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Abstract In recent years, a variety of genetic tools have been
developed and applied to various filamentous fungi, which are
widely applied in agriculture and the food industry. However,
the low efficiency of gene targeting has for many years ham-
pered studies on functional genomics in this important group
of microorganisms. The emergence of CRISPR/Cas9
genome-editing technology has sparked a revolution in genet-
ic research due to its high efficiency, versatility, and easy
operation and opened the door for the discovery and exploi-
tation of many new natural products. Although the application
of the CRISPR/Cas9 system in filamentous fungi is still in its
infancy compared to its common use in E. coli, yeasts, and
mammals, the deep development of this system will certainly
drive the exploitation of fungal diversity. In this review, we
summarize the research progress on CRISPR/Cas9 systems in
filamentous fungi and finally highlight further prospects in
this area.
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Introduction

Filamentous fungi are a large and diverse group of eukaryotes
which are ubiquitous in nature and closely associated with
humans on many levels (Thrane et al. 2007). On one hand,
filamentous fungi play important roles in the food, agricultur-
al, and pharmaceutical industries. For instance, due to their
high protein secretion ability and presence of complex post-
translational processing, certain filamentous fungi such as
Aspergillus niger, Aspergillus oryzae, and Trichoderma
reesei, which are regarded as safe by the US Food and Drug
Administration, are widely utilized to produce various en-
zymes and other useful proteins (Ward 2012). On the other
hand, because of the considerable economic value of many of
their metabolites, filamentous fungi also have been applied in
the production of antibiotics, organic acids, pigments, polyun-
saturated fatty acids (PUFAs), and so on (Xu et al. 2015;
Dufossé et al. 2014; Ji et al. 2014). Conversely, some filamen-
tous fungi such as Fusarium spp. and Aspergillus spp. can
produce toxic substances and can thus contaminate food, or
infect crops and even humans, which would result in incalcu-
lable economic losses (Yu et al. 2005; Lecellier et al. 2015;
Harris et al. 2016; Table 1). Therefore, in order to control the
adverse effects of filamentous fungi and make full use of their
favorable aspects to create more economic value, it is neces-
sary to fully understand their genetic and molecular-biological
information and reconstruct them effectively.

Genetic engineering technologies opened the door for basic
biological research in filamentous fungi. Since Mishra and
Tatum (1973) first reported the successful DNA transforma-
tion of the filamentous fungus Neurospora crassa, the devel-
opment of molecular-biological research in filamentous fungi
has been so rapid. Up until now, a variety of technical
methods, encompassing RNA interference, gene targeting,
in vitro transposon tagging, heterologous expression, and
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gene knockout, have been developed to investigate and ex-
ploit the biosynthetic and regulatory mechanisms of filamen-
tous fungi (Weld et al. 2006; Kück and Hoff 2010; Jiang et al.
2013). Moreover, with the advent of high-throughput se-
quencing technologies, the number of sequenced genomes
of filamentous fungi has also been rapidly increasing, which
further revealed the existence of a large number of
uncharacterized and silent secondary metabolite gene clusters
(Yang et al. 2009; Andersen et al. 2013). As a result, large-
scale functional genomics of filamentous fungi has become a
new research hot spot. Unfortunately, although the existing
methods can be used to edit target genes at the genomic level,
the low editing efficiency and the consequently large amount
of necessary labor time gravely limit the further development
of these technologies.

Clustered regularly interspaced short palindromic repeats
(CRISPR) and CRISPR-associated proteins (Cas) constitute the
CRISPR/Cas system, which in recent years has emerged as a
potential candidate to solve the problem of low gene editing
frequency in filamentous fungi. Based on the different Cas pro-
teins, the CRISPR/Cas systems have been divided into three
types (I–III) (Haft et al. 2005; Makarova et al. 2011).
Compared with types I and III, which possess more complex
molecular mechanisms and need multiple Cas proteins working
together to cleave the target DNA, the type II CRISPR system
from Streptococcus pyogenes is much simpler and has conse-
quently been applied widely (Makarova et al. 2013; Chylinski
et al. 2013). This system consists of only two elements, a Cas9
nuclease and a single-guide RNA (sgRNA) composed of two
small RNAs, a target-recognizing CRISPR RNA (crRNA) and

