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A B S T R A C T   

CRISPR/Cas9-mediated homology-directed recombination is an efficient method to express target genes. Based 
on the above method, providing ideal neutral integration sites can ensure the reliable, stable, and high expression 
of target genes. In this study, we obtained a fluorescent transformant with neutral integration and high 
expression of the GFP expression cassette from the constructed GFP expression library and named strain FS. The 
integration site mapped at 4886 bp upstream of the gene FVRRES_00686 was identified in strain FS based on a Y- 
shaped adaptor-dependent extension, and the sequence containing 600 bp upstream and downstream of this site 
was selected as the candidate region for designing sgRNAs (Sites) for CRISPR/Cas9-mediated homology-directed 
recombination. PCR analysis showed that the integration efficiency of CRISPR/Cas9-mediated integration of 
target genes in designed sites reached 100%. Further expression stability and applicability analysis revealed that 
the integration of the target gene into the above designed sites can be stably inherited and expressed and has no 
negative effect on the growth of F. venenatum TB01. These results indicate the above designed neutral sites have 
the potential to accelerate the development of F. venenatum TB01 through overexpression of target genes in 
metabolic engineering.   

1. Introduction 

With the increase in the global population and protein demand, the 
daily protein supply depended on traditional animal husbandry and 
agriculture is facing numerous challenges [ [1–3]]. Moreover, consid-
ering that traditional animal husbandry relies on water and land re-
sources and is a major source of global greenhouse gas emissions [4,5], a 
new pattern of protein supply for consumption is urgently needed. 
Fusarium venenatum, discovered from more than 3000 soil organism 
samples, has been successfully cultured as a mycoprotein source under 
the trade name of “Quorn” [ [6–9]]. Mycoproteins with a fibrous texture 

have high security [ [10–12]] and offer a good nutritional balance, 
including zero cholesterol, high dietary fiber, and richness in essential 
amino acids [13]. Therefore, it has the potential to partially or entirely 
substitute animal- and plant-derived protein in the human diet. 

To further promote the development of F. venenatum through genetic 
engineering, efficient genetic manipulation tools are necessary. 
Recently, a classical gene deletion method (homologous recombination) 
based on homology arms [14] and an efficient DNA-free CRISPR/Cas9 
system based on the AMA1-based Cas9 expression vector [15] were 
established by our group in F. venenatum TB01. Using the above system, 
the knockout or deletion of target genes can be successfully 
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accomplished. However, the means to ensure the reliable, efficient, and 
stable expression of target genes still need to be explored. 

Currently, the expression of target genes in fungi mainly depends on 
episomal vectors and genome integration. The episomal vectors can 
replicate autonomously in the host based on a self-replicator such as 
AMA1 and CEN/ARS [16,17]; however, the obvious disadvantage is that 
they are readily lost without selective pressure, including in 
F. venenatum TB01 [ [15,18–22]]. Compared to self-replicating vectors, 
integration of target genes into the genome for overexpression is a more 
stable strategy [22]. However, because of the nonhomologous end 
joining (NHEJ) pathway of DNA double strand break (DSB) repair, the 
integration site of foreign DNA fragments in the genome is random, 
resulting in various expression levels of target genes [23]. In addition, 
NHEJ-mediated random integration may disrupt important endogenous 
genes and cause some new traits unrelated to the target gene [22]. The 
site-specific integration method based on neutral genome integration 
sites for gene overexpression has been successfully applied in microbial 
genetic engineering [ [24–27]]; however, to date, similar studies have 
not been reported in F. venenatum TB01. Moreover, considering that 
NHEJ is the dominant pathway for repairing DSBs in F. venenatum TB01 
[14], neutral genome integration sites with high expression and high 
integration efficiency used for CRISPR/Cas9-mediated homology-dir-
ected recombination of target genes urgently need to be identified. 

In this study, the new neutral genome integration sites that could 
ensure high and stable expression and high integration efficiency of 
target genes based on the CRISPR/Cas9 system were obtained in 
F. venenatum TB01 by constructing a random GFP expression library, Y- 
shaped adaptor-dependent extension and characterizing the potential 
integration site. The integration sites identified here provide an impor-
tant synthetic tool for accelerating the development of F. venenatum 
TB01 through metabolic engineering in the future. 

