doi:10.1128/microbiolspec.funk-0023-2016
 Dunnell, K. L. (2016). Understanding host-pathogen interactions in the Sphaerulina musiva-Populus pathosystem. https://ir.library.oregonstate.edu/concern/graduate_thesis_or_dissertations/h415pc90g?locale=en. 
 Dunnell, K. L., and Leboldus, J. M. (2017). The correlation between Septoria leaf spot and stem canker resistance in hybrid poplar. Plant Dis. 101 (3), 464–469. doi:10.1094/PDIS-06-16-0903-RE
 Fausto, A., Rodrigues, M. L., and Coelho, C. (2019). The still underestimated problem of fungal diseases worldwide. Front. Microbiol. 10, 214. doi:10.3389/fmicb.2019.00214
 Feau, N., Mottet, M. J., Périnet, P., Hamelin, R. C., and Bernier, L. (2010). Recent advances related to poplar leaf spot and canker caused by Septoria musiva. Can. J. Plant Pathology 32, 122–134. doi:10.1080/07060661003740009
 Foster, A. J., Morency, M. J., Séguin, A., and Tanguay, P. (2014). Agrobacterium tumefaciens-mediated transformation for targeted disruption and over expression of genes in the poplar pathogen Sphaerulina musiva. For. Pathol. 44 (3), 233–241. doi:10.1111/efp.12086
 Frac, M., Hannula, S. E., Belka, M., and Jȩdryczka, M. (2018). Fungal biodiversity and their role in soil health. Front. Microbiol. 9. doi:10.3389/fmicb.2018.00707
 Fungaro, M. H. P., Rech, E., Muhlen, G. S., Vainstein, M. H., Pascon, R. C., Queiroz, M. V., et al. (1995). Transformation of Aspergillus nidulans by microprojectile bombardment on intact conidia. FEMS Microbiol. Lett. 125 (2–3), 293–297. doi:10.1111/j.1574-6968.1995.tb07371.x
 Gardiner, D. M., and Kemal, K. (2018). Selection is required for efficient cas9-mediated genome editing in Fusarium graminearum. Fungal Biol. 122 (2–3), 131–137. doi:10.1016/j.funbio.2017.11.006
 Gouka, R. J., Gerk, C., Hooykaas, P. J. J., Bundock, P., Musters, W., Verrips, C. T., et al. (1999). Transformation of Aspergillus awamori by Agrobacterium tumefaciens- mediated homologous recombination. Nat. Biotechnol. 17 (6), 598–601. doi:10.1038/9915
 Grijseels, S., Pohl, C., Nielsen, J. C., Wasil, Z., Nygård, Y., Nielsen, J., et al. (2018). Identification of the decumbenone biosynthetic gene cluster in Penicillium decumbens and the importance for production of calbistrin. Fungal Biol. Biotechnol. 5 (1), 18–17. doi:10.1186/s40694-018-0063-4
 Groot, M. J. A. D., Paul, B., Hooykaas, P. J. J., Beijersbergen, A. G. M., and Chapman, J. W. (1998). Agrobacterium tumefaciens-mediated transformation of filamentous fungi. Nat. Biotechnol. 16 (9), 839–842. doi:10.1038/nbt0998-839
 Jiang, C., Lv, G., Tu, Y., Cheng, X., Duan, Y., Zeng, B., et al. (2021). Applications of CRISPR/Cas9 in the synthesis of secondary metabolites in filamentous fungi. Front. Microbiol. 12, 638096. doi:10.3389/fmicb.2021.638096
 Katayama, T., Tanaka, Y., Okabe, T., Nakamura, H., Fujii, W., Kitamoto, K., et al. (2016). Development of a genome editing technique using the CRISPR/Cas9 system in the industrial filamentous fungus Aspergillus oryzae. Biotechnol. Lett. 38 (4), 637–642. doi:10.1007/s10529-015-2015-x
 Keller, N. P. (2019). Fungal secondary metabolism: Regulation, function and drug discovery. Nat. Rev. Microbiol. 17, 167–180. doi:10.1038/s41579-018-0121-1