auxiliary noncoding trans-activating crRNA (tracrRNA) (Jinek
et al. 2012; Kuscu et al. 2014). The synthetic sgRNA binds to
Cas9, and the resulting complex can catalyze a double-strand
break (DSB) in the target DNA comprising a 20-bp sequence
matching the protospacer of the sgRNA and a downstream
protospacer adjacent motif (PAM) sequence (Cong et al. 2013;
Mali et al. 2013; Liu et al. 2015; Fig. 1). Due to significant
advantages, encompassing high efficiency, easy operation, the
possibility of multi-gene editing, and so on, CRISPR/Cas9 has
become one of the fastest-growing gene-editing technologies and
is applied to various species including filamentous fungi. The
CRISPR/Cas9 system therefore has become a further powerful
genome-editing technology in addition to zinc finger nucleases
(ZFN) and transcription activator-like effector nucleases
(TALEN) (Mashimo 2014; Wu and Feng 2015; Lee et al.
2016; Estrela and Cate 2016).

In this review, we summarize the recent applications of the
CRISPR/Cas9 system in filamentous fungi and briefly discuss
further prospects of this technology. This review thus provides
a useful quick-glance reference for anyone interested in state-
of-the-art genome editing of filamentous fungi.

Development of the CRISPR/Cas9 system
for filamentous fungi

Cas9 expression strategies

The efficient application of the CRISPR/Cas9 system requires
the heterologous expression of the Cas9 gene fused to a

Table 1 Industrial applications
of the filamentous fungi in food
and agricultural areas

Filamentous fungi Metabolites References

Enzymes A. oryzae Amylase Francis et al. (2003)

A. niger Glucoamylase Tang et al. (2015)

T. reesei Cellulase Fang and Tyler (2015)

Organic acids A. niger Citric acid Zhou et al. (2017)

Aspergillus terreus Itaconic acid Dwiarti et al. (2007)

Rhizopus oryzae Fumaric acid Xu et al. (2012)

Rhizopus oryzae L-Lactic acid Fu et al. (2016)

PUFAs Cunninghamella echinulata γ-Linolenic acid Fakas et al. (2008)

Mortierella alpina Arachidonic acid Ji et al. (2014)

Mortierella isabellina γ-Linolenic acid Mo et al. (2002)

Mortierella ramanniana γ-Linolenic acid Dyal et al. (2005)

Mucor circinelloides γ-Linolenic acid Zhang et al. (2017)

Secondary
metabolites

Blakeslea trispora Carotene Nanou and Roukas (2016)

Blakeslea trispora Lycopene Mantzouridou and Naziri (2017)

Botrytis cinerea Abscisic acid Marumo et al. (2014)

Fusarium fujikuroi Gibberellin acid Shi et al. (2017)

Monascus anka Monascus pigments Xu et al. (2015)
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nuclear localization signal (NLS), as well as simultaneous
expression of the sgRNA (Schuster et al. 2016). Based on this
principle, two main strategies have been established for the
expression of Cas9 in vitro and in vivo. In the case of in vitro,
the Cas9 and sgRNA are together transcribed in vitro and
subsequently form the Cas9-sgRNA ribonucleoprotein com-
plex to edit the target genes in Penicillium chrysogenum (Pohl
et al. 2016). In the case of in vivo, human-optimized
S. pyogenes Cas9 (hSpCas9) followed by a SV40 NLS is
usually been utilized to meet the basic demands for gene
targeting (Matsu-Ura et al. 2015; Fuller et al. 2015).
Certainly, this method is not suitable for all cases, at least in
T. reesei and Phytophthora sojae. In order to improve gene
editing efficiency, researchers prefer to optimize the Cas9 and
NLS genes based on the codon usage of the targeted filamen-
tous fungi themselves, or alternatively to directly select a
stronger NLS to efficiently target the fusion protein into cell
nucleus (Liu et al. 2015; Fang and Tyler 2015). What is more,
different promoter systems have also be taken into consider-
ation. In general, the Cas9 gene was transcribed by strong
constitutive promoters to improving the efficiency of genome
editing; however, this way may lead to the uncontrollability of
the CRISPR/Cas9 system in filamentous fungi and thus con-
tribute to possible off-target effects. In order to realize the
purpose of controllability of this system, some inducible pro-
moters such as Pcbh1 and PniiA have been utilized to inhabit

