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Inactivation of flbA in Aspergillus niger results in thinner cell walls, increased cell lysis, abolished sporulation, and
an increased secretome complexity. A total of 36 transcription factor (TF) genes are differentially expressed in
AflbA. Here, seven of these genes (abaA, aslA, aslB, azfl, htfA, nosA, and srbA) were inactivated. Inactivation of
each of these genes affected sporulation and, with the exception of abaA, cell wall integrity and protein secretion.
The impact on secretion was strongest in the case of AaslA and AaslB that showed increased pepsin, cellulase, and
amylase activity. Biomass was reduced of agar cultures of AabaA, AaslA, AnosA, and AsrbA, while biomass was

higher in liquid shaken cultures of AaslA and AasIB. The AaslA and AhtfA strains showed increased resistance to
H,0,, while AaslB was more sensitive to this reactive oxygen species. Together, inactivation of the seven TF
genes impacted biomass formation, sporulation, protein secretion, and stress resistance, and thereby these genes
explain at least part of the pleiotropic phenotype of AflbA of A. niger.

1. Introduction

Aspergillus species can grow on a wide variety of organic substrates
and in a broad range of abiotic conditions (Krijgsheld et al., 2013a). This
and the fact that aspergilli disperse high numbers of asexual spores,
called conidia, explains why these fungi are widespread in nature. As-
pergilli secrete a large variety and quantity of enzymes to degrade their
organic substrates into breakdown products that can serve as nutrients.
Their high secretion capacity is used by the industry for large scale
protein production (Wosten, 2019).

Sporulation and protein secretion are linked in A. niger (Levin et al.,
2007; Krijgsheld et al., 2013b; Wang et al., 2015). This is illustrated by
the finding that inactivation of flbA, which encodes a RGS domain
protein, results in abolished sporulation and an increased secretome
complexity. For instance, AflbA secretes a higher number of cellulases
(from 10 to 16) and xylanases (from 9 to 16) (Krijgsheld et al., 2013b).
Deletion of flbA not only impacts secretion and sporulation but also
results in thinner cell walls and an increased cell lysis incidence.
Moreover, 36 predicted transcription factor (TF) genes (Krijgsheld and
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Wosten, 2013; Aerts, 2018) are differentially expressed in AflbA. These
TF genes have been proposed to be involved in the pleiotropic pheno-
type of AflbA. Here we studied the function of seven of these genes, i.e.
abaA (ATCC64974.20070), aslA (ATCC64974.80420), aslB
(ATCC64974.91750), azf1 (ATCC64974.32700), htfA
(ATCC64974 81740), nosA  (ATCC6497482110), and srbA
(ATCC64974 74890). Expression of aslA, azfl, and nosA is reduced in
AflbA, while abaA, aslB, htfA, and srbA are upregulated in this strain
(Krijgsheld and Wosten, 2013).

Gene aslA of Aspergillus nidulans is involved in sporulation (Kim et al.,
2017), acts as a repressor of sterigmatocystin production (Kim et al.,
2017), and attenuates K™ stress-inducible expression of genes involved
in vacuolar sequestration of K* ions and vacuolar biogenesis (Park et al.,
2015). Gene nosA of Aspergillus fumigatus represses vegetative growth
and is involved in conidia formation in the dark (Soukup et al., 2012),
while its homologue in A. nidulans functions in sexual development
(Vienken and Fischer, 2006). Azfl is involved in the formation of the
mycotoxin ochratoxin A in A. niger (Wei et al., 2023). Its homologue in
Trichoderma reesei modulates the expression of cellulase genes
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Table 1

A. niger strains used in this study.
Strain Genotype Reference
MA234.1 AakuB, AkusA::DR-amdS-DR Park et al., 2016
AabaA AabaA, AakuB, AkusA::DR-amdS-DR This study
AaslA AaslA, AakuB, AkusA::DR-amdS-DR This study
AaslB AaslB, AakuB, AkusA::DR-amdS-DR This study
AhtfA AhtfA, AakuB, AkusA::DR-amdS-DR This study
Aazfl Aazf1, AakuB, AkusA::DR-amdS-DR This study
AnosA AnosA, AakuB, AkusA::DR-amdS-DR This study
AsrbA AsrbA, AakuB, AkusA::DR-amdS-DR This study
AabaA::abaA™ AabaA, AakuB, AkusA::DR-amdS-DR, abaA™ This study
AaslA::aslA” AaslA, AakuB, AkusA::DR-amdS-DR, aslA* This study
AaslB::aslB™ AasIB AakuB, AkusA::DR-amdS-DR, asIB™ This study
AhtfA::htfA™ AhtfA, AakuB, AkusA::DR-amdS-DR, htfA* This study
Aazfl::azfl* Aazf1, AakuB, AkusA::DR-amdS-DR, azf1” This study
AnosA::nosA™ AnosA, AakuB, AkusA::DR-amdS-DR, nosA™ This study
AsrbA::stbA™ AsrbA, AakuB, AkusA::DR-amdS-DR, srbA™ This study

(Antonieto et al., 2019), while Azf1 of Saccharomyces cerevisiae regulates
genes involved in cell wall maintenance when this yeast is grown on
non-fermentable medium (Slattery et al., 2006).

Gene abaA encodes a central regulator of conidiophore formation in
A. nidulans (Boylan et al., 1987), while SrbA of A. fumigatus and
A. nidulans are involved in adaptation to hypoxia (Chung et al., 2014,
Shukla et al., 2017; Rajasenan et al., 2022). SrbA of A. fumigatus is also
involved in azole resistance (Zhang et al., 2021) and virulence (Chung
et al.,, 2014). Genes aslB and htfA have not yet been characterized in
Aspergillus. The former gene is highly similar to aslA of A. niger (see
below), while htfA is a homologue of FgHTF1 of Fusarium graminearum.
The latter gene encodes a homeobox TF that is involved in the formation
of aerial hyphae and conidiophores and that also may be involved in
oxidative stress tolerance and cell wall modification (Fan et al., 2020).

Here we show that inactivation of abaA, aslA, aslB, azf1, htfA, nosA,
and srbA reduces asexual sporulation in A. niger. Moreover, protein
secretion and cell wall integrity are affected in all cases with the
exception of AabaA. Finally, inactivation of some of the genes results in
reduced or increased biomass formation and/or oxidative stress resis-
tance. Together, these seven genes are involved in the pleiotropic
phenotype of flbA.

2. Materials and methods
2.1. Strains and culture conditions

Escherichia coli TOP10 was used for constructing plasmids. Static and
liquid cultures of A. niger strains (Table 1) were inoculated with spores
and grown at 30 °C. Spores were isolated from 3-day-old cultures that
had been grown on potato dextrose agar (PDA). To this end, 10° spores
had been spread on the PDA plates. The spores were harvested with 0.9
% NaCl using a cotton swab. Hyphae were removed from the spore
suspension by filtering through a syringe with cotton and the conidia in
the resulting suspension were counted using a hemocytometer.