2. Materials and methods 

2.1. Strain and culture conditions 

F. venenatum TB01 isolated by the Tianjin Institute of Industrial 
Biotechnology was deposited at CGMCC under accession number 
CGMCC NO. 20740. It and its derived strains expressing green fluores-
cent protein (GFP) were conserved as a mixture of dry conidia at − 80 ◦C, 
and routinely grown in/on glucose yeast extract broth/agar (GYB/GYA) 
[14] at 28 ◦C. Escherichia coli DH5α (Biomed, Beijing, China) was grown 
in/on LB broth/agar at 37 ◦C for routine gene cloning and vector 
construction. 

2.2. Vectors construction 

To construct the GFP expression library in F. venenatum TB01, the 
promoter sequence of tef (FVRRES_13282) and the fragment containing 
the ORF of GFP and terminator Ttrpc were amplified with the corre-
sponding primer pairs Ptef-1/2 and GFPT-1/2, respectively. The ob-
tained promoter Ptef and GFP-Ttrpc fragments were cloned into the 
EcoRI site of the pK2-hpt vector by seamless cloning (Vazyme, Nanjing, 
China) to generate pK2-Ptef-GFP-Ttrpc-hpt. The GFP expression cassette 
used for integration into the genome was finally amplified from this 
vector with the primer pair pK-1/2 located in the vector backbone. 

For construction of the CRISPR/Cas9 expression vectors, an sgRNA 
scaffold was synthesized by Tsingke Biotechnology Co., Ltd. (Tsingke, 
Beijing, China), and the sgRNA target sites of the sequence containing 
the integration site of the GFP expression cassette in the genome were 
identified using the sgRNACas9 tool [28]. The promoter sequence of 5S 
rRNA (FVRRES_5S_rRNA_393) was amplified via PCR with the primer 
pair 5S-1/5Ssite1-2 or 5S-1/5Ssite2-2 using F. venenatum TB01 genomic 
DNA as the template. Then, the sgRNA driven by the 5S rRNA promoter 
was created by overlapping PCR and cloned into the PacI site of the 
pFC332 vector, which contained A. niger codon-optimized Cas9 and 

AMA1 components [29]. 
For construction of the donor DNA with homologous arms, the cas-

settes Ptef-GFP-Ttrpc and PgpdA-GFP-Ttrpc were amplified from the 
constructed vectors pK2-Ptef-GFP-Ttrpc-hpt and pK2-PgpdA-GFP-Ttrpc- 
hpt with the corresponding primer pairs tef-1/Ttrpc-2 and gpdA-1/ 
Ttrpc-2, respectively. Then, the homologous arms that were homoge-
nous to the flanking region of the sgRNA target sites were amplified via 
PCR using F. venenatum TB01 genomic DNA as the template. The donor 
DNA with homologous arms was finally created by overlapping PCR 
using the corresponding amplification products. All PCR products were 
amplified using PrimeSTAR® Max DNA Polymerase (Takara, Kyoto, 
Japan). The primers used in this study are listed in Table S1, the 
nucleotide sequence of the A. niger codon-optimized Cas9 is listed in 
Table S2, the nucleotide sequences of the sgRNA expression cassettes are 
listed in Table S3, and the nucleotide sequences of donor DNA are listed 
in Table S4. 

2.3. Polyethylene glycol (PEG)-mediated protoplast transformation 

PEG-mediated protoplast transformation of F. venenatum TB01 was 
performed as previously described [14]. Briefly, the protoplasts were 
prepared using 2 mg/ml driselase (Lablead, Beijing, China) and 4 mg/ml 
smailase (Sangon, Shanghai, China) at 32 ◦C and 130 rpm for 2 h. For 
protoplast transformation, 100 μl protoplast suspension was mixed with 
25 μl SPTC and 10 μg PCR cassette or/and expression vector and incu-
bated on ice for 40 min. Then, 1 ml of SPTC was gently added and 
incubated at room temperature for 30 min. After that, the mixture was 
combined with regeneration medium tempered to approximately 42 ◦C 
and poured into 90-mm-diameter petri dishes. After overnight incuba-
tion, the screening medium containing 15 μg/ml hygromycin was 
covered. 

2.4. Fluorescence observation of fungal strains 

Fluorescence observation of fungal strains using a hand-held fluo-
rescent protein excitation light source (LUYOR-3415GR, Shanghai, 
China) was performed as previously described [14]. Briefly, the trans-
formation plates or mycelia collected from fermentation medium were 
placed in a dark environment, the green fluorescent excitation light 
source was turned on to illuminate them, and the colony transformants 
or mycelia were observed or photographed through the filter. The mean 
fluorescence intensity of fluorescent strains (5 transformants) cultured 
on GYA for 2 days was quantified using ImageJ software (http://imagej. 
nih.gov/ij/; provided in the public domain by the National Institutes of 
Health, Bethesda, USA). 

