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ARTICLE INFO ABSTRACT
Keywords: Aspergillus niger is a highly versatile fungal strain utilized in industrial production. The expression levels of re-
Multiplex integration combinant genes in A. niger can be enhanced by increasing the copy number. Nevertheless, given the prolonged

Aspergillus niger
CRISPR-Cas9 homologous direct repair
White colony

gene editing cycle of A. niger, a “one-step” strategy facilitating the simultaneous integration of recombinant genes
into multiple genomic loci would provide a definitive advantage. In our previous study, a visual multigene
editing system (VMS) was designed to knock out five genes, employing a tRNA-sgRNA array that includes the
pigment gene albA and the target genes. Building upon this system, hybrid donor DNAs (dDNAs) were introduced
to establish a clustered regularly interspaced short palindromic repeats (CRISPR)-based multiplex integration
toolkit. Firstly, a CRISPR-Cas9 homology-directed repair (CRISPR-HDR) system was constructed in A. niger by co-
transforming the CRISPR-Cas9 plasmid (with a highly efficient sgRNA) and the dDNA, resulting in precise
integration of recombinant xylanase gene xynA into the target loci (the p-glucosidase gene bgl, the amylase gene
amyA, and the acid amylase gene ammA). Subsequently, the length of homology arms in the dDNA was optimized
to achieve 100% editing efficiency at each of the three gene loci. To achieve efficient multiplex integration in
A. niger, the CRISPR plasmid pLM2 carrying a sgRNA-tRNA array was employed for concurrent double-strand
breaks at multiple loci (bgl, amyA, ammA, and albA). Hybrid dDNAs were then employed for repair, including
dDNA1-3 (containing xynA expression cassettes without selection markers) and dDNA,pa (for albA knockout).
Among the obtained white colonies (RLM2'), 23.5% exhibited concurrent replacement of the bgl, amyA, and
ammA genes with xynA (three copies). Notably, the xynA activity obtained by simultaneous insertion into three
loci was 48.6% higher compared to that obtained by insertion into only the bgl locus. Furthermore, this multiple
integration toolkit successfully enhanced the expression of endogenous pectinase pelA and Candida antarctica
lipase CALB. Hence, the combined application of VMS and the CRISPR-HDR system enabled the simultaneous
application of multiple selection markers, facilitating the rapid generation in the A. niger cell factories.

1. Introduction enzyme preparations [1-3]. This fungus possesses many advantages,
such as its efficient metabolic pathways and well-regulated gene net-

As an important strain in industrial production, Aspergillus niger has works, resulting in consistently high levels of protein expression (25-30
been utilized to manufacture numerous products classified as Generally g/L) [2,4]. Moreover, A. niger can utilize cost-effective carbon sources
Regarded As Safe (GRAS), encompassing pharmaceutical proteins and like agricultural waste and plant substrates, which significantly
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decreases the cost of industrial-scale manufacturing [2]. Additionally,
A. niger features a straightforward and readily scalable fermentation
process, enabling high-density cultivation in large fermenters [5].
Hence, A. niger holds promising potential as a host cell in the production
of high-value recombinant proteins; however, the expression levels of
most proteins are limited.

To enhance the expression of recombinant proteins in A. niger,
extensive screening and optimization of the promoters [6], 5-untrans-
lated regions [7,8], and open reading frames [9-11] have been metic-
ulously conducted. In addition, increasing the copy number offers
another avenue for boosting expression levels [2]. In wild-type (WT)
A. niger, the remarkably efficient non-homologous end joining (NHEJ)
mechanism enables the random insertion of a recombinant gene into the
genome, resulting in the generation of multiple copies [2,12]. Never-
theless, the majority of genomic loci do not exhibit high transcription
efficiency [13], and the inserted fragments may be lost during
passaging, leading to unstable protein expression [14]. Therefore, tar-
geted insertion of the recombinant gene into loci with efficient tran-
scription can significantly enhance expression levels. Furthermore, a
more advanced approach involving simultaneous integration at multiple
high-expression loci could be established in A. niger.

