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METHODOLOGY

Efficient gene editing with an Arg‑tRNA 
promoter‑driven CRISPR/Cas9 in the rice blast 
fungus Pyricularia oryzae
Rui‑Jin Wang1,2†, Jianhui Zhao1,2†, Vijai Bhadauria1 and You‑Liang Peng1*    

Abstract 

CRISPR/Cas9 technology has been widely adopted for genome editing in a wide range of organisms, including many 
fungi. Pyricularia oryzae is a filamentous fungal pathogen that causes the devastating rice blast disease. However, 
an efficient and cost-effective CRISPR/Cas9 system for the rice blast fungus has yet to be established. Here, we 
report an 84-bp arginyl (Arg)-tRNA promoter-driven CRISPR/Cas9 system, which enables efficient and cost-effective 
gene editing in P. oryzae. Preliminary screening of three tRNAs from the 179 predicted tRNAs in P. oryzae showed 
that two Arg-tRNA CRISPR/Cas9 cassettes reproducibly generated MoB56 disruption efficiently. Further, five genes 
located on distinct chromosomes, including two previously uncharacterized genes, were randomly picked up to test 
the efficiency of the Mo_tRNAArg24-gRNA-Cas9 cassette. Ppg1 is a gene essential to the pathogenicity and important 
for mycelial growth and conidiation of P. oryzae, which is located at chromosome 2 and exhibited a relatively low gene 
replacement rate (< 1/500) by the traditional gene replacement approach. By using the Mo_tRNAArg24-gRNA-Cas9 
cassette, Ppg1 gene disruption rate was increased up to 75.9%. In addition, Bip2, an uncharacterized genes located 
close to the centromere of chromosome 4, was disrupted at 66.7%. For all the five tested genes, our Mo_tRNAArg24-
gRNA-Cas9 cassette showed high gene disruption efficiency in P. oryzae, ranging from 66.7% to 100%. Importantly, it 
rarely induces Cas9 toxicity to P. oryzae. The Mo_tRNAArg24-gRNA-Cas9 cassette described in this study can be adopted 
as an alternative for functional genomics study in P. oryzae.
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Background
The filamentous fungus Pyricularia oryzae (syn. Magna-
porthe oryzae) causes blast diseases in a number of agro-
nomically important crops, including rice, wheat, and 

finger millet (Wilson and Talbot 2009). P. oryzae has been 
adopted as a seminal model to investigate host-fungal 
pathogen interactions. Homology recombination (HR)-
based gene replacement with selectable markers has been 
widely used for decades to disrupt genes in P. oryzae, but 
this approach depends on low native HR rate, requiring 
heavy works to obtain gene disrupted mutants. Clus-
tered regularly interspaced short palindromic repeats 
(CRISPR)/Cas9 systems significantly improve the HR 
frequency and has been adopted for gene disruption in 
several fungal pathogens (Song et  al. 2019; Zhang et  al. 
2019). However, an efficient and cost-effective CRISPR/
Cas9 system for P. oryzae has not been established.
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A CRISPR/Cas9 system contains two essential com-
ponents: a functional Cas9 endonuclease and a small 
guide RNA (gRNA) that directs Cas9 to a specific DNA 
sequence (Cong et al. 2013). Cas9 cleaves the target DNA 
strand, leading to double-strand break (DSB) repair, 
which triggers targeted gene editing via canonical non-
homologous end joining (C-NHEJ) or via homology 
repair if a DNA homologous template (donor DNA) is 
provided (Her and Bunting 2018). The targeting capabil-
ity of the CRISPR/Cas9 system is largely constrained by 
the gRNA-expressing and processing efficiency. Several 
types of promoters have been applied for highly express-
ing gRNAs, including RNA polymerase type II promoters 
(pol II), RNA polymerase type III promoters (pol III), and 
in vitro transcribed T7 promoters. The pol III promoters 
are the most widely used, including U6 snRNA promot-
ers, 5S rRNA promoters, tRNA promoters, and SNR52 
promoters (Song et  al. 2019). In most cases, gRNA is 
driven by U6 promoters. However, the U6 promoter 
transcribes gRNA with some limitations, which limit the 
CRISPR target sequences to G(N)20GG (Gao and Zhao 
2014). And low sequence conservation of the U6 snRNA 
gene also made it challenging to identify the U6 promoter 
in some fungi, such as Ustilaginoidea virens (Liang et al. 
2018). In addition to the U6 promoter, tRNA promoters 
are widely used for gRNA expression due to its significant 
advantages. tRNA promoters display high driving effi-
ciencies of gRNA expression in many fungi (Liang et al. 
2018), and their cleavable capability makes them suitable 
for multiplexed genome editing (Xie et  al. 2015; Zhang 
et  al. 2019). In addition, tRNAs are not constrained by 
certain sequence specificity. The 5S rRNA promoter has 
also been used to drive gRNA in Trichoderma atroviride, 
which shows higher gene disruption efficiency than the 
U6 promoter (Zheng et al. 2019). In Saccharomyces cer-
evisiae, the SNR52 promoter was used to drive gRNA 
expression. Its combination with the tRNA promoter 
displays high efficiency for multiplexed genome editing 
(Zhang et al. 2019). Thus, selecting a promoter for driv-
ing gRNA expression represents an important techni-
cal step in the development of an efficient CRISPR/Cas9 
genome editing system.