Cas9 expression under repressing conditions for minimal off-
target effects, which further render the CRISPR/Cas9 system a
spatiotemporal controller of genome editing of filamentous
fungi (Liu et al. 2015; Pohl et al. 2016).

sgRNA expression strategies

Apart from optimized expression of the Cas9 gene, the lack of
optimal functional sgRNA modules also hampers the devel-
opment of the CRISPR/Cas9 system in filamentous fungi
(Schuster et al. 2016). Owing to the lack of a cap structure
and poly A-tail, the synthetic sgRNA cannot be transcribed by
RNA polymerase II and therefore typically needs to be tran-
scribed using RNA polymerase III promoters (Nødvig et al.
2015). However, as these promoters are ill-defined in filamen-
tous fungi, many efforts have been made to promote the re-
lease of sgRNA modules. Two main strategies have been
established for the expression of sgRNAs in vitro and
in vivo (Fig. 2).

In some organisms, such as the T. reesei, A. niger, and
Aspergillus fumigatus, sgRNAswere generated by in vitro tran-
scription and subsequently used to co-transform the protoplasts
together with a Cas9 vector or Cas9 protein (Kuivanen et al.
2016; Zhang et al. 2015). This strategy solves the problem that
RNA polymerase III promoters cannot be identified by

Fig. 1 CRISPR/Cas9 genome-
editing platform. a A sgRNAwill
bind with Cas9 and catalyze a
DNA double-strand breaks
(DSBs) in the target DNA
composed of a 20-bp sequence
matching the protospacer of the
sgRNA and an downstream
protospacer adjacent motif (PAM)
sequence. b The DNA repair
mechanism can be divided into
two types: the nonhomologous
end-joining (NHEJ) as well as
homologous repair (HR). When
the DSB is created by CRISPR/
Cas9 system, cells use these two
pathways to repair the genome
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filamentous fungi and is suitable for almost all organisms.
However, the stability of sgRNAs may still be an issue.

At the same time, attempts to develop sgRNAs in vivo have
also been made in filamentous fungi. Previous studies have
demonstrated that RNA polymerase III promoters such as
SNR52 and some tRNA promoters can be applied to tran-
scribe sgRNAs in A. fumigatus, N. crassa, and Penicillium
chrysogenum (Fuller et al. 2015; Matsu-Ura et al. 2015).
Furthermore, U6 promoters of small nuclear RNA (snRNA)
genes are also often used for the expression of sgRNAs in
various organisms (Ryan and Cate 2014). In order to investi-
gate whether the U6 promoters can be used in filamentous
fungi, researchers compared the snRNA sequences from dif-
ferent species based on available genome information and
found ones with approximately 65% identity (Zhang et al.
2015). These identified U6 promoters were further confirmed
to be able to transcribe sgRNAs and guide the Cas9 enzyme to
the cleavage site for the formation of a DSB (Katayama et al.
2016; Schuster et al. 2016). However, due to the complexity
of genetic background and uncertainty of genome informa-
tion, some endogenous RNA polymerase III promoters from
filamentous fungi are presently difficult to identify or are not
suitable for sgRNA transcription. Thus, the most common
method to express sgRNAs in vivo is to utilize two ribozyme
sequences, 5′-end hammerhead (HH) and 3′-end hepatitis del-
ta virus (HDV)—to flank the sgRNA (Nødvig et al. 2015).
This way, the generation of functional sgRNAs for gene
editing only needs a strong RNA polymerase II promoter,
abrogating the need for the time-consuming investigation
and verification of RNA polymerase III promoters. A similar
strategy has previously been applied to other organisms, e.g.,
Arabidopsis (Gao et al. 2015), yeasts (Gao and Zhao 2015), and
mammalian cells (Nissim et al. 2014). Interestingly, in wheat

and sweet orange, but also in the filamentous fungus
Pyricularia oryzae, the respective sgRNAs can be successful-
ly transcribed using the 35S CAMV promoter as well as the
Trpc promoter, albeit with low editing efficiency (Jia and
Wang 2014; Upadhyay et al. 2013; Arazoe et al. 2015).
Why these RNA-polymerase II promoters can directly be
employed to express sgRNAs without two ribozyme se-
quences is still an interesting, unsolved question.

