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Abstract 

Background  Aspergillus niger is well-known for its high protein secretion capacity and therefore an important cell 
factory for homologous and heterologous protein production. The use of a strong promoter and multiple gene copies 
are commonly used strategies to increase the gene expression and protein production of the gene of interest (GOI). 
We recently presented a two-step CRISPR/Cas9-mediated approach in which glucoamylase (glaA) landing sites (GLSs) 
are introduced at predetermined sites in the genome (step 1), which are subsequently filled with copies of the GOI 
(step 2) to achieve high expression of the GOI.

Results  Here we show that in a ku70 defective A. niger strain (Δku70), thereby excluding non-homologous end join-
ing (NHEJ) as a mechanism to repair double-stranded DNA breaks (DSBs), the chromosomal glaA locus or homolo-
gous GLSs can be used to repair Cas9-induced DSBs, thereby competing with the integration of the donor DNA 
containing the GOI. In the absence of exogenously added donor DNA, the DSBs are repaired with homologous 
chromosomal DNA located on other chromosomes (inter-chromosomal repair) or, with higher efficiency, by a homol-
ogous DNA fragment located on the same chromosome (intra-chromosomal repair). Single copy inter-chromosomal 
homology-based DNA repair was found to occur in 13–20% of the transformants while 80–87% of the transformants 
were repaired by exogenously added donor DNA. The efficiency of chromosomal repair was dependent on the copy 
number of the potential donor DNA sequences in the genome. The presence of five homologous DNA sequences, 
resulted in an increased number (35–61%) of the transformants repaired by chromosomal DNA. The efficiency 
of intra-chromosomal homology based DSB repair in the absence of donor DNA was found to be highly preferred 
(85–90%) over inter-chromosomal repair. Intra-chromosomal repair was also found to be the preferred way of DNA 
repair in the presence of donor DNA and was found to be locus-dependent.

Conclusion  The awareness that homologous chromosomal DNA repair can compete with donor DNA to repair DSB 
and thereby affecting the efficiency of multicopy strain construction using CRISPR/Cas9-mediated genome editing 
is an important consideration to take into account in industrial strain design.
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Introduction
The filamentous fungus Aspergillus niger is one of the 
important cell factories used in industry for the produc-
tion of organic acids, proteins, enzymes, and secondary 
metabolites (Behera 2020; Li et  al. 2020; Cairns et  al. 
2018, 2021; Yu et al. 2021). Contributing to its success as 
a cell factory has been the early availability of full genome 
sequences, the development of -omics technologies and 
efficient genome editing systems (reviewed by Cairns 
et  al. 2021). The implementation of non-homologous 
end joining mutants marks a first major step in facili-
tating and improving the efficiency in the generation of 
gene deletion mutants (Meyer et al. 2007; Carvalho et al. 
2010) or other types of targeted genome editing (Arent-
shorst et  al. 2015). The second major step has been the 
implementation of CRISPR/Cas9 as a genome editing 
tool. Since its introduction in 2015 (Nødvig et al. 2015), 
CRISPR/Cas9-based genome editing has become the 
standard genome editing tool to perform A. niger gene 
modifications (see for review Jin et al. 2022).

The power of CRISPR/Cas9 genome editing is based 
on the ability of the Cas9 nuclease to create a DNA dou-
ble-strand break (DSB) at a predetermined site in the 
genome. The predetermined site is selected by designing 
a single guide RNA (sgRNA) that consists of a CRISPR 
RNA (crRNA) harboring a 20-nucleotide long target spe-
cific DNA sequence at the 5ʹ-end, and a transactivating 
crRNA (tracrRNA) at the 3ʹ end for Cas9 binding. The 
requirement for the design of the crRNA is the pres-
ence of a Protospacer Adjacent Motif (PAM) adjacent 
to the binding site of the guiding crRNA at the target 
site (Garneau et  al. 2010). The crRNA part guides the 
sgRNA/Cas9 complex to the target site where the Cas9 
endonuclease will generate a DSB three nucleotides 
upstream of the PAM sequence (Sander and Joung 2014). 
DSBs are extremely deleterious for the cell and need to 
be repaired to prevent chromosome loss. There are two 
major pathways in fungi to repair DSBs in DNA, called 
the non-homologous end joining (NHEJ) pathway and 
the homologous recombination (HR) pathway. In the 
NHEJ pathway the Ku70/Ku80 proteins bind to the DSB 
ends and recruit other factors (e.g. Lig4) to ligate the two 
broken DNA ends together. The NHEJ pathway is error 
prone and often causes permanent alterations. In fun-
gal CRISPR/Cas9 genome editing in which the CRISPR/
Cas9 plasmid-based approach is used, DSB repairs with-
out alterations will be subjected to a second round of 
Cas9 nuclease activity until the target site is damaged. 
The HR pathway, which involves among others Rad51 
and Rad52 proteins, is a relatively accurate repair process 
dependent on the guidance of homologous DNA (donor 
DNA or repair DNA) that is used to repair the DSB by 
homologous recombination. The repair DNA in CRISPR/

Cas9-based genome editing of fungi normally consists 
of flanking regions from both sites adjacent to the DSB 
to make specific knockouts (van Leeuwe et  al. 2019) or 
knockins (Kun et  al. 2020). For gene editing studies in 
filamentous fungi the preferred and most often used 
method is to add plasmid or PCR-derived repair DNA 
during the transformation. This repair DNA is also taken 
up during transformation and is used as a template for 
DNA repair.

Song et al. (2018) have shown that for A. niger the use 
of NHEJ mutants in CRISPR/Cas9-mediated genome 
editing has major advantages over the use of wild type 
strains. By taking advantage of NHEJ mutants, high effi-
ciencies of targeted integration are obtained (Song et al. 
2018). The same study also showed that a NHEJ-defi-
cient mutant can also be used to test the efficacy of the 
sgRNA. The absence of donor DNA during a transforma-
tion with an efficient sgRNA in a NHEJ-deficient mutant 
is expected to yield no transformants. In addition, con-
structing mutants in a NHEJ background has the advan-
tage that off-target mutations are drastically reduced 
(Garrigues et al. 2023).