2.5. Identification of the integration site in the genome 

The integration site of the GFP expression cassette in the genome was 
identified as previously described [30] with some modifications using a 
Y-shaped adaptor-dependent extension. Total genomic DNA was iso-
lated using a plant rapid genomic DNA kit (Biomed, Beijing, China), and 
then the genomic DNA was enzymatically digested using the iso-
caudomers BamHI and BglII at 37 ◦C overnight. The Y-shaped adaptors 
were attached to the two ends of the digestion product using T4 DNA 
ligase (Thermo, Waltham, USA) at 22 ◦C for 2 h. The target fragment, 
including the integration site of the GFP expression cassette in the 
genome, was obtained via linear amplification and exponential ampli-
fication using the above ligation mixture as a template, and Padap-1, 
which was located in the adaptor, and Pcassette-2/Pcassette-3, which 
was located in the cassette, as primer. Ultimately, the location of the 
integration site in the genome was determined by sequencing and 
aligning the target fragment, and the relevant Circos diagram was drawn 
using TBtools software [31]. The primers used in this study are listed in 
Table S1. 
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2.6. PCR analysis of the transformants generated by integrating the donor 
DNA with homologous arms via the CRISPR/Cas9 system 

The simple templates used for PCR amplification were prepared as 
previously described [32]. Briefly, a small amount of mycelia was 
collected and placed into 8 μl 0.3 M NaOH. After incubating at 98 ◦C for 
2 min, 170 μl neutralization solution (20 mM Tris-HCl (pH 8.0), 0.3 M 
HCl) was added, and simple templates containing fungal genomic DNA 
were obtained. The PCR procedure was set according to the instructions 
of the 2 × Rapid Taq Master Mix (Vazyme, Nanjing, China) with the 
primer pair S1L-1/S1R-2 or the primer pair S2L-1/S2R-2. For the 
cassette Ptef-GFP-Ttrpc, the predicted size of the PCR product in the 
correctly inserted transformants was ~2000 bp larger than that in the 
wild type (control), while for the cassette PgpdA-GFP-Ttrpc, the pre-
dicted size of the PCR products in the correctly inserted transformants 
was ~3000 bp larger than that in the wild type (control). The primers 
used in this study are listed in Table S1. 

2.7. Observation of the morphology of mycelia 

Conidial suspensions (500 μL, 5 × 106 conidia/mL) derived from 
GYA plates were cultured in 50 mL GYB liquid medium at 28 ◦C and 180 
rpm for 16 h. Then, the morphology of mycelia was observed by fluo-
rescence microscopy (Leica DM5000B, Wetzlar, Germany). 

2.8. Determination of dry mycelial weight 

Dry mycelial weight was determined as described [15]. Briefly, 
conidial suspensions (300 μL, 5 × 106 conidia/mL) derived from 10 days 
GYA plates were cultured in 50 mL fermentation medium (glucose 60 
g/L, yeast extract 0.5 g/L, (NH4)2SO4 6 g/L, MgSO4 1.5 g/L, KCl 0.7 g/L, 
Na2SO4 0.5 g/L, KH2PO4 2 g/L, CaCO3 0.5 g/L) at 28 ◦C and 180 rpm for 
4 days. Then, the mycelia were collected by filtration using a SHZ-D(III) 
vacuum filtration apparatus (Baoling, Shanghai, China) and washed 
twice with distilled water. The washed mycelia were dried in an electric 
thermostatic drying oven 101-00B (Lichen, Zhejiang, China) until a 
constant weight was reached. The experiment was performed in tripli-
cate, and error bars represent the standard deviation of three replicates. 

2.9. Determination of glucose concentration 

The F. venenatum TB01 cultured at 28 ◦C in fermentation medium 
was centrifuged to remove the mycelia and then filtered through a 0.22 
μm filter (Jinlong, Tianjin, China). This cell-free supernatant was diluted 
with distilled water to a suitable concentration, and the glucose con-
centration was measured using an M-online biochemical analyzer (Sie-
mans, Shenzhen, China). The carbon conversion rate (g/g) was 
calculated according to the following formula: dry mycelial weight/ 
(initial glucose concentration - final glucose concentration). The 
experiment was performed in triplicate, and error bars represent the 
standard deviation of three replicates. 