For static cultures, 10° spores were point inoculated in 9 cm Petri-
dishes on minimal medium (MM; 70.6 mM NaNOs, 11 mM KH5POy,
6.7 mM KCl, 2 mM MgS04-7H0, and trace element solution [Vishniac
and Santer, 1957]) with 1 % glucose and 1.5 % agar (MMA-G). Glucose
was replaced with 1 % (w/v) pectin, sucrose, xylose, xylan, starch,
maltose, or sorbitol to assess sporulation on these carbon sources. Phe-
notyping of strains was also done on PDA. Colonies were grown in be-
tween two perforated polycarbonate membranes (pores of 0.1 um,
diameter 76 mm,; Profiltra, Almere, The Netherlands) (Wosten et al.,
1991) for RNA isolation and biomass assessment of static cultures. The
upper polycarbonate membrane was placed 24 h after inoculation.

Liquid shaken cultures (80 mL medium in a 250 mL Erlenmeyer)
were inoculated with 5 10® spores and grown at 200 rotations per min.
Cultures were pre-grown for 16 h in transformation medium (TM; MM
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with 0.5 % yeast extract and 0.2 % casamino acids) with 25 mM glucose
as a carbon source (TM-G). Mycelium was washed with 0.9 % NaCl and
transferred to 80 mL MM-X (MM with 25 mM xylose) for 4 h (RNA-
sequencing and qPCR) or 24 h (SDS-PAGE, proteomics, and qPCR).
Biomass of liquid shaking cultures was determined from mycelium that
had grown for 24 h on MM-G and that had been dried at 60 °C. For
degradation of processed cellulose, this substrate (60 g/L w/v) (Recell,
recell.eu) was pre-incubated for 24 h at 60 °C. This was followed by
adding 4.5 g/L cellulose, 2.5 g/L yeast extract, and 1.0 g/L casamino
acids. This mixture (CM-C) (50 mL in a 250 mL Erlenmeyer) was inoc-
ulated with 10° spores and grown for five days.

2.2. Gene inactivation constructs

Three plasmids were constructed for inactivation of each of the genes
abaA, aslA, asIB, azfl, htfA, nosA, and srbA. Two plasmids were con-
structed to express a sgRNA targeting the 5’ and the 3 end of the coding
sequence of the target gene, respectively, while one construct was made
in which flanking sequences of this gene were cloned (Supplemental
Fig. 1A). The 23 bp sgRNAs were selected using CHOPCHOP (https://ch
opchop.cbu.uib.no/) and cloned between the proline tRNA promoter
(ptRNA-prol) and terminator (tracrRNA:term) using Pacl linearized
pFC332 (Nodvig et al., 2015). To this end, the promoter was amplified
from vector pTLL108.1 (van Leeuwe et al., 2019) using primer pairs 1/3
(sgRNA1) and 1/17 (sgRNA2) (abaA), 1/4 (sgRNA1) and 1/18 (sgRNA2)
(aslA), 1/5 (sgRNA1) and 1/19 (sgRNA2) (aslB), 1/6 (sgRNA1) and 1/20
(sgRNA2) (htfA), 1/7 (sgRNA1l) and 1/21 (sgRNA2) (azfl), 1/8
(sgRNA1) and 1/22 (sgRNA2) (nosA), and 1/9 (sgRNA1) and 1/23
(sgRNA2) (srbA) (Supplemental Table 1). The terminator was amplified
from plasmid pTLL109.2 (van Leeuwe et al., 2019) using primer pairs 2/
10 (sgRNA1) and 2/24 (sgRNA2) (abaA), 2/11 (sgRNA1) and 2/25
(sgRNA2) (aslA), 2/12 (sgRNA1) and 2/26 (sgRNA2) (asIB), 2/13
(sgRNA1) and 2/27 (sgRNA2) (htfA), 2/14 (sgRNA1l) and 2/28
(sgRNA2) (azf1), 2/15 (sgRNA1) and 2/29 (sgRNA2) (nosA), and 2/16
(sgRNA1) and 2/30 (sgRNA2) (srbA) (Supplemental Table 1). The pro-
moter, terminator and sgRNA sequences were assembled using NEBu-
ilder (New England Biolabs, international.neb.com) resulting in
plasmids pFC332-sgRNA1l-abaA, pFC332-sgRNA2-abaA, pFC332-
sgRNA1l-aslA, pFC332-sgRNA2-aslA, pFC332-sgRNA1l-aslB, pFC332-
sgRNA2-aslB, pFC332-sgRNA1l-azfl, pFC332-sgRNA2-azfl, pFC332-
sgRNA1-htfA, pFC332-sgRNA2-htfA, pFC332-sgRNA1-nosA, pFC332-
sgRNA2-nosA, pFC332-sgRNA1-srbA and pFC332-sgRNA2-srbA.

The upstream and downstream fragments of the target genes were
amplified from genomic DNA using primer pairs 31/32 (upstream
abaA), 33/34 (upstream aslA), 35/36 (upstream aslB), 37/38 (upstream
htfA), 39/40 (upstream azf1), 41/42 (upstream nosA), 43/44 (upstream
srbA), 45/46 (downstream abaA), 47/48 (downstream aslA), 49/50
(downstream asIB), 51/52 (downstream htfA), 53/54 (downstream
azf1), 55/56(downstream nosA) and 57/58 (downstream srbA) (Sup-
plemental Table 1). The up- and downstream sequences of each gene
were introduced in pUC19 (primer pair 153/154) using NEBuilder,
yielding plasmids pUC19-abaA, pUC19-aslA, pUC19-aslB, pUC19-htfA,
pUC19-azfl, pUC19-nosA, and pUC19-srbA (Supplemental Fig. 1B).

2.3. Constructs for reintroduction of genes

Two plasmids were constructed for reintroduction of genes abaA,
aslA, aslB, azf1, htfA, nosA, and srbA in the respective deletion strains.
One construct was made to express a sgRNA targeting either the 3' end of
the promoter or the 5" end of the terminator of the target gene, while one
construct was made in which the coding sequence and its flanking se-
quences were cloned (Supplemental Fig. 2A). The 23 bp sgRNAs were
selected using CHOPCHOP and cloned between the proline tRNA pro-
moter (ptRNA-prol) and terminator (tracrRNA::term) using Pacl line-
arized pFC332 (Nodvig et al., 2015). To this end, the promoter was
amplified from plasmid pTLL108.1 using primer pairs 1/87 (abaA), 1/88
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(aslA), 1/89 (aslB), 1/90 (htfA), 1/91 (azf1), 1/92 (nosA), and 1/93
(srbA), while the terminator was amplified from pTLL109.2 using primer
pairs 94/2 (abaA), 95/2 (aslA), 96/2 (aslB), 97/2 (htfA), 98/2 (azf1), 99/
2 (nosA), and 100/2 (srbA). This resulted in plasmids pFC332-gRNA-
abaA-com, pFC332-gRNA-aslA-com, pFC332-gRNA-aslB-com, pFC332-
gRNA-htfA-com, pFC332-gRNA-azf1-com, pFC332-gRNA-nosA-com, and
pFC332-gRNA-srbA-com (Supplemental Fig. 2A).