The possibilities of CRISPR/Cas9-mediated genome 
editing have opened new strategies in terms of A. niger 
strain construction. Part of that is due to the fact that 
the editing method can be conducted “marker free”. This 
is accomplished by expressing the Cas9 gene and the 
sgRNA from an autonomously replicating plasmid, the 
AMA vector (Aleksenko and Clutterbuck 1996). The 
AMA element on the plasmid prevents integration and 
supports replication. With the loss of selection pressure, 
the AMA-containing plasmid is easily lost during the fol-
lowing conidiation cycle which allows iterative gene edit-
ing cycles (Nødvig et al. 2015; van Leeuwe et al. 2019). By 
performing iterative cycles, strains carrying seven (van 
Leeuwe et al. 2019) or seventeen gene deletions (Arent-
shorst et al. 2021) have been generated. In each cycle up 
to three genes can be deleted. Higher number of gene 
deletions at the same time reduce the number of trans-
formants obtained (van Leeuwe et al. 2019). The iterative 
gene editing option also allows to perform efficient gene 
complementation studies (Seekles et al. 2023).

The CRISPR/Cas9 technology in combination with the 
use of a NHEJ-deficient mutant was also used to create 
an A. niger expression host for protein production. The 
use of NHEJ mutants is fundamental for the approach 
to construct production strains carrying multiple copies 
of the gene of interest. In a ku70- (kusA) deficient strain 
ten loci were deleted via CRISPR/Cas9 genome editing 
and the coding regions of these genes were replaced by 
a so-called glucoamylase landing site (GLS). Each land-
ing site consists of the glaA promoter region (PglaA) and 
the glaA terminator region (TglaA) and in between these 
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regions one or more unique DNA sequences (dubbed 
KORE sequences) were introduced for which unique 
Cas9-compatible sgRNAs were designed (Arentshorst 
et  al. 2023). The genes selected for deletion were genes 
encoding abundantly present extracellular enzymes 
and included glucoamylase (glaA), amylase (aamA) and 
alpha-glucosidase (agdA), four aspartic proteases (pepA, 
pepB, pepN and NRRL3_10267), a carboxypeptidase 
(NRRL3_06629), glucose oxidase (goxC) and oxaloac-
etate hydrolase (oahA) involved in medium acidification. 
Together with the deletion of alpha-glucosidase (agdA), 
two neighboring genes amyA and prtT encoding an amyl-
ase and a transcription factor involved in protease induc-
tion respectively, were also deleted and replaced by a 
single landing site. The expression host constructed con-
tains ten landing sites (in total 12 genes deleted) which 
can be filled by a gene or genes of interest by creating a 
DSB using a specific KORE directed sgRNA in combina-
tion with repair DNA consisting of the gene(s) of interest 
which are flanked to PglaA and TglaA regions (Arent-
shorst et al. 2023). Note that the use of a NHEJ-deficient 
mutant is essential, otherwise the Cas9-induced DSBs 
will be repaired by non-homologous end joining and via 
homologous recombination and integration of the GOI. 
Since not all 10 landing sites can be filled simultaneously, 
the filling takes place in steps in which particular KORE 
sites are targeted by KORE-specific sgRNAs to create 
DSBs. We noticed in carrying out experiments to fill the 
landing sites with GOIs, that not all landing sites were 
filled. To understand why not all Cas9 targeted landing 
sites were repaired via incorporation of the GOI, a spe-
cific set of A. niger strains was generated to study this 
phenomenon.

In this paper we show that in addition to the exoge-
nously added repair DNA containing the GOI, the DSB 
can also be repaired by homologous landing sites present 
is the genome that were not targeted by Cas9. We also 
show that intra-chromosomal repair by a homologous 
landing site that is in close proximity (46 kb) to the intro-
duced DSB is preferred over inter-chromosomal repair. 
Our findings are important in designing strain engi-
neering strategies to optimize fungi as host for protein 
production.

Materials and methods
Strains and growth conditions
The A. niger strains used in this study are listed in 
Table 1. All strains are derived from the N400 (NRRL3) 
A. niger wild type strain (Bos et  al. 1988; Demirci et  al. 
2021). A ∆ku70 derivate strain in N400 was previously 
constructed and used in this study (Demirci et al. 2021). 
Strains were grown in liquid or solidified (containing 
1.5% (w/v) Scharlau agar) minimal medium (MM) or in 

complete medium (CM) as described (Arentshorst et al. 
2012). Escherichia coli DH5α was used for plasmid con-
struction and cultured at 37 °C in Luria-Bertani medium, 
with ampicillin (100 µg/mL).

CRISPR/Cas9 plasmid constructions
All A. niger transformations in this study were per-
formed by using the pFC332-based marker-free CRISPR/
Cas9 genome editing method (Nødvig et  al. 2015; van 
Leeuwe et  al. 2019) or by cloning of crRNAs into plas-
mid pLML001, derived from pFC332 (Arentshorst et al. 
2023). The vector pLML001 supports a one-step sgRNA 
targeting sequence incorporation into the vector and uti-
lizes the Pro1 tRNA RNA polymerase III promoter for 
sgRNA transcription (Song et al. 2018; Arentshorst et al. 
2023). sgRNA targets were designed using the CHOP-
CHOP web-tool (Labun et al. 2016) or the CRISPR gRNA 
(guide RNA) Design Tool for Eukaryotic Pathogens (uga.
edu) available at http://​grna.​ctegd.​uga.​edu/. Cloning 
of guide RNA sequences in either pFC332 or pLML001 
were performed as described previously (van Leeuwe 
et al. 2019; Arentshorst et al. 2023). All primers used in 
this study are listed in Supplementary Table 1.

Construction of donor DNA fragments
Donor DNA fragments to delete target genes and at the 
same time integrate a glucoamylase landing site (GLS), 
were amplified by fusion PCR using a set of gene specific 
primers (Supplementary Table  1) as described previ-
ously (Arentshorst et al. 2023). Iterative transformations 
were performed to finally obtain PKV7.1. This strain has 
six gene loci deleted and replaced by a GLS. Please note 
that agdA and amyA are neighboring genes and that both 
genes were deleted and replaced by a single GLS. The 
entire strain lineage is shown in Fig. 1. After each trans-
formation round, candidate deletion strains were puri-
fied and grown without hygromycin to allow plasmid 
loss. Genomic DNA of hygromycin sensitive strains was 
isolated and used in a diagnostic PCR to confirm proper 
deletion of the target gene and integration of the landing 
site.