 Kim, H., and Kim, J. S. (2014). A guide to genome engineering with programmable nucleases. Nat. Rev. Genet. 15 (5), 321–334. doi:10.1038/NRG3686
 Kim, S., Kim, D., Cho, S. W., Kim, J., and Kim, J. S. (2014). Highly efficient RNA-guided genome editing in human cells via delivery of purified Cas9 ribonucleoproteins. Genome Res. 24 (6), 1012–1019. doi:10.1101/gr.171322.113
 Lenz, R. R., Louie, K. B., Søndreli, K. L., Galanie, S. S., Chen, J. G., Muchero, W., et al. (2021). Metabolomic patterns of Septoria canker resistant and susceptible Populus trichocarpa genotypes 24 hours postinoculation. Phytopathology 111 (11), 2052–2066. doi:10.1094/PHYTO-02-21-0053-R
 Li, W. C., Huang, C. H., Chen, C. L., Chuang, Y. C., Tung, S. Y., and Wang, T. F. (2017). Trichoderma reesei complete genome sequence, repeat-induced point mutation, and partitioning of CAZyme gene clusters. Biotechnol. Biofuels 10 (1). doi:10.1186/s13068-017-0825-x
 Liang, H., Catranis, C. M., Maynard, C. A., and Powell, W. A. (2002). Enhanced resistance to the poplar fungal pathogen, Septoria musiva, in hybrid poplar clones transformed with genes encoding antimicrobial peptides. Biotechnol. Lett. 24 (5), 383–389. doi:10.1023/A:1014552503140
 Lim, F. Y., Sanchez, J. F., Wang, C. C. C., and Keller, N. P. (2012). Toward awakening cryptic secondary metabolite gene clusters in filamentous fungi. Methods Enzym. 517, 303–324. doi:10.1016/B978-0-12-404634-4.00015-2
 Lin, Y., Wagner, E., and Ulrich, L. (2022). Non-viral delivery of the CRISPR/cas system: DNA versus RNA versus RNP. Biomater. Sci. 10, 1166. doi:10.1039/d1bm01658j
 Liu, R., Chen, L., Jiang, Y., Zhou, Z., and Zou, G. (2015). Efficient genome editing in filamentous fungus Trichoderma reesei using the CRISPR/Cas9 system. Cell Discov. 1 (1), 15007–15011. doi:10.1038/celldisc.2015.7
 Mali, Pt, Esvelt, K. M., and Church, G. M. (2013). Cas9 as a versatile tool for engineering biology. Nat. Methods 10, 957–963. doi:10.1038/nmeth.2649
 Matsu-ura, T., Baek, M., Kwon, J., and Hong, C. (2015). Efficient gene editing in Neurospora crassa with CRISPR technology. Fungal Biol. Biotechnol. 2 (1), 4. doi:10.1186/s40694-015-0015-1
 Neglecting (2017). Stop neglecting fungi. Nat. Microbiol. 2, 17120. doi:10.1038/nmicrobiol.2017.120
 Ozeki, K., Kyoya, F., Hizume, K., Kanda, A., Hamachi, M., and Nunokawa, Y. (1994). Transformation of intact Aspergillus Niger by electroporation. Biosci. Biotechnol. Biochem. 58 (12), 2224–2227. doi:10.1271/BBB.58.2224
 Paietta, J. V., and Marzluf, G. A. (1984). Transformation of lithium acetate-treated Neurospora with minipreps of plasmid DNA. Fungal Genet. Rep. 31 (1), 40. doi:10.4148/1941-4765.1610
 Pohl, C., Kiel, J. A. K. W., Driessen, A. J. M., Bovenberg, R. A. L., and Nygård, Y. (2016). CRISPR/Cas9 based genome editing of Penicillium chrysogenum. ACS Synth. Biol. 5 (7), 754–764. doi:10.1021/acssynbio.6b00082
 Rokas, A. (2022). Evolution of the human pathogenic Lifestyle in fungi. Nat. Microbiol. 7, 607–619. doi:10.1038/s41564-022-01112-0
 Ruiz-Díez, B. (2002). A review: Strategies for the transformation of filamentous fungi. J. Appl. Microbiol. 92, 189–195. doi:10.1046/j.1365-2672.2002.01516.x
