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ABSTRACT: Penicillium digitatum, the causal fungus of the citrus green mold, leads to substantial postharvest losses in the citrus
industry. In this study, we engineered a versatile CRISPR/Cas9-mediated gene editing platform capable of generating multiple
sgRNAs from a single polycistronic transcript. By incorporating endogenous tRNAs and the strong promoter PAMLE]1 into the
CRISPR/Cas9 system, the efficiency of single gene editing can reach up to 94.2%. By taking advantage of the efficient shearing and
processing capabilities of tRNA, the platform enabled multiplex editing with efficiencies of 44.4% for two-gene and 33.3% for three-
gene modifications, respectively. After two rounds of three-gene editing, we were able to successfully obtain hextuple-gene mutants.
Finally, functional characterization revealed that the target polysaccharide-lyase-encoding genes play limited roles in pathogenicity in
P. digitatum. Taken together, our results represent a powerful tool for genome engineering in P. digitatum, facilitating research into its
pathogenesis.
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1. INTRODUCTION extensive application of CRISPR/Cas9 technology in fila-
mentous fungi paves a new avenue to accelerate studies on
functional genomics and strain improvement.

One of the major advantages of CRISPR/Cas9 lies in its
capacity for multiplex genome editing. Current strategies for
achieving multiplex genome editing primarily involve integrat-
ing multiple sgRNA expression cassettes into a single vector.
This can be accomplished through several common methods,
notably by either coexpressing RNA-processing enzymes (e.g.,
Csy4) or by flanking individual gRNAs with self-cleaving
ribozymes or tRNAs.”" tRNAs are highly abundant in cells, and
they play critical roles in cellular function; their syntheses are
precisely and universally regulated across diverse organisms.
Following this principle, Xie et al. first established a general
strategy that harnesses the endogenous tRNA-processing
system for the precise processing and efficient production of
numerous gRNAs from a synthetic polycistronic gene in rice.””
Subsequently, this strategy was broadly used to generate
multiplex gene editing in various species, such as drosophila,”’
tomato,24 corn, and )7east.23_26

Penicillium digitatum, the causative agent of citrus green
mold, poses severe postharvest losses due to its rapid tissue
maceration and aggressive pathogenicity.””** Current control
measures predominantly rely on chemical fungicides; however,
the emergence of resistant strains has drastically compromised
their efficacy.””*" Besides, the molecular basis of P. digitatum’s

The CRISPR (clustered regularly interspaced short palin-
dromic repeats)-Cas (CRISPR-associated) system plays a
crucial role in defending against phage invasion in bacteria
and archaea." Of all the known Cas proteins, the so-called
“genetic scissors” Cas endonuclease 9 (Cas9) was the most
studied, and it can directly cut foreign DNA.>’ In the
CRISPR/Cas9 system, the mature short guide CRISPR RNA
(crRNA) forms a double-stranded structure with the trans-
activating crRNA (tracrRNA) via base complementarity; this
complex guides the Cas9 protein to induce double-strand
breaks (DSBs) at target DNA adjacent to the protospacer
adjacent motif (PAM). When the dual tracrRNA—crRNA was
fused into a chimeric single guide RNA (sgRNA), it also
directed sequence-specific DSB.* The Cas9-induced DSB
within the target site would then be repaired by two different
mechanisms: error-prone nonhomologous end joining (NHE])
or homology-directed repair (HDR). NHEJ can introduce
small insertions or deletions within the target site, causing a
dysfunctional open reading frame, while HDR can repair DSB
with high fidelity but low incidence when a donor template
that has homology to flanking sequences of DSB exists.”®
These scientific breakthroughs laid significant foundations for
the development of genome editing technology by the
CRISPR/Cas9 system. Since then, CRISPR/Cas9 has been
successfully applied in various organisms, for example, humans,
zebrafish, rice, and yeast. "'

The initial use of the CRISPR/Cas9 system in filamentous Received: ~ August 20, 2025
fungi occurred in the industrially important Trichoderma reesei Revised:  December 16, 2025
and seven Aspergillus species.”'* Recently, the CRISPR/ Accepted:  December 16, 2025
Cas9-based genome manipulation has been documented in a Published: January 2, 2026
variety of fungal species, including Alternaria alternata, Ustilago
maydis, Botrytis cinerea, and many Penicillium species.”>~*° The
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Figure 1. Strategies for Multiplex Gene Editing with CRISPR/Cas9. (A) Designed tRNA-Gly and gRNA scaffold sequences. fv1: functional gRNA
scaffold variant. Schematic depiction of the method for simultaneously targeting one (B), two (C), or three gene sites (D).

pathogenicity remains poorly understood, partly due to
technical challenges in genetic manipulation.”””**" Genetic
modification of P. digitatum can be traced back to the year
2008 when the Agrobacterium-mediated transformation
(ATMT) and homologous recombination methods were
utilized to achieve gene knockout mutants.>>>* However, the
efficiency rate, sometimes, is approximately 1% or even
lower.”>** To enhance the gene targeting efficiency, Xu et al.
subsequently deleted the Ku80 gene, which is involved in
ectopic DNA integration events by activating the NHE]
pathway. Although the gene disruption frequencies of test
genes PdbrlA and PdmpkA were increased to 33 and 13%,
respectively, using APdKu80 as a targeting strain, the process
of constructing the disruption vector and transformation of P.
digitatum spores is still very cumbersome.’® Recently,
Garrigues et al. improved the protoplasmic production
methods and successfully applied the CRISPR/Cas9 technol-
ogy in P. digitatum to edit the WetA gene, which mediated the
color of spores, and achieved an editing efficiency of 10%."
Subsequently, the same group improved the gene editing
efficiency to 54—83% by prolonging the culture time of
protoplasts after resuscitation and increasing the number of
culture generations, demonstrating the feasibility of the
CRISPR/Cas9 system for gene disruption in this citrus
postharvest pathogen.”’

The existing genome editing methods in P. digitatum,
however, still have many limitations. For example, the
generation of mutants with long fragment deletion or
multiple-gene disruption is hardly achieved, which hampers
the in-depth study of the genetic functions of P. digitatum. To
fill this gap, in this study, we developed a versatile CRISPR/
Cas9-based gene manipulation system using a novel sgRNA
construction strategy. By incorporating endogenous tRNAs
and the strong promoter PAMLEI into the CRISPR/Cas9
system,””*"*° the construction of vectors becomes simple, and
the efficiency of gene editing can reach up to 94.2% for single-
gene, 44.4% for two-gene, and 33.3% for three-gene
modifications, respectively. Following two iterative rounds of
triple-gene editing, we achieved the successful generation of
hexa-gene knockout mutants. Our results represent a powerful
tool for genome engineering in P. digitatum, which would
remarkably contribute to research on the pathogenesis of this
important postharvest pathogen.
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2. MATERIALS AND METHODS

2.1. Fungal Strains and Culture Conditions

The reference P. digitatum strain, PDWO03, was isolated from a
diseased citrus fruit in Quzhou, Zhejiang Province, China. PDW03
and its derived mutants were cultured on solid potato dextrose agar
(PDA) at 25 °C, and conidia were gathered following a five-day
incubation period. Mycelia were grown by incubating fungal spores in
liquid potato dextrose broth (PDB) on a rotary shaker at 160 rpm at
25 °C for 2 days.

