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A B S T R A C T

Post-fermentation fungal biomass waste provides a viable source for chitin. Cell wall chitin of filamentous fungi,
and in particular its de-N-acetylated derivative chitosan, has a wide range of commercial applications. Although
the cell wall of filamentous fungi comprises 10–30% chitin, these yields are too low for cost-effective production.
Therefore, we aimed to identify the genes involved in increased chitin deposition by screening a collection of
UV-derived cell wall mutants in Aspergillus niger. This screen revealed a mutant strain (RD15.4#55) that showed
a 30–40% increase in cell wall chitin compared to the wild type. In addition to the cell wall chitin phenotype,
this strain also exhibited sensitivity to SDS and produces an unknown yellow pigment. Genome sequencing
combined with classical genetic linkage analysis identified two mutated genes on chromosome VII that were
linked with the mutant phenotype. Single gene knockouts and subsequent complementation analysis revealed
that an 8 bp deletion in NRRL3_09595 is solely responsible for the associated phenotypes of RD15.4#55. The
mutated gene, which was named cwcA (cell wall chitin A), encodes an orthologue of Saccharomyces cerevisiae
Bypass of ESS1 (BYE1), a negative regulator of transcription elongation. We propose that this conserved fungal
protein is involved in preventing cell wall integrity signaling under non-inducing conditions, where loss of
function results in constitutive activation of the cell wall stress response pathway, and consequently leads to
increased chitin content in the mutant cell wall.

1. Introduction

Aspergillus niger is a filamentous fungus widely used in industrial
fermentations to produce organic acids, enzymes and pharmaceuticals
(Meyer et al., 2011; Pel et al., 2007; Punt et al., 2002; Wösten et al.,
2013). Specifically, A. niger is renowned for its citric acid yields and is
able to produce up to 95 kg of citric acid per 100 kg of carbon source,
contributing the majority of the worldwide estimate annual yield:
9,000,000 metric tons (Karaffa and Kubicek, 2003). Large scale fer-
mentations result, in addition to the desired product, in accumulation of
fungal biomass; a product that is either incinerated or used as a low cost
fertilizer for agriculture (Ghormade et al., 2017). However, post-fer-
mentation fungal cell wall biomass waste contains many different sugar
polymers that could provide an added-value product. Due to the high

levels of post-mycelial biomass produced annually, A. niger is con-
sidered a fungus of interest to be used of post-fermentation harvesting
for cell wall products, such the important biopolymer chitosan with its
broad range of applications in different fields (Dhillon et al., 2012).

The fungal cell wall consists of α-glucans (α-1,3-glucans, mixed α-
1,3/1-4-glucan and α-1,6-glucans), β-glucans (β-1,3-glucans, β1,6-glu-
cans, mixed β-1,3/1,4 and β-1,3/1,6 varieties), chitin (β-1,4-linked N-
acetyl-2-amino-2-deoxy-D-glucose), chitosan (β-1,4-linked 2-amino-2-
deoxy-D-glucose), galactomannan and glycoproteins (Gow et al., 2017;
Ruiz-Herrera and Ortiz-Castellanos, 2019). All fungal cell walls most
commonly contain β-1,3-glucans that forms a backbone structure to
which other β-glucans, galactomannans or chitin can be cross-linked.
Total polymer content and relative composition differs among species
and, in addition, is dependent on environmental cues such as nutrients,
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cultivation conditions, mycelial age, stress or hypoxia (Free, 2013; Lord
and Vyas, 2019; Pochanavanich and Suntornsuk, 2002).

Among all cell wall components, chitin and its de-N-acetylated de-
rivative chitosan are especially of industrial interest. Chitosan has been
reported to have many applications across fields of medicine, cosmetics,
agriculture and food industry (Ribeiro et al., 2009; Shen et al., 2009;
Takai et al., 2001; Zou et al., 2016). Varying degrees of de-acetylation
(DD) and degrees of polymerization (DP) of chitosan regulate its active
properties and determine its wide range of applications (El Gueddari
et al., 2014). Naturally occurring, cell wall chitosan is most often found
among pathogenic species, and is required for both virulence and as a
means of avoiding recognition of the immune system in the opportu-
nistic human pathogen Cryptococcus neoformans (Baker et al., 2011;
Bose et al., 2003). Similarly, phytopathogenic fungi convert cell wall
chitin to chitosan that is required for infection. This results in evasion of
the plant-host defense response, while simultaneously reducing sus-
ceptibility to plant-produced chitinases (Geoghegan et al., 2017). In A.
niger, chitin and chitosan content have been shown to be dependent on
strain, mycelial age, cultivation medium, conditions and extraction
methods (Kumaresapillai et al., 2011; Pochanavanich and Suntornsuk,
2002; White et al., 1979). Chitin content has been reported in the range
from 10% up to 42% (Knorr, 1991) of the cell wall dry weight, whereas
chitosan yields are reported between 5 and 11%, with DD ranging from
73 to 90% (Dhillon et al., 2013; Muñoz et al., 2015; Pochanavanich and
Suntornsuk, 2002).

Given the interesting properties of chitin and chitosan, the use fi-
lamentous fungi for chitin and chitosan production has been con-
sidered. Obviously to make this a profitable option, high levels of cell
wall chitin and optimization of chitin extraction are required (Cai et al.,
2006a; Dhillon et al., 2012). One approach is to improve the overall
chitin content in fungal cell walls. As such, efforts have been made to
optimize the production of chitin and its de-N-acetylated derivative
chitosan through genetic modification of the chitin biosynthetic
pathway or through alterations of fermentation conditions (Deng et al.,
2005; Hammer and Carr, 2006; Ja'afaru, 2013; Nwe and Stevens,
2004). Alternatively, increased cell wall chitin deposition has been
reported to coincide with cell wall stress (CWS) in filamentous fungi
(Fortwendel et al., 2010; Guest et al., 2004; Ram et al., 2004). Cell wall
stress induced signaling of the cell wall integrity (CWI) pathway in A.
niger is known to induce expression of genes involved in alpha-glucan

and chitin synthesis, agsA (alpha-glucan synthase A) (Damveld et al.,
2005) and gfaA (glutamine-fructose-6-phosphate-amidotransferase A),
respectively (Ram et al., 2004). Consequently, CWS could be used to
increase the extractable yield of chitin.

We previously reported about a set of cell wall mutants that showed
constitutive high levels of agsA expression: strains were equipped with a
dual reporter system where both an amdS and a Histone 2B-GFP (H2B-
GFP) construct were fused to the agsA promoter (PagsA). UV-muta-
genesis followed by selection for improved growth on acetamide as a
sole nitrogen source, containing H2B-GFP labeled nuclei (selection
against cis-mutations), allowed to obtain cell wall mutants with a
constitutively activated CWI pathway (Damveld et al., 2008). In the
study reported here, we specifically screened for cell wall mutants from
this collection for increased chitin deposition. Consequently, UV mutant
RD15.4#55 was identified that showed constitutive expression of agsA
and a 30–40% increase in cell wall chitin content. Additional pheno-
types of this strain are sensitivity to SDS, also suggesting an effect on
cell wall or cell membrane, and the production of an unknown yellow
compound. Genome sequencing combined with a classical genetics
approach identified mutations in two genes that could be responsible
for the mutant phenotypes. Single gene knockouts and complementa-
tion studies were used to show that the disruption of NRRL3_09595
(An11g06750), an orthologue of BYE1 encoding a negative regulator of
transcription elongation in Saccharomyces cerevisiae, causes an increase
in cell wall chitin deposition.

2. Materials and methods

2.1. Strains, media, growth conditions

Strains used in this study can be found in Table 1. MA169.4 (cspA1,
ΔkusA::DR-amdS-DR, pyrG)- (Carvalho et al., 2010) was used for all
single knockout transformations. All media were prepared as described
by Arentshorst et al., 2012. In all cases (unless otherwise specified)
minimal medium (MM) contained 1% (w/v) glucose, 1.5% agar and
was supplemented with uridine (10 mM), when required. Complete
medium (CM) contained 1% (w/v) glucose, 1.5% agar (Scharlau, Bar-
celona, Spain), 0.1% (w/v) casamino acids and 0.5% (w/v) yeast ex-
tract in addition to MM. To harvest spores, strains were first inoculated
from −80 °C glycerol stocks onto fresh CM plates and were allowed to

Table 1
All strains used in this study.