Some clustered regularly interspaced short palindromic repeats
(CRISPR)-mediated approaches have enabled the integration of foreign
genes into the genome of A. niger [15-17]. However, editing multiple
genes simultaneously remains challenging. For instance, utilizing the
CRISPR-Cas9 homology-directed repair (CRISPR-HDR) system to
concurrently insert glucose oxidase (GoxC) into the glaA and amyA gene
loci of A. niger resulted in a 4-fold increase in GoxC activity [18].
However, each donor DNA (dDNA) carries a selection marker to enhance
the efficiency. Therefore, the limited number of selection markers in
A. niger constrains the application of this method for integrating genes
into additional loci. To address this challenge, Mark et al. sequentially
inserted the glaA expression cassette into predetermined sites in the
A. niger genome, which demonstrated high efficiency in expressing
starch-degrading enzymes. Subsequently, recombinant genes were
knocked in at ten loci simultaneously by homologous recombination
(HR) of marker-free dDNAs with the glaA expression cassette (promoter
and terminator) [19]. Notably, the iterative insertion of the glaA
expression cassette extended the overall process, highlighting the need
for a multiplex integration method that requires fewer selection markers
and involves shorter cycles.

In our previous research, a visual multigene editing system (VMS)
was developed based on the pigment gene albA. A CRISPR plasmid
containing a sgRNA-tRNA array was utilized to knock out four genes
with an efficiency of up to 22% in the WT strain [20]. The capabilities of
this method were further extended to facilitate multi-locus concurrent
insertion. First, the CRISPR-HDR system was applied to replace the
B-glucosidase gene bgl, the amylase gene amyA, and the acid amylase
gene ammA with the recombinant xylanase gene (xynA). The sgRNA and
homology arms were fine-tuned to optimize the integration efficiency.
Finally, a CRISPR plasmid containing the sgRNA-tRNA array was
employed along with hybrid dDNAs for insertions at multiple specific
loci. Among them, the dDNA (containing hygromycin B, hygB) was
utilized to disrupt albA, resulting in the generation of visually selectable
white colonies as a screening marker, while other dDNAs did not require
the selection marker. Moreover, endogenous pectate lyase (pelA) and
Candida antarctica lipase B (CALB) were expressed in A. niger AG11 to
demonstrate the universality of this toolkit in enhancing the expression
of other enzymes. This method enabled multiplex integration in A. niger,
thereby creating a high-expression host for industrial production.

2. Materials and methods
2.1. Strains and plasmids

Gene cloning was performed using Escherichia coli JM109 (Miaoling
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Bio, Wuhan, China) and plasmid pMD19 (Miaoling Bio, Wuhan, China).
Enzyme expression was achieved by utilizing A. niger AG11 (CCTCC
M2018881) and its derivatives, as displayed in Table S1.

2.2. Plasmid construction

XynA gene (GenBank: XM _001388485.2), pelA gene (GenBank:
XP_001401061.1), and CALB gene (GenBank: Z30645.1) were sepa-
rately cloned and seamlessly ligated with the Pbgl (bgl promoter), the
Sbgl (bgl signal peptide), and the Thgl (bgl terminator) using the Clo-
nExpress MultiS One Step Cloning Kit (Vazyme, Nanjing, China). The
hygB expression cassette was efficiently assembled using the ClonEx-
press MultiS One-Step Cloning Kit with PgpdA, hygB, and trpC. Mean-
while, the dDNA constructs were engineered based on the pMD19
vector. Various lengths of homology arms were fused with the xynA
expression cassette or the hygB expression cassette to improve the effi-
ciency of CRISPR-HDR. Then, the specific primers were used to amplify
the required fragments and obtain the dDNAs.

The CRISPR-Cas9 plasmids were constructed in a well-organized
three-step process. Firstly, the sgRNA expression cassettes carrying
Pu3*(mutated versions of U3 snRNA) and Tu3, were seamlessly inserted
into the pMD19 vector using the ClonExpress MultiS One Step Cloning
Kit, yielding pMD19/sgRNA. Subsequently, linearization of pMD19/
sgRNA was executed via specific primers that carried the 20 bp sgRNA,
followed by transformation into E. coli JM109 to yield pMD19/sgRNA’
with distinct sgRNA expression cassettes. Notably, various sgRNAs were
selected as viable candidates using the CRISPOR software (https://c
rispor.tefor.net/crispor.py). Lastly, plasmids pFC330/pFC332 and
pMD19/sgRNA’ were linearized with SpeedyCut PacI and BglII (Sangon
Biotech, Shanghai, China), and their fragments were circularized using
DNA ligase solution I (TaKaRa, Dalian, China). The expression cassette
containing multiple sgRNAs (tRNA-gRNA array) was described in our
previous work [20]. The comprehensive lists of plasmids and primers
used in this study are presented in detail in Table S1 and Table S2.