 Sánchez, O., and Aguirre, J. (1996). Efficient transformation of Aspergillus nidulans by electroporation of germinated conidia. Fungal Genet. Rep. 43 (1), 48–51. doi:10.4148/1941-4765.1317
 Schoch, C. L., Sung, G. H., López-Giráldez, F., Townsend, J. P., Miadlikowska, J., Hofstetter, V., et al. (2009). The ascomycota tree of life: A phylum-wide phylogeny clarifies the origin and evolution of fundamental reproductive and ecological traits. Syst. Biol. 58 (2), 224–239. doi:10.1093/sysbio/syp020
 Shankar, A., and Sharma, K. K. (2022). Fungal secondary metabolites in food and pharmaceuticals in the era of multi-omics. Appl. Microbiol. Biotechnol. 106, 3465–3488. doi:10.1007/s00253-022-11945-8
 Shi, T. Q., Gao, J., Wang, W. J., Wang, K. F., Xu, G. Q., Huang, H., et al. (2019). CRISPR/Cas9-Based genome editing in the filamentous fungus Fusarium fujikuroi and its application in strain engineering for gibberellic acid production. ACS Synth. Biol. 8 (2), 445–454. doi:10.1021/acssynbio.8b00478
 Singh, N. (2012). A simple and rapid glass bead transformation method for a filamentous fungus Fusarium oxysporum. Cell & Dev. Biol. 2 (2). doi:10.4172/2168-9296.1000115
 Tabima, J. F., Søndreli, K. L., Keriö, S., Feau, N., Sakalidis, M. L., Hamelin, R. C., et al. (2020). Population genomic analyses reveal connectivity via human-mediated transport across Populus plantations in north America and an undescribed subpopulation of Sphaerulina musiva. Mol. Plant-Microbe Interact. 33 (2), 189–199. doi:10.1094/MPMI-05-19-0131-R
 Tannous, J., Kumar, D., Sela, N., Sionov, E., Prusky, D., and Nancy, P. K. (2018). Fungal attack and host defence pathways unveiled in near-avirulent interactions of Penicillium expansum CreA mutants on apples. Mol. Plant Pathol. 19 (12), 2635–2650. doi:10.1111/mpp.12734
 Tannous, J., Labbé, J., and Keller, N. P. (2023). Identifying fungal secondary metabolites and their role in plant pathogenesis. Methods Mol. Biol. Clift. N.J.) 2659, 193–218. doi:10.1007/978-1-0716-3159-1_15
 Te’o, V. S. J., Bergquist, P. L., and Nevalainen, K. M. H. (2002). Biolistic transformation of Trichoderma reesei using the bio-rad seven barrels hepta adaptor system. J. Microbiol. Methods 51 (3), 393–399. doi:10.1016/S0167-7012(02)00126-4
 Tilburn, J., Scazzocchio, C., Taylor, G. G., Zabicky-Zissman, J. H., Lockington, R. A., and Wayne Davies, R. (1983). Transformation by integration in Aspergillus nidulans. Gene 26 (2–3), 205–221. doi:10.1016/0378-1119(83)90191-9
 Wilson, A. M., and Wingfield, B. D. (2020). CRISPR-Cas9-Mediated Genome Editing in the Filamentous Ascomycete <em&gt;Huntiella omanensis&lt;/em&gt;. J. Vis. Exp. 2020 (160), 1–11. doi:10.3791/61367
Conflict of interest: JL was employed by Invaio Sciences.
The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2023 Tannous, Sawyer, Hassan, Labbe and Eckert. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fgeed-05-1110279-t001.jpg
Primer name Sequence (5'-3')

Treesei_Uras F GCGGCGTCCTCAAGTTTGGC
Treesei_Uras R CGGTAATCCTCCGTGTTCTT
Smusiva_pyrG F CTGGAAGGAAGACGGACAGA
Smusiva_pyrG R GATGGCTTTCTGTGCAGCTT
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