Name Genotype Reference

N402 cspA1, amdS- Bos et al., 1988
MA169.4 cspA1, ΔkusA::DR-amdS-DR, pyrG- Carvalho et al., 2010
RD15.4 cspA1, pyrG-, PagsA-H2B-GFP-TtrpC-pyrG*,

PagsA-amdS-TamdS + pAN7-1 (hph+)
Damveld et al., 2008

RD15.8 cspA1, pyrG-, PagsA-H2B-GFP-TtrpC-pyrG*,
PagsA-amdS-TamdS + pAN7-1 (hph+)

Damveld et al., 2008

RD15.4#55 UV-mutant RD15.4 Damveld et al., 2008
RD15.8#16 UV-mutant RD15.8 Damveld et al., 2008
RD15.8#35 UV-mutant RD15.8 Damveld et al., 2008
RD15.8#36 UV-mutant RD15.8 Damveld et al., 2008
RD6.13#6 UV-mutant RD6.13 Damveld et al., 2008
RD6.13#7 UV-mutant RD6.13 Damveld et al., 2008
RD6.13#8 UV-mutant RD6.13 Damveld et al., 2008
RD6.13#16 UV-mutant RD6.13 Damveld et al., 2008
RD6.47#56 UV-mutant RD6.47 Damveld et al., 2008
TLF55 RD15.4UV#55, pyrG- (5'-FOA selected) This study
TLF51 RD15.4UV#55, pyrG- (5'-FOA selected), ΔbrnA This study
JN6.2 cspA1, nicB::hygB, olvA::AOpyrG Niu et al., 2016
TLF91 Diploid strain: JN6.2xTLF51(3) This study
MA841.1 cspA1, ΔkusA::DR-amdS-DR, pyrG-, ΔAn04g04020::AOpyrG This study
MA842.1 cspA1, ΔkusA::DR-amdS-DR, pyrG-, ΔNRRL3_03052::AOpyrG This study
MA843.1 cspA1, ΔkusA::DR-amdS-DR, pyrG-, ΔNRRL3_09002::AOpyrG This study
MA844.1 cspA1, ΔkusA::DR-amdS-DR, pyrG-, ΔNRRL3_09595::AOpyrG This study
TLF83 RD15.4UV#55, pyrG- (5'-FOA selected), restored NRRL3_09595 This study
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grow and sporulate for 5–7 days at 30 °C. Spores were harvested by
addition of 15 mL of 0.9% (w/v) NaCl to CM spore plates and were
gently scraped from the plate surface with a cotton stick. Spore solution
was pipetted through sterile cotton filters (Amplitude™ Ecocloth™
Wipes, Contec Inc., Spartanburg, SC, USA) to eliminate large mycelial
debris. Spore solutions were counted using Bio-Rad TC20™ Automated
Cell Counter (Bio-Rad Laboratories, Inc. USA) using Counting Slides,
Dual Chamber for Cell Counter (Cat#145–0011, Bio-Rad Laboratories,
Inc. USA).

2.2. Calcofluor White staining and confocal laser scanning microscopy

Strains for microscopy were cultured as described above. Spore
solutions were diluted and 104 spores were spotted on plates containing
20 mL MM 1% agarose, and were incubated for 8 h at 30 °C to allow
germination. Agar cubes of approximately 1 cm2 were excised con-
taining the spot of germlings, and were inverted on top a 24 × 60 mm
cover slide containing a 20 μL droplet of 5 μg/mL CalcoFluor White
(CFW). Following 5 min of incubation, samples were imaged for CFW
fluorescence with a 405 nm laser in a Zeiss Observer confocal laser-
scanning microscope (Zeiss, Jena, Germany). Images were processed
and analyzed using FIJI (ImageJ) software (Schindelin et al., 2012). To
all images, background subtraction was applied (Rolling ball radius
50.0 pixels) prior to processing into Z-project with Max Intensity set-
tings. Look-up table used was Cyan Hot.

2.3. SDS sensitivity assays

Cell wall disturbing compound SDS was added to MM agar plates
from a 10% stock to obtain final concentrations of either 0.004%,
0.0045% or 0.005% SDS. Spores were counted, serially diluted into
2000, 200, 20 and 2 spores/μL and 5 μL of respective dilutions were
spotted on MM SDS plates. Plates were incubated for 3–5 days at 30 °C
prior to scoring.

2.4. Cell wall isolation and chitin analysis

Cell wall isolation, hydrolysis and chitin content analysis, measured
as total glucosamine, have been performed as described previously (van
Leeuwe et al., 2020). Cell wall glucosamine measurements from in-
dependent replicate experiments are expressed as means± SEM. The
statistical analysis was carried out using software R studio (Version
1.1.456) (RStudio: Integrated Development for R. RStudio, Inc., Boston,
2016). For total cell wall glucosamine experiments, we used one-way
ANOVA. When there was significant difference between groups, we ran
a posthoc Tukey multiple-comparisons analysis. Significance is in-
dicated as p > 0.05, not significant (n.s.) p ≤ 0.05 (*), p ≤ 0.005 (**),
p ≤ 0.001 (***) and p ≤ 0.0001 (****).

2.5. DNA isolation, Illumina sequencing and SNP analysis

Genomic DNA was isolated as described by Arentshorst et al., 2012.
In case of genome sequencing, this procedure was followed by column
purification using the Nucleospin Plant II kit (Machery-Nagel), ac-
cording to the manufacturer's instructions. Genome sequencing was
executed by GenomeScan B.·V (Leiden, The Netherlands). The NEB-
Next® Ultra DNA Library Prep kit for Illumina (cat# NEB #E7370S/L)
was used to process the samples. Fragmentation of the DNA using the
Biorupor Pico (Diagenode), ligation of sequencing adapters, and PCR
amplification of the resulting product was performed according to the
procedure described in the NEBNext Ultra DNA Library Prep kit for
Illumina Instruction Manual. The quality and yield after sample pre-
paration was measured with the Fragment Analyzer. The size of the
resulting product was consistent with the expected size of approxi-
mately 500–700 bp. Clustering and DNA sequencing using the Illumina
cBot and HiSeq 4000 was performed according to manufacturer's

protocols. A concentration of 3.0 nM of DNA was used. HiSeq control
software HCS v3.4.0 was used. Image analysis, base calling, and quality
check was performed with the Illumina data analysis pipeline RTA
v2.7.7 and Bcl2fastq v2.20. SNP calling was performed according to
GenomeScan Guidelines Small Variant Analysis v3.0. The Variant Call
Format (VCF) files were manually analyzed by the authors. Frequency
score of identical SNP call boundary was set to ≥0.75, while sequen-
cing depth was left unselected.

2.6. Parasexual cycle and segregant analysis

Formation of heterokaryons and selection for diploids was per-
formed as described previously (Arentshorst and Ram, 2018). To obtain
an auxotrophic haploid derivative of RD15.4#55, this strain was sub-
jected to 5′-FOA counter selection to lose the pyrG marker (Arentshorst
et al., 2015), resulting in strain TLF55 (Table 1). TLF55 was subse-
quently than transformed with pFC330_brnA-sgRNA (pTLL37.1) and a
knockout repair DNA fragment as described previously (van Leeuwe
et al., 2019).

The RD15.4#55, pyrG-, ΔbrnA strain, TLF51 (Table 1), was cured of
the pTLL37.1 plasmid to ensure TLF51 was pyrG- for a parasexual cross.
Wild type derivative JN6.2 (Table 1) was used as second haploid aux-
otrophic strain for the parasexual cross. For the parasexual cross, these
two haploid strains are coerced to fuse without supplementation for
their respective auxotrophic deficiencies. This process yields a hetero-
karyotic, prototrophic mycelium in which karyogamy can occur at a
very low frequency, resulting in a diploid strain. Due to the primarily
uninuclear nature of A. niger asexual spores, color markers help identify
whether nuclei have fused, and become black as a result of com-
plementing alleles from the other chromosome, or remain unfused as
one of the individual colors in the heterokaryotic mycelium. An ob-
tained diploid contains both chromosome-sets and can be haploidized
to allow random distribution of each chromosome by exposure to be-
nomyl, creating auxotrophic, brown- or olive-colored segregants. Seg-
regation of diploid TLF91 was performed at 0.4 μg/mL benomyl on
complete medium (CM) supplemented with 10 mM uridine and 2.5 μg/
mL nicotinamide, haplodizing into brown and olive colored segregants.
Segregants were single streaked twice on MM with uridine and nicoti-
namide prior to phenotypic characterization of segregants. Segregation
analysis of the cell wall mutant phenotype and auxotrophic markers
was performed on MM, MM + uridine and MM + ur-
idine + nicotinamide + 0.005% SDS.

2.7. Construction of single gene deletions

MA169.4 (Table 1) was transformed after protoplastation as de-
scribed previously (Arentshorst et al., 2012) to remove the entire ORF,
generating split marker fragments using the split marker approach for
single gene knockouts (Arentshorst et al., 2015) with Aspergillus oryzae
pyrG (AOpyrG) as selection marker. Flanks were generated via PCR
using N402 genomic DNA as template and primers as described in
Supplementary Table 1. AOpyrG fragments were obtained using
plasmid pAO4-13 (de Ruiter-Jacobs et al., 1989) as template and pri-
mers as described in Supplementary Table 1. Through fusion PCR, split
marker fragments were created containing AOpyrG as selection marker.
For transformation, approximately 2 μg of DNA per flank was added to
protoplasts. Transformation plates were incubated on MMS for 6 days at
30 °C. Transformed colonies were single streaked on MM twice for
purification and were genotyped using diagnostic PCR (data not
shown).

2.8. Complementation of RD15.4#55 with wild type NRRL3_09595 allele

Complementation of NRRL3_09595 was employed using CRISPR/
Cas9 mediated gene editing with a marker-free repair DNA fragment
(van Leeuwe et al., 2019). Primers OTL464 and OTL465 were used in
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combination with pTE1_rev and pTE1_for, respectively, to obtain a
sgRNA construct to target the mutant allele NRRL3_09595 in
RD15.4#55. Plasmids pTLL108.1 and pTLL109.2 were used as template
DNA for sgRNA flanks (van Leeuwe et al., 2019). Cloning of the sgRNA
into pFC330 resulted in pFC330_NRRL3_09595-mut-sgRNA. Marker-free
repair DNA fragment of 449 bp was obtained with OTL385 and
OTL386, using N402 as template DNA. Repair DNA fragment contained
308 bp overlap upstream and 141 bp downstream of the double strand
break (DSB). CRISPR/Cas9 plasmid transformations were performed
after protoplastation of TLF55: 2 μg of Cas9-sgRNA plasmid with 2 μg of
repair DNA fragment was used for transformation. Transformation
plates were incubated on MMS for 6 days at 30 °C. Transformed co-
lonies were single streaked on selectable medium to select for the
presence of the Cas9-sgRNA plasmid. Next, a single colony was picked
and transferred to non-selective MM 10 mM uridine medium, allowing
loss of the Cas9-sgRNA plasmid. A third streak of a single colony on
both MM and MM 10 mM uridine was performed as a control for loss of
plasmid. DNA from plasmid-cured strains was isolated as described by
Arentshorst et al., 2012, using mortar and pestle to grind the mycelium
in liquid nitrogen. Genotypes were confirmed using diagnostic PCR for
the 8 bp deletion in the mutant allele of NRRL3_09595. Diagnostic PCR
fragments from RD15.4, RD15.4#55 and TLF55 transformants com-
plemented with the wild type NRRL3_09595 allele were sequenced to
check for either absence or presence of the 8 bp deletion in the mutant
allele (Macrogen Europe, Amsterdam, The Netherlands).