Two donor DNA fragments (PglaA-glaA538::6xHis-
TglaA and PglaA-lux-TglaA) to insert His-tagged glucoa-
mylase or the luciferase reporter gene at glucoamylase 
landing sites respectively, were amplified by fusion PCR 
using primers listed in Supplementary Table 1. The final 
PCR fragment contains the PglaA promoter (634  bp), 
either the glaA538::6xHis gene or the luciferase gene (lux) 
and the TglaA terminator sequence (547  bp). Fusion 
PCR fragments were cloned in pJet1.2 to give pMA_ 
glaA538::6xHis and pPKV_PglaA-lux, respectively. Both 
fusion constructs were sequenced to confirm that no 
PCR errors were introduced. DNA fragments containing 

http://grna.ctegd.uga.edu/
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the PglaA-glaA::6xHis-TglaA or PglaA-lux-TglaA expres-
sion cassette were excised from their respective plasmids 
with PmeI and subsequently purified from agarose gel 
and used for transformation. Successful integration of the 
gene of interest at each locus was verified by perform-
ing a diagnostic PCR on genomic DNA of transformants 
using locus specific primers (Supplementary Table 1).

The DNA fragment used to remove the glaA locus, 
including 664 nucleotides upstream of the glaA encoding 
gene and 572 nucleotides downstream of the glaA gene, 
was also generated by fusion PCR using primers listed in 
Supplementary Table 1. The fusion fragment of the pre-
dicted size (1417 bp) was purified from agarose gel and 
used for transformation of PKV5.4. Successful deletion of 
the glaA locus in PKV5.4 was verified by diagnostic PCR. 
Strain SF29.1 was used to perform subsequent studies.

Transformation of A. niger and analysis 
of the transformants
A. niger transformants were obtained by selection for 
hygromycin resistance as described (Arentshorst et  al. 
2012) using a final concentration of 100  µg/mL hygro-
mycin. Transformation of the recipient strain were done 
using the pFC332-sgRNA plasmid or pLML001-sgRNA 
plasmid-based method (both 2  µg DNA) together with 
the repair DNA fragment (2–12  µg DNA) unless stated 
differently. Primary transformants were purified on MM 
supplemented with hygromycin, followed by a purifica-
tion step on hygromycin free MM plates to allow loss 
of the AMA1-containing plasmids. Afterwards, the loss 
of these plasmids was confirmed by growth analyses on 
MM supplemented with hygromycin. Correct integra-
tion of the donor DNA was verified by isolating genomic 

Table 1  Strains used in this study

Strain name Genotype References

N400 wild-type NRRL3; ATCC9092; CBS120.49 Bos et al. (1988)

MA612.27 kusA::DR-amdS-DR in N400 Demirci et al. (2021)

MA950.1 ∆glaA::PglaA-KORE1-TglaA in MA612.27 Arentshorst et al. (2023)

MA952.1 ∆aamA::PglaA-KORE1-TglaA in MA950.1 Arentshorst et al. (2023)

PKV1.7 ∆amyA-agdA::PglaA-KORE1-TglaA in MA952.1 This study

PKV2.5 ∆agdB::PglaA-KORE4-TglaA in PKV7.1 This study

PKV3.1 ∆pepA::PglaA-KORE4-TglaA in PKV2.5 This study

PKV7.1 ∆pepB::PglaA-KORE5-TglaA in PKV3.1 This study

SF11.1 ∆glaA::PglaA-glaA538-His-TglaA 
∆aamA::PglaA-glaA538-His-TglaA 
∆amyA-agdA::PglaA-gla538-His-TglaA 
∆agdB::PglaA-glaA538-his-TglaA 
∆pepA::PglaA-glaA538-TglaA 
∆pepB::PglaA-KORE5-TglaA 

This study

MA1025.4 ∆glaA::PglaA-KORE1-TglaA 
∆aamA::PglaA-KORE1-TglaA 
∆amyA-agdA-prtT::PglaA-KORE1-TglaA 
∆pepA::PglaA-KORE1-TglaA 
∆pepB::PglaA-KORE4-TglaA 
∆pepN::PglaA-KORE5-TglaA 

Arentshorst et al. (2023)

PKV5.4 ∆pepB::PglaA-KORE5-TglaA in MA612.27 This study

SF29.1 ∆glaA in PKV5.4 This study

SF30 series pFC332-KORE5 no donor DNA transformants in PKV5.4 This study

SF32 series pFC332-KORE5 2 µg PglaA-lux-TglaA donor DNA transformants in PKV5.4 This study

SF33 series pFC332-KORE5 12 µg PglaA-lux-TglaA donor DNA transformants in PKV5.4 This study

SF34 series pFC332-KORE5 no donor DNA transformants in SF11.1 This study

SF35 series pFC332-KORE5 2 µg PglaA-lux-TglaA donor DNA transformants in SF11.1 This study

SF36 series pFC332-KORE5 12 µg PglaA-lux-TglaA donor DNA transformants in SF11.1 This study

MA1125.1 pFC332-KORE5 no donor DNA transformant in SF29.1 This study

MA1124 series pFC332-KORE5 2 µg PglaA-lux-TglaA donor DNA transformants in SF29.1 This study

MA1120 series pFC332-KORE4 no donor DNA in MA1025.4 This study

MA1121 series
MA1122 series
MA1123 series

pFC332-KORE4 2 µg PglaA-lux-TglaA donor DNA transformants in MA1025.4
pFC332-KORE5 no donor DNA in MA1025.4
pFC332-KORE5 2 µg PglaA-lux-TglaA donor DNA transformants in MA1025.4

This study
This study
This study
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DNA as described (Arentshorst et  al. 2012) and subse-
quent diagnostic PCRs.

