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Poria cocos is an important edible and medicinal fungus with a long history. However, the lack of adequate genetic tools has hindered molecular genetic research and the genetic modification of this species. In this study, the endogenous U6 promoters were identified by mining data from the P. cocos genome, and the promoter sequence was used to construct a sgRNA expression vector pFC332-PcU6. Then, the protoplast isolation protocol was developed, and the sgRNA-Cas9 vector was successfully transformed into the cells of P. cocos via PEG/CaCl2-mediated transformation approach. Off-target sites were genome-widely predicted and detected. As a result, the target marker gene ura3 was successfully disrupted by the CRISPR-Cas9 system. This is the first report of genome editing in P. cocos using CRISPR-Cas9 system integrating genome-wide off-target prediction and detection. These data will open up new avenues for the investigation of genetic breeding and commercial production of edible and medicinal fungus.
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Introduction

Poria cocos (=Wolfiporia cocos or Wolfiporia extensa), named Fuling in Chinese, is an edible and medicinal fungus famous along with the valuable Ganoderma, Ginseng, Dendrobii, and Cordyceps (Wang et al., 2013; Jin et al., 2020a). Its sclerotia, consisting of compact masses of hardened mycelia, are regarded as an important source of medicine in Asia and also known as “Indian bread” in North America (Lee et al., 2018). This fungus demonstrated various pharmacological properties, such as antitumor, immunomodulatory, anti-inflammatory (Kim et al., 2019). It is widely used as raw material in Chinese classical prescriptions, patent medicine, and functional foods (Jin et al., 2020b). With great demands in China and overseas markets, the production of P. cocos is about 35,000 ton/year and 4,000 ton/year exporting from China to Japan, Korea, Vietnam, Malaysia, and dozens of countries (Jin et al., 2022).

With regard to the important edible resources, advanced biotechnology and genetic engineering usually play a critical role in the rapid creating and developing of excellent germplasm. P. cocos as a filamentous fungus has a genetic background that is more complex than those of other multicellular eukaryotic organism and bacteria, resulting in their genetic manipulation is often difficult. This has led to relatively slow progress in molecular biology and genetic research of filamentous fungi (Song et al., 2019). Most of the studies of P. cocos focused on its phytochemistry and pharmacological activities mainly the isolation process, structural features, and bioactivities of triterpenes and polysaccharides (Jia et al., 2016; Nie et al., 2020). Although some investigations of cloning the key enzyme genes such as squalene synthase gene (Wang et al., 2014b), farnesyl diphosphate synthase (Wang et al., 2014a), and cytochrome P450 (He et al., 2016) being carried out in P. cocos, much work to be done to find the effective genetic toolbox for this valuable edible resource.

Clustered regularly interspaced short palindromic repeats (CRISPR) system with its associated nuclease Cas9 was a newly innovative and efficient genome-editing tool with gene knockout, insertion, and replacement abilities (Nidhi et al., 2021). This vital site-specific gene editing tool was developed in 2013 and awarded the Nobel Prize in Chemistry in 2020 (Li et al., 2021a). It only requires a short guide RNA (sgRNA) sequence to recognize the target site according to nucleotides base, the endonuclease activity of Cas9 can lead to gene modification by cleaving the target DNA, forming DNA double-strand breaks, and stimulating DNA repair mechanisms in vivo, resulting in gene mutation (Xuan et al., 2017). CRISPR-Cas9 system has been rapidly developed and successfully applied to alter metabolic pathways, improve Chinese Materia Medica quality and drug development via gene mutation, such as in Cordyceps militaris (Chen et al., 2018), Dendrobium officinale (Ling et al., 2017), Shiraia bambusicola (Deng et al., 2017), Ganoderma lucidum (Wang et al., 2020), Rehmannia glutinosa (Li et al., 2021b), and Salvia miltiorrhiza (Zhou et al., 2018).