Target gene selection and vector construction

Compared with the application of the CRISPR/Cas9 system in
model organisms such as E. coli, yeast, and zebrafish (Ng
et al. 2016; Chung et al. 2017; Gao and Zhao 2015; Auer et al.
2014), the system is still in its infancy in filamentous fungi and
it has been established in only a small number of species. In
fact, only few studies have investigated the application of
genome editing for fungal metabolic engineering, and most
works mainly revolved around the feasibility of establishing
the CRISPR/Cas9 system in filamentous fungi at all (Table 2).
Therefore, in order to intuitively observe the presence of gene-
editing events, as well as to reduce the workload need for the
selection of positive clones, researchers preferred to target
special functional genes that change the transformants’ phe-
notypic features for easier selection. For instance, Katayama
et al. (2016) chose wA and yA as the target genes to investi-
gate the expression of U6 snRNA promoters in the CRISPR/
Cas9 system, since the loss of these two genes directly leads to
the formation of different/colored conidia. Moreover, similar
experimental setups have been reported in other filamentous
fungi (Nødvig et al. 2015; Liu et al. 2015). This approach will
be useful for early verification and establishment of the
CRISPR/Cas9 system in filamentous fungi.

Fig. 2 Expression strategies of
Cas9 and sgRNAs. a Functional
sgRNA can been synthesized
with RNA polymerase II (pPol II)
and III (pPol III) promoters. In the
case of pPol III, sgRNAs can be
directly transcribed. In the case of
pPol II, sgRNAwill flank the HH
and HDV ribozyme sequences,
which can lead to self-processed
RNA cleavage and subsequent
release of the functional sgRNA.
b The sgRNA is transcribed
in vitro under the control of pPol
III such as U6 and T7 promoters.
c Both Cas9 and sgRNAwill be
transcribed in vitro and eventually
form the ribonucleoproteins to
cleave the target DNA
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On the other hand, some studies have shown that the tran-
sient expression (TE) of Cas9 was sufficient for genome
editing. However, in most cases, autonomously replicating
plasmids based on AMA1 or ARS sequences have proven to
be more effective for the construction of the CRISPR/Cas9
system. For one thing, the transformation efficiency of proto-
plasts is much higher, and for another, due to the instability of
the replicating plasmids in nonselective media, resistance
genes can be recycled and the chance of unexpected off-
target events after gene editing is minimal. Based on these
two strategies, Pohl et al. (2016) developed powerful
CRISPR/Cas9 tools for marker-based and marker-free ge-
nome modifications in Penicil l ium chrysogenum .
Additionally, the authors also comprehensively compared
the influence of different Cas9 and sgRNA expression strate-
gies in Penicillium chrysogenum, providing useful references
for vector construction in filamentous fungi.

Applications of the CRISPR/Cas9 system
in filamentous fungi

Cas9-mediated gene knockout

Compared with the traditional gene knockout technology ap-
plied in filamentous fungi, CRISPR/Cas9 promises to be time-
saving and more efficient. Liu et al. (2015) were the first to
establish the CRISPR/Cas9 system in the filamentous fungus
T. reesei using specific codon optimization and in vitro RNA
transcription. Cas9 was integrated into the genome to form a
CRISPR expression chassis to further simplify the process of
vector construction. In order to achieve controllability of the
CRISPR/Cas9 system, an induced promoter was assembled to
express the Cas9 protein and the predicted mutations were
observed in the target gene, with a frequency approaching
100%. Nearly at the same time, Arazoe et al. (2015) selected
the SDH and Srs2 loci as the target genes to verify the feasi-
bility of CRISPR/Cas9 in Pyricularia oryzae. Two identified
U6 promoters and a Trpc promoter were successfully used to
transcribe sgRNAs. The on-target efficiency of co-
transformation with the CRISPR/Cas9 cassettes and the
targeting vector (TV) was much higher than the transforma-
tion with the TV cassette, which further demonstrated the
enormous potential of this technology.