In P. oryzae, several CRISPR/Cas systems have been 
tested. The CRISPR/Cas9 system with U6 promoters suc-
cessfully knocked out the SDH gene with an efficiency 
of 36.1–83.6% via different gRNA sites, which is higher 
than the CRISPR/Cas9 system with TrpC promoter (Ara-
zoe et al. 2015). However, Foster et al. reported that the 
CRISPR/Cas9 system with U6 promoter did not work 
well in their knockout experiments whereas they used 
an in  vitro-assembled CRISPR/Cas9 system to disrupt 
ALB1 and RSY1 with high efficiency (Foster et al. 2018). 
Recently, the CRISPR/Cas12a ribonucleoprotein genome 

editing system has also been tested in P. oryzae (Huang 
et al. 2022). Since U6 promoter-driven gRNA expression 
is not always stable, and commercial Cas9 proteins needs 
additional expense, a more efficient and cost-effective 
CRISPR/Cas9 system is required for P. oryzae.

Various tRNA promoters have been tested in fungi, and 
the genome editing efficiency of different tRNA promot-
ers varies greatly in a strain-dependent manner (Song 
et  al. 2019). In Ustilago maydis, four tRNA promoters, 
tRNALeuTAA​, tRNAGlyGCC​, tRNATyrGTA​, and tRNAGlyTCC​ 
were tested, all of which showed higher efficiencies of 
gRNA expression than the U6 promoter (Schuster et al. 
2018). In U. virens, a 72 bp tRNAGlnTTG​ promoter signifi-
cantly increased HR rate (Liang et al. 2018). In Aspergil-
lus niger, 37 tRNAs for 18 amino acids were tested, and 
36 of the 37 tRNAs were able to generate mutation with 
similarly high efficiencies, except for a 92 bp tRNAGlnTTG​ 
(Song et al. 2018). In Colletotrichum higginsianum, a gln-
tRNA-based CRISPR/Cas9 knockout system showed 
100% gene replacement frequency (Bhadauria et al. 2024). 
In S. cerevisiae, tandem tRNAGly promoters were used 
for multiplexed genome editing, enabling simultaneous 
disruption of 8 genes with 87% efficiency (Zhang et  al. 
2019). In Yarrowia lipolytica, a tRNAGly-driven CRISPR/
Cas9 system disrupted PEX10 at only 30% (Schwartz 
et al. 2016). It remains unclear which tRNA promoter can 
drive efficiently gRNA expression in the rice blast fungus 
P. oryzae.