2.3. Construction of recombinant strains

The transformation and fermentation method of A. niger was per-
formed following previously established protocols [12]. The total mass
of CRISPR plasmids and mixed dDNAs for multiplex integration was
maintained above 50 pg. Several white colonies were randomly selected
from the colonies grown on high osmolarity czapek agar medium (34%
sucrose, 0.3% NaNOs, 0.05% KCl, 0.05% MgSO4-7H50, 0.001% FeS-
04-7H20, 0.001% ZnSO4-7H50, 0.0005% CuSO4-5H20, and 0.5% agar),
and the probabilities of xynA replacing bgl, amyA, and ammA in these
white colonies were calculated. The genomic DNA was extracted using
the DNAsecure kit (Tiangen Biotech, Shanghai, China). The schematic of
gene sequence verification can be found in Fig. S1, and the designed
primers used for the experiments are listed in Table S2.

2.4. qRT-PCR for quantification of the copy number

Mycelia were harvested from the fermentation culture at 24 h, and
immediately cryogenically ground in liquid nitrogen. Total RNA was
extracted from the mycelia using the RNAprep Pure Kit (Tiangen
Biotech, Beijing, China) following the manufacturer’s instructions, and
eluted with RNase-free water. Subsequently, cDNA was synthesized
from RNA using the PrimeScript™ RT-PCR Kit (Takara, Dalian, China).
For quantitative PCR, a 96-well reaction plate was prepared using
SYBRH Premix ExTaq™ (TaKaRa Biotechnology, Beijing, China). The
cycling conditions were as follows: 95 °C for 30 s followed by 40 cycles
of 95 °C for 5 s and 60 °C for 20 s. All reactions were performed on a
LightCycler 480 II Real-time PCR instrument (Roche Applied Science,
Mannheim, Germany). The cycle threshold (Ct) values were calculated
on the PCR instrument software. The relative copy numbers were
calculated as described in previous reports [21]. Additionally, the actin
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gene was selected as an internal standard, and the primers used are
presented in Table S2.

2.5. Determination of enzyme activity

The activity of xynA was assessed using the 3,5-dinitrosalicylic acid
(DNS) method, as outlined in the study conducted by You et al. (2021)
[22]. In this procedure, 900 pL of a 1% (w/v) solution of birchwood
xylan (Sangon Biotech, Shanghai, China) was incubated with 100 pL of
appropriately diluted enzyme solution at 50 °C for 10 min. The enzy-
matic reaction was halted by adding 2 mL of DNS reagent, followed by a
5 min incubation in a boiling water bath and subsequent cooling in
water. The absorbance of the reaction solution was then measured at
545 nm using a BioTek Cytation 5 (Agilent, California, USA). Xylanase
activity was quantified in units (U), representing the amount of enzyme
required to produce 1 pmol of reducing sugar under the specified assay
conditions (50 °C, pH 5.5). Similarly, the activity of pelA was deter-
mined using the DNS method [23]. Briefly, 50 pL of appropriately
diluted enzyme solution was added to 450 pL of 0.1% polygalacturonic
acid substrate (Tris-HCI, pH 7.0). The mixture was incubated at 40 °C for
30 min, and 500 pL DNS was added and boiled for 10 min. Finally, the
solution was cooled to room temperature, and the absorbance at 540 nm
was recorded. Enzyme activity was defined as the amount of enzyme
that produced 1 pmol of p-galacturonic acid per minute under standard
conditions.