Although the CRISPR-Cas9 system could be an adequate genetic toolbox applied to P. cocos genome editing, there are still some obstacles to be overcome. In the sgRNA-Cas9 binary vector system, an efficient promoter to facilitate sgRNA transcription in vivo is a necessity (Nidhi et al., 2021). The sgRNA in the CRISPR/Cas9 system does not require a cap structure or a polyA tail. In most CRISPR-Cas9 systems, sgRNA is driven by RNA polymerase type III U6 promoters that produce small, non-polyadenylated, nuclear RNAs. The endogenous U6 promoters have been characterized and applied to transcribe gRNA for CRISPR-Cas9 genetic manipulation in some fungi, such as in the traditional medicinal mushroom G. lucidum (Qin et al., 2017), the rice blast fungus Pyricularia oryzae (Arazoe et al., 2015), and the fungal maize pathogen Ustilago maydis (Schuster et al., 2016). However, the U6 promoter has not been identified and validated in P. cocos. Therefore, firstly, it is important to find reliable promoters to drive sgRNA transcription in vivo and to test their utility for efficient genome editing of P. cocos (Wang and Rollins, 2021).

Another challenge is off-target effect that Cas9 binds to unintended genomic sites for cleavage (Singh et al., 2016). Identifying the potential off-target sites is important for users to effectively use the system to edit genomes (Pavese et al., 2022). The available genome sequence of host species could help select target sites with low off-target efficiency and increase the accuracy of genome editing (Denes et al., 2021). Most of the current off-targets prediction tools are focused on the model organism, for instance, the Arabidopsis thaliana, with well-characterized genome information. Although the genome of P. cocos has been published in recent years (Floudas et al., 2012; Luo et al., 2020; Cao et al., 2021), using an off-line tool to predict the off-target sites in P. cocos, a non-model filamentous fungus, is not an obvious easy-to-solve task. To the best of our knowledge, so far, there is no genome editing report using CRISPR system in P. cocos.

In this study, the application of a CRISPR system in P. cocos is reported. We mined data from the P. cocos genome to identify the endogenous U6 promoters and used the promoter sequence to construct a sgRNA expression vector. Then, the sgRNA-Cas9 vector was successfully transformed into the protoplast of P. cocos via PEG/CaCl2-mediated transformation approach. In addition, genome-wide off-target sites were predicted and detected. As a result, the target marker gene of orotidine 5′-phosphate decarboxylase (ura3) was successfully disrupted by the CRISPR-Cas9 system. These data will open up new avenues for the investigation of genetic breeding and commercial production of the edible and medicinal P. cocos.



Materials and methods


Strains and cultural conditions

Sclerotia of P. cocos Xiangjing 28 were collected from Jingzhou County, Hunan Province, China (N 26°43′36.38″, E 109°41′15.34″). The fungus was isolated from the inner part of sclerotia and cultivated on a modified PDA (MPDA) medium that contained peptone (5.0 g/L), glucose (15.0 g/L), KH2PO4 (1.0 g/L), MgSO4⋅7H2O (0.5 g/L), yeast extract powder (2.0 g/L), and agar (15.0 g/L). E. coli strain DH5a or Stbl 3 (Tsingke, Beijing, China) was used for vector construction, incubated in the LB medium at 37°C, using kanamycin as a selection reagent.



Endogenous sgRNA promoter identification

The U6 snRNA gene sequence was acquired from the genome of P. cocos (data not shown) by INFERNAL software against the Rfam database (Nawrocki et al., 2009). The U6 snRNA gene sequences were aligned by Mega 6 using the U6 snRNA gene of Aspergillus nidulans (GenBank accession number: MH032752.1). A 300-nt promoter region (Long et al., 2018) upstream the U6 snRNA gene ORF was obtained by Tbtools (Chen et al., 2020) according to its genome locus. The upstream sequences of predicted U6 promoters from P. cocos and A. nidulans AnU6 promoter, A. thaliana AtU6 promotor (GenBank accession number: MN728556.1) were analyzed by Plant CARE1 (Lescot et al., 2002).