2.2. Vector Construction

The powerful endogenous promoter PAMLE1 (P. digitatum miniature
inverted-repeat transposable elements-like element), which is
prevalent but unique to P. digitatum,36 was utilized as an RNA
polymerase III promoter to activate sgRNA expression. All P.
digitatum glycine (Gly) tRNA sequences were retrieved from the
Genomic tRNA Database,”” and the tRNASY-GC1=3 (tRNA1) with a
length of 77 bp was selected as the endogenous tRNA element for
gene editing (Figure 1A). These two fragments were fused to form a
PAMLE1-tRNAL cassette (template 1, tpl) using fusion PCR. Primers
used in this study are listed in Supplementary Table 1. The 20 bp
protospacer sequences for the gRNA were predicted using the online
CRISPOR program.*® The summary of key design criteria is listed in
Supplementary Table 2. The gRNA scaffold was first synthesized and
then amplified by normal PCR.** To generate the PAMLEI-tRNA1-
sgRINA expression cassette, the tpl and gRNA scaffolds were fused by
fusion PCR, using the 20 bp gRNA as overlap sequences (Figure 1B).
To construct a cassette with 2 sgRNAs (i.e, PdMLEI-tRNAI-
sgRNA1-tRNA1-sgRNA2), the gRNA scaffold and tRNA1 were first
fused to form a scaffold-tRNA cassette (template 2, tp2) and then
fused with tpl and the gRNA scaffold using the 20 bp gRNAs as
overlap sequences (Figure 1C). To construct a cassette with 3
sgRNAs, here we introduced a functional gRNA scaffold variant (fv1)
and a different tRNASY TCCI=1(tRNA2) (Figure 1A), and combined
them to form template 3 (tp3) (Figure 1D). We do this because it can
reduce the difficulty of sequence fusion caused by repetitive
fragments. Then, the tpl, tp2, tp3, and scaffold were fused. Finally,
each cassette was inserted into the PFC332 plasmid via the
ClonExpress Ultra One Step Cloning Kit (Vazyme biotech co., Itd,,
Nanjing, China) to generate a CRISPR/Cas9 gene editing vector
(pCCv)."* The genes used for targeting include PdWetA
(Pdw03_¢993), PdPL1 (Pdw03 g3164), PdPL2 (Pdw03 g5714),
PdPL3 (Pdw03_g7861), PdPL4 (Pdw03_g744), PdPLS
(Pdw03_g4665), and PdPL6 (Pdw03_g6097).

2.3. Transformation
Transformation of P. digitatum was performed following the

previously published procedures.lg’20 Transformants were selected
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Figure 2. Application of the developed CRISPR/Cas9-mediated genome editing platform in P. digitatum to target the PdwetA gene. (A) Colony
morphology of transformants generated with a single sgRNA. (B) Sequence analysis of the PdwetA gene in the wetA-1S mutant strain. (C) PCR
screening results of randomly selected white-spore mutants using outside and inside primers. (D) Sequence analysis of the PdwetA gene in the

dwetA-29 and dwetA-39 mutant strains.

on a PDA medium supplemented with 100 mg/L of hygromycin.
DNA of each transformant was extracted, and the mutation was
verified by Sanger sequencing or PCR amplification. For generating
the 6-gene disruption mutant, the hygromycin gene in PFC332 was
replaced with the neomycin gene, and a 3-sgRNA expression cassette
was then inserted into this plasmid. The resultant CRISPR/Cas9 gene
editing vector was transformed into the protoplasts of a three-gene
disruption mutant and selected on PDA medium supplemented with
100 mg/L neomycin.

2.4. Mycelial Growth Tests

To illustrate the role of pectate lyases in environmental adaptation,
the P. digitatum wild type PDWO03 and mutant strains were cultured
on PDA plates containing 4 pg/mL imazalil, 0.02 pug/mL fludioxonil,
0.7 M NaCl, 0.6 M CuSO,, 10 mM H,0,, 0.03 mM menadione, or
200 pug/mL Congo red (CR). Each plate was inoculated with a $ mm
mycelial plug, and the colony diameters were measured after
incubation for 4 days at 25 °C. The experiments were repeated twice.

2.5. Virulence Tests

To know whether pectate lyases play a role in fungal virulence,
infection experiments were carried out on the mandarin (Citrus
reticulata Blanco) fruit with wild-type PDWO03 and gene-disruption
mutants of P. digitatum. The citrus peel was pierced (1—2 mm deep)
with sterile needles and then infected with 10 uL of fungal spores (1 X
10° conidia/ mL). Infected citrus fruit were stored at 25 °C for 4 days
before being measured for lesion size. The experiments were repeated
twice.

3. RESULTS

3.1. Establishment of a tRNA-sgRNA-Based CRISPR/Cas9
System

We sought to design a multifaceted and easy-to-use CRISPR/
Cas9 system in the citrus postharvest pathogen P. digitatum.
To explore whether the endogenous promoter PAMLE] and
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tRINAs are usable in the P. digitatum CRISPR/Cas9 system, we
designed a sgRNA expression cassette that contains the
promoter PAMLE1, tRNA, gRNA, gRNA scaffold, and Pol
III terminator (Figure 1B). The PdwetA was chosen as the
target gene due to it mediates the development of
conidiophore, and its mutant causes a visible conidial albino
phenotype.40 A total of 52 transformants were obtained, and
49 (94.2%) of them showed the phenotype of an albino colony
(Figure 2A). According to the sequencing results, the coding
region of the PdwetA gene in all 49 strains had nucleotide
deletions or insertions, while that of the remaining 3 strains
had no change. Taking the wetA-15 transformants as an
example, there was an insertion of ‘A’ within the 20 bp
sequence complementary to the sgRNA, causing the PdwetA
gene frameshift and a white colony of the mutant (Figure 2B).
These results suggest that the endogenous promoter PAMLE1
and tRNAs enable successful and efficient gene editing in P.
digitatum.