The CALB activity assay method was performed according to
methods from previous reports with some modifications [24]. The
Tris-HCI buffer and 50 pL of appropriately diluted enzyme solution were
mixed and preheated for 5 min. Subsequently, 50 pL of 25 mM
p-nitrophenyl butyrate (pNPB) was added, and the reaction was allowed
to proceed for 5 min. Finally, the reaction was terminated by adding
pre-chilled ethanol. The absorbance of the reaction mixture was
measured at 405 nm wavelength, with Tris-HCl buffer as a blank control.
CALB activity was defined as the amount of enzyme required to generate
1 pmol of p-nitrophenol (pNP) per minute at 45 °C and pH 8.0.

2.6. Protein expression analysis

Protein analysis was conducted using SDS-PAGE on a 10% Bis-Tris
protein gel (ThermoFisher Scientific, Shanghai, China) to assess the
expression of enzymes. The protein bands were visualized using a Gel
Doc imaging system (Bio-Rad, Hercules, USA) after staining with Coo-
massie Brilliant Blue R250 (Yeasen, Shanghai, China).

2.7. Statistical analysis

All experimental data were obtained independently with at least
three replicates, and the results were presented as mean + standard
deviation. Differences between the two groups were assessed using a
two-tailed Student’s t-test. Statistical significance was denoted by * for
P < 0.05 and ** for P < 0.01, respectively.

3. Results

3.1. Developing a CRISPR-HDR system for site-specific integration in
A. niger

A CRISPR-Cas9 system was employed in combination with the dDNA
to carry out site-specific insertion of the recombinant gene into the
A. niger genome. The CRISPR-based plasmid (incorporating the Cas9
gene and the sgRNA expression cassette) was ingeniously engineered to
facilitate the precise cleavage of target sequences in the genome, thereby
enabling efficient integration of the dDNA through HR at the corre-
sponding sites [18]. In our previous research, a proficient recombinant
protein expressing locus (bgl) was uncovered in the A. niger AG11 strain
[12]. In addition, genomic loci associated with high-expression proteins

211

Synthetic and Systems Biotechnology 9 (2024) 209-216

(glucoamylase glaA, amyA, and ammA) exhibited robust transcriptional
capacity [13]. Therefore, these four loci were identified as potential
integration sites for recombinant genes.

On the one hand, the utilization of starch as a carbon source relies on
the presence of amylolytic enzymes to support cellular growth. On the
other hand, the implementation of the CRISPR system in the knockout of
the glaA gene in A. niger AG11 faced obstacles due to its low efficiency
(data not shown). Therefore, bgl, amyA, and ammA were strategically
selected as the integration sites for the recombinant gene xynA.
Following the individual introduction of five CRISPR plasmids
harboring distinct candidate sgRNA sequences (sgRNA1-sgRNAS) into
the WT strain, the optimal sgRNApg1-4, SgRNAzmya-1, and sgRNA;ma-1
were determined based on the efficiency of target gene mutations
(Fig. S2 and Table 1). Then, a co-transformation procedure was
employed to introduce the pFC330 plasmid (harboring the sgRNA)
(Fig. 1A) and the dDNA (encompassing 1500 bp homology arms along
with the xynA and hygB expression cassettes) into the protoplasts to
obtain the recombinant strain RL (Fig. 1B). The results revealed that the
efficiency of xynA integration into the bgl locus, amyA locus, and ammA
locus reached 75%, 80%, and 75%, respectively (Fig. 1D). Consequently,
a CRISPR-HDR system enabling the insertion of a recombinant gene at
each of three specific genomic loci was established in A. niger AG11.

3.2. Improvement of integration efficiency by optimizing homology arms

To enhance the efficiency of xynA integration into the specified loci,
homology arms of length 2000 bp and 2500 bp were individually fused
into dDNAs (Fig. 1C). The 2000 bp homology arms resulted in 100%
insertion efficiency at the amyA and ammA loci, while the bgl locus
required homology arms of 2500 bp in length to attain 100% insertion
efficiency (Fig. 1D). Gene sequencing and SDS-PAGE analysis were
conducted to confirm the complete replacement of these genes with
xynA (Fig. S2). In summary, the homology arm lengths were refined and
the integration efficiency of the recombinant gene using CRISPR-HDR
reached 100% at the bgl, amyA, and ammA loci, respectively.