Results and discussion
Construction and analysis of A. niger strains to study 
CRISPR/Cas9‑induced double‑strand break repair
For the initial assessment to determine the efficiency of 
chromosomal versus exogenously added donor DNA 
to repair Cas9-induced DSBs, three different A. niger 
strains (PKV5.4, SF29.1 and SF11.1) were constructed. 
All three strains are derived from the ku70 deletion 
strain MA612.27 (Demirci et  al. 2021). The strain line-
age of these strains is shown in Fig. 1 and the genotypes 
of the strains are listed in Table  1. In the first strain 
(PKV5.4), the pepB gene was deleted and the pepB cod-
ing region was replaced by a glucoamylase landing 
site (GLS) (Arentshorst et  al. 2023). As schematically 
shown in Fig.  2A, the pepB gene is located at the right 
arm of chromosome 2. The landing site consists of part 
of the glucoamylase promoter (PglaA) region (− 634 to 
− 247  bp upstream of ATG) and the glucoamylase ter-
minator (TglaA) region (from + 142 to + 547 bp after the 
stop codon). In the case of the GLS at the pepB locus in 
PKV5.4, the PglaA and TglaA regions are separated by 
a unique DNA sequence (KORE5 sequence) for which a 
specific sgRNA has been designed. The KORE5 sequence 

is based on a brnA specific sgRNA, in which the 20 bp-
long target-complementary CRISPR RNA (crRNA) 
sequence has been changed to make the sgRNA specific 
and unique in the A. niger genome (Arentshorst et  al. 
2023). A second strain (SF29.1) is a direct derivative of 
PKV5.4 in which, in addition to the pepB::PglaA-KORE5-
TglaA deletion/insertion, also the entire glaA locus was 
deleted. The glaA gene is localized on the left arm of 
chromosome 6 (Fig. 2B). Not only the glaA coding region 
is deleted but also part of the promoter region (− 664 bp 
before the start codon) and the terminator region 
(+ 572 bp after the stop codon) (Fig. 2B).

As a starting strain to construct the third strain used 
in this part of the study (SF11.1) A. niger strain PKV7.1 
was constructed (Fig. 1). PKV7.1 has deletions in the glu-
coamylase gene (glaA), the acid amylase gene (aamA), 
the clustered α-glucosidase/amylase (agdA/amyA) genes, 
the α-glucosidase (agdB) gene, and in two genes encod-
ing aspartic proteases (pepA and pepB) (Fig.  2C). In 
all cases, the coding region of the genes was replaced 
by a GLS (PglaA-KORE-TglaA). For the deletion of the 
glaA, aamA and agdA/amyA loci, a KORE1 sequence 
was inserted between the PglaA and TglaA sequences, 
for agdB and pepA the KORE4 and for the pepB locus 
the KORE5 sequence was used. All loci of the resulting 
strain PKV7.1 that was constructed by iterative CRISPR/

Fig. 1  Schematic overview of the lineage of A. niger strains and predecessor strains starting with wild-type strain N400 used in this study
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Cas9-based transformation cycles, were PCR amplified 
and sequenced to confirm proper deletion and integra-
tion of the landing sites (Fig. 1 and data not shown). Next, 
the landing sites introduced on the original glaA, aamA, 
agdA/amyA, agdB and pepA loci were filled by one round 
of CRISPR/Cas9-mediated transformation using the 
PglaA-glaA503::6xHis-TglaA fusion construct as donor 
DNA and using KORE1-(glaA, aamA, agdA/amyA) and 
KORE4-(agdB and pepA) specific guides. Transformant 
SF11.1 was selected as diagnostic PCRs confirmed that in 
this strain all five landing sites at the glaA, aamA, agdA/
amyA, agdB, and pepA loci were filled by the donor DNA 
construct (data not shown). Note that the PglaA-KORE5-
TglaA landing site at the pepB locus is still present in 
SF11.1 (Fig. 2C).

The occurrence of inter‑chromosomal DNA repair 
of CRISPR/Cas9‑induced DSB in A. niger
To test whether a CRISPR/Cas9-induced DSB could 
be repaired by a homologous DNA sequence located 
on another chromosome (inter-chromosomal repair), 
strain PKV5.4 was transformed with a CRISPR/Cas9 

autonomously replicating plasmid, also containing 
a sgRNA specific for a KORE5 sequence (pFC332_
sgKORE5). This KORE5 sequence is part of a so-called 
glucoamylase landing site (GLS) which was used to 
delete the pepB gene and to create a GLS on the pepB 
locus (see Arentshorst et al. 2023 for details). Because in 
strain PKV5.4 the ku70 gene is disrupted, no NHEJ can 
occur and the DSB repair depends therefore on homolo-
gous recombination. Without the addition of exogenous 
donor DNA, the DSB in PKV5.4 can in theory only be 
repaired by the endogenous glaA locus. The pepB gene 
(NRRL3_01627) and glaA gene (NRRL3_08300) are local-
ized on the right arm of chromosome 2 and the left arm 
of chromosome 6, respectively (Fig.  2A). Transforma-
tion of PKV5.4 with plasmid pFC332-sgKORE5 without 
donor DNA resulted in strong reduction in the number 
of transformants (about 85% reduction compared to 
a positive control transformation with pFC332) (Sup-
plemental Fig.  1 and Supplemental Table  2). Nineteen 
transformants were purified and subjected to one round 
of non-selective growth to allow plasmid loss. Genomic 
DNA of transformants that lost the Cas9/sgRNA plasmid 

Fig. 2  Schematic representation of the chromosomal location of glucoamylase (glaA) and glucoamylase landing sites (GLS) at specific gene loci 
in various A. niger strains. For each locus the respective KORE site in the GLS is shown, or it is indicated that the GLS is filled with the gla538-His gene. 
Centromeres are indicated with a blue ovals



Page 7 of 12Forrer et al. Fungal Biology and Biotechnology           (2024) 11:15 	

was isolated and the pepB locus was analyzed by diag-
nostic PCR using pepB specific primers to analyze the 
insertion event. Repair of the DSB by the endogenous 
glaA locus is expected to result in a PCR fragment of 
3846 bp. As shown in Supplemental Fig. 2A and summa-
rized in Table 2, the sgKORE5 sgRNA induced DSB in all 
19 transformants was repaired by the endogenous glaA 
locus based on the size of the PCR fragment and DNA 
sequencing of one of the PCR fragments. This shows that 
a CRISPR/Cas9-induced DSB can be repaired by homol-
ogous DNA present on other chromosomes.