3. Results

3.1. RD15.4#55 shows increased cell wall chitin, SDS sensitivity and
yellow pigment production

A previously obtained cell wall stress UV-mutant library (Damveld
et al., 2008) was used to screen for mutants with a higher cell wall
chitin content, initially using Calcofluor white (CFW) staining followed
by chemical quantification of total glucosamine content (see Section
2.4). Nine candidates that exhibited increased CFW staining were
analyzed for cell wall glucosamine content. Both RD15.4#55
(283 ± 11.6 μg/mg) and RD15.8#16 (312 ± 20.9 μg/mg) showed a
significantly increased cell wall glucosamine content compared to both
N402 (221 ± 13.8 μg/mg) and parental strain RD15.4
(205 ± 10.2 μg/mg), displayed in Fig. 1A. Strain RD15.4#55 was
selected for further phenotypic assessment, whereas RD15.8#16 is be
discussed elsewhere (van Leeuwe et al., 2020). The germination process
was analyzed in conjunction Calcofluor White (CFW) staining during
the mutant screen. This showed that the hyphal morphology of
RD15.4#55 was similar to the parental strain, indicating that its con-
stitutive condition of cell wall stress does not affect growth (Fig. 1B).
Although no controlled growth experiments have been conducted to
determine growth rates, also under submerged conditions no obvious
growth differences were observed. In addition to glucosamine content,
we also tested the effect of cell wall disturbing compounds with Cal-
cofluor White (CFW) and SDS (De Groot et al., 2001; de Nobel et al.,
2000; Delley and Hall, 1999). Fig. 1C shows single streaks of N402 and
RD15.4#55 on MM and MM + 0.005% SDS. As is evident from these
sensitivity assays, RD15.4#55 displays sensitivity towards SDS, in-
dicating that either cell wall membrane or cell wall synthesis is per-
turbed in this mutant. RD15.4#55 did not show clear sensitivity to CFW
(data not shown). Lastly, an indicative feature of RD15.4#55 observed
on MM plates was the production of a yellow compound into the sur-
rounding agar. Strain RD15.4#55 was selected for genotypic char-
acterization in an attempt to find the underlying mutation(s) causing an
increase in cell wall chitin deposition.

3.2. Genome sequencing and segregant analysis of RD15.4#55 shows
linkage of the phenotype to chromosome VII

To identify the responsible mutation(s) that cause(s) the phenotype
of RD15.4#55, we sequenced the genomic DNA of the parental strain
RD15.4 and strain TLF51, a pyrG-, ΔbrnA derivative of RD15.4#55 (see
Section 2.6). Post data processing as described in Section 2.5 revealed a
total of 9 SNPs and 31 indels in TLF51 compared to RD15.4. Indels were
found in the pyrG and brnA markers as expected (data not shown). The
remaining 9 SNPs and 29 indels are listed in Supplementary Table 2. A
total of 5 SNPs and 24 indels were scored to either be intergenic (26) or
present in telomeric regions (3). In addition to intergenic SNPs and
indels, four SNPs and five indels were found to be inside ORFs and are
described in Table 2.

Strain TLF51 was also used to set up a parasexual cross with JN6.2
(ΔnicB::hygB, ΔolvA::AOpyrG, Table 1). The diploid strain (TLF91) was
haploidized using benomyl to obtain haploid segregants (see Section
2.6). In an initial segregant screen for SDS sensitivity, 23 out of 26
segregants were found to be both SDS sensitive and nicB+, suggesting
linkage of the SDS sensitivity phenotype to the nicB (NRRL3_09250)
locus. Analysis of an additional 80 nicB+, segregants showed that 79/
80 were SDS sensitive, confirming this linkage analysis of the SDS
sensitive phenotype of RD15.4#55 to nicB, located on chromosome VII.
Because of the parasexual cross (i.e. no meiosis), crossover events are
rare (mitotic) and chromosomes are generally fully inherited from ei-
ther wild type or mutant. Linkage to nicB+ (TLF51 chromosome VII)
therefore suggests involvement of SNPs located on this chromosome.
SNP analysis of TLF51 revealed that both agsC and NRRL3_09595 were
mutated, resulting in premature translation stop, and are located on
chromosome VII (Table 1).

3.3. Single gene knockouts show that ΔNRRL3_9595 displays the same
phenotype as RD15.4#55

Based on the linkage analysis we opted to construct full gene
knockouts of chromosome VII located genes alpha glucan synthase C
(agsC) and NRRL3_09595, and test how they relate to the phenotypes of
RD15.4#55. An additional 3 indels in intergenic regions
(Supplementary Table 2) of chromosome VII were left out for con-
sideration. Strain MA169.4 (Table 1) was transformed with split marker
flanks, harboring the AOpyrG selection marker as described in Section
2.7, resulting in knockout strains MA843.1 (ΔagsC) and MA844.1
(ΔNRRL3_09595) (Table 1). Strains were confirmed to have replaced
ORFs through diagnostic PCR (data not shown).

Parental strain RD15.4 and UV-mutant RD15.4#55 were cultured
together with knockout strains and were plated on MM + uridine
containing either 0.004%, 0.0045 or 0.005% SDS plates. Fig. 2A shows
that knockout strain MA843.1 (ΔagsC) grows similar to the parental
RD15.4 strain on both MM and MM + SDS, whereas the growth of
MA844.1 (ΔNRRL3_09595) is affected by the presence of SDS, similar to
RD15.4#55.

Next, all strains were cultured for cell wall isolation and determi-
nation of total glucosamine content (see Section 2.4). Evidently, par-
ental strain RD15.4 was measured to contain a glucosamine content of
208 ± 5.5 μg/mg cell wall, whereas the UV-mutant RD15.4#55
showed a glucosamine content of 278 ± 4.4 μg/mg cell wall: a 33.6%
increase in overall glucosamine (Fig. 2B). Single knockout strains
MA843.1 (ΔagsC) and MA844.1 (ΔNRRL3_09595) were measured to
have a glucosamine content of 199 ± 6.2 and 269 ± 5.2 μg/mg cell
wall, respectively. Statistical analysis showed that there is a significant
difference between RD15.4 and RD15.4#55 and MA844.1, but not
between RD15.4 and MA843.1. Neither do RD15.4#55 and MA844.1
differ significantly from each other, suggesting they produce equal, yet
increased, levels of cell wall glucosamine.
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3.4. Complementation of RD15.4#55 with the wild type NRRL3_09595
allele restores all associated phenotypes

The 8 bp deletion found in NRRL3_09595 (BYE1 orthologue) causes
an initial aa change of Ser636/945 to Gln636/945, followed by a frameshift
5 amino acids (aa) downstream, ultimately leading to stop codon at
aa642/945 (Fig. 3). We showed that a full knockout of NRRL3_09595
results in the same phenotype as the RD15.4#55 including SDS sensi-
tivity, cell wall glucosamine and yellow pigment production. To rule
out the involvement of other SNPs in RD15.4#55 that may contribute
to the phenotype, complementation was performed in the RD15.4#55
strain by introducing the wild type allele of NRRL3_09595 through
transformation. CRISPR/Cas9 mediated genome editing was used to
introduce the wild type allele at the location of the mutant allele of
NRRL3_09595 in RD15.4#55. The 8 bp deletion in the mutant allele of
NRRL3_09595 provided a location for the design of a sgRNA target (5′ –
AGTTTACTCAAGCATGTCGG – 3′) that is unique for the RD15.4#55
strain. PAM site 5′ – AGG – 3′ is present in both RD15.4 and
RD15.4#55, but the target sequence only matches the first PAM-ad-
jacent 11 bp in the RD15.4 (5′ – nnnnnnnnnnAAGCATGTCGG – 3′) due
to the deletion. Contrarily, the full target sequence is only found at
mutant allele of NRRL3_09595 in RD15.4#55, allowing specific tar-
geting of the mutant allele without recognition of the wild type

NRRL3_09595 allele presented as repair DNA fragment (See Supple-
mentary Fig. 1 for a detailed visual representation). The designed target
was cloned into a sgRNA expression cassette to obtain
pFC330_NRRL3_09595-mut-sgRNA (pTLL103.2) as described in Section
2.8, and a 449 repair DNA fragment was amplified from the wild type
allele of NRRL3_09595 in RD15.4. A pyrG- derivative of RD15.4#55
(TLF55) was transformed with both plasmid pFC330_NRRL3_09595-
mut-sgRNA and repair DNA fragment.