5" and 3' flanks as well as the coding sequences of abaA, aslA, aslB,
azfl, htfA, nosA, and srbA were amplified from genomic DNA by PCR
using primer pairs 31/59 (abaA 5' flank), 46/60 (abaA 3' flank), 33/61
(aslA 5' flank), 48/62 (aslA 3’ flank), 35/63 (asIB 5 flank), 50,/64 (asIB 3'
flank), 37/65 (htfA 5' flank), 52/66 (htfA 3' flank), 39/67 (azf1 5' flank),
54/68 (azf1 3'flank), 41/69 (nosA 5' flank), 43/70 (nosA 3'flank), 39/71
(srbA 5' flank), 41/72 (srbA 3'flank), 73/74 (coding sequence abaA), 75/
76 (coding sequence aslA), 77/78 (coding sequence aslB), 79/80 (coding
sequence htfA), 81/82 (coding sequence azf1), 83/84 (coding sequence
nosA), and 85/86 (coding sequence srbA) (Supplemental Table 1). As a
result, a synonymous change of the third codon (contained in the 5
primer of the coding sequence) was introduced, thereby enabling us to
discriminate the reference strain from a strain in which the deleted gene
was reintroduced. The PCR fragments were cloned in vector pUC19
using NEBuilder cloning kit (New England Biolabs), generating con-
structs pUC19-abaA-com, pUC19-aslA-com, pUC19-aslB-com, pUC19-
htfA-com, pUC19-azfl-com, pUC19-nosA-com, and pUC19-srbA-com
(Supplemental Fig. 2B).

2.4. Transformation of A. niger

Transformation of A. niger was done as described by de Bekker et al.
(2009). Mycelium of 16-h TM-G liquid shaken cultures was proto-
plasted. Gene deletion was performed by co-transforming the three
plasmids for each gene (see above). Transformants were selected on
MMA-S (MMA medium with 2 M sucrose) with 150 pg mL~! hygrom-
ycin, purified twice on MMA-G with 150 pg mL ™! hygromycin, and
transferred to PDA without antibiotic. After 2 days, the colonies were
transferred to MMA-G with or without 150 pg mL™! hygromycin to
confirm that the two sgRNA constructs (containing a hygromycin
resistance cassette) were lost in the transformants. Gene deletion was
confirmed by PCR using primer pairs 101/102 (abaA), 103/104 (aslA),
105/106 (aslB), 107/108 (htfA), 109/110 (azf1), 111/112 (nosA), and
113/114 (srbA) (Supplemental Table 1). The resulting fragments were
sequenced (Macrogen, https://www.macrogen-europe.com) (Supple-
mental Fig. 1C).

Hygromycin was also used to select strains in which a deleted gene
was reintroduced. Reintroduction was confirmed by PCR using primer
pairs 115/116 and 117/118 (abaA), 119/120 and 121/122 (aslA), 123/
124 and 125/126 (aslB), 127/128 and 129/130 (htfA), 131/132 and
133/134 (azf1), 135/136 and 137/138 (nosA), 139/140 and 141/142
(srbA) (Supplemental Table 1). The two resulting PCR fragments for
each of the strains were sequenced (Macrogen) (Supplemental Fig. 2C).

2.5. gPCR

Expression levels of agsA, chsC, gfaA, aguA, lacA, bglA, eglA, and
amyA in the reference and the deletion strains was assessed by qPCR
using actin A as a reference gene. Total RNA was isolated as described
(Krijgsheld et al., 2013b) from biological duplicates of 3-day-old sand-
wiched colonies grown on MMA-G for determining the expression level
of agsA, chsC, and gfaA. On the other hand, total RNA was isolated as
described (Aerts et al., 2019) from biological duplicates of liquid shaken
cultures (16 h TM-G + 4 h MM-X and 16 h TM-G + 24 h MM-X) for
quantifying the expression level of aguA, lacA, bglA, eglA, and amyA.
RNA was purified with the NucleoSpin RNA Kit (Macherey-Nagel, htt
ps://www.mn-net.com) and reverse transcribed using the QuantiTect
Reverse Transcription Kit (Qiagen, https://www.qiagen.com). The
c¢DNA (1 ng) was used as a template for SYBR Green qPCR (Thermo
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Fisher, https://www.thermofisher.com) using 200 nM of the primer
pairs 143/144 (agsA) (efficiency 91.4 %), 145/146 (chsC) (efficiency
98.4 %), 147/148 (gfaA) (efficiency 102.5 %), 153/154 (aguA) (effi-
ciency 95.7 %), 155/156 (lacA) (efficiency 97.8 %), 157/158 (bglA)
(efficiency 99.6 %), 159/160 (eglA) (efficiency 94.6 %), 161/162
(amyA) (efficiency 92.9 %) and 149/150 (actin A) (efficiency 97.21 %)
(Supplemental Table 1). The total reaction volume was 10 uL. Samples
were run on a ViiATM 7 Real-Time PCR System (Applied Biosystems,
https://www.thermofisher.com) and analyzed using the 224 method.

2.6. RNA-sequencing

Myecelium of liquid shaken cultures of A. niger strains MA234.1,
AaslA, and AaslB was homogenized in a Tissue Lyzer II (Qiagen) under
liquid nitrogen. Total RNA was isolated using TRIzol reagent (Invi-
trogen, https://www.thermofisher.com), purified using the RNeasy
Plant Mini Kit (Qiagen), and quantified with the Qubit RNA Broad Range
Assay Kit on a Qubit 3 fluorometer (Thermo Scientific, https://www.th
ermofisher.com). Sequencing of RNA was performed with Illumina
NextSeq2000 on a P2 flowcell with 2 x 50 bp paired-end technology
(Utrecht Sequencing Facility; useq.nl). Read mapping against the
A. niger N402 genome was performed with Hisat version 2.1.0 (Kim
et al., 2019). Differential expression was determined from the aligned
reads with Cuffdiff version 2.2.1, a part of the Cufflinks package
(Trapnell et al., 2012). The terms “differentially expressed” and “over-
expressed” refer to differences in Fragments per kilobase of transcript
per million mapped reads (FPKM), and denote a fold change > 4 with a
minimum read number of 10 FPKM in at least one of the conditions. GO
enrichment analyses were performed using the hypergeometric function
to model the probability density using the “phyper” function from the R
package stats. For the hypergeometric test we considered the universe
size, N, to be the total number of EC numbers in all pathways in the
genome, m the number of successes in this universe and defined as the
number of EC numbers in the corresponding pathway in the genome,
and k and x the sample size and the number of successes in the sample
(or considered gene subset), respectively. Enrichments with a p-value <
0.05 were considered significant.