Construction of sgRNA-Cas9 plasmids

A Cas9 constitutive expression vector containing the resistance gene marker of hygromycin, i.e., pFC332 (Nødvig et al., 2015), obtained from Micro-Helix Co., Ltd., was used for the construction of sgRNA-Cas9 cassettes. For the construction, the vector containing endogenous U6 promoter of P. cocos, the 300-nt PcU6-1 promotor sequence, the sgRNA site including 76-nt scaffold sequence, and the terminator of 8 Ts were synthesized in Tsingke Biotechnology Co., Ltd., and constructed into pFC332 by BglII and PacI. To evaluate the efficiency of the CRISPR-Cas9 system in P. cocos, the ura3 gene was chosen as the editing target. The sgRNAs were designed by using the online website2 and two target sites (called Ura3-sgRNA1 and Ura3-sgRNA1) were chosen using CRISPick (GPP sgRNA Designer). The sgRNA cassette primers were synthesized by Sangon Biotech in Tsingke Biotechnology Co., Ltd. The target sgRNA sequence of Ura3-sgRNA1 and Ura3-sgRNA2 was constructed into the pFC332-PcU6 vector by Golden gate method using AarI and T4 DNA ligase (NEB) in vitro (Xing et al., 2014), namely pFC332-PcU6-Ura3-sgRNA1 and pFC332-PcU6-Ura3-sgRNA2, respectively.



Protoplast preparation and microscopic observation

Mycelia of P. cocos cultivated for 7 days were harvested and washed twice with sterile water, the mycelia were digested by 0.6 M mannitol with 1.0, 1.5, and 2.0% lywallzyme (Guangdong Culture Collection Center, Guangzhou, China) at 30°C, with gentle shaking (85 rpm) for 1, 2, and 3 h, to optimize the protocol. Protoplasts were then filtered and washed in 0.6 M mannitol solution twice. After subsequent washing in MTC buffer (0.6 M mannitol, 50 mM CaCl2, 10 mM Tris-Cl pH 7.5), the protoplasts were resuspended in MTC buffer at a density of 106 protoplasts in each milliliter. During the protoplast preparation process, it was observed step by step with the microscope (MSD 105, Guangdong, China) with 400 times magnification to confirm the release of protoplast from mycelia.



PEG-mediated protoplast transformation

The PEG-mediated protoplast transformation was modified as previously described (Sun et al., 2015). Each 100 μL of protoplasts was mixed with constructed sgRNA-Cas9 plasmid and placed on ice for 30 min. A volume of 1000 μL of PEG buffer (PEG 4000 45%, 50 mM CaCl2, 10 mM Tris-Cl, pH 7.5) was slowly added. The whole mixture was incubated for 15 min on ice, and then mixed with 2000 μL of MTC buffer and transferred to a plate. Then, MPDA medium with 0.6 M mannitol and 0.05 mM uracil was added to the plate and incubated at 28°C for 3 days of regeneration. After that, MPDA medium with hygromycin and uracil was used to directly cover the surface. When the mycelia grown out of the medium, the mycelia transferred to cultivation on other plate embedded in MPDA medium with hygromycin, 5-fluoroorotic acid (5-FOA) and uracil, since the disruption mutations in Ura3 could cause auxotrophy for uridine (Chen et al., 2018).



Identification of resistance marker

To identify the resistance marker for detecting the transformants, the mycelia of P. cocos wild type were inoculated onto plate with different concentrations of hygromycin (0, 0.025, 0.0625, 0.125, 0.175 mg/mL) or 5-FOA (0, 0.020, 0.060, 0.100, 0.200 mg/mL) in medium for cultivation 30 days, to observe the inhibition effect of the growth.



Genomic DNA extraction and mutation identification

Until the mycelia had grown out of the medium with hygromycin or 5-FOA, individuals were picked and tested by PCR verification. The genomic DNA of P. cocos mycelia was extracted by Cetyltrimethyl Ammonium Bromide (CTAB) method (Brandfass and Karlovsky, 2008). To identify whether the constructed plasmid had successfully transformed into the mycelia, we firstly designed specific primers to test the sgRNA regions (sgRNA-F and sgRNA-R) and cas9 (cas9-1-F and cas9-1-R) of plasmid by PCR amplification from the mycelia grown on the plate with hygromycin. For the mutation identification of the P. cocos mycelia grown on the plate with 5-FOA, the designed target sites in ura3 gene were amplified using the primer pair (ura3-F and ura3-R), of which the binding positions are at about 400 bp upstream or downstream of the target sites (Table 1). Then, agarose gel electrophoresis was performed to verify the target bands. PCR products were validated through sequencing by Tsingke Biotechnology Co., Ltd., and wild P. cocos strain was chosen as control. Sequence chromatograms of heterozygous and biallelic mutations were decoded using Degenerate Sequence Decoding method (Ma et al., 2015). The efficiency of genome editing was evaluated as the number of positive mutant clones divided by the total number of clones (Arazoe et al., 2015).