3. Results 

3.1. Construction of a random GFP expression library in F. venenatum 
TB01 

Some studies have reported that NHEJ-mediated random genome 
integration of the GFP expression cassette resulted in a significant dif-
ference in fluorescence intensity among the transformants with different 
locations of the inserted fragment [22]. Therefore, it provides an 
effective strategy for constructing a genome-scale trackable insertional 
mutagenesis library. To identify a potential neutral integration site with 
high expression, a GFP expression cassette in which the GFP reporter 
gene was driven by the endogenous moderate promoter Ptef [14] was 
transformed into F. venenatum TB01 by PEG-mediated protoplast 

transformation and used to construct a GFP random expression library. 
Subsequently, four high fluorescence expression transformants were 
screened from primary transformation plates using a hand-held fluo-
rescent protein excitation light source (Fig. S1), and further evaluations 
of morphology, biomass and carbon conversion rate were performed. 
The entire process from library construction to transformants validation 
is shown in Fig. 1. 

3.2. Identification of the neutral integration site with high expression in 
the genome 

Based on the above system, a transformant with high GFP expression 
and neutral integration was obtained and named strain FS (Fig. 2A). The 
result of mycelial morphology observation showed that there was no 
significant difference between the transformant FS and wild type 

Fig. 1. Flowchart of construction of the GFP expression library, and screening 
and evaluation of the high fluorescence expression transformants. 
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(Fig. 2B). In addition, the colony diameter (3.41 vs. 3.37 cm), biomass 
(6.482 vs. 6.489 g/L) and carbon conversion rate (0.264 vs. 0.258 g/g) 
in the transformant FS were also similar to those in the wild type 
(Fig. 2C–E). 

To identify the neutral integration site with high expression in the 
genome of F. venenatum TB01, a Y-shaped adaptor-dependent extension 
based on enzymatic digestion of genomic DNA was employed (Fig. 3A). 
As shown in Fig. 3B, after an overnight incubation at 37 ◦C using BamHI 
and BglII, which produce the same cohesive end (-GATC), the genomic 
DNA was completely digested. Then, a target fragment including the 
integration site was obtained using the Y-shaped adaptor ligation 
mixture as the template via linear amplification and exponential 
amplification in order (Fig. 3C). Sequence alignment against the genome 
of F. venenatum (ASM90000737v1) showed that the integration site of 
the GFP expression cassette was located on chromosome 1 (Fig. 3D and 

Fig. S2). Further analysis revealed that this integration site was mapped 
at 4886 bp upstream of gene FVRRES_00686, and the sequence con-
taining 600 bp upstream and downstream of this site was selected as 
candidate region for the subsequent experiments (Fig. 3E). 

3.3. Determining the integration efficiency of CRISPR/Cas9-mediated 
integration 

To determine the integration efficiency of CRISPR/Cas9-mediated 
directional integration, two suitable sites from the above candidate re-
gion were identified using the sgRNACas9 tool (Fig. 4A). The availability 
of the corresponding sgRNAs was further confirmed by the CRISPR/Cas9 
system (Fig. S3). Then, the GFP expression cassette driven by the 
endogenous promoter Ptef or PgpdA was inserted into the identified sites 
through CRISPR/Cas9-mediated homology-directed recombination 
(Fig. 4B), and the corresponding fluorescent strains were verified using 
the hand-held fluorescent protein excitation light (Fig. 4C). To distin-
guish ectopic integration (band size: ~1 kb and ~3 or 4 kb) and site- 
specific integration (band size: only ~3 or 4 kb) in fluorescent trans-
formants, PCR primer pairs located in the homologous arms of donor 
DNA were designed. PCR analysis showed that the site-specific inte-
gration efficiencies of the GFP expression cassettes in both identified 
sites reached 100% (Fig. 4D). 