2.7. SDS-PAGE

Proteins were precipitated overnight in 80 % pre-cooled acetone at
—20 °C, collected at 4 °C at 20,000 g for 2 min and dissolved in loading
buffer (20 % glycerol, 4 % SDS, 100 mM Tris-HCI pH 6.8, 0.01 % bro-
mophenol blue). Composition and running of the polyacrylamide gels
was done as described (Lyu et al., 2023).

2.8. Proteomics

Protein bands were excised, reduced with DTT, alkylated with
iodoacetamide and in-gel digested with trypsin (Shevchenko et al.,
2006). Nanoflow liquid chromatography coupled to mass spectrometry
was performed on an Orbitrap Exploris mass spectrometer (Thermo
Scientific) connected to a UHPLC 3000 system (Thermo Scientific).
Approximately 20 % of the reconstituted peptides were loaded on a 300
pm diameter PepMap™ Neo Trap Cartridge and separated at 40 °C on a
50 cm x 75 pm Poroshell EC-C18 analytical column (2.7 pm). Solvent A
consisted of 0.1 % formic acid, solvent B of 0.1 % formic acid in 80 %
acetonitrile. Trapping was performed for 1 min in 9 % solvent B. Pep-
tides were separated by a 37 min gradient of 9-44 % buffer B followed
by 44-55 % B in 5 min, then 55-99 % B in 1 min, and 99 % B for 5 min.
MS data were obtained in data-dependent acquisition mode. The full
scans were acquired in the m/z range of 350-1600 at a resolution of
60,000 (m 271 400) with AGC target 3 10°. The most intense precursor
ions were automatically selected for HCD fragmentation performed at
normalized collision energy (NCE) of 28 % after accumulation to a target
value of 10°. MS MS acquisition” was performed at a resolution of
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Fig. 1. Growth of A. niger strain MA234.1 and strains AabaA, AaslA, AaslB, Aazf1, AhtfA, AnosA, and AsrbA on PDA and MMA with different carbon sources (A), as
well as biomass (B), number of spores (C), and number of spores per mg mycelium (D) when grown on MMA-G. Cultures were grown for 5 (A) and 7 (B) days from a
point inoculum or for 3 days after spreading of the spores on the agar medium (C, D). Statistical analysis was done with One-way ANOVA with different letters

indicating statistical differences between strains.

15,000. For analysis of the MS data, peak lists were generated from the
raw data files using the Proteome Discoverer software package version
3.0 (Thermo Scientific). Peptide identification was performed by
searching the individual peak lists against a concatenated target-decoy
database containing A. niger sequences in the SwissProt database, with
the taxonomy set to other fungi, using the Mascot search engine (Matrix
Science, https://www.matrixsciences.com) via the Proteome Discoverer
interface. The search parameters included the use of trypsin as proteo-
lytic enzyme allowing up to a maximum of 2 missed cleavages. Carba-
midomethylation of cysteines was set as a fixed modification whereas
oxidation of methionines was set as a variable modification. Precursor
mass tolerance was set at 10 ppm, while fragment mass tolerance was set
at 0.05 Da. Subsequently, the peptide identifications were filtered for an

ion score of 20.

2.9. Enzyme activity assays

Cellulase activity was measured using the filter paper activity assay
(Xiao et al., 2004). To this end, 7 mm diameter circles of Whatman No.1
filter paper were placed in wells of 96 well plates with 60 uLl culture
medium for 24 h at 50 °C, followed by a 5 min incubation at 95 °C after
adding 120 pL. DNS (10 g/L 3,5-dinitrosalicylic acid, 400 g/L KNa-
tartrate and 16 g/L NaOH). Samples (100 pL) were transferred to the
96 wells of a flat-bottom plate (Cellstar, Greiner Bio-one, https://www.
gbo.com) and the As4p was determined using a Synergy HTX Microplate
Reader (BioTek, https://www.agilent.com). Activity was determined
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Table 2

Overview of the phenotypes of AabaA, AaslA, AaslB, Aazfl, AhtfA, AnosA, and
AsrbA when compared to the reference strain. Plate cultures were grown on
glucose (MMA-G), while liquid shaken cultures were pre-grown on glucose (TM-
G), after which growth was prolonged on the same carbon source (MM-X).

AabaA  AaslA  AaslB Aazfl  AhtfA  AnosA  AsrbA

Plate cultures

Conidia down down down down down down down
formation

Biomass down down down down
glucose
plates

SDS cell wall up down down down down down down
stress up up up

resistance
CR cell wall
stress
resistance
Resistance to up down up
H,0,

Liquid shaken cultures
Biomass liquid up up
shaken
cultures
pH liquid down  down down  down up
shaken
cultures

using a glucose standard curve. A unit of cellulase activity was defined as
the release of 1 ymol glucose min~!. Amylase activity was determined in
a similar way as cellulase activity but the Whatman filter paper was
replaced by 60 pl 1 % starch.

Xylanase activity was determined using the Xylanase Assay Kit
(XylX6 Method) (Megazyme, https://www.megazyme.com). One unit of
activity is the amount of enzyme required to release 1 umol 4-nitrophe-
nol min~?! from the XylX6 substrate under the defined assay conditions.

p-glucosidase activity was determined using the p-Glucosidase Ac-
tivity Assay Kit (Sigma-Aldrich, https://www.sigmaaldrich.com). One
unit of p-glucosidase is the amount of enzyme that catalyzes the hy-
drolysis of 1 pmol min~! substrate at pH 7.0.

B-galactosidase activity was determined using the BetaRed™
B-Galactosidase Assay Kit (NOVAGEN, https://www.novogene.com).
Purified B-galactosidase was used as the control (Merck, https://www.
merckmillipore.com). One unit of B-galactosidase is the amount of
enzyme that generates 1 umol min~! fluorescein at pH 7.0 at 37 °C.

Pepsin activity was determined using the fluorometric Pepsin/
Pepsinogen Assay Kit (Abcam, https://www.abcam.com). One unit of
pepsin activity is the amount of enzyme that generates 1 pmol min?
unquenched 7-methoxycoumarin-4-acetate (MCA) by hydrolysis of 1
pmol peptide substrate at 37 °C and pH 2.

2.10. Statistics

Experiments were performed using biological triplicates unless
stated otherwise. Data were subjected to One-way Anova analysis of
variance. Mean value was analyzed with a confidence p < 0.05.
2.11. Accession numbers

RNA sequencing data have been deposited in NCBI GEO with

accession number GSE102899 (https://www.ncbi.nlm.nih.gov/geo/
query/acc.cgi).
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3. RESULTS
3.1. Inactivation of flbA-regulated genes

Genes abaA, ATCC64974 91750, htfA, and srbA are 2-4 fold upre-
gulated in AflbA of A. niger, while aslA, azfl, and nosA are 2-4 fold
down-regulated (Krijgsheld and Wosten, 2013). NosA, AslA, and AbaA
of A. niger show 74 %, 66 %, and 54 % identity to their bi-directional
homologues of A. nidulans, respectively, while SrbA shows 65 % iden-
tity to its counterpart in A. fumigatus. HtfA of A. niger shares 57 %
identity to FgHtf1 of F. graminearum, while Azfl has an identity of 46 %
with its homolog in S. cerevisiae. ATCC64974 91750 shares 78 % iden-
tity with AslA of A. niger and therefore we now call it AsIB. Genes abdA,
aslA, aslB, azfl, htfA, nosA, and srbA were inactivated by CRISPR-Cas9.
Inactivation of the genes was confirmed by PCR and Sanger
sequencing. In addition, reintroduction of the genes in the deletion
strains resulted in wild-type phenotypes. For instance, sporulation and
resistance to cell wall perturbing agents was similar between the refer-
ence strain and the strains in which the deleted gene was reintroduced
(Supplemental Fig. 3).