TABLE 1    The primers for PCR and qRT-PCR analysis.
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Expression analysis of sgRNA and Cas9 by qRT-PCR

The RNAprep Pure Plant Plus Kit (TianGen Biotech, Beijing, China) was used to extract total RNA from the mycelium, and DNA contamination was eliminated by DNase treatment. The quality and concentration of the obtained RNA were measured by ScanDrop 100 (Analytik jena, Germany), and then the RNA was reverse transcribed to complementary DNA by a Goldenstar RT6 cDNA Synthesis Kit (Tsingke Biotech, Beijing, China). The premiers for quantitative real-time reverse transcription PCR (qRT-PCR) are listed in Table 1, and qRT-PCR was performed following the instructions of the T5 Fast qPCR Mix (Tsingke Biotech) on a CFX Connext Optics Module Real Time System (Bio-Rad Inc., Singapore). The efficiency-corrected comparative threshold cycle (CT) method was applied, and relative expression was calculated by Delta CT method of normalizing the genes of sgRNA1, sgRNA2, and Cas9 according to the abundance of the reference gene cyclophilin (CYP) (Zhang et al., 2016).



Genome-wide off-target prediction and detection

To determine whether off-target events had occurred in P. cocos, a pair of specific primers were designed using the off-target prediction by Tbtools with the genome data to amplify potential off-target DNA fragments. The algorithm program was set as blasting the 15-bp sequence, the 12-bp from the seed sequence of sgRNA, and 3-bp Nitrogenous-base (Adenine or Guanine or Cytosine or Thymine) Guanine Guanine (NGG) Protospacer Adjacent Motif (PAM) motifs to the whole genome with no or one mismatches of Ura3-sgRNA1 and Ura3-sgRNA2, which are reported as the usual off-target sites (Le et al., 2013). Then, the primer pairs were designed as a list in Table 2 by Primer-BLAST to amplify the potential off-target sites. The off-target sites were verified by comparing the sequencing data of PCR products to that of the wild P. cocos strain.


TABLE 2    The primers for the detection of potential off-target site by PCR amplification.
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Statistical analysis

All statistical analysis was performed in triplicate, and the values were expressed as the mean ± standard deviation. Differences between groups were compared by one-way ANOVA, followed by LSD. These analyses were performed with the statistical tool of the Origin software. Differences were considered to be significant in all statistical tests with a P < 0.05.




Results


Analysis of sgRNA promoter from genome of Poria cocos

The sgRNA transcribed by U6 promoter could enhance the gene editing efficiency of CRIPSR-Cas, because the pol III promoters adopt a thymidine (T)-stretch as a termination signal, yielding small RNA transcripts with different lengths of U-tails having a negative effect on the functionality of CRISPR system (Wang et al., 2020). Three putative U6 snRNA genes were identified with termination sequences consisting of several Ts from the Poria cocos genome database by a blast search (Lambeth et al., 2005). The three genes were randomly designated PcU6-1, PcU6-2, and PcU6-3 snRNA (Figure 1). The nucleotide sequences of all three U6 snRNA genes are relatively conserved and showed high homology comparing to the U6 snRNA sequence of Aspergillus nidulans. However, the upstream promoter region diverged significantly (Supplementary Figure 1). Although the typical TATA-box and CAAT-box were found in all these promoter sequences (Hu et al., 2011), other elements usually presented in animal U6 promoter such as the proximal sequence elements (PSE) consensus sequences with conserved regional ACCAC in zebrafish (Boonanuntanasarn et al., 2009) or GTGCGAATGAGTTAT TGAATG in Schistosoma japonicum (Li et al., 2017), and octamer motif (ATTTGCAT) were not obvious observed.


[image: image]

FIGURE 1
The comparative analysis of promoter and terminator of U6 snRNA genes of the species Poria cocos, Aspergillus nidulans, and Arabidopsis thaliana.




Construction of endogenous PcU6 promoter vector

For the construction of vector containing endogenous U6 promoter of P. cocos, the 300-nt promotor sequence of PcU6 and the sgRNA site containing AarI restriction sites, the sgRNA scaffold sequence, and the terminator of 8 Ts were synthesized and formed the pFC332-PcU6 vector (Figure 2). Every element is essential in this vector except the extra spacer between two AarI restriction sites in sgRNA expression cassette, which are designed for the integration of 20-nt sgRNA fragments. The constructed plasmid is 15,982-bp in length and stored in Escherichia coli Stbl 3, noting that it was unstable to store this plasmid in the E. coli strain DH5a. Then, this plasmid was used for future construction of the sgRNA-Cas vectors.