3.2. Targeted Gene Deletion via CRISPR/Cas9

The conventional method for gene knockout in fungal strains
involves replacement of the target gene with an exogenous
antibiotic selection marker (for example, hygromycin) through
homologous recombination, which is characterized by the
complete inactivation of the target gene.””*' To achieve a
similar function in gene knockout by the P. digitatum CRISPR/
Cas9 system, we constructed a polycistronic tRNA-sgRNA
gene for simultaneous production of 2 sgRNAs targeting the
PdwetA gene. A total of 78 transformants were acquired, with
73 (93.6%) exhibiting the albino colony phenotype. The PCR
amplification using flanking identification primers of the
PdwetA gene showed that the bands (~1 kb) of 2§
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Figure 3. Sequencing results of the PL genes in the APL5/6—3, APL1/2/3—2, and APLhex-2 mutants. The curly brackets indicate the mutated
genes contained within the mutant. The red arrows mark the locations where mutations have occurred.
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Figure 4. Infection assays of wild-type (WT) P. digitatum and the APLS/6—3, APL1/2/3—2, and APLhex-2 mutants on citrus fruit. (A) Decay
symptoms of citrus fruit inoculated with the indicated strains after a 4-day incubation at 25 °C. (B) Lesion size of fruit inoculated with the wild type
and gene deletion mutants. The same lowercase letters indicate no significant difference estimated by Duncan’s test (P < 0.0S).

transformants were significantly smaller than that (1.7 kb) of
the wild-type PAWO03, and there were no internal bands among
these transformants (Figure 2C). Of the remaining 48
transformants, 31 retained wild-type band patterns, while 17
had unexpected bands (Figure 2C). To verify the results, we
selected transformants dwetA-29 and dwetA-39 for Sanger
sequencing. The results showed that dwetA-29 had DSBs at
both sgRNA target sites, resulting in a 989 bp gene deletion
mediated by the NHE] repair, while dwetA-39 only had an “A”
insertion at the gRNALI target site, as confirmed by the PCR
analysis (Figure 2C,D). These results demonstrated that our
methods can result in mutants with the complete deletion of a
sequence fragment between two gRNA sites.

3.3. Multiplexed Gene Disruption with CRISPR/Cas9

We then wondered if our CRISPR/Cas9 system was able to
simultaneously edit 2 or more genes. In the following
experiments, we chose polysaccharide lyases (PLs) encoding
genes to be targeted as they are a class of carbohydrate-active
enzymes that degrade uronic acid-containing polysaccharides
and might be involved in virulence and nutrient acquisition in
some pathogenic fungi.*”*> We identified 6 PLs in the P.
digitatum genome comprising 3 pectin lyases (PdPL1, PdPL2,
and PdPL3), 1 pectate lyase (PdPL4), and two rhamnoga-
lacturonan lyases (PdPLS and PdPL6). First, a polycistronic
tRINA-sgRNA gene-containing vector for the simultaneous
production of two sgRNAs targeting two rhamnogalacturonan
lyase-encoding genes was constructed (Figure 1C). After
protoplast transformation, we picked up a total of nine
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transformants. Sanger sequencing revealed that five trans-
formants had mutations only in the coding sequences of
PdPLS, while four had mutations in both genes. Taking the
APLS/6—3 double mutant as an example, it had a “C” and “G”
deletion at the gRNA sites of the PAPLS and PdPL6 genes,
respectively (Figure 3).

Next, we aim to conduct a test on the efficiency of
simultaneous three-gene editing. The occurrence of three
repeated tRNA-scaffold structures will lead to the failure of
fusion PCR. Here, we introduced a mutated gRNA scaffold
and a different tRNASYTCCI=! (tRNA2) (Figure 1A) and
constructed a triple-gene editing vector for simultaneously
targeting the PdPL1, PdPL2, and PdPL3 genes (Figure 1D).
We acquired 12 transformants, and of them, four strains with
simultaneous editing of all three genes were validated by
Sanger sequencing, achieving an overall triple-gene editing
efficiency of 33.3%. The representative mutant strain APL1/2/
3—2 had a single “A” deletion at the gRNA sites of the P4PL1
gene, a single “T” insertion in the PdPL2 gene, and a “TG”
insertion in the PdPL3 gene, respectively (Figure 3).

We stopped constructing a CRISPR/Cas9 vector targeting
four or more genes because combining more fragments
utilizing fusion PCR will be problematic, and the efficiency
will be low. To generate a hextuple-gene mutant, another
triple-gene editing vector targeting the additional three
polysaccharide lyase genes PdPL4, PdPLS, and PdPL6 was
designed following the method illustrated in Figure 1D and
was then transformed into protoplasts of the triple-gene

https://doi.org/10.1021/acs jafc.5c11144
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mutant strain APL1/2/3—2. In this round of transformation,
seven transformants were obtained, and two of them showed
mutations in all three PL genes, with a triple-gene editing
efficiency of 28.6%. Finally, we got two hexuple-gene mutants;
the representative mutant strain APLhex-2 had a 239 bp
fragment insertion at the gRNA sites of the PdPL4 gene, a
single “C” deletion in the PdPLS gene, and a “G” deletion in
the PAPL6 gene, respectively (Figure 3).

3.4. Phenotypic Analysis of PL Gene Mutant Strains

To assess the role of PL genes in nutrition utilization, we
conducted growth arrays of the wild type and PL mutants on
various carbon sources. The results showed that the growth of
all mutants exhibited no significant difference from that of the
wild-type strain (Figure S1), indicating that the identified PL
genes are not critical for the utilization of the tested
carbohydrates.

To examine the involvement of PL genes in external stress
tolerance, wild-type and mutant strains were cultivated on a
PDA medium supplemented with different stress inducers. No
obvious change in stress tolerance was detected between the
mutants and wildtype (Figure S1), indicating that PL genes are
not associated with the P. digitatum response to osmotic,
oxidative, and antifungal stresses.

To explore the effect of PL genes on P. digitatum virulence,
infection assays were carried out on citrus fruit. Compared to
the wild type, the lesion diameters of mutants APLhex-2,
APL1/2/3-2, and APL5/6—3 were reduced by 18.1, 6.0, and
12.5%, respectively (Figure 4). However, statistical analysis
indicated that the differences in pathogenicity between the
mutants and the wild-type strain were not significant (P >
0.05).

4. DISCUSSION

The recently developed CRISPR/Cas9 technique significantly
expedited genome engineering in a wide spectrum of species.
One of the major advantages of CRISPR/Cas9 lies in its
capacity for multiplex genome editing. Current strategies for
achieving multiplex genome editing primarily contain two
approaches. One is integrating multiple sgRNA expression
cassettes into a single vector or using multiple plasmids
carrying different sgRNAs, while the other is to employ one
single promoter to transcribe all sgRNAs in one single gene,
taking advantage of the endogenous tRNA processing
system.””** As the tRNA-processing system is more robust
and precise, this method has been successfully used for
multiple sgRNA expression in various organisms, including
animals, plants, insects, and yeast.B_ZS‘d'5 Recently, the
CRISPR/Cas9-mediated multiplex editing system was success-
fully developed in some filamentous fungi, including Aspergillus
oryzae, A. niger, and T. reesei.**™*® However, despite these
advancements, the successful implementation of multiplex
genome editing in Penicillium species remains unreported.
Here in this study, we established a versatile CRISPR/Cas9
genome editing system based on the endogenous tRNA-
processing system, which precisely cleaves both ends of the
tRNA precursor by the RNases.”” The arrayed tRNA—sgRNA
architecture driven by the PAMLE1 promoter can produce
multiple sgRNAs from a synthetic gene, resulting in
simultaneously targeting 1, 2, and 3 test genes with an
efficiency of around 90, 40, and 30%, respectively. Notably, the
efficiency of simultaneous editing of multiple genes is not
particularly high. Nevertheless, a 30% success rate can still