3.2. Growth and sporulation

Radial growth of the knockout strains was not severely, if at all,
affected when compared to the reference strain MA234.1 when grown
on PDA or a defined minimal agar medium (MMA) with glucose, su-
crose, xylose, sorbitol, maltose, starch, xylan or pectin as a carbon
source (Fig. 1A). Yet, biomass of strains AabaA, AaslA, AnosA, and AsrbA
was reduced by 18.7 %-25.9 % on MMA with glucose (MMA-G) (Fig. 1B;
Table 2). Timing of sporulation, conidiophore size, and density of aerial
hyphae were not affected in the knock-out strains (data not shown). By
contrast, all knockout strains were affected in sporulation. The AaslA,
AaslB, AnosA, and AsrbA strains showed the strongest effect with a
reduction of conidia formation of 50.3 %-75.0 % (Fig. 1CD; Table 2).

3.3. Stress resistance

The reference and the deletion strains were exposed to the cell wall
stressors sodium dodecyl sulfate (SDS) and Congo Red (CR), the endo-
plasmic reticulum stress inducer dithiothreitol (DTT) as well as HoO»
induced oxidative stress. None of the knockout strains were affected in
resistance to DTT. By contrast, all knock out strains showed increased
sensitivity to SDS with the exception of AabaA that was more resistant
(Fig. 2A; Table 2). Strains AabaA, AnosA, and AsrbA showed increased
resistance to CR, while AaslA and AhtfA showed higher resistance to
H»0,. By contrast, AaslB was more sensitive to this oxidizing agent.

The effect of gene deletion on cell wall integrity was studied in more
detail by assessing the expression of genes related to a-glucan (agsA) and
chitin (chsC) synthesis and to chitin deposition (gfaA). Genes agsA and
gfaA are involved in the cell wall integrity pathway of A. niger (Ram
et al., 2004; Damveld et al., 2005), while chsC has a similar function in
A. nidulans (Fujiwara et al., 2000). qPCR showed increased expression of
agsA in AaslB and AnosA (Fig. 2B). Expression of chsC was higher in
AabaA, while it was lower in all other knockout strains (Fig. 2C).
Expression of gfaA was lower in AabaA, AaslA, AaslB, and AhtfA
(Fig. 2D). Together, knockout strains affected in cell wall integrity
showed lower expression of chsC either or not combined with a lower
expression of gfaA. Also, expression of agsA was higher in some of these
strains.

3.4. Protein secretion

The reference and the AabaA, AaslA, AaslB, Aazfl, AhtfA, AnosA,
and AsrbA strains were precultured in TM-G for 16 h, which was fol-
lowed by culturing for 24 h in MM with xylose as carbon source (MM-X).
Strains AaslA and AaslB formed more biomass in the liquid shaken
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Fig. 2. Resistance of the reference and the AabaA, AaslA, AaslB, Aazf1, AhtfA, AnosA, and AsrbA strains to 0.015 % SDS, 1.75 mM DTT, 1 mg mL ! CR, and 0.06 %
H20; (A) and expression of the cell wall related genes agsA (B), chsC (C), and gfaA (D) after 3 days of growth on MMA-G. Statistical analysis was done with One-way

ANOVA with different letters indicating statistical differences between strains.

cultures (Fig. 3B; Table 2) and had the lowest pH of the culture medium
(pH 5.3, 4.2, 4.3 for the reference and the AaslA and AaslB strains,
respectively) (Fig. 3C; Table 2). The protein profiles after 24 h of
culturing in MM-X showed increased intensity of bands at 120 kDa and
50 kDa in the case of AaslA and AasIB (Fig. 3A). Proteomics showed the
presence of pepsin PepA in the 50 kDa band, while a-glucuronidase
AguA, p-glucosidase BglA, and p-galactosidase LacA were identified in
the 120 kDa band (Supplemental Table 2). Activity of B-glucosidase,
f-galactosidase, and pepsin was determined in the culture media (there
was no o-glucuronidase activity assay available). p-galactosidase activ-
ity was similar in the media of AaslA and AaslB and the reference strain
(Fig. 4E). By contrast, p-glucosidase was increased 1.5-fold and 2.1-fold
in AaslA and AaslB, respectively (Fig. 4D), while pepsin activity was 2.7-
fold and 2.4-fold increased (Fig. 4F). Taking together, inactivation of
aslA and aslB increased secretion of p-glucosidase and pepsin.

Next, p-glucosidase activity was determined after growing the
reference and the AaslA and AaslB strains on processed cellulose (CM-C)
(Fig. 4G). These knock out strains had a 1.6- and 1.5-fold higher
p-glucosidase activity when compared to the reference strain. Co-
culturing AaslB and the reference strain resulted in a p-glucosidase

activity similar to that of the mono-culture of the former strain (Fig. 4G).
This indicates that the p-glucosidases of the two strains have a syner-
gistic activity (otherwise an intermediate activity would have been
found). A 1.3-fold increased p-glucosidase activity was even obtained
when strain AaslA was co-cultured with the reference strain compared to
the AaslA culture.

Activity of amylase, xylanase, and cellulase was determined in the
reference and knockout strains after growing on MM-X (Fig. 4A-C).
Xylanase activity was 10.6 %-24.5 % lower in all knockout strains except
for AabaA and AaslA (Fig. 4A). By contrast, amylase activity was 17.4 %
and 45.2 % higher in AaslA and AaslB, respectively, while activity was
37.5 % lower in Aazfl (Fig. 4B). Furthermore, strains AaslA and AaslB
showed an increased cellulase activity of 19.4 % and 38.2 %, respec-
tively (Fig. 4C).

Together, inactivation of aslA, asIB, azfl, htfA, nosA, and srbA im-
pacts secretion of enzymes into the culture medium, which is especially
the case for the former two genes.
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Fig. 3. Protein profiles (A), biomass (B), and pH (C) of liquid cultures of the reference and the AabaA, AaslA, AaslB, Aazf1, AhtfA, AnosA, and AsrbA strains grown for
16 h in TM-G and 24 h in MM-X. Statistical analysis was done with One-way ANOVA with different letters indicating statistical differences between strains.