3.3. Construction of a visual multiplex integration toolkit in A. niger

Editing multiple genes in the A. niger genome is hindered by the lack
of selection markers and the time-consuming gene manipulation [2,25].
In our previous study, one to five genes were knocked out by inserting
diverse sgRNAs flanked with tRNAs into the CRISPR-Cas9 plasmid [20].
Building upon this strategy, the pLM1 plasmid was developed based on
pFC330, which incorporated a tRNA-sgRNA array comprising three
specific sgRNAs (sgRNApg), SgRNAzmya, and sgRNA;mma) and three
tRNAs (tRNApja, tRNAphe, and tRNAar) (Fig. 2A and Table S3). This
engineered plasmid induced concurrent double-strand breaks (DSBs) in
the bgl, amyA, and ammA genes within the AkusA strain (where NHEJ

Table 1
Optimization of sgRNAs in this study.

sgRNAs Sequences (5-3") Mutation efficiency (%)
SgRNApg -1 TGCAGCAATACAACACTCTT 20
SgRNApg -2 ACCGATATTGACTACATGCA 0
SgRNApg-3 AAGTGGCGTTCGATGGTGTG 60
SgRNApg -4 CACCCATCGTTTCTTCTCCC 80
SgRNApg -5 TCTCACTTTTCGGCATTCCG 60
SgRNA;mya-1 TCTCTTCGGCCCTTCATGAG 100
SgRNA;mya-2 TACTCTCTGAACGAAAACTA 60
SgRNA;mya-3 AAACTATGAAGATCAGACTC 0
SgRNA mya-4 CATATGGAGATGCCTACCAT 60
SgRNA;mya-5 TTGTCCCTACCAGAACGTCA 60
sgRNA;mma-1 CTGCCCCAGGATACTGCTGA 80
SgRNA;mma-2 ATATCGTAGGCTTACTCTCA 60
SgRNA;mma-3 TGCCCGCGGAATGTACCTCA 40
sgRNA mma-4 ATACTGCCTGATCACAGATT 0
SgRNAzmma-5 CTCGGCCTACATTACCTACG 0
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Fig. 1. Construction and optimization of the CRISPR-HDR system in A. niger. (A) Schematic diagram of the pFC330/sgRNA plasmid. The plasmid was constructed
based on the pFC330 vector. The promoter and terminator of sgRNA were Pu3* (a mutant of Pu3) [20] and Tu3, respectively. In addition, the promoter PgpdA and
terminator trpC were used to express Cas9 protein. (B) Schematic diagram of xynA insertion into the bgl locus using CRISPR-HDR. (C) Schematic diagram of the
homology arm optimization to improve CRISPR-HDR efficiency. The promoter Pbgl, signal peptide Sbgl, and terminator Tbgl were used to express xynA extracel-
lularly. Meanwhile, the promoter PgpdA and terminator trpC were used to express hygB. (D) Effect of the homology arm length on integration efficiency at

different loci.

was significantly inhibited) (Fig. 2B). Furthermore, tRNAjp. and
sgRNA,ba Were incorporated into the tRNA-sgRNA array of pLM1 to
construct the pLM2 plasmid, effectively producing white colonies as a
visual marker (Fig. 2A and Table S3). These specific endogenous tRNAs
have been proven to be highly effective in facilitating the release of
sgRNA in A. niger AG11 [20]. In addition, mixed dDNAs were utilized to
repair DSBs caused by the Cas9 protein in these loci (Fig. 2A and B).
Among them, the pLM1 and selection marker-free dDNAs’ (dDNA1,
dDNA2, and dDNA3) enabled xynA to replace bgl, amyA, and ammA. In
contrast, pLM2, dDNAs’, and dDNA,,p were used to obtain white col-
onies in which xynA replaced bgl, amyA, and ammA (Fig. 2B). Moreover,
the selection marker hygB was incorporated into dDNA,pa to increase
the proportion of white colonies.