1171

ensure the identification of genuine mutants within a relatively
small number of transformants. Besides, the editing efficiency
is likely affected by the guide activity of sgRNAs. For example,
the mutant dwetA-29 had DSBs at both sgRNA sites, while
dwetA-39 had a mutation only at the gRNAI site with the
gRNA2 target site remaining unmodified. The cleavage
efficiency of individual sgRNAs is influenced by multiple
factors. A shifting balance between open and closed chromatin,
driven by histone acetylation and deacetylation, may lead to
differential sgRNA expression across individual cells.*’
Furthermore, the thermodynamic stability differences caused
by sgRNAs” GC content of different PAM-proximal nucleo-
tides,”” and their distinct targeting positions have a strong,
positive correlation with mutagenesis efficiency.’””" Therefore,
optimizing sgRNA design would be helpful in minimizing off-
target activity.52

Apart from the precise cleavage of tRNA, the selection of a
proper promoter will also be critical for the sgRNA expression.
Generally, there are two kinds of promoters used in the
development of the CRISPR/Cas9 system in filamentous
fungi: RNA polymerase II (Pol II) and III (Pol III) promoters.
The Pol III can transcribe sgRNAs directly. Previous studies
have reported that U6 promoters of small nuclear RNA
(snRNA) genes are widely used by Pol III for the transcription
of sgRNAs in filamentous fungi.sg’ss’54 Besides, several tRNA
promoters were also reported to be useful in transcribing
sgRNAs in some fungal species.””*° Nonetheless, owing to the
intricacies of genetic backgrounds, identification of RNA
polymerase III promoters suitable for sgRNA transcription is
not an easy task. In fact, we sought to locate U6 promoters that
drive high expression of sgRNA, but we were ultimately
unsuccessful. In the case of RNA polymerase II, the sgRNA
cannot be transcribed directly, as it contains no proper cap
structure or poly(A) tail. So, two self-cleavage ribozymes, the
hammerhead (HH) and the hepatitis delta virus (HDV), were
designed to flank the sgRNA at both ends when the RNA
polymerase II was utilized.'"* The most commonly used
promoter in this scenario is the strong constitutive A. nidulans
gpdA promoter, which has an extensive application in
filamentous fungi.”””’lg‘57 However, this method often
requires more effort in the construction of sgRNA expression
cassettes and is not suitable for multiplex gene editing. The
PAMLEL is a specific miniature inverted-repeat transposable
element that acts as a promoter and confers P. digitatum with
DMI resistance.’>*® Due to its powerful promoter activity, the
PdMLE1 was introduced in the CIRSPR/Cas9 system, and our
results demonstrated its high efficiency, indicating this
promoter’s significant potential for application in fungal gene
editing.

In the current study, we only constructed CRISPR/Cas9
vectors targeting up to three genes. This is because the fusion
PCR method exhibits low efficiency in ligating repetitive
fragments like tRNA and gRNA scaffolds into a long synthetic
gene. However, this limitation may be overcome via a protocol
refinement. For example, Wang et al. first assembled sgRNA
subclusters with up to eight sgRNA units with multiple tRNAs
and gRNA scaffold variants and then ligated them into a gene-
editing vector with up to 24 target sites employing Golden
Gate cloning.”® Li et al. developed a multigene editing system
targeting up to five A. niger genes utilizing different tRNAs and
the Golden Gate assembly, which represents the largest
number of concurrently modified genes documented in
filamentous fungi to date.”® Remarkably, the gene-editing
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efficiency decreases significantly as the number of targeted
genes increases. The disruption rates of one-, two-, three-,
four-, and five-target genes in A. niger were regorted to be 89.2,
70.91, 50, 22.41, and 4.17%, respectively,4 which shows a
comparable efficiency to ours for the knockout of up to three
genes. To avoid the extremely low success rate of multigene
knockout, we introduced a triple-gene editing vector into a
triple-gene mutant strain to obtain a hexa-gene mutant, with an
efficiency of 28.6%. Generally, simultaneous knockout of three
genes is sufficient for most genetic engineering requirements in
filamentous fungi. In cases where disrupting more genes is
necessary, researchers can adopt our approach or design a
multigene editing construct using previously reported
methods.””*°*

In CRISPR/Cas9 technology, the Cas9 endonuclease,
combined with an sgRNA, introduces a DSB in a specific
genomic locus. The DSB can then be repaired by either NHE]
to allow insertions or deletions within the target sequences that
typically cause a dysfunctional open reading frame or HDR,
which allows precise sequence deletion with appropriate donor
DNA templates.’ In this study, we developed a highly efficient
multiplex gene editing platform based only on the NHE] repair
pathway. However, we never succeeded in acquiring
homologous recombination-mediated DSB repair after numer-
ous attempts. Likewise, the pioneering team in P. digitatum
genome editing CRISPR/Cas9 also failed to obtain HDR-
mediated transformants, which indicates a potentially very low
homologous recombination rate in this species.'” Nevertheless,
highly efficient gene deletions were achieved via HDR through
the introduction of donor DNAs in many other fungal species,
including P. chrysogenum, A. fumigatus, and A. niger.””>>>’
Given the dominance of NHE] over HDR for DSB repair in
filamentous fungi, the feasibility of improving the HDR-
mediated mutagenesis efficiency in P. digitatum by inactivating
the NHE] pathway needs to be experimentally verified.

PLs are a group of enzymes that facilitate the degradation of
glycosaminoglycans and pectin, utilizing elimination chemistry
to cleave sugar polymers.” Previous studies have shown that
PL genes are related to virulence in some pathogenic
fungi.”**®" In the present study, disruption of PL genes
resulted in mutants with slightly decreased virulence (6.0—
18.1% reduction). Similarly, a previous study showed that the
PL2 gene deletion mutant was less virulent than the parental
strain.”’ To our surprise, the deletion of the PL genes had no
effect on the strain’s carbon source utilization. Also, the PL
gene mutants showed no obvious change in stress tolerance.
These results demonstrate that while the PL genes contribute
to the pathogenicity of P. digitatum, they do not serve as
essential virulence factors.

B ASSOCIATED CONTENT
@ Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jafc.5c11144.