In this study, we developed a highly efficient gene dis-
ruption protocol for P. oryzae by using an Arg-tRNA 
promoter-driven CRISPR/Cas9 system. To evaluate 
gene disruption efficiency by the protocol, we randomly 
picked up five genes that were located in different chro-
mosomes. Our results show that the gene disruption fre-
quency ranged from 66.7% to 100.0%. In addition, our 
CRISPR/Cas9 system rarely induces Cas9 toxicity to P. 
oryzae. Thus, our Arg-tRNA promoter-driven CRISPR/
Cas9 system may be adopted as an alternative for func-
tional genomics study in P. oryzae.

Results
Selection of tRNA genes for constructing gRNA 
transcription cassettes
To screen tRNA genes for constructing gRNA transcrip-
tion cassettes, we first analyzed the whole genome of 
P. oryzae strain P131 with the tRNAscan-SE program 
2.0 (Chan and Lowe 2019), and predicted a total of 179 
non-redundant tRNA genes (Additional file 1: Table S1). 
We then used the pCas9-tRp-gRNA vector for U. virens 
genome editing (Liang et al. 2018) as a framework to con-
struct the tRNA-driven gRNA transcription cassettes for 
testing which tRNA promoter is highly efficient for P. ory-
zae gene disruption. Three tRNA gene promoters were 
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chosen for the test, including two tRNAArg promoters. 
A previous study reported that two tRNAArg (anticodon 
ACG) promoters display high efficiency in driving gRNA 
transcription in A. niger (Song et al. 2018). In P. oryzae, 
there are 14 tRNA genes that recognize Arg anticodon, 
seven of which recognize ACG anticodon. Considering 
that a relatively short tRNA may impart simple and com-
pact architecture to sgRNA cassette and enable efficient 
transcription (Zhang et al., 2019), we chose two shortest 
tRNAArg(ACG) genes, named tRNAArg17 and tRNAArg24, 
respectively, to drive gRNA expression (Fig. 1a and Addi-
tional file  1: Table  S1). In addition, we also tested the 
96-bp tRNAGln14 (Additional file  1: Tbale S1). All the 
cassettes contain four elements: the tRNA gene of P. ory-
zae, gRNA spacer insertion region for inserting target 
sequence via BsmBI sites, gRNA scaffold and terminator, 
and together with tef (the translation elongation factor) 
promoter-driven Cas9 cassette that were named as Mo_
tRNA-gRNA-Cas9 vectors.

To acheive gene disruption, a DNA fragment for cor-
responding sgRNA of each target gene was inserted 
into BsmBI sites to generate Mo_tRNA-sgRNA (specific 
gene)-Cas9 vector, which was then co-transformed into 
the protoplasts of P. oryzae with the gene replacement 
vector pKOV21 that carries hygromycin B phosphotrans-
ferase gene (Hyg) as a positive selection marker and neo-
mycin/G418 resistance gene (Neo) as a negative selection 
marker (Fig. 1b).

To determine which of the three tRNA genes is 
reproducibly efficient for gene disruption in P. ory-
zae, we first tried to disrupt MoB56 in the P. oryzae 
strain P131. MoB56, encoding a regulatory subunit of 
PP2A, is located on the chromosome 6 (Fig.  2a), and 
showed relatively low disruption rate with the classi-
cal gene replacement method (Wang et al. 2023). Our 
preliminary test results showed that, in co-transfor-
mation with the pKOV21 vector, both Mo_tRNAArg17-
gRNA-Cas9 and Mo_tRNAArg24-gRNA-Cas9 cassettes 