Single streaks of transformed colonies were checked for the pre-
sence of the yellow pigmentation. Yellow pigment production was ex-
pected to be absent for transformed strains that successfully in-
corporated the repair DNA fragment at the NRRL3_09595 locus,
whereas the yellow pigment remained visible for transformed strains
that did not incorporate the repair DNA fragment. Fifteen transformants
were picked from the initial transformation plate, four of which were
found to lack yellow color production. Single streaking on MM with
uridine removed selection pressure to cure the Cas9 plasmid. This was
successful for two out of the four transformants. A diagnostic PCR of the
NRRL3_09595 locus, followed by sequencing revealed that the wild
type NRRL3_09595 allele had correctly replaced the mutant allele in the
TLF83 transformant.

To show that restoration of NRRL3_09595 in RD15.4#55 (TLF83)
restores all associated phenotypes, we cultured RD15.4, RD15.4#55,

Fig. 1. Glucosamine content analysis and candidate selection from UV-mutant collection. (A) Chitin content measured as total glucosamine and normalized to wild
type (N402) levels to indicate percentage differences between wild type and listed mutants. Asterisks refer to statistical difference (Section 2.4). (B) CLSM of N402
and RD15.4#55. Strains were grown as described (Section 2.2), top images show chitin staining with Calcofluor White (CFW) and bottom images show bright field
(BF) setting. Bars indicate 10 μm (C) Single streak of N402 and RD15.4#55 on MM and MM with 0.005% SDS grown for 96 h at 30 °C. Statistical methods and
significance are described in Section 2.4. Listed significant differences are compared to N402.
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RD15.4#55, pyrG- (TLF55) and TLF83 to create spore solutions of equal
age. Spores were diluted and plated on MM with uridine and MM with
uridine +0.005% SDS (Fig. 4A) The complemented strain (TLF83) re-
sembles the phenotype of RD15.4, in terms of colony morphology,
yellow pigment production and SDS sensitivity. Next, all four strains
were cultured together with MA844.1 (ΔNRRL3_09595) to check the
total cell wall glucosamine content. Strains were grown for 17 h on CM
with uridine as biological triplicates and cell walls were isolated and
lyophilized. Fig. 4B shows cell wall glucosamine levels of all tested
strains. It is clear from the graph that RD15.4#55, TLF55 and MA844.1
show that there is a significant increase in glucosamine content com-
pared to the parental RD15.4 strain, as previously confirmed. However,
all these strains also show a significant difference in cell wall glucosa-
mine compared to TLF83 (restored NRRL3_09595 in RD15.4#55),
whereas RD15.4 and TLF83 display identical levels of glucosamine.
Taken together with the morphology and SDS sensitivity data, this
confirms that NRRL3_09595 is responsible for all the associated phe-
notypes of RD15.4#55. Based on its effects on levels of cell wall chitin,
the NRRL3_09595 gene is named cwcA (cell wall chitin).

4. Discussion

In this study, we describe the mutant RD15.4#55 that was selected
from a previously obtained forward genetics screen. UV mutagenesis
was used in combination with a dual-reporter system, based on agsA
expression during the CWI response, to screen for mutants that dis-
played a continuous state of cell wall stress (Damveld et al., 2008). In
addition to alpha-glucan, increases of cell wall chitin deposition have
been also been reported in fungi through induction of the CWI signal
transduction pathway (Fortwendel et al., 2010; Heilmann et al., 2013;
Ram et al., 2004; Walker et al., 2015, 2008). In A. niger, both agsA and
gfaA have been shown to be induced in response to cell wall stress in an
rlmA dependent way (Damveld et al., 2005). In the attempt to identify
mutants with increased chitin deposition, we screened a set of mutants
with increased agsA expression for concomitant increases in cell wall
chitin. Cell wall analysis showed that RD15.4#55 has increased glu-
cosamine levels compared to wild type strains. Next to an approximate
increase in glucosamine content (here, chitin and chitosan) of about
30–40%, RD15.4#55 was found to display sensitivity towards SDS and
showed the secretion of an unknown yellow pigment (Fig. 1).

To identify the genotype related to RD15.4#55's phenotypic traits,
we carried out a classical genetics approach: RD15.4#55 was prepared
for a parasexual cross (Arentshorst and Ram, 2018) with a wild type
strain (JN6.2, Table 1) by introducing the pyrG- auxotrophic deficiency
and disruption of the brnA gene as a color identifier (TLF51, Table 1).
Segregants from the parasexual cross showed 96.2% linkage of the SDS
sensitive phenotype to chromosome VII (nicB auxotrophic marker).
Chromosome VII harbors both a SNP in NRRL3_09002 (agsC) and an
8 bp deletion in NRRL3_09595, now named cwcA, that were identified
by whole genome sequencing of strain TLF51. Interestingly, SDS sen-
sitivity assays showed that a full deletion of cwcA resembled the phe-
notype of RD15.4#55, whereas a deletion of agsC did not. In addition,
total cell wall glucosamine analysis revealed that a deletion of cwcA
causes elevated levels of cell wall glucosamine. The lack of involvement
of agsC in the cell wall mutant phenotype, although it encodes a po-
tential cell-wall modifying enzyme, is corroborated by the fact that agsC
shows low expression during vegetative growth, and is not induced by
activation of the cell wall integrity pathway (Damveld et al., 2005).

To confirm that only a mutation in cwcA was responsible for the
chitin disposition phenotype of RD15.4#55, the cwcA mutant allele in
RD15.4#55 was restored by introducing the wild type allele using
CRISPR/Cas9 gene editing at the endogenous genomic location, leaving
all other SNPs intact. A SDS sensitivity assay showed that com-
plementation in TLF83 results in wild type sensitivity, and that the SDS
phenotype is attributable to cwcA (Fig. 4A). Moreover, also cell wall
glucosamine analysis clearly showed that cwcA is solely responsible forTa
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the increase in glucosamine content of RD15.4#55 (Fig. 4B).
Despite a relatively late truncation of the CwcA protein as a result of

the frameshift in the mutant allele (Fig. 3), a full knockout resembles
the phenotype of RD15.4#55 suggesting that the C-terminal domain is
critical for complete function of the protein. DELTA-BLAST analysis
revealed that CwcA encodes a 945aa protein that is a putative ortho-
logue of BYE1 in S. cerevisiae (Bypass of ESSential gene 1), containing
three functional domains: a Plant Homeo Domain (PHD) finger (aa59-
108), a Transcription elongation Factor S-II (TFIIS) superfamily domain
(aa269-482) and a Spen (Split Ends) Paralogue and Orthologue C-
terminal (SPOC) domain (aa617-771). The latter domain is largely
absent for the protein product of mutant allele cwcA, and may be of
importance for the function of this protein. To the best of our knowl-
edge, no literature exists on the function of SPOC domains in fila-
mentous fungi. Spen proteins or SPOC domain containing proteins were
first described in Drosophila melanogaster and are involved in develop-
mental signaling in embryonic development, where either deletion or
mutation of the SPOC domain results in severe perturbation of cell fate
specification (Kolodziej et al., 1995; Wiellette et al., 1999). Since then,
structural studies have revealed the SPOC domain contains a β-barrel
that resembles the ku80 protein. This domain has been shown to be
implicated in protein-protein interactions, also harboring a conserved,
relatively basic surface and is suggested to interact with DNA (Ariyoshi

and Schwabe, 2003; Lee and Skalnik, 2012). DELTA-BLAST alignment
shows that both Pezizomycotina and Saccharomycotina species contain
a single orthologue of cwcA with all three PHD, TFIIS and SPOC do-
mains, whereas other hits encompassing putative paralogues are evi-
dently deficient in SPOC domains, but still harbor either PHD and TFIIS
domains together or either one separately. To date, the function of these
single or bi-domain proteins in filamentous fungi is unknown.

In yeast, BYE1, the orthologue of CwcA (DELTA-BLAST, 98% query
coverage, 16.29% protein identity), has been studied in detail; however
no studies have reported on its role in CWS or chitin deposition. Genetic
interaction studies have shown Bye1p can act as a multi-copy sup-
pressor on prolyl isomerase ESS1 (Hanes et al., 1989). ESS1 is an es-
sential gene required for the phosphorylation of RNA polymerase II
(RNAPII) C-terminal domain and affects co-factor binding through
conformationally induced changes that may facilitate proper tran-
scription initiation, elongation and termination (Ma et al., 2012). It was
shown that Ess1p opposes the positive effects of known elongation
factors Dst1p and the Spt4p-Spt5p complex, and it was found that high
levels of Bye1p (as multi-copy suppressor) eliminate the requirement of
Ess1p, hence Bypass of ESS1, suggesting they both act as negative
regulators in transcription (Wu et al., 2003). Bye1p interacts with
RNAPII through its TFIIS domain and occupies the 5′-region of active
genes, and binds posttranslationally modified histone H3 lysine 4 tri-

Fig. 2. SDS sensitivity and cell wall glucosamine phenotypes of single knockout strains. (A) Growth phenotype and SDS sensitivity of parental strain RD15.4, UV-
mutant RD15.4#55 and knockout strains of agsC (MA843.1) and NRRL3_09595 (MA844.1) on MM with 10 mM uridine (U). Strains were grown on either 0.004%,
0.0045% or 0.005% SDS plates. All plates were incubated for 72 h at 30 °C. Spore amounts (#) per spot from left to right are 104, 103, 102 or 101, and are listed below
the figure. (B) Total cell wall glucosamine determination of single knockouts. Parental strain RD15.4, UV-mutant RD15.4#55 and knockout strains MA843.1 and
MA844.1. Cell wall glucosamine of all strains grown in Complete medium (CM) with 10 mM uridine at 30 °C for 17 h (n= 3). Statistical methods and significance are
described in Section 2.4. Listed significant differences are compared to RD15.4.