3.4. Evaluation of the expression stability and applicability of the two 
identified integration sites 

To test the expression stability of the cassettes in both identified sites, 
the corresponding fluorescent transformants were transferred five times 
successively on the GYA plate. The result of fluorescence detection 
showed that there was no significant difference in mean fluorescence 
density between the first and fifth generation of fluorescent trans-
formants regardless of being integrated with cassette Ptef-GFP-Ttrpc or 
PgpdA-GFP-Ttrpc, and also no significant difference between the fluo-
rescent transformants integrated with cassette Ptef-GFP-Ttrpc and orig-
inal integration transformant FS (Fig. 5A). Besides, the fluorescence 
signal of PgpdA-GFP expressing strain in fermentation medium over the 
time-course was consistent (Fig. S4). These above results indicated that 
the cassettes inserting into the identified sites can stably be inherited 
and high expressed. Certainly, as expected, the GFP expression cassette 
driven by promoter PgpdA conferred strains stronger fluorescence signal 

Fig. 2. Evaluation of the high fluorescence expression transformant. (A) 
Representative images of fluorescent transformant FS and wild type. The col-
onies were observed after culturing on GYA plates at 28 ◦C for 5 days. (B) 
Hyphal morphology was observed after culturing in GYB liquid medium at 
28 ◦C for 16 h. (C) The colony diameters of F. venenatum TB01 after 3 days of 
incubation. (D) The biomass of F. venenatum TB01 after 4 days of fermentation. 
(E) The carbon conversion ratio in F. venenatum TB01 after 4 days of fermen-
tation. WT: wild type; FS: high fluorescence expression transformant. Error bars 
represent the standard deviation of three replicates. 

Fig. 3. Identification of the neutral integration site in 
the genome of F. venenatum TB01. (A) Flowchart of 
target fragment amplification based on a Y-shaped 
adaptor-dependent extension. (B) Enzymatic diges-
tion of genomic DNA using the isocaudomers BamHI 
and BglII. WT: wild type; FS: high fluorescence 
expression transformant. -: untreated with restriction 
enzyme; +: treated with restriction enzyme. (C) PCR 
amplification of the target fragment including the 
integration site of the GFP expression cassette. PCR 
amplification of the target fragment was performed 
via linear amplification and exponential amplification 
in that order using the Y-shaped adaptor ligation 
mixture as a template. (D) The location of the GFP 
expression cassette in the genome. The Circos dia-
gram was drawn by TBtools software using the 
genome of F. venenatum (ASM90000737v1). The 
innermost layer is the length of each chromosome, 
and the other two layers are the display form of gene 
density via bar and heatmap, respectively. (E) The 
integration site of the GFP expression cassette was 
mapped 4886 bp upstream of the FVRRES_00686 
gene. The red triangle indicates the integration site of 
the GFP expression cassette, and the rounded rect-

angle indicates the candidate region containing 600 bp upstream and downstream of this integration site.   
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than promoter Ptef (Fig. 5A). 
Given that the identified sites will be used for genetic engineering for 

the expression of target genes, we wanted to determine that they had no 
negative effect on the growth of F. venenatum TB01. Therefore, the 
biomass and carbon conversion rate between the fifth generation of 
fluorescent transformants and wild type were analyzed, and no signifi-
cant differences were found between them (Fig. 5B). These results 
indicated that the identified integration sites were neutral integration 
sites and could be used for future genome engineering in F. venenatum 
TB01. 

4. Discussion 

Gene overexpression is an important part of rewriting the metabolic 
pathway in filamentous fungi [ [33–35]]. To ensure the reliable, effi-
cient, and stable overexpression of target genes, the ideal integration 
sites in the genome should be identified. Some studies have reported that 
NHEJ-mediated randomly inserted mutant libraries are often success-
fully used for the analysis of gene function and the identification of 
integration sites [ [22,36,37]]. In this study, to facilitate the screening of 

transformants with high expression of target genes for identification of 
integration sites, the GFP gene driven by the endogenous moderate 
promoter Ptef [14] was used to construct a GFP expression library, and 
the transformants with high GFP expression were screened among col-
onies using the hand-held fluorescent protein excitation light (Figs. 1 
and 2). Subsequently, the neutral genome integration site with high 
expression was successfully identified based on a Y-shaped 
adaptor-dependent extension and sequencing (Fig. 3). 