Functional analysis of the role of the PL genes, primers
used in this study, and summary of key design criteria
(PDF)

B AUTHOR INFORMATION
Corresponding Author

Mingshuang Wang — College of Life and Environmental
Sciences, Zhejiang Provincial Modern Biology and Medicine

1172

Industry College, Hangzhou Normal University, Hangzhou,
Zhejiang 311121, China; © orcid.org/0000-0001-8565-
3729; Email: mswang@hznu.edu.cn

Authors

Jing Zhang — College of Life and Environmental Sciences,
Zhejiang Provincial Modern Biology and Medicine Industry
College, Hangzhou Normal University, Hangzhou, Zhejiang
311121, China

Yujiao Liu — College of Life and Environmental Sciences,
Zhejiang Provincial Modern Biology and Medicine Industry
College, Hangzhou Normal University, Hangzhou, Zhejiang
311121, China

Wengqian Cao — College of Life and Environmental Sciences,
Zhejiang Provincial Modern Biology and Medicine Industry
College, Hangzhou Normal University, Hangzhou, Zhejiang
311121, China

Ruoxin Ruan — Hangzhou Academy of Agricultural Sciences,
Hangzhou, Zhejiang 310024, China

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.jafc.5c11144

Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work was supported by the National Natural Science
Foundation of China (31901913).

B REFERENCES

(1) Barrangou, R.; Fremaux, C.; Deveau, H.; Richards, M.; Boyaval,
P.; Moineau, S.; Romero, D. A,; Horvath, P. CRISPR Provides
Acquired Resistance Against Viruses in Prokaryotes. Science 2007, 315
(5819), 1709—1712.

(2) Gostimskaya, I. CRISPR—Cas9: A History of Its Discovery and
Ethical Considerations of Its Use in Genome Editing. Biochemistry
(Moscow) 2022, 87 (8), 777—788.

(3) Knott, G. J.; Doudna, J. A. CRISPR-Cas guides the future of
genetic engineering. Science 2018, 361 (6405), 866—869.

(4) Jinek, M.; Chylinski, K.; Fonfara, I; Hauer, M.; Doudna, J. A;
Charpentier, E. A Programmable Dual-RNA—Guided DNA Endonu-
clease in Adaptive Bacterial Immunity. Science 2012, 337 (6096),
816—821.

(5) Shalem, O.; Sanjana, N. E.; Hartenian, E.; Shi, X.; Scott, D. A.;
Mikkelsen, T. S.; Heckl, D.; Ebert, B. L.; Root, D. E.; Doench, J. G.;
et al. Genome-Scale CRISPR-Cas9 Knockout Screening in Human
Cells. Science 2014, 343 (6166), 84—87.

(6) Doudna, J. A; Charpentier, E. The new frontier of genome
engineering with CRISPR-Cas9. Science 2014, 346 (6213),
No. 1258096.

(7) Cong, L; Ran, F. A; Cox, D.; Lin, S.; Barretto, R.; Habib, N.;
Hsu, P. D;; Wu, X;; Jiang, W.,; Marraffini, L. A.; et al. Multiplex
Genome Engineering Using CRISPR/Cas Systems. Science 2013, 339
(6121), 819—823.

(8) Mali, P.; Yang, L.; Esvelt, K. M.; Aach, J.; Guell, M,; DiCarlo, J.
E.; Norville, J. E.; Church, G. M. RNA-Guided Human Genome
Engineering via Cas9. Science 2013, 339 (6121), 823—826.

9) Hwang, W. Y,; Fu, Y,; Reyon, D.; Maeder, M. L.; Tsai, S. Q;
Sander, J. D.; Peterson, R. T.; Yeh, J. R. J; Joung, J. K. Efficient
genome editing in zebrafish using a CRISPR-Cas system. Nat.
Biotechnol. 2013, 31 (3), 227—-229.

(10) Zhou, H; Liu, B.,; Weeks, D. P.; Spalding, M. H.; Yang, B.
Large chromosomal deletions and heritable small genetic changes
induced by CRISPR/Cas9 in rice. Nucleic Acids Res. 2014, 42 (17),
10903—-10914.

https://doi.org/10.1021/acs jafc.5c11144
J. Agric. Food Chem. 2026, 74, 1167-1174


https://pubs.acs.org/doi/10.1021/acs.jafc.5c11144?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.jafc.5c11144/suppl_file/jf5c11144_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mingshuang+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-8565-3729
https://orcid.org/0000-0001-8565-3729
mailto:mswang@hznu.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jing+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yujiao+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wenqian+Cao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ruoxin+Ruan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.5c11144?ref=pdf
https://doi.org/10.1126/science.1138140
https://doi.org/10.1126/science.1138140
https://doi.org/10.1134/S0006297922080090
https://doi.org/10.1134/S0006297922080090
https://doi.org/10.1126/science.aat5011
https://doi.org/10.1126/science.aat5011
https://doi.org/10.1126/science.1225829
https://doi.org/10.1126/science.1225829
https://doi.org/10.1126/science.1247005
https://doi.org/10.1126/science.1247005
https://doi.org/10.1126/science.1258096
https://doi.org/10.1126/science.1258096
https://doi.org/10.1126/science.1231143
https://doi.org/10.1126/science.1231143
https://doi.org/10.1126/science.1232033
https://doi.org/10.1126/science.1232033
https://doi.org/10.1038/nbt.2501
https://doi.org/10.1038/nbt.2501
https://doi.org/10.1093/nar/gku806
https://doi.org/10.1093/nar/gku806
pubs.acs.org/JAFC?ref=pdf
https://doi.org/10.1021/acs.jafc.5c11144?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Agricultural and Food Chemistry

pubs.acs.org/JAFC

(11) Jacobs, J. Z.; Ciccaglione, K. M.; Tournier, V.; Zaratiegui, M.
Implementation of the CRISPR-Cas9 system in fission yeast. Nat.
Commun. 2014, S (1), 5344.

(12) Liu, R;; Chen, L.; Jiang, Y.; Zhou, Z.; Zou, G. Efficient genome
editing in filamentous fungus Trichoderma reesei using the CRISPR/
Cas9 system. Cell Discov. 2015, 1 (1), 15007.

(13) Fuller Kevin, K; Chen, S.; Loros Jennifer, J.; Dunlap Jay, C.
Development of the CRISPR/Cas9 System for Targeted Gene
Disruption in Aspergillus fumigatus. Eukaryot. Cell 2015, 14 (11),
1073—1080.

(14) Ngdvig, C. S.; Nielsen, J. B.; Kogle, M. E.; Mortensen, U. H. A
CRISPR-Cas9 System for Genetic Engineering of Filamentous Fungi.
PLoS One 2015, 10 (7), No. e0133085.

(15) Wege, S. M; Gejer, K.; Becker, F.; Bolker, M.; Freitag, J.;
Sandrock, B. Versatile CRISPR/Cas9 Systems for Genome Editing in
Ustilago maydis. J. Fungi 2021, 7 (2), 149.

(16) Leisen, T.; Bietz, F.; Werner, J.; Wegner, A.; Schaffrath, U,;
Scheuring, D.; Willmund, F.; Mosbach, A,; Scalliet, G.; Hahn, M.
CRISPR/Cas with ribonucleoprotein complexes and transiently
selected telomere vectors allows highly efficient marker-free and
multiple genome editing in Botrytis cinerea. PLoS Pathog. 2020, 16
(8), No. e1008326.