Fig. 3. Schematic representation of NRRL3_09595 and respective domains and the yeast orthologue BYE1. Proteins contain a Plant Homeo Domain (PHD, orange),
Transcription elongation Factor S-II (TFIIS) superfamily domain (blue) and a Spen paralogue and orthologue C-terminal (SPOC) domain (green). Red asterisk shown
for mutant allele of NRRL3_09595 represents an early STOP codon as a result of a frameshift leading to truncation of NRRL3_09595 (see Section 3.4). An amino acid
(aa) scale indicates length of proteins. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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methylation tails (H3K4-3me) of active transcription, using the PHD
domain (Kinkelin et al., 2013; Pinskaya et al., 2014). Although BYE1 is
a non-essential gene, it is associated with a very pleiotropic phenotype
both when disrupted and when overexpressed (Breslow et al., 2008; Cai
et al., 2006b; Kapitzky et al., 2010; Pir et al., 2012; Sopko et al., 2006).
Deletion did not cause impaired growth rate (Breslow et al., 2008),
similar as we observed for RD15.4#55 (Section 3.1), whereas over-
expression in yeast caused slower vegetative growth compared to wild
type (Sopko et al., 2006; Yoshikawa et al., 2011). Based on the available
data of BYE1 we propose that CwcA is also involved in DNA binding
and has a general function in transcription repression. In this work, we
show for the first time that A. niger BYE1 orthologue, cwcA, may act as a
transcriptional repressor of the CWI pathway. Additionally, CwcA may
be involved in the repression of secondary metabolite clusters as is
suggested by the unscheduled production of an unknown yellow com-
pound in the mutant strain.

Previously, the cell wall mutant library as described by Damveld
et al., 2008 has provided a rich research tool to discover proteins in-
volved in the CWI pathway of A. niger. Genes required for the synthesis
of galactofuranose (ugmA and ugeA) vacuolar H(+)-ATPase (vmaD),
and general transcription repressor tupA (yeast Tup1 homologue) were
all identified from this cell wall mutant library (Damveld et al., 2008;
Park et al., 2014; Schachtschabel et al., 2013, 2012). In case of ugmA, it
was also found that cell wall chitin was increased by activation of the
CWI pathway as consequence of losing cell wall galactofuranose (Afroz
et al., 2011; Park et al., 2016). Contrarily, the tupA mutant included in
the initial cell wall chitin screen presented here (RD15.8#36, Fig. 1A),
did not show an increase in cell wall glucosamine. Essentially, cwcA and
identified genes from these previous studies can be categorized as either
cell wall biosynthesis, remodeling/recycling proteins or as regulatory
elements. Similar to TupA, CwcA appears to be involved in transcrip-
tional regulation rather than cell wall biosynthesis directly. In addition,
both deletion strains display distinct pigment production, indicative of
secondary metabolite cluster activation. Despite this generalized com-
parison, it appears as if these regulatory proteins are most likely in-
volved at different levels of regulation in (repression of) production of

multiple cellular processes, including the deposition of cell wall chitin.

5. Conclusion

In summary, we show that deletion of CwcA results in a 30–40%
increase in total cell wall glucosamine, making a cwcA mutant a po-
tential candidate for improved chitin and chitosan production as value
added by-product from fungal biomass derived from industrial fungal
fermentation.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.gene.2020.100028.

Ethics approval and consent to participate

Not applicable.

Consent for publication

Not applicable.

Funding

This work is part of the “FunChi” ERA-IB project with project
number ERA-IB-15-080, which is (partly) financed by the Dutch
Research Council (NWO).

CRediT authorship contribution statement

Tim M. van Leeuwe: Investigation, Formal analysis, Methodology,
Writing - original draft, Visualization. Mark Arentshorst:
Investigation. Peter J. Punt: Conceptualization, Writing - review &
editing, Funding acquisition. Arthur F.J. Ram: Supervision,
Conceptualization, Writing - review & editing, Funding acquisition.

Fig. 4. SDS sensitivity and cell wall glucosamine phenotypes. Parental strain RD15.4, UV-mutant RD15.4#55, pyrG- derivative of RD15.4#55 (TLF55), single
knockout of NRRL3_09595 (MA844.1) and TLF55 with complemented with wild type NRRL3_09595 (TLF83). (A) Growth on MM with 10 mM uridine and MM with
10 mM uridine and 0.005% SDS. Grown for 72 h at 30 °C. (B) Total cell wall glucosamine strains (n= 3). Statistical methods and significance are described in Section
2.4. Listed significant differences are compared to RD15.4.

T.M. van Leeuwe, et al. Gene: X 5 (2020) 100028

8

https://doi.org/10.1016/j.gene.2020.100028
https://doi.org/10.1016/j.gene.2020.100028


Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Acknowledgement

We would like to thank Prof. Dr. Bruno M. Moerschbacher for the
coordination of the FunChi project.

Availability of data and materials

All data are available on request by contacting the corresponding
author.

References

Arentshorst, M., Ram, A.F.J., 2018. Parasexual crossings for bulk segregant analysis in
Aspergillus niger to facilitate mutant identification via whole genome sequencing. In:
Methods in Molecular Biology. Humana Press, New York, NY, pp. 277–287.

Arentshorst, M., Ram, A.F.J., Meyer, V., 2012. Using Non-homologous End-joining-
Deficient Strains for Functional Gene Analyses in Filamentous Fungi. Humana Press,
pp. 133–150. https://doi.org/10.1007/978-1-61779-501-5_9.

Afroz, S., El-Ganiny, A.M., Sanders, D.A.R., Kaminskyj, S.G.W., 2011. Roles of the
Aspergillus nidulans UDP-galactofuranose transporter, UgtA in hyphal morphogenesis,
cell wall architecture, conidiation, and drug sensitivity. Fungal Genet. Biol. 48,
896–903. https://doi.org/10.1016/J.FGB.2011.06.001.

Arentshorst, M., Niu, J., Ram, A.F.J., 2015. Efficient generation of Aspergillus niger knock
out strains by combining NHEJ mutants and a split marker approach. In: Genetic
Transformation Systems in Fungi. volume 1. Springer, Cham, pp. 263–272.

Ariyoshi, M., Schwabe, J.W.R., 2003. A conserved structural motif reveals the essential
transcriptional repression function of Spen proteins and their role in developmental
signaling. Genes Dev. 17, 1909–1920. https://doi.org/10.1101/gad.266203.

Baker, L.G., Specht, C.A., Lodge, J.K., 2011. Cell wall chitosan is necessary for virulence
in the opportunistic pathogen Cryptococcus neoformans. Eukaryot. Cell 10,
1264–1268. https://doi.org/10.1128/EC.05138-11.

Bos, C.J., Debets, A.J., Swart, K., Huybers, A., Kobus, G., Slakhorst, S.M., 1988. Genetic
analysis and the construction of master strains for assignment of genes to six linkage
groups in Aspergillus niger. Curr. Genet. 14, 437–443.

Bose, I., Reese, A.J., Ory, J.J., Janbon, G., Doering, T.L., 2003. A yeast under cover: the
capsule of Cryptococcus neoformans. Eukaryot. Cell 2, 655. https://doi.org/10.1128/
EC.2.4.655-663.2003.

Breslow, D.K., Cameron, D.M., Collins, S.R., Schuldiner, M., Stewart-Ornstein, J.,
Newman, H.W., Braun, S., Madhani, H.D., Krogan, N.J., Weissman, J.S., 2008. A
comprehensive strategy enabling high-resolution functional analysis of the yeast
genome. Nat. Methods 5, 711–718. https://doi.org/10.1038/nmeth.1234.

Cai, H., Kauffman, S., Naider, F., Becker, J.M., 2006a. Genomewide screen reveals a wide
regulatory network for di/tripeptide utilization in Saccharomyces cerevisiae. Genetics
172, 1459–1476. https://doi.org/10.1534/genetics.105.053041.

Cai, J., Yang, J., Du, Y., Fan, L., Qiu, Y., Li, J., Kennedy, J.F., 2006b. Enzymatic pre-
paration of chitosan from the waste Aspergillus niger mycelium of citric acid pro-
duction plant. Carbohydr. Polym. 64, 151–157. https://doi.org/10.1016/j.carbpol.
2005.11.004.

Carvalho, N.D.S.P., Arentshorst, M., Kwon, M.J., Meyer, V., Ram, A.F.J., 2010. Expanding
the ku70 toolbox for filamentous fungi: establishment of complementation vectors
and recipient strains for advanced gene analyses. Appl. Microbiol. Biotechnol. 87,
1463. https://doi.org/10.1007/S00253-010-2588-1.

Damveld, R.A., VanKuyk, P.A., Arentshorst, M., Klis, F.M., van den Hondel, C.A.M.J.J.,
Ram, A.F.J., 2005. Expression of agsA, one of five 1,3-α-D-glucan synthase-encoding
genes in Aspergillus niger, is induced in response to cell wall stress. Fungal Genet. Biol.
42, 165–177. https://doi.org/10.1016/j.fgb.2004.11.006.

Damveld, R.A., Franken, A., Arentshorst, M., Punt, P.J., Klis, F.M., Van Den Hondel,
C.A.M.J.J., Ram, A.F.J., 2008. A novel screening method for cell wall mutants in
Aspergillus niger identifies UDP-galactopyranose mutase as an important protein in
fungal cell wall biosynthesis. Genetics 178, 873–881. https://doi.org/10.1534/
genetics.107.073148.