In strain SF29.1 the entire endogenous glaA locus, 
including 664 bp promoter region and 572 bp terminator 
region of the glaA gene, was deleted. The removal of the 
entire glaA locus, including the flanking regions, resulted 
in a strong reduction in the number of colonies after a 
transformation using a KORE5 guide to introduce a DSB 
at the GLS-KORE5 site at the pepB locus. Only a single 
transformant was obtained (Supplemental Fig. 1 and Sup-
plemental Table 2). A diagnostic PCR on genomic DNA 
and subsequent sequencing of the PCR product of this 
transformant showed that the GLS-KORE5 was  unal-
tered indicating that this transformant escaped some-
how CRISPR editing. The experiments in PKV5.4 and in 
SF29.1 clearly show that the endogenous glaA locus can 
be used to repair the KORE5 induced DSB at the GLS at 
the pepB locus.

Inter-chromosomal DNA repair was also assessed in A. 
niger strain SF11.1. This strain also has a KORE5-contain-
ing GLS at the pepB locus and has five potential homolo-
gous donor sequences (Pgla-GlaA538::6xHis-TglaA gene 
copies) at five chromosomal locations. These loci include 
glaA (NRRL3_08300, Chr 6), aamA (NRRL3_09875, 
Chr 7), agdA/amyA (NRRL3_07700/07699, Chr 6), 
agdB (NRRL3_02524, chr 2) and pepA (NRRL3_00987, 
Chr 1) (Fig.  2C). Transformation of SF11.1 with plas-
mid pFC332-sgKORE5 without the addition of donor 
DNA resulted also in strong reduction in the number of 

transformants (about 85% reduction compared to a posi-
tive control transformation with pFC332) (Supplemental 
Fig.  1 and Supplemental Table  2). Again twenty trans-
formants were purified and subjected to plasmid loss 
and analyzed. In all 19 strains with a successful PCR, the 
diagnostic PCR indicated that the DSB break at the pepB 
locus was repaired by one of the Pgla-GlaA538::6xHis-
TglaA chromosomal loci (Table  2 and Supplemental 
Fig.  3A). Because all Pgla-GlaA538::6xHis-TglaA copies 
are identical it is not possible to identify which copy was 
used for repair. Again this result shows that a CRISPR/
Cas9-induced DSB can be repaired by homologous chro-
mosomal DNA.

Comparison of the efficiency of inter‑chromosomal 
homology‑based repair versus exogenously added donor 
DNA repair
To compare the preference of DSB repair by inter-chro-
mosomal homologous donor sequences or by exog-
enously added donor DNA, strains PKV5.4 and SF11.1 
were transformed with plasmid pFC332-sgKORE5 with 
the addition of donor DNA. Since this set of transfor-
mations was performed using the same batch of pro-
toplasts as before (no donor DNA transformation), 
transformation efficiencies can be compared between 
these experiments. The donor DNA used is a 2828  bp 
PglaA-lux-TglaA PCR fragment consisting of 635  bp 
of PglaA, the lux gene (1647  bp) and the TglaA region 
(547 bp). To transform each strain, two different amounts 
of PCR fragments (2–12 µg) were used. The addition of 
donor DNA stimulated transformation frequencies sig-
nificantly compared to the no DNA transformations 
and the numbers of transformants obtained reached 
efficiencies between 50 and over 100% compared to the 
positive control (2  µg pFC332) (Supplemental Fig.  1). 
From each transformation condition, twenty trans-
formants were purified, subjected to plasmid loss and 
plasmid-free transformants were analyzed by diagnostic 

Table 2  Homologous recombination frequencies after Cas9-induced DSB using KORE5 specific guide RNA

* PCR product is identical to orginal GLS, indicating no CAS9 activity in thesingle transformant obtained; ** actual number of transformants with a conclusive PCR 
result

Strain Donor DNA # of 
transformants 
analysed

Chromo-
somal repair

Donor DNA 
repair

PCR product 
aberrant size

No PCR 
product

Chromo-
somal repair 
%

Donor 
DNA 
repair %

SF29.1 − 1* − − − − − −

SF29.1 2 µg PglaA-lux-TglaA 10 − 10 − − − 100%

PKV5.4 − 20 19 − 1 − 95% −

PKV5.4 2 µg PglaA-lux-TglaA 16 2 14 − − 13% 87%

PKV5.4 12 µg PglaA-lux-TglaA 20 3 17 − − 15% 85%

SF11.1 − 20 (19**) 19 − − 1 100% −

SF11.1 2 µg PglaA-lux-TglaA 20 (18**) 7 11 − 2 35% 55%

SF11.1 12 µg PglaA-lux-TglaA 18 (16**) 11 5 − 2 61% 29%
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PCR. Integration of the exogenously added donor DNA 
(PglaA-lux-TglaA) is expected to result in a PCR frag-
ment of 3321 bp. Repair by the endogenous glaA gene in 
PKV5.4 will result in a PCR fragment of 3846 bp, while 
repair by an endogenous Pgla-GlaA538::6xHis-TglaA 
copy in SF11.1 is expected to result in a PCR fragment of 
3558 bp. The different sizes of the PCR fragments enables 
to conclude by which donor DNA the KORE5 mediated 
DSB at the pepB locus was repaired.

Transformation of PKV5.4 with pFC332-sgKORE5 
with donor DNA (2–12  µg) increased transformation 
efficiencies compared to transformation without donor 
DNA. This indicated that the donor DNA was used pref-
erentially to repair the DSB (Supplemental Fig. 1, Supple-
mental Table 2). Genomic DNA of sixteen transformants 
obtained by including 2  µg donor DNA and of twenty 
transformants obtained by including 12 µg donor DNA, 
was isolated and the pepB locus was analyzed by diagnos-
tic PCR. For both the 2 µg and 12 µg donor DNA trans-
formation experiments, the majority of the transformants 
(14/16; 87% and 16/20; 80%, respectively) were repaired 
by the exogenously added donor DNA (Table  2 and 
Supplemental Fig.  2B and 2  C). Apparently, the higher 
amount of donor DNA did not have an impact on the 
efficiency of donor DNA-mediated repair.