Fig. 1  The shematic diagram of the Arg-tRNA driven gRNA-Cas9/kov21 gene replacement system in P. oryzae. a The tandem Arg-tRNA driven 
gRNA expression cassette, which includes an 84 bp tRNAArg(ACG) gene of P. oryzae (red), gRNA spacer insertion region for inserting target sequence 
via BsmBI sites (green and underlined), gRNA scaffold (blue), and terminator (purple). b The strategy of the Arg-tRNA driven CRISPR/Cas9 system 
for efficient gene disruption in P. oryzae. The constructed Mo_tRNAArg-gRNA-Cas9 vector with 20-bp target sgRNA co-transformed with donor 
pKOV21 vector into protoplast to generate sgRNA and induce gene replacement. Two pairs of primers, Check up/Hyg up and Check down/Hyg 
down are used to confirm correct gene knock-out mutants
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reproducibly generated MoB56 disruption mutants 
at rates from 63 to 83%, which are much higher than 
the rates generated by Mo_tRNAGln14-gRNA-Cas9 
(Additional file  2: Table  S2). Subsequently, we used 
Mo_tRNAArg24-gRNA-Cas9 as a gRNA transcription 
cassette for checking disruption efiiciency of other 
genes in P. oryzae.

An Arg‑tRNA promoter‑driven CRISPR/Cas9 system 
significantly increased gene replacement rate in P. oryzae
We ramdomly selected three previously reported 
genes (Fig.  2a), Rei1, Ppg1, and Dbf2 that locate on 
chromosomes 1, 2, and 7, respectively, to further test 
the efficiency of Mo_tRNAArg24-gRNA-Cas9 in P. ory-
zae. Disruption of Rei1, Ppg1, and Dbf2 in P. oryzae 

Fig. 2  Efficient gene disruptions with the Mo_tRNAArg-gRNA-Cas9/pKOV21 system in P. oryzae. a The loci of selected genes for assessing 
the efficiency of the Mo_tRNAArg-gRNA-Cas9/pKOV21 system in P. oryzae. Six selected genes are located in different chromosomes, and Bip2 
is quite close to the centromere on chromosome 4. Scale bars = 1 Mbp. b The gene replacement rates of three reported genes with the Mo_
tRNAArg-gRNA-Cas9/pKOV21 system
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had significant defects on mycelial growth (Du et  al. 
2013; Cao et  al. 2016; Feng et  al. 2021). The sgRNA 
target sequences of the three genes were analyzed by 
sgRNA designer programs (Additional file 3: Table S3), 
and were independently inserted into the gRNA spacer 
insertion region of Mo_tRNAArg24-gRNA-Cas9 vec-
tor, co-transformation of Mo_tRNAArg24-gRNA-Cas9 
with the traditional gene replacement vector pKOV21 
reproducibly generated Rei1, Ppg1, and Dbf2 mutants 
at rates 98.0%, 75.9%, and 85.4%, respecitively (Fig. 2b 
and Additional file  4:Table  S4). We selected the Hyg-
resistant and Neo-sensitive transformants and cultured 
them on oatmeal tomato agar (OTA) plates to observe 
their phenotypes. The results showed that most of the 
transformants displayed knock-out mutant phenotype 
(Fig.  3d–f ). We then randomly selected 10 transfor-
mants of each gene with knock-out mutant phenotype 
for PCR verification with Hyg-up/Check-up and Hyg-
down/Check-down primers as shown in the schematic 
diagram (Fig. 3a–c). The results showed that all the 10 
selected transformants for each gene were correct gene 
disruption mutants (Fig. 3g–i). Three mutants of each 
gene were then randomly picked up to test their phe-
notypes on growth, which displayed the same growth 
defects as presiously reported (Fig. 3m–o).