[image: image]

FIGURE 2
The schematic of construction of pFC332-PcU6 plasmid including the endogenous U6 promoter, sgRNA site containing AarI restriction sites, the sgRNA scaffold sequence, and the terminator.




Obtaining the protoplast and identification of resistance marker

The mycelia of P. cocos were well digested by the lywallzyme, and protoplasts were released into the buffer solution (Figure 3A). In order to develop the protoplast isolation protocol, the concentration of lywallzyme and the digestion time was optimized. As shown in Figure 3B, there is no significant difference between the concentration of lywallzyme at 1.0 and 2.0%. Whereas the protoplasts density at the digestion time of 2 or 3 h was significantly higher than that at 1 h (P < 0.05). No obvious difference was observed between digestion of 2 and 3 h. Therefore, protoplasts at a density of 106/mL were obtained for further investigation by digesting mycelia for 2.0 h with 1.5% lywallzyme.
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FIGURE 3
The protoplast and identification of resistance marker of Poria cocos. (A) The microscopic observation of protoplasts obtained from the mycelia by lywallzyme digestion; (B) the optimization of concentration of lywallzyme and digestion time for protoplasts preparation; (C) the resistance marker selection of hygromycin; and (D) the resistance marker selection of 5-FOA at different concentration; *P < 0.05.


The effect of the minimum inhibitory concentration of hygromycin or 5-FOA on P. cocos was determined by cultivating the strain on MPDA plates with different drug concentrations for a month. As shown in Figure 3C, hygromycin has a toxic effect on P. cocos strain Xiangjing 28 at a testing dose up to 0.0625 mg/mL. The medium with 5-FOA showed obvious lethality in the mycelia of P. cocos. The growth of wild-type mycelia was inhibited at a 5-FOA concentration of 0.0600 mg/mL (Figure 3D). To prevent false positive result, the medium with relatively high concentrations, i.e., the hygromycin at concentration 0.125 mg/mL and 5-FOA at concentration 0.200 mg/mL, was chosen for further study.



Transformation of sgRNA-Cas9 plasmid into Poria cocos

To detect the genome editing efficiency of the CRISPRCas9 system, two target sites were chosen in the ura3 marker gene locus (Figure 4A). The plasmid pFC332-PcU6-Ura3-sgRNA1 and pFC332-PcU6-Ura3-sgRNA2 were transformed into the P. cocos by the PEG-mediated protoplast transformation. When the mycelia grown on the medium with hygromycin, the sgRNA regions and partial sequence of Cas9 gene were detected in both P. cocos transformants of sgRNA1 and sgRNA2 by PCR amplification (Figures 4B,C), indicating these two plasmids were successfully transformed into P. cocos cells. As shown in Figure 4D, the genes of Ura3-sgRNA1, Ura3-sgRNA2, and Cas9 were found expressed in P. cocos comparing to the reference gene CYP by a qRT-PCR approach.
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FIGURE 4
The diagram of CRISPR-Cas9 system with different sgRNA target sites and detection of sgRNA and Cas9 of the transformants. (A) The schematic of the vector pFC332-PcU6-Ura3-sgRNA1 and pFC332-PcU6-Ura3-sgRNA2; (B) agarose gel electrophoresis of PCR products of sgRNA; (C) agarose gel electrophoresis of PCR products of Cas9; M, DNA ladder 2000 Marker; (a) plasmid; (b) ura3-sgRNA1 transformants; (c) ura3-sgRNA2 transformants; (d) wild type; and (D) the relative expression of the genes of sgRNA1, sgRNA2, and Cas9.