In the above studies, sgRNAs were transcribed by RNA
polymerase III promoters or in vitro. By contrast, Nødvig
et al. (2015) adopted a new strategy for the release of the
sgRNA module. The authors fused the HH and HDV
ribozymes on the 5′ and 3′ ends of sgRNA sequence.
Through self-processed RNA cleavage and subsequent re-
lease of the gRNA sequence without modifications,
CRISPR/Cas9 was successfully implemented in six differ-
ent fungal species. This was the first time that this strategy

has been demonstrated to be valid in filamentous fungi.
Using similar approaches, this method was quickly extend-
ed to other filamentous fungi, such as Phytophthora sojae,
A. fumigatus, Talaromyces atroroseus, and Aspergillus
carbonarius (Fang and Xia 2015; Weber et al. 2016;
Nielsen et al. 2017; Weyda et al. 2017). Although the gene
editing efficiency varied greatly among different fungi (1–
100%, Table 2), the advent of this approach appears to
have solved the sgRNA construction problems, which
should greatly accelerate the development of CRISPR/
Cas9 in filamentous fungi.

In another study, Fuller et al. (2015) described the NHEJ-
mediated integration of transforming DNA into the Cas9
cleavage site. Generally, filamentous fungi have a dominant
nonhomologous end-joining (NHEJ) repair pathway, which
results in random insertions or deletions of one or more nu-
cleotides that can lead to gene disruption after the formation of
a DSB (Zhang et al. 2015). However, in the A. fumigatusCas9
knockout system, the result was really surprising. Based on
the phenotypic analysis of colonies, CRISPR/Cas9 was clear-
ly functional judging by the loss of the target gene. In order to
test the results of this experiment, the researchers amplified
target fragments from these phenotypically positive colonies,
and finally found that the main reason for gene knockout was
a premature translational stop and the larger insertions of the
transforming DNA at the Cas9 cleavage site. Although the
phenomenon of NHEJ-mediated integration has also been re-
ported in mammalian cells, why such a mechanism might
dominate in A. fumigatus rather than other fungi remains un-
clear (Bachu et al. 2015).

In addition, a news article was recently reported in Science
to introduce the application of the CRISPR/Cas9 system in the
higher fungus Agaricus bisporus. By deleting one of the six
polyphenol oxidase (PPO) genes in the mushroom’s genome,
the activity of PPO decreased by 30%, which effectively mit-
igated the browning of Agaricus bisporus. Although this news
does not disclose the experimental process, it is the first time
that the CRISPR/Cas9 system was proved to be effective in
higher fungi (Waltz 2016; Yin et al. 2017). Furthermore, in
latest research, the gene disruption in the higher fungus
Ganoderma lucidum and G. lingzhi was also achieved by
employing the CRISPR/Cas9 system with a codon-
optimized Cas9 and in vitro transcribed sgRNA. These studies
thus provide a widely applicable approach for gene disruption
in higher fungi (Qin et al. 2017).

In summary, with the deepening of research, the Cas9-
mediated gene knockout system is replacing traditional HR
technology and is gradually established in more and more
filamentous fungi. Although gene-editing events can be ob-
served in all cases, different CRISPR/Cas9 expression setups
greatly affect the on-target efficiency for the most part.
Therefore, achieving highly efficient and precise gene editing
is still a problem to be resolved.
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Cas9-mediated gene knockin

One major obstacle for gene knockouts or integration in fila-
mentous fungi is the fact that the HR frequency is extremely
low—reportedly lower than 2% (Weld et al. 2006). As a con-
sequence, high gene editing frequency mainly depends on the
length of the homologous arms (> 1000 bp) and often requires
ku70/80 knockout strains. What is more, the lack of multi-
gene editing methods is unfavorable for the further study of
filamentous fungi. The emergence of CRISPR/Cas9 genome-
editing tools will hopefully contribute to the solution of these
problems.