Notably, white colonies may be formed by HR of the dDNA,jps with
albA flanking sequences in the genome, obviating the necessity for Cas9
protein-mediated cleavage. The length of the homology arms in
dDNA,pa Was optimized to ensure a significantly higher proportion of
white colonies obtained through co-transformation of pLM3 (containing
sgRNAba) and dDNA,pa compared to transformation with dDNAgpa
alone (Fig. 3A). The largest difference in the white colony formation rate
was observed between the co-transformation group (85%) and the
transformation with dDNA,pa alone group (5%) when employing 1000
bp homology arms (Fig. 3B). As a result, the lengths of homology arms in
the dDNA1, dDNA2, dDNA3, and dDNA,pa groups were set to 2500 bp,
2000 bp, 2000 bp, and 1000 bp, respectively (Fig. 2B). Finally, a
CRISPR-mediated multiplex integration system was established by co-
transforming the CRISPR-Cas9 plasmid (pLM1 or pLM2) and the
hybrid dDNAs into the AkusA strain.

The black phenotyped strain RLM1 was obtained by transforming the
pLM1 plasmid and dDNAs into the AkusA strain, and the probabilities of
bgl, amyA, and ammA being replaced by xynA were determined to be
18.3%, 11.7%, and 10%, respectively (Fig. 2C and D). However, con-
current replacement of all three genes was observed in only 1.7% of the
transformants (Fig. 2D). Nevertheless, RLM2 was generated by
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transforming the pLM2 plasmid and dDNAs into the AkusA strain, and
70% of the colonies (RLM2') exhibited a white phenotype (Fig. 2C and
Table S4). Then, the sequencing of the target gene in these white col-
onies demonstrated a notable increase in the site-specific integration
efficiency of xynA (Table S4 and Fig. S3). Specifically, xynA replacing
bgl, amyA, and ammA showed an efficiency of 74.5%, 56.9%, and 60.8%,
respectively; the three genes were simultaneously replaced in 23.5% of
the colonies in RLM2’ (Fig. 2D). Hence, a pigment gene was included as
a selection marker, increasing the proportion of colonies in which the
recombinant genes integrated simultaneously into multiple loci.
Furthermore, strains harboring four copies of xynA (comprising one
endogenous copy and three integrated copies) demonstrated a remark-
able 48.6% increase in xylanase activity (523 U/mL) compared to those
derived from the sole substitution of the bgl gene with two copies of xynA
(comprising one endogenous copy and one integrated copy) (Fig. S4).
These findings indicate that augmenting the copy number of xynA at the
high-expression site is an important factor in improving its expression.

Recombinant expression of the endogenous pelA and the
C. antarctica-derived CALB was carried out to evaluate the system’s
generality in upregulating the expression of enzymes. Initially, genes
pelA and CALB were individually integrated into the bgl locus, yielding
recombinant strains RL/pelA and RL/CALB with copy numbers of 2
(including one endogenous copy) and 1, respectively. Utilizing the vi-
sual multiplex integration toolkit, approximately 25% of the white
clones integrated the recombinant genes (pelA/CALB) into three loci
simultaneously (Fig. S5A). The obtained recombinant strains RLM/pelA
and RLM/CALB had copy numbers of 4 (including one endogenous copy)
and 3, respectively. Moreover, their expression levels were 68% and
40.9% higher than RL/pelA and RL/CALB, respectively (Figure S5B and
Figure S5C). Consequently, this integration system represents a valuable
toolkit for augmenting the expression levels of recombinant proteins in
A. niger.
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The colony phenotype arose from two distinct strategies. RLM1 retained its unique production of black pigment, while in RLM2, 70% of the colonies (RLM2")
exhibited a white colony phenotype, which remained stable in subsequent passages. (D) The integration efficiency of xynA in RLM1 and RLM2’. In a randomly
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Fig. 3. Effect of the homology arm on the knockdown efficiency of albA. (A) Schematic of deleting albA using HR (different homology arms) (left) and CRISPR-HDR
(different homology arms) (right), respectively. (B) Effect of different lengths of homology arms on the knockdown efficiency of albA using HR and CRISPR-HDR,
respectively. Differences were determined by a two-tailed Student’s t-test. The * and ** indicate P < 0.05 and P < 0.01, respectively, and the error bars repre-