Expression of Cas9 was transient and not toxic to P. oryzae
Foster et  al. reported that the constitutive expression 
of Cas9 is toxic to P. oryzae, resulting in less number 
of tranformants generated (Foster et al. 2018). We thus 
further evaluated whether our strategy for genome 
editing results in toxicity of Cas9 to P. oryzae. We 
found that the number of transformants generated 
from the co-transformation of Mo_tRNAArg24-gRNA-
Cas9 vectors with pKOV21 vectors was even much 
more than those generated from the transformation 
with only pKOV21 vectors (Additional file 5: Table S5), 
indicating the Mo_tRNA-gRNA-Cas9 system is not 
toxic to P. oryzae. Furthermore, we tested whether 
the Cas9 gene was integrated into the genome of P. 
oryzae. PCR amplification of partial Cas9 sequence 
showed that none of the replacement mutants of 
Rei1 contained Cas9 (Fig.  3j), and only one and two 
transformants carrying Cas9 were amplified from 
the randomly selected 10 mutants of Ppg1 and Dbf2, 
respectively (Fig.  3k, l). These results indicate Cas9 
is transiently expressed in most cases and rarely inte-
grated into the genome if co-transformation of Mo_
tRNAArg24-gRNA-Cas9 vector with pKOV21 vector for 
disrupting a gene in P. oryzae.

Identifcation of two genes important for conidiation in P. 
oryzae through the Mo_tRNAArg24‑gRNA‑Cas9 mediated 
gene disruption
To further verify the high efficiency of the Mo_
tRNAArg24-gRNA-Cas9 system for disrupting genes in P. 
oryzae, we randomly picked up two hypothetical genes 
(MGG_05198 and MGG_03741) for disruption, which 
were located on chromosome 3 and 4 and named as Bip1 
and Bip2 (Fig.  2a), respectively. For Bip1 gene disrup-
tion (Fig. 4a), a total of 89 G418-sensitive transformants 
were generated. We randomly picked up ten of them for 
PCR verification (Fig.  4b), all of which were confirmed 
to be correct disruption mutants without Cas9 in their 
genomes (Fig. 4c), including three mutants that were fur-
ther confirmed by Southern blot (Fig.  4d). For disrupt-
ing Bip2 (Fig. 4e), which is quite close to the centromere 
of chromosome 4 (Fig. 2a), a total of six G418-sensitive 
transformants were obtained, four of which were correct 
disruption mutants verified by PCR (Fig.  4f ), including 
three were further confirmed by Southern blot (Fig. 4g). 
None of these Bip2 disruption mutants contain Cas9 in 
their genomes (Fig. 4h).

To identify the role of Bip1 and Bip2 in P. oryzae, we 
assayed phenotypes of Δbip1 and Δbip2. The Δbip1 and 
Δbip2 mutants were similar to the wild-type strain in 
colony growth after 5  days of culturing on OTA plates 
(Fig. 5a, b, d, and e), indicating that they are not impor-
tant for mycelial growth. However, as compared with 
their wild-type strain, Δbip1 and Δbip2 mutants were 
decreased in conidiation by ~ 50% (Fig. 5c) and by ~ 30% 
(Fig.  5f ), respectively, indicating that Bip1 and Bip2 are 
important for conidiation.