(17) Wenderoth, M.; Pinecker, C.; Vof}, B.; Fischer, R. Establish-
ment of CRISPR/Cas9 in Alternaria alternata. Fungal Genet. Biol.
2017, 101, 55—60.

(18) Salazar-Cerezo, S.; Kun, R. S.; de Vries, R. P.; Garrigues, S.
CRISPR/Cas9 technology enables the development of the filamen-
tous ascomycete fungus Penicillium subrubescens as a new industrial
enzyme producer. Enzyme Microb. Technol. 2020, 133, No. 109463.

(19) Garrigues, S.; Manzanares, P.; Marcos, J. F. Application of
recyclable CRISPR/Cas9 tools for targeted genome editing in the
postharvest pathogenic fungi Penicillium digitatum and Penicillium
expansum. Curr. Genet. 2022, 68 (3—4), 515—529.

(20) Ropero-Pérez, C.; Marcos, J. F.; Manzanares, P.; Garrigues, S.
Increasing the efficiency of CRISPR/Cas9-mediated genome editing
in the citrus postharvest pathogen Penicillium digitatum. Fungal Biol.
Biotechnol. 2024, 11 (1), 8.

(21) McCarty, N. S.; Graham, A. E.; Studen4, L.; Ledesma-Amaro,
R. Multiplexed CRISPR technologies for gene editing and transcrip-
tional regulation. Nat. Commun. 2020, 11 (1), 1281.

(22) Xie, K; Minkenberg, B.; Yang, Y. Boosting CRISPR/Cas9
multiplex editing capability with the endogenous tRNA-processing
system. Proc. Natl. Acad. Sci. US.A. 2015, 112 (11), 3570—3575.

(23) Port, F.; Bullock, S. L. Augmenting CRISPR applications in
Drosophila with tRNA-flanked sgRNAs. Nat. Methods 2016, 13 (10),
852—854.

(24) Hashimoto, R.; Ueta, R;; Abe, C.; Osakabe, Y.; Osakabe, K.
Efficient Multiplex Genome Editing Induces Precise, and Self-Ligated
Type Mutations in Tomato Plants. Front. Plant Sci. 2018, 9, 916.

(25) Zhang, Y.; Wang, J.; Wang, Z.; Zhang, Y.; Shi, S.; Nielsen, J.;
Liu, Z. A gRNA-tRNA array for CRISPR-Cas9 based rapid
multiplexed genome editing in Saccharomyces cerevisiae. Nat.
Commun. 2019, 10 (1), 1053.

(26) Qi, W.; Zhu, T.; Tian, Z,; Li, C.; Zhang, W.; Song, R. High-
efficiency CRISPR/Cas9 multiplex gene editing using the glycine
tRNA-processing system-based strategy in maize. BMC Biotechnol.
2016, 16 (1), S8.

(27) Kanetis, L.; Forster, H.; Adaskaveg, J. E. Comparative efficacy
of the new postharvest fungicides azoxystrobin, fludioxonil, and
Pyrimethanil for managing citrus green mold. Plant Dis. 2007, 91
(11), 1502—1511.

(28) Costa, J. H; Bazioli, J. M.; de Moraes Pontes, J. G.; Fill, T. P.
Penicillium digitatum infection mechanisms in citrus: What do we
know so far? Fungal Biol. 2019, 123 (8), 584—593.

(29) de Ramén-Carbonell, M.; Sinchez-Torres, P. Significance of 19
bp-enhancer of PACYPS1B in the acquisition of Penicillium digitatum
DMI resistance and increase of fungal virulence. Pestic. Biochem.
Physiol. 2020, 165, 104522.

1173

(30) Sun, X.; Wang, J.; Feng, D.; Ma, Z,; Li, H. PACYPS1B, a new
putative sterol 14alpha-demethylase gene of Penicillium digitatum
involved in resistance to imazalil and other fungicides inhibiting
ergosterol synthesis. Appl. Microbiol. Biotechnol. 2011, 91 (4), 1107—
1119.

(31) Wang, M.; Ruan, R; Li, H. The completed genome sequence of
the pathogenic ascomycete fungus Penicillium digitatum. Genomics
2021, 113 (2), 439—446.

(32) Wang, J.-y; Li, H.y. Agrobacterium tumefaciens-mediated
genetic transformation of the phytopathogenic fungus Penicillium
digitatum. J. Zhejiang Univ.-Sci. B 2008, 9 (10), 823—828.

(33) Zhang, T; Sun, X;; Xu, Q; Candelas, L. G.; Li, H. The pH
signaling transcription factor PacC is required for full virulence in
Penicillium digitatum. Appl. Microbiol. Biotechnol. 2013, 97 (20),
9087—9098.

(34) Zhang, T.; Xu, Q; Sun, X; Li, H. The calcineurin-responsive
transcription factor Crzl1 is required for conidation, full virulence and
DMI resistance in Penicillium digitatum. Microbiol. Res. 2013, 168
(4), 211-222.

(35) Xu, Q; Zhu, C.y; Wang, M.s; Sun, X.-p; Li, H-y.
Improvement of a gene targeting system for genetic manipulation in
Penicillium digitatum. J. Zhejiang Univ.-Sci. B 2014, 15 (2), 116—124.

(36) Sun, X; Xu, Q;; Ruan, R; Zhang, T.; Zhu, C.; Li, H. PAMLEL,
a specific and active transposon acts as a promoter and confers
Penicillium digitatum with DMI resistance. Environ. Microbiol. Rep.
2013, 5 (1), 135—142.

(37) Chan, P. P.; Lowe, T. M. GtRNAdDb 2.0: an expanded database
of transfer RNA genes identified in complete and draft genomes.
Nucleic Acids Res. 2016, 44 (D1), D184—D189.

(38) Concordet, J.-P.; Haeussler, M. CRISPOR: intuitive guide
selection for CRISPR/Cas9 genome editing experiments and screens.
Nucleic Acids Res. 2018, 46 (W1), W242—W24S5.

(39) Zheng, X.; Zheng, P.; Sun, J.; Kun, Z.; Ma, Y. Heterologous and
endogenous U6 snRNA promoters enable CRISPR/Cas9 mediated
genome editing in Aspergillus niger. Fungal Biol. Biotechnol. 2018, S
(1), 2.

(40) Wang, M.; Sun, X;; Zhu, C; Xu, Q;; Ruan, R;; Yu, D; Li, H.
PdbrlA, PdabaA and PdwetA control distinct stages of conidiogenesis
in Penicillium digitatum. Res. Microbiol. 2015, 166 (1), 56—65.

(41) Wang, M,; Yang, X.; Ruan, R;; Fu, H; Li, H. CsnS Is Required
for the Conidiogenesis and Pathogenesis of the Alternaria alternata
Tangerine Pathotype. Front. Microbiol. 2018, 9, 508.