sent the standard deviation.
4. Discussion

The copy number of the recombination gene in the genome can be
enhanced through NHEJ; however, most randomly inserted loci do not
exhibit high expression levels [2]. Due to the prolonged editing cycle
and restricted availability of selection markers, accomplishing targeted
integration at multiple high-expression sites remains a challenging task
[18,19]. In this study, the efficiency of three sgRNAs (sgRNApg,
sgRNA,mya, and sgRNA;mma) Was optimized by individually targeting
insertion sites, thereby achieving integration efficiencies of over 80% in
the AkusA strain. Meanwhile, the homology arms were adjusted to result
in a 100% integration efficiency at the bgl, amyA, and ammA loci,
respectively. Based on these, the established multiplex integration
toolkit enabled a “one-step” insertion of xynA into the three sites,
reducing the editing cycle from the original two months to two weeks. In
addition, this method was successfully applied to separately integrate
the endogenous pectinase gene pelA and exogenous lipase B gene CALB
in the genome, effectively enhancing their copy numbers and expression
levels, thereby demonstrating the universality of the integration system
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in A. niger. Notably, the CRISPR plasmid containing pryG was lost during
the non-selective culture process, while the sole resistance selection
marker hygB was eliminated during serial passaging (Fig. S6). The
reintroduction of the pigment gene albA into the genome allowed for its
reutilization as a selection marker, effectively addressing the constraints
imposed by the limited selection markers in multiplex integration.

The multiplex integration strategy enables the construction of multi-
enzyme expression systems, such as the rapid insertion of cellulase and
hemicellulase genes into the genome of A. niger. In our upcoming
research, the expression elements and insertion sites will be fine-tuned
to customize the expression levels of different enzymes (glucanase,
glucosidase, and xylanase), hence facilitating the utilization of A. niger’s
fermentation broth for effective lignocellulosic degradation. Further-
more, the “one-step” incorporation of complete metabolic pathways into
the A. niger genome enables the biosynthesis of target metabolites.
Similar work has been carried out in yeast, where researchers have
successfully synthesized 2,3-butanediol, f-carotene, zeaxanthin, and
astaxanthin using a CRISPR-based synthetic biology toolkit (containing
a series of sgRNA plasmids and donor plasmids) in Pichia pastoris [26]. In
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summary, the CRISPR-based multiplex integration system allows A. niger
to serve as a cell factory for the synthesis of recombinant proteins,
natural products, and value-added chemicals.

The inclusion of the selection marker gene hygB in dDNAgpa
increased the proportion of white colonies from 10% to 70% (data not
shown), but also resulted in a threefold reduction in the total number of
colonies compared to RLM1 (Fig. 2E). Meanwhile, the quantity of RLM2
colonies decreased by 50% compared to the RL strain, where recombi-
nant genes integrate at a single locus (Fig. 2E). This reduction is
attributed to the cytotoxicity caused by the failure to repair multiple
DSBs simultaneously [27]. In addition, large homology arms (exceeding
1000 bp) were employed, which differs from the typical use of only a few
dozen base pairs in other host systems [28-30]. Moreover, a concen-
tration of 10 pg/pL hybrid dDNAs was used to facilitate the efficient
repair of DSBs. Consequently, the insufficient HR efficiency in A. niger
AG11 emerges as a limiting factor for the broader application of this
multiplex integration method across more loci. Despite the observed
significant reduction in NHEJ efficiency in the recombinant strain
AkusA, an alternative strategy for enhancing HR involves the over-
expression of homologous recombinase.

Besides achieving high HR efficiency, selecting easily editable inte-
gration sites is crucial for an efficient multiplex integration system. Our
findings indicate that knocking out the highly expressed gene glaA in
A. niger AGll was particularly challenging (unpublished data),
emphasizing the unsuitability of specific genomic loci as multigene
integration targets. In A. niger, loci associated with glycoside hydrolases
and proteases are the only viable insertion sites for recombinant genes
that have been previously reported [18,19]. Currently, advanced
methods such as droplet-based microfluidic systems and plasmid rescue
strategies may facilitate the screening and identification of high
expression loci within the A. niger genome [25,31]. Nevertheless, the
editing challenges of these sites should be evaluated before inserting
recombinant genes, minimizing the risk of compromising the overall
efficiency of multiplex integration.
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