Discussion
Recently developed CRISPR/Cas9 system has greatly 
accelerated the speed of genome editing in a wide range 
of organisms. In P. oryzae, U6 and TrpC promoters were 
used to drive gRNA expression for gene editing, showing 
efficient disruption of SDH and SRS2 (Arazoe et al. 2015). 
Whereas, Foster et  al. reported that the U6 promoter 
sometimes worked not well, and in replace, they used 
purified Cas9 protein along with in  vitro synthesized 
sgRNA complex to increase gene disruption efficiency in 
P. oryzae (Foster et  al. 2018), which led to efficient dis-
ruption of ALB1 and RSY in P. oryzae but required addi-
tional cost to buy purified Cas9. Here, we reported that 
an 84-bp Arg-tRNA gene is efficient for driving gRNA 
transcription and that its derived Mo_tRNAArg24-gRNA-
Cas9 in combination with the traditional gene replace-
ment vector pKOV21 can be used to achieve highly 
efficient gene disruption in P. oryzae. We evaluated 
its efficiency by disrupting six genes, including a gene 
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Fig. 3  Gene disruption of three reported genes, Rei1, Ppg1, and Dbf2, via Mo_tRNAArg-gRNA-Cas9/pKOV21 system. a–c Strategy of gene 
replacement for genes, the sgRNA-guided Cas9-induced double-strand break (DSB) sites was indicated with scissor symbol. d–f Phenotype of 24 
randomly selected G418-sensitive transformants of each gene disruption. g–i PCR verification using the Hyg_up/check_up and Hyg_down/check_
down primers (as indicated in a–c) to confirm the correct replacement of each gene with Hyg. Ten random transformants with the correct knockout 
mutant phenotype of each gene were selected. In Fig. 3 h, the wild-type P131 and Δmoppg1-0 were used as negative and positive controls, 
respectively. j–l PCR detection for Cas9 insertion into genomes of the ten transformants of each gene mentioned in g–i. In Fig. 3g, i, the genomic 
DNA of the wild-type strain P131 and water were used as negative controls. The Mo_tRNA-gRNA-Cas9 vector was used as positive control. In Fig. 3k, 
Δmoppg1-0 was used as a negative control. m–o Colony phenotypes of each gene disruption strains and wild-type strain P131 cultured on OTA 
plates for 5 days
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located near the centromere of chromosome 4 (Fig.  2). 
Our results showed that the system could reproducibly 
result in gene disruption in P. oryzae at a high frequency, 
ranging from 66.7%–100.0% (Figs. 2b, 4, and Additional 
file  4: Table  S4). Thus, our system, the Mo_tRNAArg24-
gRNA-Cas9/pKOV21 cotransformation, can be adopted 
as an alternative for highly efficient gene disruption in P. 
oryzae.

In A. niger, 36 tRNAs for 18 amino acids showed 
similar high efficiency, including two Arg-tRNAs (anti-
codon ACG), whereas a 92-bp Gln-tRNA (anticodon 

TTG) showed low efficiency for gene disruption (Song 
et  al. 2018). In U. virens and C. higginsianum, Gln-
tRNA (anticodon TTG) showed high gene disruption 
efficiency (Liang et  al. 2018; Bhadauria et  al. 2024). In 
the present study, we showed that the gene disruption 
efficiency by a 95-bp Gln-tRNA derived vector (antico-
don CTG) was < 50% while two 84-bp Arg-tRNA (Arg17 
and Arg24) derived vectors (anticodon ACG) are simi-
larly high-efficient (Additional file  2: Table  S2). Thus, 
different tRNAs may vary in their efficiency in driving 
gRNA expression. Besides tRNAArg24, other tRNAs may 

Fig. 4  Disruptions of two uncharacterized genes, Bip1 and Bip2, with Mo_tRNAArg-gRNA-Cas9/pKOV21 system in P. oryzae. a Strategy for Bip1 gene 
replacement, including the sgRNA-guided Cas9-induced DSB site on Bip1. H indicates Hind III used to digest genomic DNAs for Southern blot. The 
probe used for Southern blot was labeled. b Ten Neo-sensitive transformants were checked by PCR with the Hyg_up/check_up and Hyg_down/
check_down primers (as shown in a) to verify Bip1 replaced by Hyg correctly. c PCR detection of Cas9 insertion in genomes of the ten transformants 
mentioned in b. d Δbip1 mutants verified by Southern blot. e Strategy for Bip2 gene replacement, B indicates Bgl II used to digest genomic 
DNAs for Southern blot. The probe used for Southern blot was labeled. f Four Neo-sensitive transformants were checked by PCR to verify correct 
replacement of Bip2 by Hyg. g Southern blot for verifying Δbip2 mutants. h PCR detection for Cas9 insertion in genomes of the transformants in f 
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also be efficient to drive gRNA expression in P. oryzae, 
such as tRNAArg17. In addition, a U6 promoter can drive 
gRNA expression for highly efficient disruption of SDH 
and SRS2 in the strain Hoku-1 but seemed not to work 
well in the Guy11 strain of P. oryzae (Arazoe et al. 2015; 
Foster et al. 2018). Thus, the same vector may differ in 
their efficiency in different strains. Although we veri-
fied that our Mo_tRNAArg24-gRNA-Cas9/pKOV21 is 
highly efficient for gene disruption in the P131 strain, it 
remains to be checked whether this system works well 
in other strains of P. oryzae.