Establishment of CRISPR-Cas9 gene disruption system by different sgRNA target sites

The compound 5-FOA is a commonly used negative selector marker for fungi (Qin et al., 2017), because the enzyme Ura3 will convert 5-FOA into a toxic compound and lead to cell death, and the disruption phenotype of which was 5-FOA resistant and could be easily observed. As shown in Figure 5, the transformants were transferred to further cultivation on a medium with 5-FOA to select the mutants. Whereas we only obtained transformants that were grown out of the 5-FOA medium in the pFC332-PcU6-Ura3-sgRNA2 transformants, even though with a slow growth rate. The target sites in wild-type and mutant strains were obtained by PCR amplification, respectively. Sequencing results have shown that Ura3-sgRNA2 target sites were mutated around the CRISPR-Cas9 editing region, implying the ura3 gene was successfully disrupted by the CRISPR-Cas9 system. Meanwhile, the double peaks in the sequencing chromatogram were resulted from heterozygous character of P. cocos with only one copy nuclei edited. As shown in Figure 6, the mutation was a base transformation that changing the C to G or A to T of Ura3-sgRNA2 target, resulting in the missense mutation of changing alanine to proline at position 125 in Ura3 protein. By the way, the PCR amplification of the Ura3-sgRNA1 site of the transformants from the medium with hygromycin was not found with mutation comparing the target region sequence to the wild P. cocos strain. By calculating the positive mutant clones divided by the total number of clones, the targeting editing efficiency of ura3 was evaluated as 1.92%.
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FIGURE 5
The selection of transformants and mutants on a different medium plate. (A) Wilde type grown on MPDA; (B) wilde type grown on MPDA + URA + HYG; (C) wilde type grown on MPDA + URA + HYG + 5-FOA; (D) Ura3-sgRNA1 grown on MPDA; (E) Ura3-sgRNA1 grown on MPDA + URA + HYG; (F) Ura3-sgRNA1 grown on MPDA + URA + HYG + 5-FOA; (G) Ura3-sgRNA2 grown on MPDA; (H) Ura3-sgRNA2 grown on MPDA + URA + HYG; (I) Ura3-sgRNA2 grown on MPDA + URA + HYG + 5-FOA; Wild type, the wild type of Poria cocos strain; Ura3-sgRNA1, the transformant of pFC332-PcU6-Ura3-sgRNA1; Ura3-sgRNA2, the transformant of pFC332-PcU6-Ura3-sgRNA2; MPDA, the modified PDA medium; MPDA + URA + HYG, MPDA medium with hygromycin and uracil. MPDA + URA + HYG + 5-FOA, MPDA medium with hygromycin, 5-FOA, and uracil.
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FIGURE 6
Disruption of the gene targeting to ura3 by CRISPR-Cas9 system with different sgRNA target sites. (A) Agarose gel electrophoresis of PCR products of ura3 in wild-type and mutant strain; (B) sequencing chromatogram of the Ura3-sgRNA1 and Ura3-sgRNA2 target region; (C) the display of the mutated site at Ura3-sgRNA2 target region; M, DNA ladder 2000 Marker; (a) sgRNA-1 target site of ura3; (b) sgRNA-2 target site of ura3; and (c) wild type of ura3 including sgRNA-1 and gRNA-2.




Genome-wide off-target prediction and detection

The off-target effects are commonly due to PAM and sgRNA mismatches. Currently, various bioinformatics tools have been developed to help predict and reduce off-target modifications (Zhang et al., 2022). In this study, the potential off-target sites of CRISPR/Cas9 were predicted through 12 nucleotide sequences of sgRNA and PAM sites by aligning the sgRNA sequences with reference genome sequences using Tbtools software to search mismatch. Five potential off-target sites were identified with one mismatch to Ura3-sgRNA1 and Ura3-sgRNA2, respectively (Figures 7A,B). Using the genomic DNA of P. cocos transformants as a template, the potential off-target sites were amplified by primer pairs. Sequencing results have shown that the five potential off-target sites of Ura3-sgRNA1 were not mutated around the CRISPR-Cas9 editing region. Meanwhile, it is worth to mention that there is a potential off-target site of Ura3-sgRNA2 indeed mutated by PCR detection, by comparing the sequencing chromatograph of the mutant strain to that of the wild type (Figure 7C). Interesting, not only the on-target site but also the off-target site successfully mutated with the NGG PAM at both sides of the sgRNA, indicating to design the sgRNAs with PAM motifs at the DNA sense and antisense strands would be meaningful for the improvement of the genome editing efficiency.
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FIGURE 7
Genome-wide potential off-target prediction with no or one mismatch and sequencing detection; (A) the potential off-target site of Ura3-sgRNA1; (B) the potential off-target site of Ura3-sgRNA2; and (C) sequencing chromatogram of the detected off-target region comparing the mutant strain to the wild type strain.