De Groot, P.W.J., Ruiz, C., De Vázquez Aldana, C.R., Duenas, E., Cid, V.J., Rey, F.D.,
Rodríquez-Peña, J.M., Pérez, P., Andel, A., Caubín, J., Arroyo, J., García, J.C., Gil, C.,
Molina, M., García, L.J., Nombela, C., Klis, F.M., 2001. A genomic approach for the
identification and classification of genes involved in cell wall formation and its
regulation in Saccharomyces cerevisiae. Comp. Funct. Genomics 2, 124–142. https://
doi.org/10.1002/cfg.85.

de Nobel, H., Ruiz, C., Martin, H., Morris, W., Brul, S., Molina, M., Klis, F.M., 2000. Cell
wall perturbation in yeast results in dual phosphorylation of the Slt2/Mpk1 MAP
kinase and in an Slt2-mediated increase in FKS2-lacZ expression, glucanase resistance
and thermotolerance. Microbiology 146, 2121–2132. https://doi.org/10.1099/
00221287-146-9-2121.

de Ruiter-Jacobs, Y.M.J.T., Broekhuijsen, M., Unkles, S.E., Campbell, E.I., Kinghorn, J.R.,
Contreras, R., Pouwels, P.H., van den Hondell, C.A.M.J.J., 1989. A gene transfer

system based on the homologous pyrG gene and efficient expression of bacterial
genes in Aspergillus oryzae. Curr. Genet. 16, 159–163. https://doi.org/10.1007/
BF00391472.

Delley, P.A., Hall, M.N., 1999. Cell wall stress depolarizes cell growth via hyperactivation
of RHO1. J. Cell Biol. 147, 163–174. https://doi.org/10.1083/jcb.147.1.163.

Deng, M.-D., McMullin, T.W., Grund, A.D., 2005. Metabolic Engineering for Enhanced
Production of Chitin and Chitosan in Microorganisms.

Dhillon, G.S., Kaur, S., Brar, S.K., Verma, M., 2012. Green synthesis approach: extraction
of chitosan from fungus mycelia. Crit. Rev. Biotechnol. 33, 1–25. https://doi.org/10.
3109/07388551.2012.717217.

Dhillon, G.S., Kaur, S., Sarma, S.J., Brar, S.K., 2013. Integrated process for fungal citric
acid fermentation using apple processing wastes and sequential extraction of chitosan
from waste stream. Ind. Crop. Prod. 50, 346–351. https://doi.org/10.1016/J.
INDCROP.2013.08.010.

El Gueddari, N.E., Kolkenbrock, S., Schaaf, A., Chilukoti, N., Brunel, F., Gorzelanny, C.,
Fehser, S., Chachra, S., Bernard, F., Nampally, M., Kalagara, T., Ihmor, P.,
Moerschbacher, B.M., 2014. Chitin and chitosan modifying enzymes: versatile novel
tools for the analysis of structure-function relationship of partially acetylaed chit-
osans. In: Adv Chitin Sci, pp. 40–47.

Fortwendel, J.R., Juvvadi, P.R., Perfect, B.Z., Rogg, L.E., Perfect, J.R., Steinbach, W.J.,
2010. Transcriptional regulation of chitin synthases by calcineurin controls para-
doxical growth of Aspergillus fumigatus in response to caspofungin. Antimicrob.
Agents Chemother. 54, 1555–1563. https://doi.org/10.1128/AAC.00854-09.

Free, S.J., 2013. Fungal cell wall organization and biosynthesis. In: Advances in Genetics,
1st ed. Elsevier Inc.. https://doi.org/10.1016/B978-0-12-407677-8.00002-6.

Geoghegan, I., Steinberg, G., Gurr, S., 2017. The role of the fungal cell wall in the in-
fection of plants. Trends Microbiol. https://doi.org/10.1016/j.tim.2017.05.015.

Ghormade, V., Pathan, E.K., Deshpande, M.V., 2017. Can fungi compete with marine
sources for chitosan production? Int. J. Biol. Macromol. 1–7. https://doi.org/10.
1016/j.ijbiomac.2017.01.112.

Gow, N.A.R., Latge, J.-P., Munro, C.A., 2017. The fungal cell wall: structure, biosynthesis,
and function. Microbiol. Spectr. 5. https://doi.org/10.1128/microbiolspec.funk-
0035-2016.

Guest, G.M., Lin, X., Momany, M., 2004. Aspergillus nidulans RhoA is involved in polar
growth, branching, and cell wall synthesis. Fungal Genet. Biol. 41, 13–22. https://
doi.org/10.1016/J.FGB.2003.08.006.

Hammer, P.E., Carr, B., 2006. Methods for Production of Chitin and Chitosan.
Hanes, S.D., Shank, P.R., Bostian, K.A., 1989. Sequence and mutational analysis of ESS1, a

gene essential for growth in Saccharomyces cerevisiae. Yeast 5, 55–72. https://doi.org/
10.1002/yea.320050108.

Heilmann, C.J., Sorgo, A.G., Mohammadi, S., Sosinska, G.J., de Koster, C.G., Brul, S., de
Koning, L.J., Klis, F.M., 2013. Surface stress induces a conserved cell wall stress re-
sponse in the pathogenic fungus Candida albicans. Eukaryot. Cell 12, 254–264.
https://doi.org/10.1128/EC.00278-12.

Ja’afaru, M.I., 2013. Screening of fungi isolated from environmental samples for xylanase
and cellulase production. ISRN Microbiol. 2013, 283423. https://doi.org/10.1155/
2013/283423.

Kapitzky, L., Beltrao, P., Berens, T.J., Gassner, N., Zhou, C., Wüster, A., Wu, J., Babu,
M.M., Elledge, S.J., Toczyski, D., Lokey, R.S., Krogan, N.J., 2010. Cross-species
chemogenomic profiling reveals evolutionarily conserved drug mode of action. Mol.
Syst. Biol. 6. https://doi.org/10.1038/msb.2010.107.

Karaffa, L., Kubicek, C.P., 2003. Aspergillus niger citric acid accumulation: do we under-
stand this well working black box? Appl. Microbiol. Biotechnol. 61, 189–196.
https://doi.org/10.1007/s00253-002-1201-7.

Kinkelin, K., Wozniak, G.G., Rothbart, S.B., Lidschreiber, M., Strahl, B.D., Cramer, P.,
2013. Structures of RNA polymerase II complexes with Bye1, a chromatin-binding
PHF3/DIDO homologue. Proc. Natl. Acad. Sci. U. S. A. 110, 15277–15282. https://
doi.org/10.1073/pnas.1311010110.

Knorr, D., 1991. Recovery and utilization of chitin and chitosan in food processing waste
management. Food Technol. 45, 114–122.

Kolodziej, P.A., Yeh Jan, L., Nung Jan, Y., 1995. Mutations that affect the length, fasci-
culation, or ventral orientation of specific sensory axons in the Drosophila embryo.
Neuron 15, 273–286. https://doi.org/10.1016/0896-6273(95)90033-0.

Kumaresapillai, N., Basha, R.A., Sathish, R., 2011. Production and evaluation of chitosan
from Aspergillus niger MTCC strains. Iran. J. Pharm. Res. 10, 553–558.

Lee, J.-H., Skalnik, D.G., 2012. Rbm15-Mkl1 interacts with the Setd1b histone H3-Lys4
methyltransferase via a SPOC domain that is required for cytokine-independent
proliferation. PLoS One 7, e42965. https://doi.org/10.1371/journal.pone.0042965.

Lord, A.K., Vyas, J.M., 2019. Host defenses to fungal pathogens. Clin. Immunol.
413–424.e1. https://doi.org/10.1016/B978-0-7020-6896-6.00029-6.

Ma, Z., Atencio, D., Barnes, C., DeFiglio, H., Hanes, S.D., 2012. Multiple roles for the Ess1
prolyl isomerase in the RNA polymerase II transcription cycle. Mol. Cell. Biol. 32,
3594–3607. https://doi.org/10.1128/MCB.00672-12.

Meyer, V., Wu, B., Ram, A.F.J., 2011. Aspergillus as a multi-purpose cell factory: current
status and perspectives. Biotechnol. Lett. 33, 469–476. https://doi.org/10.1007/
s10529-010-0473-8.

Muñoz, G., Valencia, C., Valderruten, N., Ruiz-Durántez, E., Zuluaga, F., 2015. Extraction
of chitosan from Aspergillus niger mycelium and synthesis of hydrogels for controlled
release of betahistine. React. Funct. Polym. 91–92, 1–10. https://doi.org/10.1016/j.
reactfunctpolym.2015.03.008.

Niu, J., Arentshorst, M., Seelinger, F., Ram, A.F.J., Ouedraogo, J.P., 2016. A set of iso-
genic auxotrophic strains for constructing multiple gene deletion mutants and
parasexual crossings in Aspergillus niger. Arch. Microbiol. 1–8. https://doi.org/10.
1007/s00203-016-1240-6.