Similarly, SF11.1 was transformed with pFC332-
sgKORE5 with donor DNA (2–12  µg). Again, the addi-
tion of donor DNA increased transformation efficiency 
compared to a transformation without donor DNA, indi-
cating that the donor DNA was used for repairing the 
DSB (Supplemental Fig. 1). Analysis of eighteen transfor-
mants obtained with the 2 µg donor DNA revealed that 
eleven were repaired by donor DNA (11/18; 61%) and 
analysis of sixteen transformants obtained with the 12 µg 
donor DNA transformation indicated that five transfor-
mants were repaired by donor DNA (5/16; 31%) (Table 2 
and Supplemental Fig. 3B and 3 C). The observation that 
the addition of higher amounts of exogenously added 
donor DNA results in a lower percentage of transfor-
mants repaired with the donor DNA in counterintuitive. 
It will be of interest to put more effort in this observation 
(e.g. use an wider range of donor DNA amounts to prove 
that the observation is reproducible and dependent on 
the amount of DNA added. It should also be noted that 
this effect was not observed in the PKV5.4 strain trans-
formed with wither 2 and 12 µg donor (Table 2). Never-
theless, the results clearly and consistently indicate that 
exogenously added donor DNA is preferred as repair 
DNA over homologous DNA present on other chromo-
somes. The agdB::GLS-K1 is localized on the same chro-
mosomal arm of Chr2 as the pepB locus (Fig.  2C). The 
results indicate a decrease in DNA repair via exogenously 
added donor DNA in SF11.1, which can either be due to 

the higher number of copies of potential chromosomal 
donor DNA or due to the fact that one of the chromo-
somal donor DNA sequence (agdB::glaA538-6xHis) is 
located on the same chromosomal arm as pepB. The pepB 
and agdB genes are separated by approximately 2.6 Mb. 
The higher repair frequencies by chromosomal DNA in 
the SF11.1 strain compared to PKV5.4 in the presence of 
donor DNA can be either the result of multiple copies of 
donor DNA in SF11.1 or can be the result of more effi-
cient intra-chromosomal DNA repair via the agdB locus. 
Since the agdB locus contains the gla538-6xHis gene, like 
in the case of the other GLSs, the origin of the DNA 
which has repaired the pepB locus is unknown.

Comparison of frequencies of intra‑chromosomal 
versus inter‑chromosomal DNA repair after CRISPR/
Cas9‑induced DSB
Previous work in S. cerevisiae has shown that DNA repair 
of DSBs is generally more efficient if the homologous 
DNA is on the same chromosome (intra-chromosomal 
repair) compared to inter-chromosomal events (Agmon 
et  al. 2009; Lee et  al. 2016; Wang et  al. 2017). To study 
whether DNA repair of DSBs is generally more efficient 
if the homologous DNA is on the same chromosome 
(intra-chromosomal repair) compared to inter-chro-
mosomal repair, A. niger strain MA1025.4 was used 
(Arentshorst et  al. 2023). The strain lineage towards 
MA1025.4 is shown in Fig.  1. The genetic make-up of 
this strain is schematically shown in Fig.  2D and sum-
marized in Table 1. In this strain 10 glucoamylase land-
ing sites are introduced at 10 different loci. The pepB and 
the pepN loci are located close to each other on the right 
arm of chromosome 2 (Fig.  2D). The distance between 
the two genes is about 47 kB (https://​mycoc​osm.​jgi.​doe.​
gov/​Aspni_​NRRL3_1/​Aspni_​NRRL3_1.​home.​html. In 
MA1025.4, the pepN locus is deleted and replaced with 
a KORE5 containing GLS (GLS-KORE5), while pepB 
is deleted and replaced with a KORE4 containing GLS 
(GLS-KORE4). Both the KORE5 and KORE4 sites are 
unique and not used in the GLSs of the other genes 
(Fig. 2D; Table 1). In addition, at the telomeric region of 
chromosome 2, the goxC gene is deleted and replaced 
with a GLS harboring both the KORE1 and KORE3 
sequences (Fig. 2D; Table 1).

Hence, MA1025.4 was used to analyze whether intra-
chromosomal repair was preferred over inter-chromo-
somal repair. First, MA1025.4 was transformed with 
plasmid pFC332-sgKORE4 to create a DSB at the pepB 
locus. In the absence of donor DNA during the transfor-
mation, the DSB is expected to be repaired by homolo-
gous chromosomal DNA. The number of transformants 
with pFC332-sgKORE4 was comparable to the trans-
formation efficiency with pFC332 (positive control) 

https://mycocosm.jgi.doe.gov/Aspni_NRRL3_1/Aspni_NRRL3_1.home.html
https://mycocosm.jgi.doe.gov/Aspni_NRRL3_1/Aspni_NRRL3_1.home.html
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indicating efficient repair (Supplemental Fig. 4 and Sup-
plementary Table 3). Nineteen transformants were puri-
fied and the DNA repair event at the pepB locus was 
analyzed by amplifying the pepB landing sites and subse-
quent sequencing of the KORE sequence within the GLA 
landing sites of the amplified PCR fragment. All nineteen 
transformants amplified a PCR fragment corresponding 
with the length of a GLS and sequencing of the individ-
ual transformants revealed that seventeen transformants 
were found to contain the KORE5 sequence, and two 
transformants contained the KORE1 sequence (Table  3 
and Supplemental Fig. 5A). The results indicate that the 
DSB at the pepB locus is most efficiently (17/19; 90%) 
repaired by the neighboring GLS at the pepN landing site 
containing the KORE5 sequence. Repair by the integra-
tion of a KORE1 landing site (2/19; 10%) indicates the 
occurrence of inter-chromosomal repair (Supplemental 
Fig. 5). Since the KORE1 containing landing sites are not 
unique, it is not known which landing site was used for 
repair. The GLS at the goxC locus which is, like pepB and 
pepN, located on the right arm of chromosome 2 was not 
used as this GLS contains the KORE1 + KORE3 sequence. 
This last result suggests that the distance between the 
pepB/pepN loci and goxC of 3.5 Mb is too large to allow 
efficient repair.