Foster et al. reported that the constitutive expression 
of Cas9 is toxic to P. oryzae, resulting less generation 
of transformants (Foster et al. 2018). This showed that 
equal or even more transformants can be obtained by 
co-transforming Mo_tRNAArg24-gRNA-Cas9/pKOV21 
vectors, not less than those obtained by transforma-
tion with the pKOV21 vector that does not carry 
Cas9 (Additional file 2: Table S2 and Additional file 4: 
Table S4). In fact, Cas9 was detected in very few trans-
formants generated by cotransforming Mo_tRNAArg24-
gRNA-Cas9/pKOV21 vectors (Figs.  3j,  i and  4c, h), 
suggesting that Cas9 is transiently expressed in the 
system. In addition, this system generates mutants by 
homologous recombination enhanced by DSB gen-
erated by Cas9 transiently expressed from the Mo_
tRNAArg24-gRNA-Cas9, which undergos two rounds of 
selection, a positive selection based on hygromycin B 
phosphotransferase (Hyg resistance gene) gene and a 
negative selection based on neomycin/G418 resistance 

gene on the pKOV21 vector (Yang et  al. 2010), thus 
increasing frequency of gene disruption.

In Aspergillus, AMA1-based plasmid is generally used 
to construct a genome-editing system, allowing for 
autonomous plasmid replication and increasing mutation 
efficiencies (Song et al. 2019; Li et al. 2021). This stratergy 
may be considered for application in P. oryzae to further 
improve tRNA-gRNA-CRISPR/Cas9 efficiency.

Conclusion
The present study reported that an 84-bp Arg-tRNA pro-
moter is highly efficient in driving gRNA transcription 
in the rice blast fungus P. orzyae, and its cassette with 
Cas9 can highly improve gene replacement efficiency of 
pKOV21 by homologous recombination in the fungus. 
Thus, our Arg-tRNA promoter-driven CRISPR/Cas9/
pKOV21 system provides an alternative for functional 
genomics study in P. oryzae.

Methods
Strains and cultural conditions
Storage, maintenance, and growth of the P. oryzae strains, 
and nucleic acid extraction were carried out as described 
previously (Wang et al. 2023).

The tRNA gene prediction and selection
The tRNA genes for this study were retrieved from the 
genome of the P. oryzae P131 strain. All potential tRNA 
genes in P. oryzae were predicted by the online pro-
gram tRNAscan-SE version 2.0 (Chan and Lowe 2019). 

Fig. 5  Bip1 and Bip2 are important for conidiation. a Colonies of the wild-type strain and two Δbip1 mutants cultured on OTA plate for 5 days. b The 
colony diameters of the strains as mentioned in a. c Conidiation of the strains mentioned in a. d Colony comparison of wild-type strain and two 
Δbip2 mutants cultured on OTA plate for 5 days. e The colony diameters of the strains as mentioned in d. f Conidiation of the strains mentioned in d. 
** p < 0.01; ns, not statistically significant
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Sequences of the selected Arg tRNA gene in this study 
were listed in Additional file 1: Table S1.