3.5. RNA profiling of liquid shaken cultures

RNA was sequenced of liquid shaken cultures of AaslA, AasIB and the
reference strain that had been grown for 16 h in TM-G and for 4 h in MM-
X (Supplemental Table 3). A total of 634 and 870 genes were up- and
down-regulated (>4 fold) in AaslA compared to MA234.1 (Fig. 5; Sup-
plemental Table 4). On the other hand, 350 and 74 genes were up- and
down-regulated in AaslB compared to MA234.1, respectively (Fig. 5;
Supplemental Table 4). A total of 337 genes were upregulated in both
AaslA and AaslB, while all 74 downregulated genes in AaslB strain were
also down-regulated in AaslA (Fig. 5). A total of 2 and 377 genes were
up- and down-regulated in AaslA when compared to AaslB (Supple-
mental Table 4).

GO analysis indicated that cellular macromolecule biosynthetic
process, translation, ribosome, and structural constituent of ribosome
were over-represented in the up-regulated genes of both AaslA and
AasIB (Fig. 6AC). In addition, rRNA metabolic process and rRNA pro-
cessing were overrepresented in AaslB, while peptide biosynthetic

process was overrepresented in AaslA (Fig. 6AC). On the other hand,
carbohydrate metabolic process, hydrolyzing o-glycosyl-compounds,
and hydrolase activity acting on glycosyl bonds were overrepresented in
the downregulated genes of AaslA and AaslB (Fig. 6BD), while this was
also the case for oxidoreductase activity and hydrolase activity in AaslA
(Fig. 6B).

3.6. Differentially expressed TF genes

A total of 4 and 0 TF genes were up- and down-regulated in AasIB
when compared to MA234.1 (Supplemental Table 5). These four upre-
gulated TF genes are not part of the 36 differentially expressed TF genes
in AflbA. On the other hand, a total of 8 and 52 TF genes were up- and
down-regulated in AaslA when compared to MA234.1 (Supplemental
Table 5). Among the 36 differentially expressed TF genes in AflbA
(Krijgsheld and Wosten, 2013; Aerts, 2018), five (azf1, nosA, xInR, prtT,
and ATCC64974_48430) were down-regulated in AaslA as well (Fig. 7B,
Supplemental Table 6). By contrast, aslB and flbD were upregulated in
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Fig. 4. Xylanase (A), amylase (B), and cellulase (C) activity in the culture medium of the reference and the AabaA, AaslA, AaslB, Aazfl, AhtfA, AnosA, and AsrbA
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F) and CM-C (G). Statistical analysis was done with One-way ANOVA with different letters indicating statistical differences between strains.
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Fig. 5. Ven diagrams (A, B) showing up- and down-regulated genes in liquid shaken MM-X cultures of AaslA and AaslB when compared to MA234.1.

AflbA but downregulated in AaslA, while abaA was upregulated both in 3.7. Differentially expressed genes related to asexual development and
AflbA and AaslA. The expression level of amyR did neither change in cell wall synthesis
AflbA (Krijgsheld and Wosten, 2013) nor did it change in AaslA and

AaslB. A total of six out of 39 A. niger genes implicated in asexual repro-

duction (Pel et al., 2007) were differentially expressed (>4 fold) in
AaslA compared to the reference strain (Table 3; Supplemental Table 7).
Three (abaA, fIbC, and flbD) out of the six genes encode TFs, while the
other three genes (fluG, ppoA, and ppoC) are involved in extracellular
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signaling. Genes fluG and abaA were up-regulated in AaslA while fibC,
fibD, ppoA, ppoC were downregulated. Surprisingly, none of the genes
involved in asexual development were differentially expressed in AasIB,
while ppoC was down-regulated in AaslA compared to AaslB.

A total of three out of 123 genes involved in cell wall synthesis (Pel
et al., 2007) were up-regulated in AaslA compared to MA234.1 (i.e.
glucanosyltransferase gene gelF, glucanase gene agnC, and chitin syn-
thase gene chsE (Table 4; Supplemental Table 8). On the other hand, one
out of the 123 genes were down-regulated in AaslA compared to
MA234.1 (i.e. GPI-anchored endomannanase gene dfgD). Reversely,
agnC and agnD were up-regulated in AaslB compared to MA234.1, the
latter also being up-regulated in AasIB compared to AaslA.

3.8. Differentially expressed genes encoding proteins with a signal
sequence for secretion

Out of the 634 and 350 upregulated genes in AaslA and AaslB, only
14 and 7 genes have a predicted signal sequence. These 21 genes did not
include cellulase and amylase genes (Supplemental Table 9). Out of the
871 and 74 down-regulated genes in AaslA and AaslB, 112 and 18 genes
have a predicted signal sequence for secretion including xylanolytic
genes (Supplemental Table 9). The a-galactosidase genes aglA
(ATCC64974.1620) and aglB (ATCC64974.53780) and the xylanase
genes axlA (ATCC64974.10330) and xInD (ATCC64974.15350) were
down-regulated in AaslA, while the xylanase gene bxIA
(ATCC64974 96470) was down-regulated in both AaslA and AaslB.

Cultures were grown on MM with xylose as carbon source. Xylose
activates XInR, which regulates xylanolytic and cellulolytic genes (van
Peij et al., 1998a; van Peij et al., 1998b; Gielkens et al., 1999; de Vries
and Visser, 1999; de Vries and Visser, 2001; Hasper et al., 2000; Hasper
et al., 2004; de Souza et al., 2013). A total of 38 genes have been found
to be regulated by XInR (de Souza et al., 2013), of which 1 and 14 were
>4-fold up- and down-regulated, respectively, in AaslA compared to
MA234.1 (Table 5; Supplemental Table 10). The p-galactosidase gene

lacB was upregulated, while expression of the p-galactosidase gene lacA,
the p-glucosidase gene bglA, and the a-L-arabinofuranosidase genes abfA
and abfB was >64-fold lower in AaslA compared to MA234.1. A total of
three and one out of the 38 XInR regulated genes were down- and up-
regulated in AaslB when compared to MA234.1. Genes lacA, abfC, and
bxIA were over 8-fold down-regulated, while lacB was over 8-fold up-
regulated.

qPCR was used to quantify expression of the a-glucuronidase gene
aguA, the p-galactosidase gene lacA, the fB-glucosidase gene bglA, the
cellulase gene eglA and the a-amylase gene amyA. The former gene was
upregulated in AaslA and AasIB after growth for 16 h in TM-G and 4 h in
MM-X, while the other genes were down-regulated or there was no effect
on expression (Supplemental Fig. 4A). These findings are in line with the
RNAseq data ((Supplemental Fig. 4B). By contrast, all genes were
overexpressed in AaslA and AaslB compared to the reference strain after
growth for 16 h on TM-G and 24 h on MM-X. This suggests an increase in
cellulase, p-galactosidase, and p-glucosidase activity during late stages
of culturing.