In the reciprocal experiment, MA1025.4 was trans-
formed with plasmid pFC332-sgKORE5 to create a DSB 
at the pepN locus. A 70% reduction in the number of 
transformants was observed for the pFC332-sgKORE5 
transformation compared to the transformation effi-
ciency with pFC332 (positive control) (Supplemental 
Fig.  4). Fifteen transformants obtained when no donor 
DNA was added were purified and analyzed by PCR. 
From all fifteen transformants a PCR fragment was 
amplified corresponding with a GLS (Supplemental 
Fig.  6). The KORE sequence at the repaired pepN locus 
was analyzed by sequencing. Of the fifteen pepN loci, 
thirteen were found to contain the KORE4 sequence, one 
contained the KORE1 sequence and one the KORE1 + 2 

sequence (Supplemental Fig.  6A and data not shown). 
The results indicate that the DSB at the pepN locus is 
most efficiently (13/15; 87%) repaired by the neighbor-
ing pepB landing site containing the KORE4 sequence. 
Repair by the integration of a KORE1 landing site (1/15; 
6.5%) or a KORE1 + K2 (1/15; 6.5%) indicate also the less-
preferred occurrence of inter-chromosomal repair. Since 
both KORE1 and KORE1 + KORE2-containing land-
ing sites are not unique, it is not known which landing 
site was used for repair. No repair was found using the 
goxC locus as KORE1 + KORE3 was not found among the 
transformants. In conclusion, the results indicate that a 
DSB is efficiently repaired by a closely localized homolo-
gous DNA sequence.

Comparison of intra‑chromosomal homology‑based 
versus exogenously added donor DNA repair
Strain MA1025.4 was also used to assess whether exog-
enously added donor DNA is preferred over intra-
chromosomal repair. To analyze this, MA1025.4 was 
transformed with pFC332-sgKORE4 to create a DSB 
at the pepB locus. During transformation, 2  µg PglaA-
lux-TglaA donor DNA was added. The number of colo-
nies on the transformation plate was comparable to the 
control (pFC332) and the number of colonies obtained 
without donor DNA (Supplemental Fig. 4). Twenty trans-
formants were purified and subjected to plasmid loss and 
by a combination of diagnostic PCR and sequencing, the 
events of DNA repair were analyzed. Of the twenty trans-
formants, eight transformants showed integration of the 
donor DNA (8/20 ;40%). Of the twelve remaining trans-
formants ten contained the KORE5 sequence, indicating 
that the neighboring GLS at the pepN locus was used 
for repair and two transformants contained a KORE1-
containg GLS (Table 3 and Supplemental Fig. 5B). In the 
reciprocal experiment pFC332-sgKORE5 was used to 
create a DSB at the pepN locus. During transformation 
again 2 µg PglaA-lux-TglaA donor DNA was added. The 
number of transformants was again comparable to the 

Table 3  Homologous recombination frequencies in MA1025.4 after Cas9-induced DSB using KORE4 or KORE5 specific guide RNAs for 
pepB and pepN loci

* 2 µg PglaA-lux-TglaA PCR fragment. **Close = repaired by the nearby pepN locus in the case of the use of KORE4 at the pepB locus, or repaired by the nearby pepB 
locus in the case of the use of KORE5 at the pepN locus; Distant = repaired by a GLS other that the landing site of pepB or pepN

Strain Locus/KORE Donor DNA* # of 
transformants 
analysed

# of transformants 
repaired with donor 
DNA

Chromosomal repair Donor 
DNA 
repair %

Chromosomal 
repair %

K1 K1 + K2 K1 + K3 K4 K5 Close** Distant**

MA1025.4 pepB/KORE4 − 19 − 2 − − − 17 − 90% 10%

MA1025.4 pepB/KORE4 + 20 8 2 − − − 10 40% 50% 10%

MA1025.4 pepN/KORE5 − 15 - 1 1 − 13 − − 87% 13%

MA1025.4 pepN/KORE5 + 19 1 1 1 1 15 - 5% 79% 16%
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control transformation with pFC332 or the transforma-
tion without donor DNA (Supplemental Fig.  4). Diag-
nostic PCR of nineteen purified transformants that lost 
the pFC332-sgKORE5 plasmid, revealed that only a sin-
gle mutant was repaired with exogenously added donor 
DNA (Table 3 and Supplemental Fig. 6B). Of the remain-
ing eighteen transformants, fifteen transformants were 
repaired with a GLS containing a KORE4 sequence, indi-
cating repair by the neighboring GLS at the pepB locus. 
One transformant was repaired with the GLS containing 
KORE1 + 3). One additional transformant was repaired 
with a KORE1-containing GLS and one transformant was 
repaired with a KORE1 + 2-containing GLS. The results 
indicate that there is a locus specific difference in how 
the DSB is repaired between the two different loci in case 
of the presence of donor DNA. When donor DNA is pre-
sent, the pepN locus is most efficiently repaired by intra-
chromosomal repair (14/19; 74%) and hardly repaired by 
donor DNA (1/19; 5%). For the pepB locus, again most 
repairs were done via the GLA-KORE5 from the neigh-
boring pepN locus (10/20) but also a decent number of 
transformants were repaired by donor DNA (8/20). The 
underlying mechanism for the different recombination 
efficiencies between the two loci is currently unknown. 
In previous studies  it has been shown that homologous 
recombination is locus specific e.g. for the deletion of the 
hdrC gene in A. niger (Carvalho et al. 2011). To the best 
of our knowledge the reason why homologous recombi-
nation frequencies are locus dependent has not been sys-
tematically analyzed, but might involve the methylation/
acetylation state of the DNA and consequently the level 
of DNA condensation.