(42) Wang, C.; Huang, Z.; Duan, Z.; Zhu, L.; Di, R; Bao, Y.; Powell
Charles, A.; Hu, Q.; Chen, B.; Zhang, M.; et al. Pectate Lyase from
Fusarium sacchari Induces Plant Immune Responses and Contributes
to Virulence. Microbiol. Spectr. 2023, 11 (3), No. e00165-23.

(43) Cai, L,; Xu, X;; Dong, Y,; Jin, Y,; Rashad, Y. M;; Ma, D; Gu, A.
Roles of Three FgPel Genes in the Development and Pathogenicity
Regulation of Fusarium graminearum. J. Fungi 2024, 10 (10), 666.

(44) Kabadi, A. M.; Ousterout, D. G.; Hilton, I. B.; Gersbach, C. A.
Multiplex CRISPR/Cas9-based genome engineering from a single
lentiviral vector. Nucleic Acids Res. 2014, 42 (19), No. el47.

(45) Dong, F.; Xie, K; Chen, Y.; Yang, Y.; Mao, Y. Polycistronic
tRNA and CRISPR guide-RNA enables highly efficient multiplexed
genome engineering in human cells. Biochem. Biophys. Res. Commun.
2017, 482 (4), 889—895.

(46) Li, Q; Ly, J; Zhang, G; Zhou, J; Li, J; Du, G; Chen, J.
CRISPR/Cas9-Mediated Multiplexed Genome Editing in Aspergillus
oryzae. J. Fungi 2023, 9 (1), 109.

(47) Zhang, J.; Li, K; Sun, Y.; Yao, C.; Liu, W,; Liu, H.; Zhong, Y.
An efficient CRISPR/Cas9 genome editing system based on a
multiple sgRNA processing platform in Trichoderma reesei for strain
improvement and enzyme production. Biotechnol. Biofuels Bioprod.
2024, 17 (1), 22.

(48) Li, C; Zhou, J; Rao, S.;; Du, G.; Liu, S. Visualized Multigene
Editing System for Aspergillus niger. ACS Synth. Biol. 2021, 10 (10),
2607-2616.

(49) Schep, R.; Trauernicht, M.; Vergara, X.; Friskes, A.; Morris, B.;
Gregoricchio, S.; Manzo, S. G.; Zwart, W.; Beijersbergen, R. L,;

https://doi.org/10.1021/acs jafc.5c11144
J. Agric. Food Chem. 2026, 74, 1167-1174


https://doi.org/10.1038/ncomms6344
https://doi.org/10.1038/celldisc.2015.7
https://doi.org/10.1038/celldisc.2015.7
https://doi.org/10.1038/celldisc.2015.7
https://doi.org/10.1128/EC.00107-15
https://doi.org/10.1128/EC.00107-15
https://doi.org/10.1371/journal.pone.0133085
https://doi.org/10.1371/journal.pone.0133085
https://doi.org/10.3390/jof7020149
https://doi.org/10.3390/jof7020149
https://doi.org/10.1371/journal.ppat.1008326
https://doi.org/10.1371/journal.ppat.1008326
https://doi.org/10.1371/journal.ppat.1008326
https://doi.org/10.1016/j.fgb.2017.03.001
https://doi.org/10.1016/j.fgb.2017.03.001
https://doi.org/10.1016/j.enzmictec.2019.109463
https://doi.org/10.1016/j.enzmictec.2019.109463
https://doi.org/10.1016/j.enzmictec.2019.109463
https://doi.org/10.1007/s00294-022-01236-0
https://doi.org/10.1007/s00294-022-01236-0
https://doi.org/10.1007/s00294-022-01236-0
https://doi.org/10.1007/s00294-022-01236-0
https://doi.org/10.1186/s40694-024-00179-0
https://doi.org/10.1186/s40694-024-00179-0
https://doi.org/10.1038/s41467-020-15053-x
https://doi.org/10.1038/s41467-020-15053-x
https://doi.org/10.1073/pnas.1420294112
https://doi.org/10.1073/pnas.1420294112
https://doi.org/10.1073/pnas.1420294112
https://doi.org/10.1038/nmeth.3972
https://doi.org/10.1038/nmeth.3972
https://doi.org/10.3389/fpls.2018.00916
https://doi.org/10.3389/fpls.2018.00916
https://doi.org/10.1038/s41467-019-09005-3
https://doi.org/10.1038/s41467-019-09005-3
https://doi.org/10.1186/s12896-016-0289-2
https://doi.org/10.1186/s12896-016-0289-2
https://doi.org/10.1186/s12896-016-0289-2
https://doi.org/10.1094/PDIS-91-11-1502
https://doi.org/10.1094/PDIS-91-11-1502
https://doi.org/10.1094/PDIS-91-11-1502
https://doi.org/10.1016/j.funbio.2019.05.004
https://doi.org/10.1016/j.funbio.2019.05.004
https://doi.org/10.1016/j.pestbp.2020.01.003
https://doi.org/10.1016/j.pestbp.2020.01.003
https://doi.org/10.1016/j.pestbp.2020.01.003
https://doi.org/10.1007/s00253-011-3355-7
https://doi.org/10.1007/s00253-011-3355-7
https://doi.org/10.1007/s00253-011-3355-7
https://doi.org/10.1007/s00253-011-3355-7
https://doi.org/10.1016/j.ygeno.2021.01.001
https://doi.org/10.1016/j.ygeno.2021.01.001
https://doi.org/10.1631/jzus.B0860006
https://doi.org/10.1631/jzus.B0860006
https://doi.org/10.1631/jzus.B0860006
https://doi.org/10.1007/s00253-013-5129-x
https://doi.org/10.1007/s00253-013-5129-x
https://doi.org/10.1007/s00253-013-5129-x
https://doi.org/10.1016/j.micres.2012.11.006
https://doi.org/10.1016/j.micres.2012.11.006
https://doi.org/10.1016/j.micres.2012.11.006
https://doi.org/10.1631/jzus.B1300213
https://doi.org/10.1631/jzus.B1300213
https://doi.org/10.1111/1758-2229.12012
https://doi.org/10.1111/1758-2229.12012
https://doi.org/10.1111/1758-2229.12012
https://doi.org/10.1093/nar/gkv1309
https://doi.org/10.1093/nar/gkv1309
https://doi.org/10.1093/nar/gky354
https://doi.org/10.1093/nar/gky354
https://doi.org/10.1186/s40694-018-0047-4
https://doi.org/10.1186/s40694-018-0047-4
https://doi.org/10.1186/s40694-018-0047-4
https://doi.org/10.1016/j.resmic.2014.12.003
https://doi.org/10.1016/j.resmic.2014.12.003
https://doi.org/10.3389/fmicb.2018.00508
https://doi.org/10.3389/fmicb.2018.00508
https://doi.org/10.3389/fmicb.2018.00508
https://doi.org/10.1128/spectrum.00165-23
https://doi.org/10.1128/spectrum.00165-23
https://doi.org/10.1128/spectrum.00165-23
https://doi.org/10.3390/jof10100666
https://doi.org/10.3390/jof10100666
https://doi.org/10.1093/nar/gku749
https://doi.org/10.1093/nar/gku749
https://doi.org/10.1016/j.bbrc.2016.11.129
https://doi.org/10.1016/j.bbrc.2016.11.129
https://doi.org/10.1016/j.bbrc.2016.11.129
https://doi.org/10.3390/jof9010109
https://doi.org/10.3390/jof9010109
https://doi.org/10.1186/s13068-024-02468-7
https://doi.org/10.1186/s13068-024-02468-7
https://doi.org/10.1186/s13068-024-02468-7
https://doi.org/10.1021/acssynbio.1c00231?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssynbio.1c00231?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/JAFC?ref=pdf
https://doi.org/10.1021/acs.jafc.5c11144?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Agricultural and Food Chemistry