4. Discussion

Inactivation of flbA impacts expression of 36 TFs (Krijgsheld and
Wosten, 2013; Aerts, 2018). Previously, ten of these genes have been
inactivated (van den Hombergh et al., 1996; Punt et al., 2008; Meijer
et al., 2009; Raulo et al., 2016; Aerts, 2018; Aerts et al., 2018; 2019;
Chen et al., 2024), of which An14g06250 does not have an apparent
phenotype (Aerts, 2018). Gene pacC of A. niger (van den Hombergh
et al, 1996) activates alkaline genes and represses acidic genes
(Andersen et al., 2009), prtT is a regulator of genes encoding proteases
(Punt et al., 2008), while clrB (Raulo et al., 2016) and acuB (Meijer et al.,
2009) regulate genes involved in wheat straw degradation and organic
acid consumption and production, respectively (Fig. 7A). Gene fIbD is
involved in conidia formation, zonal release of amylase and cellulase
activity, and in resistance to the cell wall stress agent Congo Red (Chen
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Fig. 7. Functional model of 15 out of the 36 TF genes that are differentially
expressed in AflbA (A) and impact of inactivation of aslA and asIB on 8 out of
the 36 TF genes that are differentially expressed in AflbA (B). An14g06250 and
acuB are not part of the model. An14g06250 does not have an apparent
phenotype (Aerts, 2018), while acuB regulates genes involved organic acid
consumption and production (Meijer et al., 2009). Green and red shaded areas
in (A) are functions that are stimulated and inhibited, respectively, by FIbA,
while this is not known for functions that are not shaded. Solid cultures were
used to measure the impact on biomass, oxidative stress resistance, cell wall
resistance, sporulation and secondary metabolites, while liquid shaken cultures
were used for protein secretion. Note that inactivation of fIbD results in both
increased and reduced extracellular enzyme activities in static liquid cultures
(Chen et al., 2024). In (B) 5 TF genes are indicated that are downregulated (in
dark green) in both AflbA and AaslA, 2 TF genes that are downregulated in
AaslA but upregulated in AflbA (in light green), and one TF gene that is
upregulated in both AflbA and AaslA (in red).

et al., 2024). Inactivation of rpnR reduces resistance to HoO3 and DTT
and expression of ribosomal subunits and, probably as a consequence,
protein secretion into the medium (Aerts et al., 2019). Instead, inacti-
vation of msnB results in increased protein secretion and impacts
expression of genes involved in secondary metabolites (Aerts, 2018).
Genes An16g08800 (Aerts, 2018) and fum21 (Aerts et al., 2018) are also
involved in the production of secondary metabolites. Here, an additional
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seven genes were inactivated that are differentially expressed in AflbA.
Inactivation of these genes (i.e. abaA, aslA, aslB, azfl, htfA, nosA, and
srbA) reduced production of conidia and, with the exception of abaA,
impacted protein secretion and cell wall integrity. Furthermore, inacti-
vation of aslA and htfA resulted in increased resistance to HyOo, while
inactivation of asIB reduced resistance to this reactive oxygen species.
Biomass on plates was lower in the case of AabaA, AaslA, AnosA, and
AsrbA and higher in liquid shaken cultures of AaslA and AasIB. Together,
results imply that the pleiotropic phenotype of the AflbA strain can be
explained, at least in part, by the activity of abaA, aslA, aslB, azf1, htfA,
nosA, and srbA.

Genes azfl and htfA have not yet been characterized in Aspergillus.
Here it was shown that inactivation of these genes impacted sporulation,
secretion of enzymes, and cell wall integrity (Fig. 7A). Inactivation of
azf1 and htfA reduced xylanase activity in the culture medium, while it
also reduced amylase activity in the case of azf1. Inactivation of either
gene was accompanied by reduced expression of the chitin synthase
gene chsC, while strain AhtfA also showed reduced expression of the
chitin deposition gene gfaA. These changes in expression may, at least in
part, explain the impact of inactivation of azfl and htfA on cell wall
integrity. Inactivation of htfA was also shown to increase resistance to
H20,. The phenotypes of Aazfl and AhtfA of A. niger are in line with the
role of their counterparts in other fungi. Azfl of S. cerevisiae is involved
in cell wall maintenance when this fungus grows on a non-fermentable
medium (Slattery et al., 2006), while Azfl of T. reesei modulates
expression of cellulase genes (Antonieto et al., 2019). The Htfl homo-
logue FgHTF1 of F. graminearum is involved in the formation of aerial
hyphae and conidiophores and may also impact oxidative stress toler-
ance and cell wall modification (Fan et al., 2020).

Inactivation of nosA and srbA in A. niger impacted biomass formation
on plates. Moreover, like htfA and azfl, inactivation of nosA and srbA
impacted sporulation, secretion of xylanase (and amylase as well), and
cell wall integrity. In fact, nosA and srbA were among the four genes with
the strongest effect on sporulation. Their inactivation resulted in a
reduction of 72.3 % and 50.3 % of spores. On the other hand, while
Aazfl and AhtfA were more sensitive to SDS and CR and only SDS,
respectively, AnosA and AsrbA were less resistant to SDS but showed
increased resistance to CR. Reduced expression of chsC was found in
AnosA and AsrbA, while agsA was higher expressed in the AnosA strain.
These changes in expression may explain, at least in part, the cell wall
integrity phenotypes of the AnosA and AsrbA strains. Clearly, we studied
different functions of srbA when compared to previous studies in
A. fumigatus and A. nidulans (Chung et al., 2014, Shukla et al., 2017;
Rajasenan et al., 2022; Zhang et al., 2021) and it is therefore not possible
to compare the functions of this gene in different aspergilli. On the other
hand, inactivation of nosA of A. niger (this study) and A. fumigatus
(Soukup et al., 2012) reduces conidia formation and impacts growth.
Yet, while inactivation of nosA of A. fumigatus increases radial growth,
inactivation of nosA of A. niger reduces biomass formation.

Inactivation of abaA results in abnormal phialide formation and
abolished sporulation in A. nidulans (Boylan et al., 1987; Andriano-
poulos and Timberlake, 1994; Sewall et al., 1990). By contrast, AabaA of
A. niger only showed a reduction in conidia formation. However, it also
showed a reduction of biomass formation on solid medium and an
increased resistance to the cell wall perturbants SDS and CR. The latter
was accompanied by reduced expression of the chitin deposition gene
gfaA and an increased expression of the chitin synthase gene chsC. By
contrast, expression of chsC is reduced in strain AabaA of A. nidulans
(Park et al., 2003). Results imply that AbaA in A. niger, but not
A. nidulans, reduces the capacity to maintain cell wall integrity in wild-
type strains. Moreover, results indicate that AbaA of A. niger is involved
in sporulation and biomass formation (Fig. 7A).

Inactivation of aslA and aslB of A. niger reduced sporulation and
impacted biomass formation, cell wall integrity, and protein secretion
(Fig. 7A). Biomass formation on plate was reduced in AaslA but was
increased in liquid shaken cultures of AaslA and AaslB. On the other
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Table 3
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Differentially expressed (>4-fold) asexual development related genes in AaslA, AaslB, and MA234.1. Expression is expressed as normalized for gene length to frag-

ments per kilobase per million (FPKM).