Nwe, N., Stevens, W.F., 2004. Effect of urea on fungal chitosan production in solid sub-
strate fermentation. Process Biochem. 39, 1639–1642. https://doi.org/10.1016/

T.M. van Leeuwe, et al. Gene: X 5 (2020) 100028

9

http://refhub.elsevier.com/S2590-1583(20)30002-4/rf0005
http://refhub.elsevier.com/S2590-1583(20)30002-4/rf0005
http://refhub.elsevier.com/S2590-1583(20)30002-4/rf0005
https://doi.org/10.1007/978-1-61779-501-5_9
https://doi.org/10.1016/J.FGB.2011.06.001
http://refhub.elsevier.com/S2590-1583(20)30002-4/rf0015
http://refhub.elsevier.com/S2590-1583(20)30002-4/rf0015
http://refhub.elsevier.com/S2590-1583(20)30002-4/rf0015
https://doi.org/10.1101/gad.266203
https://doi.org/10.1128/EC.05138-11
http://refhub.elsevier.com/S2590-1583(20)30002-4/rf0030
http://refhub.elsevier.com/S2590-1583(20)30002-4/rf0030
http://refhub.elsevier.com/S2590-1583(20)30002-4/rf0030
https://doi.org/10.1128/EC.2.4.655-663.2003
https://doi.org/10.1128/EC.2.4.655-663.2003
https://doi.org/10.1038/nmeth.1234
https://doi.org/10.1534/genetics.105.053041
https://doi.org/10.1016/j.carbpol.2005.11.004
https://doi.org/10.1016/j.carbpol.2005.11.004
https://doi.org/10.1007/S00253-010-2588-1
https://doi.org/10.1016/j.fgb.2004.11.006
https://doi.org/10.1534/genetics.107.073148
https://doi.org/10.1534/genetics.107.073148
https://doi.org/10.1002/cfg.85
https://doi.org/10.1002/cfg.85
https://doi.org/10.1099/00221287-146-9-2121
https://doi.org/10.1099/00221287-146-9-2121
https://doi.org/10.1007/BF00391472
https://doi.org/10.1007/BF00391472
https://doi.org/10.1083/jcb.147.1.163
http://refhub.elsevier.com/S2590-1583(20)30002-4/rf0085
http://refhub.elsevier.com/S2590-1583(20)30002-4/rf0085
https://doi.org/10.3109/07388551.2012.717217
https://doi.org/10.3109/07388551.2012.717217
https://doi.org/10.1016/J.INDCROP.2013.08.010
https://doi.org/10.1016/J.INDCROP.2013.08.010
http://refhub.elsevier.com/S2590-1583(20)30002-4/rf0100
http://refhub.elsevier.com/S2590-1583(20)30002-4/rf0100
http://refhub.elsevier.com/S2590-1583(20)30002-4/rf0100
http://refhub.elsevier.com/S2590-1583(20)30002-4/rf0100
http://refhub.elsevier.com/S2590-1583(20)30002-4/rf0100
https://doi.org/10.1128/AAC.00854-09
https://doi.org/10.1016/B978-0-12-407677-8.00002-6
https://doi.org/10.1016/j.tim.2017.05.015
https://doi.org/10.1016/j.ijbiomac.2017.01.112
https://doi.org/10.1016/j.ijbiomac.2017.01.112
https://doi.org/10.1128/microbiolspec.funk-0035-2016
https://doi.org/10.1128/microbiolspec.funk-0035-2016
https://doi.org/10.1016/J.FGB.2003.08.006
https://doi.org/10.1016/J.FGB.2003.08.006
http://refhub.elsevier.com/S2590-1583(20)30002-4/rf0140
https://doi.org/10.1002/yea.320050108
https://doi.org/10.1002/yea.320050108
https://doi.org/10.1128/EC.00278-12
https://doi.org/10.1155/2013/283423
https://doi.org/10.1155/2013/283423
https://doi.org/10.1038/msb.2010.107
https://doi.org/10.1007/s00253-002-1201-7
https://doi.org/10.1073/pnas.1311010110
https://doi.org/10.1073/pnas.1311010110
http://refhub.elsevier.com/S2590-1583(20)30002-4/rf0175
http://refhub.elsevier.com/S2590-1583(20)30002-4/rf0175
https://doi.org/10.1016/0896-6273(95)90033-0
http://refhub.elsevier.com/S2590-1583(20)30002-4/rf0185
http://refhub.elsevier.com/S2590-1583(20)30002-4/rf0185
https://doi.org/10.1371/journal.pone.0042965
https://doi.org/10.1016/B978-0-7020-6896-6.00029-6
https://doi.org/10.1128/MCB.00672-12
https://doi.org/10.1007/s10529-010-0473-8
https://doi.org/10.1007/s10529-010-0473-8
https://doi.org/10.1016/j.reactfunctpolym.2015.03.008
https://doi.org/10.1016/j.reactfunctpolym.2015.03.008
https://doi.org/10.1007/s00203-016-1240-6
https://doi.org/10.1007/s00203-016-1240-6
https://doi.org/10.1016/S0032-9592(03)00301-7


S0032-9592(03)00301-7.
Park, J., Hulsman, M., Arentshorst, M., Breeman, M., Alazi, E., Lagendijk, E.L., Rocha,

M.C., Malavazi, I., Nitsche, B.M., van den Hondel, C.A.M.J.J., Meyer, V., Ram, A.F.J.,
2016. Transcriptomic and molecular genetic analysis of the cell wall salvage response
of Aspergillus niger to the absence of galactofuranose synthesis. Cell. Microb. 18 (9),
1268–1284. https://doi.org/10.1111/cmi.12624.

Park, J., Tefsen, B., Arentshorst, M., Lagendijk, E., van den Hondel, C.A.M., Die, I.V.,
Ram, A.F.J., 2014. Identification of the UDP-glucose-4-epimerase required for ga-
lactofuranose biosynthesis and galactose metabolism in Aspergillus niger. Fungal Biol.
Biotechnol. 1, 1–12. https://doi.org/10.1186/s40694-014-0006-7.

Pel, H.J., de Winde, J.H., Archer, D.B., Dyer, P.S., Hofmann, G., Schaap, P.J., Turner, G.,
de Vries, R.P., Albang, R., Albermann, K., Andersen, M.R., Bendtsen, J.D., Benen,
J.A.E., van den Berg, M., Breestraat, S., Caddick, M.X., Contreras, R., Cornell, M.,
Coutinho, P.M., Danchin, E.G.J., Debets, A.J.M., Dekker, P., van Dijck, P.W.M., van
Dijk, A., Dijkhuizen, L., Driessen, A.J.M., d’Enfert, C., Geysens, S., Goosen, C., Groot,
G.S.P., de Groot, P.W.J., Guillemette, T., Henrissat, B., Herweijer, M., van den
Hombergh, J.P.T.W., van den Hondel, C.A.M.J.J., van der Heijden, R.T.J.M., van der
Kaaij, R.M., Klis, F.M., Kools, H.J., Kubicek, C.P., van Kuyk, P.A., Lauber, J., Lu, X.,
van der Maarel, M.J.E.C., Meulenberg, R., Menke, H., Mortimer, M.A., Nielsen, J.,
Oliver, S.G., Olsthoorn, M., Pal, K., van Peij, N.N.M.E., Ram, A.F.J., Rinas, U.,
Roubos, J.A., Sagt, C.M.J., Schmoll, M., Sun, J., Ussery, D., Varga, J., Vervecken, W.,
van de Vondervoort, P.J.J., Wedler, H., Wösten, H.A.B., Zeng, A.-P., van Ooyen,
A.J.J., Visser, J., Stam, H., 2007. Genome sequencing and analysis of the versatile cell
factory Aspergillus niger CBS 513.88. Nat. Biotechnol. 25, 221–231. https://doi.org/
10.1038/nbt1282.

Pinskaya, M., Ghavi-Helm, Y., Mariotte-Labarre, S., Morillon, A., Soutourina, J., Werner,
M., 2014. PHD and TFIIS-like domains of the Bye1 transcription factor determine its
multivalent genomic distribution. PLoS One 9, e102464. https://doi.org/10.1371/
JOURNAL.PONE.0102464.

Pir, P., Gutteridge, A., Wu, J., Rash, B., Kell, D.B., Zhang, N., Oliver, S.G., 2012. The
genetic control of growth rate: a systems biology study in yeast. BMC Syst. Biol. 6, 4.
https://doi.org/10.1186/1752-0509-6-4.

Pochanavanich, P., Suntornsuk, W., 2002. Fungal chitosan production and its char-
acterization. Lett. Appl. Microbiol. 35, 17–21. https://doi.org/10.1046/j.1472-765X.
2002.01118.x.

Punt, P.J., van Biezen, N., Conesa, A., Albers, A., Mangnus, J., van den Hondel, C., 2002.
Filamentous fungi as cell factories for heterologous protein production. Trends
Biotechnol. 20, 200–206. https://doi.org/10.1016/S0167-7799(02)01933-9.

Ram, A.F.J., Arentshorst, M., Damveld, R.A., vanKuyk, P.A., Klis, F.M., van den Hondel,
C.A.M.J.J., 2004. The cell wall stress response in Aspergillus niger involves increased
expression of the glutamine: fructose-6-phosphate amidotransferase-encoding gene
(gfaA) and increased deposition of chitin in the cell wall. Microbiology 150,
3315–3326. https://doi.org/10.1099/mic.0.27249-0.

Ribeiro, M.P., Espiga, A., Silva, D., Baptista, P., Henriques, J., Ferreira, C., Silva, J.C.,
Borges, J.P., Pires, E., Chaves, P., Correia, I.J., 2009. Development of a new chitosan
hydrogel for wound dressing. Wound Repair Regen. 17, 817–824. https://doi.org/10.
1111/j.1524-475X.2009.00538.x.