In the filamentous fungus T. reesei, researchers investigated
the effect of the length of the homology arms on the gene
integration frequency. The final result demonstrated that ho-
mology arms of 200 bp are sufficient to achieve quite high
homologous integration efficiencies (> 93%) (Liu et al. 2015).
Moreover, the simultaneous HR of multiple-gene using the
CRISPR/Cas9 system has also been investigated in T. reesei.
By optimizing the concentration ratio of sgRNA and dDNA,
the frequency of single-recombination events approached
100%; for double recombination, it was ~ 45% and reached
4.2% for triple recombination. Although the triple-
recombination frequency was still relatively low, the
CRISPR/Cas9 system is a promising tool for multi-gene
editing in filamentous fungi. In quick succession to these find-
ings, the potential of multi-gene editing using CRISPR/Cas9
system was also confirmed in thermophilic filamentous fungi.
Compared with the in vitro sgRNA synthesis used for
T. reesei, the HR efficiency was much higher in thermophilic
fungi Myceliophthora thermophila and M. heterothallica
(~ 95, ~ 60, ~ 30, and ~ 20% for single, double, triple, and
quadruple recombinations, respectively), in which the sgRNA
was transcribed in vivo by the endogenous U6 promoter. This
study thus indicates that endogenous RNA polymerase III
promoters could offer a better performance for transcribing
sgRNA modules than the widely used but unstable in vitro
sgRNA (Liu et al. 2017).

Subsequently, CRISPR/Cas9 system was also established
in N. crassa. Matsu-ura et al. (2015) replaced the endogenous
clr-2 promoter with the tubulin promoter and integrated a
codon-optimized firefly luciferase gene at the csr-1 locus.
By comparing the HR efficiency in wild-type N. crassa and
a mus-51 knockout strain, which was deficient in NHEJ, the
researchers found that CRISPR/Cas9 technology did not re-
quire mus-51 or mus-52 mutant backgrounds for efficient HR.
It can thus be expected that this technology will enable effi-
cient gene editing of any natural isolate ofNeurospora sp. and
may even be extended to other filamentous fungi.

In addition, based on the phenomenon of NHEJ-mediated
integration of transforming DNA in A. fumigatus CRISPR
gene knockout system, Zhang et al. (2015) established a more
efficient version of this system. The highly efficient CRISPR

integration system referred to as microhomology-mediated
end-joining (MMEJ) was developed to carry out precise in-
frame integration with or without marker insertion via very
short (only 35 bp) homology arms. Using this approach, si-
multaneous HR of gene pairs was investigated and all
transformants displayed relative integration at these target lo-
ci, whereby the homologous integration efficiency was ap-
proximately 95–100%. Moreover, this system was proved to
be independent of the ku80 pathway in A. fumigatus similarly
to the mus-51 pathway mentioned above in N. crassa. These
findings thus reconfirm the high efficiency of CRISPR/Cas9
in genome editing.

In summary, HR combined with CRISPR/Cas9 is an appli-
cable and powerful tool to greatly mitigate the shortcomings
of the traditional application of HR in filamentous fungi. It
enables the development of marker-free, multi-gene knockout
and integration systems, which opens the door for the research
and exploitation of novel natural products in filamentous fun-
gi and greatly facilitates the further study of fungal diversity.

Conclusion and perspectives

Filamentous fungi play an increasingly important role in
various fields as microbial cell factories that provide a
broad space for the development of a variety of economi-
cally important products. With the arrival of the post-
genomic era, increasing numbers of uncharacterized or si-
lent secondary metabolite gene clusters are being revealed.
Thus, the elucidation of gene function in these metabolic
pathways will become a major issue. Due to the complex-
ity of metabolic regulation and genetic background in fil-
amentous fungi, significant time and effort must be spent
to overcome problems at different metabolic levels. All
these require a powerful gene-editing tool for further re-
search in filamentous fungi, which means that simple, ef-
ficient, and versatile CRISPR/Cas9 systems will undoubt-
edly bring great changes in the research to functional
genomics.

Although the history of CRISPR/Cas9 is short and there
still are many evolving factors affecting the editing frequency,
this system already has invaluable prospects for application.
With the deepening of research, innovative strategies such as
CRISPR-interference (Kao and Ng 2017), Cas9n (Ran et al.
2013), and FokI-dCas9 (Guilinger et al. 2014) have been
adopted to optimize the Cas9 system in order to carry out more
precise gene-editing events. Such technologies will surely
provide fresh wind for the fast development of genome editing
in filamentous fungi and significantly advance the research of
new natural products. Taken together, these developments are
expected to be major drivers of the valorization of filamentous
fungal diversity in the near and mid-term future.
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