Genes  expression in expression in expression in differentially expressed in AaslA differentially expressed in AaslB differentially expressed in AaslA
AaslA AaslB MA234.1 compared to MA234.1 compared to MA234.1 compared to AaslB

G 170.24 106.76 31.95 up no no

fibC 8.76 28 51.03 down no no

fbD 7.66 21.05 46.26 down no no

PpOA 2.31 11.59 27.87 down no no

abaA 10.19 4.77 0.81 up no no

ppoC 2.33 22.37 35.53 down no down

Table 4

Differentially expressed (>4-fold) cell wall synthesis related genes in AaslA, AaslB, and MA234.1. Expression is expressed as normalized for gene length to fragments

per kilobase per million (FPKM).

Genes  expression in expression in expression in differentially expressed in AaslA differentially expressed in AaslB differentially expressed in AaslA
AaslA AaslB MA234.1 compared to MA234.1 compared to MA234.1 compared to AaslB

gelF 28.83 9.31 1.75 up no no

agnC 4345.60 3024.15 545.50 up up no

chsE 85.54 49.34 19.16 up no no

dfgD 0.81 5.03 13.02 down no no

agnD 3.45 34.26 7.69 no up down

Table 5

Differentially expressed (>4-fold) XInR regulated genes in AaslA, AaslB, and MA234.1. Expression is expressed as normalized for gene length to fragments per kilobase

per million (FPKM).

Genes  expression in expression in expression in differentially expressed in AaslA differentially expressed in AaslB differentially expressed in AaslA
AaslA AaslB MA234.1 compared to MA234.1 compared to MA234.1 compared to AaslB

aglA 4.30 8.65 27.09 down no no

aglB 4.43 33.83 108.91 down no down

lacA 0.64 88.76 419.81 down down down

lacB 49.00 32.84 3.83 up up no

bglB 2.29 10.09 41.86 down no no

bglC 3.71 15.18 38.17 down no no

bglA 32.18 832.86 2481.91 down no down

xInD 1.44 6.28 23.99 down no no

axlA 15.01 53.22 99.00 down no no

abfC 2.62 35.78 187.74 down down down

abfA 2.02 112.81 327.74 down no down

abfB 0.70 317.39 1198.36 down no down

aglA 4.30 8.65 27.09 down no no

bxlA 2.21 11.81 57.08 down down no

eglA 7.02 23.01 62.94 down no no

hand, inactivation of aslA and aslB reduced resistance to SDS, but there
was no effect of CR. Higher sensitivity to SDS correlated with reduced
expression of chsC and gfaA in both AaslA and AaslB, while agsA was
higher expressed in the latter strain. RNA-sequencing did not confirm
these qPCR results. This may be due to the fact that mycelium from static
solid cultures was used for qPCR, while mycelium of liquid shaking
cultures was used for RNA sequencing. Under the latter conditions, RNA
sequencing showed that AaslA over-expressed the chitin synthesis gene
chsE, the 1,3-beta-glucanosyltransferase gene gelF, and the alpha-1,3-
glucanase gene agnC, while the endo-mannanase gene dfgD was down-
regulated. In contrast, AaslB overexpressed the alpha-1,3-glucanase
genes agnC and agnD. These data suggest that cell wall composition of
AaslA and AaslB is also impacted in liquid cultures.

The AaslA and the AaslB strains (together with AnosA and AsrbA)
showed the strongest reduction in sporulation with 75.0 % and 60.2 %,
respectively. However, this effect was less strong when compared to aslA
in A. nidulans. Only 6 out of the 39 genes implicated in asexual repro-
duction were differentially expressed in AaslA and none of them in
AasIB. Genes fluG and abaA were > 4-fold upregulated in AaslA. In
contrast, aslA significantly stimulates the expression level of brlA, abdA,
and wetA in A. nidulans (Kim et al., 2017).

The reduction in sporulation in AaslA and AaslB of A. niger was
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accompanied by the strongest effect on protein secretion observed in the
seven knockout strains. A total of 126 and 25 genes encoding secreted
proteins were differentially expressed in AaslA and AaslB. Xylanase
activity was 7.2 % lower in AaslB but was not affected in AaslA. Notably,
the regulatory gene of xylanolytic and cellulolytic genes, xInR, was
downregulated in AaslA, which was accompanied by a > 64-fold
downregulation of four of its target genes. In contrast, xInR was not
differentially expressed in AaslB, but 4 xInR regulated genes were
differentially expressed in this strain.

At the protein level, p-galactosidase activity was not affected in the
culture media of AaslA of AaslIB, but p-glucosidase activity (bglA) was
increased 1.5-fold and 2.1-fold in AaslA and AaslB, respectively, while
pepsin activity was 2.7-fold and 2.4-fold higher. Yet, the -galactosidase
and p-glucosidase genes bglA and lacA were downregulated in the
deletion strains after a 16 h incubation in TM-G followed by a 4 h in-
cubation in MM-X. Since enzyme activity was determined later in
growth (16 h TM-G + 24 h MM-X), we performed qPCR both after a total
growth period of 20 h and 40 h. Overexpression of p-galactosidase and
pB-glucosidase related genes was observed after 40 h of culturing, but not
after 20 h, in the case of AaslA and AasIB. Thus, these expression data are
in agreement with the protein activity assays. Also, amylase and cellu-
lase activity were 17.4 % and 45.2 % higher and 19.4 % and 38.2 %
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higher, respectively, in AaslA and AaslB compared to the reference
strain. Cellulase (eglA) and amylase (amyA) encoded genes were
downregulated after 20 h of growth but over-expressed after 40 h of
culturing of AaslA and AasIB. Thus, also in this case, these expression
data are in agreement with the protein activity assays. Co-culturing the
reference strain with either AaslA and AasIB showed that the p-gluco-
sidase of the knockout strains had a synergistic effect with that of the
reference strain, especially in the case of AaslA. Synergistic p-glucosi-
dase activities were recently observed even within a strain by co-
culturing large and small micro-colonies (Lyu et al., 2023). Future
studies should therefore reveal whether the size of the micro-colonies of
the reference strain and the AaslA and AaslB strains can explain the
complementary cellulase activity.

The AaslA and AaslB strains are notable examples of the phenome-
non of sporulation inhibited protein secretion (Levin et al., 2007;
Krijgsheld et al., 2013b). This study also strengthens previous evidence
that the sporulation pathway of A. niger is not identical to that of other
aspergilli such as A. nidulans. Genes fluG (Wang et al., 2015) as well as
abaA, htfA and azf1 have the most different sporulation phenotype when
compared to their counterparts in A. nidulans. The role of FluG in A. niger
is most distinct. While sporulation is abolished in a fluG mutant of
A. nidulans, it only represses secretion in A. niger (Wang et al., 2015).
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