The Y-shaped adaptor-dependent extension for identification of the 
integration site of the target gene has been successfully applied to plants 
and filamentous fungi [30,38]. Compared to other methods for identi-
fying the integration site, such as inverse PCR and tail-PCR, Y-shaped 
adaptor-dependent extension has the advantages of low false-positives 
and high efficiency [30,38]. However, the excessively long target frag-
ment containing the known sequence after genomic DNA digestion 
might lead to amplification failure when using this method. In this 
study, we digested the genome of F. venenatum TB01 with the iso-
caudomers BamHI and BglII, which produce the same cohesive end 
(-GATC), to increase the probability of obtaining the target sequence 
with the appropriate length and successful amplification (Fig. 3). The 
target sequence with the appropriate length used for attachment of the 
Y-shaped adaptor and amplification may be more accessible after 
genomic DNA treatment with a variety of flat-end enzyme mixtures. 
Moreover, with the development of genome sequencing technology, 
whole-genome resequencing is becoming an accurate and efficient way 
to identify the integration site of target genes in the genome. 

Considering the advantages of site-specific integration method, the 
expression of target genes depended on the ideal neutral genome inte-
gration sites has been widely applied in animal, plant, bacteria and yeast 
[ [24–27,39–43]]. However, far less relevant research has been con-
ducted in filamentous fungi [ [44,45]]. In this study, we successfully 
identified the neutral integration site of GFP expression cassette in the 
genome of F. venenatum TB01. From an overall perspective, the inte-
gration site was located in the region with high gene density on chro-
mosome 1 (Fig. 3D); while from a particular perspective, the integration 
site was mapped at 4886 bp upstream of gene FVRRES_00686 and this 
4886 bp region did not contain other genes (Fig. 3E). The special loca-
tion of integration site in the genome might explain the reason that it 
could ensure the efficient and stable expression of GFP genes and had no 
negative effect on the growth of strain. Compared to other fungi, such as 

Fig. 4. Evaluation of the integration efficiency of 
CRISPR/Cas9-mediated integration. (A) Schematic 
representation of the distribution of sites in the 
genome. The red triangle indicates the integration 
site of the GFP expression cassette; the rounded 
rectangle indicates the candidate region containing 
600 bp upstream and downstream of this integration 
site; the black triangle indicates the sites used for 
CRISPR/Cas9-mediated homology-directed recombi-
nation and designed by the sgRNACas9 tool. (B) 
Schematic representation of AMA1-based Cas9 and 
sgRNA expression vectors and corresponding donor 
DNA. (C) Representative images of fluorescent 
transformants after culturing on GYA plates at 28 ◦C 
for 2 days. (D) PCR analysis of the CRISPR/Cas9- 
mediated homology-directed recombination trans-
formants. The predicted size of the PCR product in 
the wild type is ~1 kb and in the site-specific inte-
gration transformants is ~3 kb or ~4 kb.   

Fig. 5. Evaluation of the expression stability and applicability of the two 
identified integration sites. (A) Quantification of the mean fluorescence in-
tensity of fluorescent strains by ImageJ software. (B) The biomass and carbon 
conversion ratio of F. venenatum TB01 after 4 days of fermentation. 1: first 
generation of fluorescent transformants; 5: fifth generation of fluorescent 
transformants. S1: site 1; S2: site 2. WT: wild type; Ptef: fluorescent trans-
formants expressing Ptef-GFP; PgpdA: fluorescent transformants expressing 
PgpdA-GFP. FS: the original integration transformant. Error bars represent the 
standard deviation of three replicates. 
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Yarrowia lipolytica [22], the number of neutral integration sites identi-
fied in F. venenatum TB01 was too small. However, based on these ex-
periences, we believe more neutral integration sites for different 
applications will be identified in F. venenatum TB01 in the future. 

For homology-directed recombination of target genes at specific sites 
in the genome, the homologous recombination rate based on the sole 
homologous arm varies greatly from species to species. Even in some 
fungi, the recombination rate was low, which has hindered the devel-
opment of strain engineering [46,47]. To improve the recombination 
rate of the target gene, the CRISPR/Cas9 tool and donor DNA with a 
homologous arm could be combined [48,49]. When using the strategy 
outlined above, the directional integration efficiency of the GFP 
expression cassettes in identified sites reached 100% in F. venenatum 
TB01 (Fig. 4D), which was similar to what has been reported in Asper-
gillus niger [50]. 

5. Conclusion 

In this study, we successfully identified and verified new neutral 
genome integration sites with high expression used for CRISPR/Cas9- 
mediated homology-directed recombination of target genes in 
F. venenatum TB01. The 100% integration efficiency and high expression 
stability of GFP expression cassettes integrated into these sites indicate 
that they are likely to be important synthetic biological tool for accel-
erating the development of F. venenatum TB01 through metabolic en-
gineering in the future. 
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