Conclusions
The iterative method of CRISPR/Cas9-mediated genome 
editing paved the way to generate A. niger strains con-
taining multiple predetermined landing sites to inte-
grate a GOI (Arentshorst et al. 2023). These landing sites 
were introduced at loci to replace genes encoding pro-
teins with unwanted side effects such as proteases that 
might cause proteolytic degradation of the recombinant 
protein, or abundantly present secreted proteins which 
might hamper in a later phase the separation of the pro-
tein of interest from background proteins. Although the 
method is working well and allowed a stepwise filling of 
up to all ten landing sites introduced, we noticed in that 
study as well as in other recent studies (unpublished data) 
that the efficiency of filling the landing sites was not opti-
mal and that not all landing sites were always filled with 
the GOI. A possible explanation for that observation is 
that homologous DNA, present in the genome, acts as 
donor DNA to repair some of the DSBs created.

The data presented in this study unambiguously show 
that both inter-chromosomal and intra-chromosomal 
DNA can act as donor DNA to repair CRISPR/Cas9-
induced DSBs. In general, we found that the addition of 
donor DNA, in our case added during the transformation 
procedure as double stranded PCR product, was pre-
ferred as template to mediate homology directed repair. 
Multiple copies of homologous DNA sequences and/or 
potential donor sequences in the proximity to the DSB 
break reduced the efficiency of incorporation of the GOI. 
Especially the presence of homologous DNA sequences 
in close proximity to DSB sites intended to be filled with 
the gene of interest, should be avoided when designing 
multicopy production strains.
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(positive control), pFC332-KORE5 (2 µg), low donor DNA pFC332-KORE5 
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the addition of donor DNA (SF30 series), pFC332-KORE5 with 2 µg donor 
DNA (SF32 series) and pFC332-KORE5 with 12 µg donor DNA (SF33 series). 
Transformants were purified and subsequently grown on MM without 
hygromycin to allow plasmid loss. DNA was isolated from the transfor-
mants that lost the pFC332 plasmid and used in a diagnostic PCR using  
pepB  specific primers. Repair by the endogenous  glaA  locus is expected 
to yield a PCR product of 3846 bp, repair by the donor DNA fragment ( 
PglaA-lux-TglaA ) is expected to yield a PCR product of 3321 bp. C = control 
PCR fragment of a  pepB::glaA538-6xHis  transformant with an expected 
size of 3558 bp.
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formations. Strain SF11.1 was transformed with pFC332-KORE5 without 
the addition of donor DNA (SF34 series), pFC332-KORE5 with 2 µg donor 
DNA (SF35 series) and pFC332-KORE5 with 12 µg donor DNA (SF36 series). 
Transformants were purified and subsequently grown on MM without 
hygromycin to allow plasmid loss. DNA was isolated from the transfor-
mants that lost the pFC332 plasmid and used in a diagnostic PCR using  
pepB  specific primers. Repair by the donor DNA fragment (PglaA-lux-
TglaA) is expected to yield a PCR product of 2951 bp. Repair by the endog-
enous homologous loci containing the  gla-  538 -6xHis  is expected to 
yield a PCR with an expected size of 3558 bp. Black numbering of the 
transformants indicates DSB repair by  glaA  538 -6xHis loci, red numbering 
of the transformant indicates DSB repair by donor DNA ( PglaA-lux-TglaA); 
blue numbering indicates an inconclusive result.

Supplementary Material 6.  Fig. 4. Pictures of the transformation plates of  
A. niger  strain MA1025.4 with pFC332 (2 µg) (positive control), pFC332-
KORE4 (2 µg), pFC332-KORE4 (2 µg) and 2 µg donor DNA (PglaA-lux-
TglaA), and no DNA control (upper row) and pFC332-KORE5 (2 µg), 
pFC332-KORE5 (2 µg) and 2 µg donor DNA ( PglaA-lux-TglaA ) (lower row). 
Pictures of the plates were taken after five days of growth at 30 °C.
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Supplementary Material 7. Fig. 5. Diagnostic PCR results of MA1029.4 
transformations at the  pepB  locus. Strain MA1029.4 was transformed with 
pFC332-KORE4 without the addition of donor DNA (MA1120 series) or 
with pFC332-KORE4 with 2 µg donor DNA (MA1121 series). Transformants 
were purified and subsequently grown on MM without hygromycin to 
allow plasmid loss. DNA was isolated from the transformants that lost 
the pFC332 plasmid and used in a diagnostic PCR using  pepB  specific 
primers. The size of the PCR fragment of the  pepB::GLS  locus has an 
expected size of 1308 bp. Repair by the donor DNA fragment ( PglaA-lux-
TglaA ) is expected to yield a PCR product of 2951 bp. Each PCR fragment 
with a size of 938 bp was sequenced to determine the KORE sequence. 
Black numbering of the transformants indicates that the KORE5 sequence 
was present, green numbering indicates that the KORE1 sequence was 
present. Red numbering shows that the donor DNA was integrated at 
the  pepB  locus. The expected size of the wild type (WT)  pepB  locus is 
1400 bp. P = parental strain (MA1025.4). Close = the DSB at the  pepB  locus 
was repaired by the nearby  pepN  locus; Distant = repaired by a GLS other 
that the landing site of  pepN .

Supplementary Material 8. Fig. 6. Diagnostic PCR results of MA1029.4 
transformations at the  pepN  locus. Strain MA1029.4 was transformed 
with pFC332-KORE5 without the addition of donor DNA (MA1122 series) 
or pFC332-KORE5 with 2 µg donor DNA (MA1123 series). Transformants 
were purified and subsequently grown on MM without hygromycin to 
allow plasmid loss. DNA was isolated from the transformants that lost the 
pFC332 plasmid and used in a diagnostic PCR using  pepN  specific prim-
ers. The size of the PCR fragment of the  pepN::GLS  locus has an expected 
size of 964 bp. Repair by the donor DNA fragment (PglaA-lux-TglaA) is 
expected to yield a PCR product of 2977 bp. Each PCR fragment with a 
size of 964 bp was sequenced to determine the KORE sequence. Black 
numbering of the transformants indicates that the KORE4 sequence was 
present, green numbering indicates that another KORE sequence was pre-
sented as indicated. Red numbering shows that the donor DNA was inte-
grated at the  pepN  locus. The expected size of the wild type (WT)  pepN  
locus is 2100 bp. P = parental strain (MA1025.4). **Close = the DSB at the  
pepN  locus was repaired by the nearby  pepB  locus. Distant = repaired by 
a GLS other that the landing site of  pepB .
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