Construction of the Mo_tRNAArg‑gRNA‑pCas9 vector
The tRNAArg24-gRNA cassette containing two BsaI sites 
was assembled by fusion PCR of two fragments. The 
first fragment containing the tRNAArg24 promoter, gRNA 
spacer sequence, and gRNA scaffold was generated by 
primers F1 and R1. The tRNAArg promoter with 20  bp 
gRNA spacer sequence containing BsaI sites was syn-
thesized into primer gRNA-F1. The 20 bp gRNA spacer 
sequence was used as an overlapping sequence. The sec-
ond fragment containing gRNA spacer, gRNA scaffold 
and terminator was generated by primers F2 and R2. 
Primers gRNA-F1 and gRNA-R2 were used to assemble 
the two fragments together, and primers F0/R0 were used 
to clone the assembled cassette to the HindIII and EcoRI 
sites of vector pUC19 plasmid. A short cassette with 
two BsmBI sites was generated by annealing the sense 
(LINK-SEQ-L) and the antisense (LINK-SEQ-R) oligo-
nucleotides and inserted between the two BsaI sites of 
the pUC19-tRNA-gRNA vector by Golden Gate cloning 
(New England Biolabs, Ipswich, MA, United States) to 
generate the pUC19-LINK vector. The tRNAArg24 -gRNA 
cassette with two BsmBI sites was amplified with C9TSG-
F and C9TSG-R and cloned between the KpnI and EcoRI 
sites of the U. virens pCas9-tRp-gRNA vector (Liang et al. 
2018) to generate the Mo_tRNAArg24-gRNA-Cas9 vec-
tor. Similar statergies were used for construction of other 
Mo_tRNA-gRNA-Cas9 vectors. All primers used for vec-
tor construction were listed in Additional file 5: Table S5.

Identification of guide sequences and construction 
of specific tRNA‑sgRNA‑Cas9 vectors for each gene
The 20-bp guide RNA sequences of MoB56, Dbf2, and 
Ppg1 were designed with the gRNA designer program 
CRISPick (https://​porta​ls.​broad​insti​tute.​org/​gppx/​crisp​
ick/​public). The guide RNA sequences of Rei1, Bip1, and 
Bip2 were designed using E-CRISP (http://​www.e-​crisp.​
org/E-​CRISP/). The guide sequences were inserted into 
the two BsmBI sites within the gRNA spacer of the Mo_
tRNAArg-gRNA-Cas9 vector. Additional file  3: Table  S3 
shows the guide sequences used in this study.

Construction of the gene replacement vectors
Targeted genes were replaced with the hygromycin 
B phosphotransferase (Hyg) gene. For the construc-
tion of gene replacement vectors, the ~ 1.5  kb upstream 
and ~ 1.5  kb downstream fragments of each gene were 
amplified and cloned into pKOV21. The primers used 
were listed in Additional file 5: Table S5.

Transformation, mutant purification, and screening
Transformation and genomic DNA isolation of P. ory-
zae strains were performed as previously described 
(Wang et al. 2023). All transformations were carried out 
using 1–1.5  μg of the donor pKOV21-based replace-
ment plasmid per tube with or without tRNA-gRNA-
Cas9 vector when needed. The amount ratio of donor 
pKOV21 to tRNA-gRNA-Cas9 was 1:1. Mutant clones 
were visually identified according to colony morphol-
ogy first and double-checked with PCR. The CRISPR 
efficiency was calculated by dividing the number of 
mutant colonies by the total number of transformants 
after negative selection for Neo-resistance. Cases where 
Cas9 was inserted and integrated into the P. oryzae 
genome was detected by PCR. All primers used were 
listed in Additional file 5: Table S5.

Southern blot assay for Bip1 and Bip2 replacement mutants
Genomic DNA of Δbip1 and Δbip2 mutants were 
digested by Hind III and Bgl II, respectively. The 
upstream fragment of Bip1 was used as a probe to 
detect and distinguish the wild-type strain and Δbip1 
mutants. The downstream fragment of Bip2 was used 
as a probe to detect and distinguish the wild-type strain 
and Δbip2 mutants. The schematic diagrams of South-
ern blot strategies are shown in Fig. 4a, e.

Mycelial growth and conidiation assays
Colony blocks of all strains were cultured on OTA 
plates, and colony diameters of each strain were meas-
ured after 5 d of culture. Conidiation was calculated 
after 6 d of culture. Three replicates were conducted.
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DSB	� Double-strand break
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