pubs.acs.org/JAFC

Medema, R. H.; et al. Chromatin context-dependent effects of
epigenetic drugs on CRISPR-Cas9 editing. Nucleic Acids Res. 2024, 52
(15), 8815—8832.

(50) Ren, X,; Yang, Z.; Xu, J.; Sun, J.; Mao, D.; Hu, Y,; Yang, S.-J;
Qiao, H.-H.; Wang, X; Hu, Q; et al. Enhanced Specificity and
Efficiency of the CRISPR/Cas9 System with Optimized sgRNA
Parameters in Drosophila. Cell Rep. 2014, 9 (3), 1151—1162.

(51) Kumar, A.; Daripa, P.; Rasool, K,; Chakraborty, D.; Jain, N;
Maiti, S. Deciphering the Thermodynamic Landscape of CRISPR/
Cas9: Insights into Enhancing Gene Editing Precision and Efficiency.
J. Phys. Chem. B 2024, 128 (35), 8409—8422.

(52) Doench, J. G; Fusi, N; Sullender, M.; Hegde, M.; Vaimberg, E.
W.; Donovan, K. F.; Smith, L; Tothova, Z.; Wilen, C.; Orchard, R;;
et al. Optimized sgRNA design to maximize activity and minimize off-
target effects of CRISPR-Cas9. Nat. Biotechnol. 2016, 34 (2), 184—
191.

(53) Zhang, C.; Meng, X.; Wei, X.; Lu, L. Highly efficient CRISPR
mutagenesis by microhomology-mediated end joining in Aspergillus
fumigatus. Fungal Genet. Biol. 2016, 86, 47—57.

(54) Schuster, M.; Schweizer, G.; Reissmann, S.; Kahmann, R.
Genome editing in Ustilago maydis using the CRISPR—Cas system.
Fungal Genet. Biol. 2016, 89, 3—9.

(55) Schuster, M.; Schweizer, G.; Kahmann, R. Comparative
analyses of secreted proteins in plant pathogenic smut fungi and
related basidiomycetes. Fungal Genet. Biol. 2018, 112, 21-30.

(56) Liang, Y,; Han, Y.; Wang, C,; Jiang, C; Xu, J. R. Targeted
Deletion of the USTA and UvSLT2 Genes Efficiently in
Ustilaginoidea virens With the CRISPR-Cas9 System. Front. Plant
Sci. 2018, 9, 699.

(57) Xi, Y.; Zhang, J; Fan, B,; Sun, M,; Cao, W,; Liu, X; Gai, Y,;
Shen, C; Wang, H; Wang, M. Transcriptome Analysis Reveals
Potential Regulators of DMI Fungicide Resistance in the Citrus
Postharvest Pathogen Penicillium digitatum. J. Fungi 2024, 10 (S),
360.

(58) Wang, Y.; Li, X;; Liu, M.; Zhou, Y.; Li, F. Guide RNA scaffold
variants enabled easy cloning of large gRNA cluster for multiplexed
gene editing. Plant Biotechnol. . 2024, 22 (2), 460—471.

(59) Pohl, C.; Kiel, J. A. K. W.; Driessen, A. J. M.; Bovenberg, R. A.
L.; Nygard, Y. CRISPR/Cas9 Based Genome Editing of Penicillium
chrysogenum. ACS Synth. Biol. 2016, S (7), 754—764.

(60) Yip, V. L. Y.; Withers, S. G. Breakdown of oligosaccharides by
the process of elimination. Curr. Opin. Chem. Biol. 2006, 10 (2), 147—
158S.

(61) Lépez-Pérez, M.; Ballester, A-R; Gonzilez-Candelas, L.
Identification and functional analysis of Penicillium digitatum genes
putatively involved in virulence towards citrus fruit. Mol. Plant Pathol.
2018, 16 (3), 262—275.

1174

CAS INSIGHTS™

EXPLORE THE INNOVATIONS
SHAPING TOMORROW

n:

https://doi.org/10.1021/acs jafc.5c11144
J. Agric. Food Chem. 2026, 74, 1167-1174


https://doi.org/10.1093/nar/gkae570
https://doi.org/10.1093/nar/gkae570
https://doi.org/10.1016/j.celrep.2014.09.044
https://doi.org/10.1016/j.celrep.2014.09.044
https://doi.org/10.1016/j.celrep.2014.09.044
https://doi.org/10.1021/acs.jpcb.4c04044?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.4c04044?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nbt.3437
https://doi.org/10.1038/nbt.3437
https://doi.org/10.1016/j.fgb.2015.12.007
https://doi.org/10.1016/j.fgb.2015.12.007
https://doi.org/10.1016/j.fgb.2015.12.007
https://doi.org/10.1016/j.fgb.2015.09.001
https://doi.org/10.1016/j.fgb.2016.12.003
https://doi.org/10.1016/j.fgb.2016.12.003
https://doi.org/10.1016/j.fgb.2016.12.003
https://doi.org/10.3389/fpls.2018.00699
https://doi.org/10.3389/fpls.2018.00699
https://doi.org/10.3389/fpls.2018.00699
https://doi.org/10.3390/jof10050360
https://doi.org/10.3390/jof10050360
https://doi.org/10.3390/jof10050360
https://doi.org/10.1111/pbi.14198
https://doi.org/10.1111/pbi.14198
https://doi.org/10.1111/pbi.14198
https://doi.org/10.1021/acssynbio.6b00082?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssynbio.6b00082?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.cbpa.2006.02.005
https://doi.org/10.1016/j.cbpa.2006.02.005
https://doi.org/10.1111/mpp.12179
https://doi.org/10.1111/mpp.12179
pubs.acs.org/JAFC?ref=pdf
https://doi.org/10.1021/acs.jafc.5c11144?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://solutions.cas.org/CASInsights_Subscribe?utm_campaign=GLO_GEN_ANY_CIS_AWS&utm_medium=DSP_CAS_ORG&utm_source=Publication_CEN&utm_content=pdf_footer 