RStudio, 2016. Integrated Development for R. RStudio, Inc., Boston, M. RStudio Team.
Ruiz-Herrera, J., Ortiz-Castellanos, L., 2019. Cell wall glucans of fungi. A review. Cell

Surf. 5, 100022. https://doi.org/10.1016/j.tcsw.2019.100022.
Schachtschabel, D., Arentshorst, M., Lagendijk, E.L., Ram, A.F.J., 2012. Vacuolar H +

-ATPase plays a key role in cell wall biosynthesis of Aspergillus niger. Fungal Genet.
Biol. 49, 284–293. https://doi.org/10.1016/j.fgb.2011.12.008.

Schachtschabel, D., Arentshorst, M., Nitsche, B.M., Morris, S., Nielsen, K.F., van den

Hondel, C.A.M.J.J., Klis, F.M., Ram, A.F.J., 2013. The transcriptional repressor TupA
in Aspergillus niger is involved in controlling gene expression related to cell wall
biosynthesis, development, and nitrogen source availability. PLoS One 8, 1–15.
https://doi.org/10.1371/journal.pone.0078102.

Schindelin, J., Arganda-Carreras, I., Frise, E., Kaynig, V., Longair, M., Pietzsch, T.,
Preibisch, S., Rueden, C., Saalfeld, S., Schmid, B., Tinevez, J.-Y., White, D.J.,
Hartenstein, V., Eliceiri, K., Tomancak, P., Cardona, A., 2012. Fiji: an open-source
platform for biological-image analysis. Nat. Methods 9, 676–682. https://doi.org/10.
1038/nmeth.2019.

Shen, K.-T., Chen, M.-H., Chan, H.-Y., Jeng, J.-H., Wang, Y.-J., 2009. Inhibitory effects of
chitooligosaccharides on tumor growth and metastasis. Food Chem. Toxicol. 47,
1864–1871. https://doi.org/10.1016/J.FCT.2009.04.044.

Sopko, R., Huang, D., Preston, N., Chua, G., Papp, B., Kafadar, K., Snyder, M., Oliver, S.G.,
Cyert, M., Hughes, T.R., Boone, C., Andrews, B., 2006. Mapping pathways and phe-
notypes by systematic gene overexpression. Mol. Cell 21, 319–330. https://doi.org/
10.1016/J.MOLCEL.2005.12.011.

Takai, R., Hasegawa, K., Kaku, H., Shibuya, N., Minami, E., 2001. Isolation and analysis of
expression mechanisms of a rice gene, EL5, which shows structural similarity to ATL
family from Arabidopsis, in response to N-acetylchitooligosaccharide elicitor. Plant
Sci. 160, 577–583. https://doi.org/10.1016/S0168-9452(00)00390-3.

Walker, L.A., Munro, C.A., de Bruijn, I., Lenardon, M.D., McKinnon, A., Gow, N.A.R.,
2008. Stimulation of chitin synthesis rescues Candida albicans from echinocandins.
PLoS Pathog. 4, e1000040. https://doi.org/10.1371/journal.ppat.1000040.

van Leeuwe, T.M., Arentshorst, M., Ernst, T., Alazi, E., Punt, P.J., Ram, A.F.J., 2019.
Efficient marker free CRISPR/Cas9 genome editing for functional analysis of gene
families in filamentous fungi. Fungal Biol. Biotechnol. 6, 13. https://doi.org/10.
1186/s40694-019-0076-7.

van Leeuwe, T.M., Gerritsen, A., Arentshorst, M., Punt, P.J., Ram, A.F.J., 2020. Rab GDP-
dissociation inhibitor gdiA is an essential gene required for cell wall chitin deposition
in Aspergillus niger. Fungal Genet. Biol. 136, 103319. https://doi.org/10.1016/j.fgb.
2019.103319.

Walker, L.A., Lee, K.K., Munro, C.A., Gow, N.A.R., 2015. Caspofungin treatment of
Aspergillus fumigatus results in ChsG-dependent upregulation of chitin synthesis and
the formation of chitin-rich microcolonies. Antimicrob. Agents Chemother. 59,
5932–5941. https://doi.org/10.1128/AAC.00862-15.

White, S.A., Farina, P.R., Fulton, I., 1979. Production and isolation of chitosan from
Mucor rouxii. Appl. Environ. Microbiol. 38, 323–328.

Wiellette, E.L., Harding, K.W., Mace, K.A., Ronshaugen, M.R., Wang, F.Y., McGinnis, W.,
1999. spen encodes an RNP motif protein that interacts with Hox pathways to repress
the development of head-like sclerites in the Drosophila trunk. Development 126,
5373–5385.

Wösten, H.A.B., van Veluw, G.J., de Bekker, C., Krijgsheld, P., 2013. Heterogeneity in the
mycelium: implications for the use of fungi as cell factories. Biotechnol. Lett. 35,
1155–1164. https://doi.org/10.1007/s10529-013-1210-x.

Wu, X., Rossettini, A., Hanes, S.D., 2003. The ESS1 prolyl isomerase and its suppressor
BYE1 interact with RNA pol II to inhibit transcription elongation in Saccharomyces
cerevisiae. Genetics 165, 1687–1702.

Yoshikawa, K., Tanaka, T., Ida, Y., Furusawa, C., Hirasawa, T., Shimizu, H., 2011.
Comprehensive phenotypic analysis of single-gene deletion and overexpression
strains of Saccharomyces cerevisiae. Yeast 28, 349–361. https://doi.org/10.1002/yea.
1843.

Zou, P., Yang, X., Wang, J., Li, Y., Yu, H., Zhang, Y., Liu, G., 2016. Advances in char-
acterisation and biological activities of chitosan and chitosan oligosaccharides. Food
Chem. 190, 1174–1181. https://doi.org/10.1016/J.FOODCHEM.2015.06.076.

T.M. van Leeuwe, et al. Gene: X 5 (2020) 100028

10

https://doi.org/10.1016/S0032-9592(03)00301-7
https://doi.org/10.1111/cmi.12624
https://doi.org/10.1186/s40694-014-0006-7
https://doi.org/10.1038/nbt1282
https://doi.org/10.1038/nbt1282
https://doi.org/10.1371/JOURNAL.PONE.0102464
https://doi.org/10.1371/JOURNAL.PONE.0102464
https://doi.org/10.1186/1752-0509-6-4
https://doi.org/10.1046/j.1472-765X.2002.01118.x
https://doi.org/10.1046/j.1472-765X.2002.01118.x
https://doi.org/10.1016/S0167-7799(02)01933-9
https://doi.org/10.1099/mic.0.27249-0
https://doi.org/10.1111/j.1524-475X.2009.00538.x
https://doi.org/10.1111/j.1524-475X.2009.00538.x
http://refhub.elsevier.com/S2590-1583(20)30002-4/rf0280
https://doi.org/10.1016/j.tcsw.2019.100022
https://doi.org/10.1016/j.fgb.2011.12.008
https://doi.org/10.1371/journal.pone.0078102
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1016/J.FCT.2009.04.044
https://doi.org/10.1016/J.MOLCEL.2005.12.011
https://doi.org/10.1016/J.MOLCEL.2005.12.011
https://doi.org/10.1016/S0168-9452(00)00390-3
https://doi.org/10.1371/journal.ppat.1000040
https://doi.org/10.1186/s40694-019-0076-7
https://doi.org/10.1186/s40694-019-0076-7
https://doi.org/10.1016/j.fgb.2019.103319
https://doi.org/10.1016/j.fgb.2019.103319
https://doi.org/10.1128/AAC.00862-15
http://refhub.elsevier.com/S2590-1583(20)30002-4/rf0335
http://refhub.elsevier.com/S2590-1583(20)30002-4/rf0335
http://refhub.elsevier.com/S2590-1583(20)30002-4/rf0340
http://refhub.elsevier.com/S2590-1583(20)30002-4/rf0340
http://refhub.elsevier.com/S2590-1583(20)30002-4/rf0340
http://refhub.elsevier.com/S2590-1583(20)30002-4/rf0340
https://doi.org/10.1007/s10529-013-1210-x
http://refhub.elsevier.com/S2590-1583(20)30002-4/rf0350
http://refhub.elsevier.com/S2590-1583(20)30002-4/rf0350
http://refhub.elsevier.com/S2590-1583(20)30002-4/rf0350
https://doi.org/10.1002/yea.1843
https://doi.org/10.1002/yea.1843
https://doi.org/10.1016/J.FOODCHEM.2015.06.076

	Interrogation of the cell wall integrity pathway in Aspergillus niger identifies a putative negative regulator of transcription involved in chitin deposition
	Introduction
	Materials and methods
	Strains, media, growth conditions
	Calcofluor White staining and confocal laser scanning microscopy
	SDS sensitivity assays
	Cell wall isolation and chitin analysis
	DNA isolation, Illumina sequencing and SNP analysis
	Parasexual cycle and segregant analysis
	Construction of single gene deletions
	Complementation of RD15.4#55 with wild type NRRL3_09595 allele

	Results
	RD15.4#55 shows increased cell wall chitin, SDS sensitivity and yellow pigment production
	Genome sequencing and segregant analysis of RD15.4#55 shows linkage of the phenotype to chromosome VII
	Single gene knockouts show that ΔNRRL3_9595 displays the same phenotype as RD15.4#55
	Complementation of RD15.4#55 with the wild type NRRL3_09595 allele restores all associated phenotypes

	Discussion
	Conclusion
	Ethics approval and consent to participate
	Consent for publication
	Funding
	CRediT authorship contribution statement
	mk:H1_22
	Acknowledgement
	mk:H1_25
	Availability of data and materials
	mk:H1_27
	References