Discussion

Some researchers have constructed different binary vectors by combining Cas9 with gRNA and induced target gene modification. RNA polymerase III promoters have been widely used to express short hairpin-RNA (shRNA), microRNA (miRNA), and sgRNA in gene functional analysis in a variety of organisms (Nidhi et al., 2021). However, no endogenous RNA polymerase III promoters have been identified in P. cocos, which hindered its gene functional analysis. Identification of functional promoters in P. cocos is therefore in urgent need (Li et al., 2017). We have mined data from the P. cocos genome and three endogenous U6 promoter were identified. Although these gene sequences of RNA polymerase III (pol III) might be conserved in eukaryotes (Wang et al., 2020), much work remains to be done to characterize the functional box. TATA box was reported critical for the transcription of pol III in eukaryotes to effectively promote shRNA expression (Gao et al., 2018). While the PSE consensus and octamer motif could be different, at least these conserved sequences were not obvious observation in the U6 promotor of P. cocos. By the way, this octamer motif was also not present in U6 snRNA gene in other organisms taking Drosophila as an example (Boonanuntanasarn et al., 2009).

To detect the efficiency of the CRISPRCas9 system, two target sites were chosen in the ura3 gene locus because Ura3 will convert 5-FOA into a toxic compound and lead to cell death. The efficiency of genome editing could be varied for different species. For example, an gene editing efficiency of 36.1–80.5% was achieved using endogenous U6 promoter in the model filamentous fungus Pyricularia oryzae (Song et al., 2019), whereas successful disruption of functional genes using a codon optimized Cas9 vector in G. lucidum demonstrated an efficiency of 22.2% (Wang et al., 2020). In this study, the gene editing efficiency seems also to be site dependent. Of the two sgRNA target sites, only the Ura3-sgRNA2 target site was the successfully generated mutation. This is also found in other organisms, for instance, target sites have different mutation rates and some targets totally fail to be mutated in D. officinale (Ling et al., 2017). The low efficiency in P. cocos could be resulted from the Cas9 protein. Cas9 system was originally discovered in bacteria or Archaea. Therefore, when the CRISPR/Cas9 system is used in fungi, the Cas9 protein is usually fungal codon optimized, and a nuclear localization signal is added at both ends of the Cas9 gene (Song et al., 2019). The Cas9 cassette used in this study is in the vector pFC332, which is from Streptococcus pyogenes and ever codon optimized for expression in the fungus Aspergillus aculeatus and A. niger. Recently, advanced technology of CRISPR/Cas with ribonucleoprotein complexes and transiently selected telomere vectors was reported to allow highly efficient marker-free and multiple genome editing in Botrytis cinerea (Leisen et al., 2020; Zou et al., 2021), which is also desirable for the edible fungus. Thus, there is still much to be learned and optimized for the use of CRISPR/Cas9 in P. cocos.

The sgRNA-CRISPR-Cas tool causes deleterious off-target effects at the genomic level. Up until now, dozens of tools and software have been developed to predict off-target mutations, along with improved on-target efficiency to ameliorate the off-target effects (Naeem et al., 2020). While most of the CRISPR-Cas9 off-target predictor is online for the model organism with precise genome information (Naeem et al., 2020). Unfortunately, most of the valuable species, just like P. cocos, is not a model organism. It is not convenient to harness CRISPR-Cas9 to edit target genes and devise efficient and specific sgRNA using these available tools for these non-model organisms, as well as the prediction of the off-target sites. To overcome this problem, we attempted to use the offline software Tbtools to predict the potential off-target sites in P. cocos with the availability of its genome information. By this way, an off-target was successfully detected, indicating that the development of method of using offline software enabling in vitro prediction of off-target is a promising alternative (Qin et al., 2017).



Conclusion

This is the first report of a successful CRISPR system developed in the P. cocos with endogenous U6 promoter, which could greatly raise hope for the molecular breeding development of this traditional edible and medicinal fungus. Our study will also open the way for the development of various CRISPR-Cas-based applications integrating genome-wide off-target prediction and detection in non-model filamentous fungi.
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