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CHAPTER 6

Inducer-independent production of pectinases in
Aspergillus niger by overexpression of the D-
galacturonic acid responsive transcription factor gaaR

Alazi E, Knetsch T, Di Falco M, Reid ID, Arentshorst M, Visser J, Tsang A, Ram AFJ
Published in Applied Microbiology and Biotechnology (2018) 102:2723-2736

ABSTRACT

The transcription factor GaaR is needed for the expression of genes required for pectin
degradation and transport and catabolism of the main degradation product, D-
galacturonic acid (GA) in Aspergillus niger. In this study, we used the strong constitutive
gpdA promoter of Aspergillus nidulans to overexpress gaaR in A. niger. Overexpression of
gaaR resulted in an increased transcription of the genes encoding pectinases, (putative)
GA transporters, and catabolic pathway enzymes even under non-inducing conditions, i.e.,
in the absence of GA. Exoproteome analysis of a strain overexpressing gaaR showed that
this strain secretes highly elevated levels of pectinases when grown in fructose. The genes
encoding exo-polygalacturonases were found to be subjected to CreA-mediated carbon
catabolite repression, even in the presence of fructose. Deletion of creA in the strain
overexpressing gaaR resulted in a further increase in pectinase production in fructose. We
showed that GaaR localizes mainly in the nucleus regardless of the presence of an inducer,
and that overexpression of gaaR leads to an increased concentration of GaaR in the
nucleus.
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INTRODUCTION

Aspergillus niger is an important filamentous fungus for the industrial production of
pectinases (Pedrolli et al. 2009). Pectinases are widely used in the food industry (Kashyap
et al. 2001; Toushik et al. 2017; Khan et al. 2013) and are important enzymes in the
utilization of pectin-rich feedstock in biofuel production (Edwards and Doran-Peterson
2012). Pectin is a complex plant cell wall polysaccharide and four substructures have been
de defined which include polygalacturonic acid (PGA), rhamnogalacturonan |,
rhamnogalacturonan 1I, and xylogalacturonan. PGA is the most abundant pectic
substructure and consists of D-galacturonic acid (GA) residues. GA is also present in the
backbones of rhamnogalacturonan |, rhamnogalacturonan I, and xylogalacturonan (Caffall
and Mohnen 2009).

A. niger contains a large number of enzymes potentially acting on pectin substructures
(Martens-Uzunova and Schaap 2009; Coutinho et al. 2009; de Vries et al. 2017). In the
presence of GA, the main sugar acid in pectin, the expression of the genes encoding
pectinases (Martens-Uzunova and Schaap 2009; Alazi et al. 2016), the GA transporter GatA
(Sloothaak et al. 2014), and the GA catabolic pathway enzymes GaaA, GaaB, GaaC, and
GaaD (Martens-Uzunova and Schaap 2008; Alazi et al. 2016) are induced via the Zn2Cyss
type transcription factor GaaR (Alazi et al. 2016). Apart from the transcriptional activator
(GaaR), the expression of GA-responsive genes is controlled by a repressor protein, GaaX.
Loss of function of GaaX leads to constitutive and inducer-independent expression of
pectinases (Niu et al. 2017). The repressor protein GaaX is postulated to inhibit the
transcriptional activity of GaaR under non-inducing conditions, i.e., in the absence of GA.
The presence of an inducer is suggested to inhibit the repressing activity of GaaX, thereby
leading to the transcriptional induction of GA-responsive genes via GaaR (Niu et al. 2017).
The GA catabolic pathway intermediate 2-keto-3-deoxy-L-galactonate has recently been
identified as the physiological inducer of the GA-responsive genes (Alazi et al. 2017).

Overexpression of transcription factors has been shown to be an effective method to
increase the expression of their target genes in Saccharomyces cerevisiae, even under
conditions in which the transcription factors under consideration are normally not active
(Chua et al. 2006). Similarly, overexpression of transcription factors involved in plant
biomass degradation in filamentous fungi, such as x/nR (Noguchi et al. 2009) and manR
(Ogawa et al. 2012) in Aspergillus oryzae and xyr1 in Trichoderma reesei (Jiang et al. 2016),
was previously reported to result in elevated expression of their target genes in the
presence of inducers. Inducer-independent production of cellulases was also observed in
T. reesej strains overexpressing xyr1 (Lv et al. 2015; Wang et al. 2013).

In this study, we demonstrate that overexpression of gaaR results in constitutive
transcription and secretion of pectinases under non-inducing conditions, probably by
disturbing the stoichiometric balance of GaaR and GaaX in favor of GaaR. We further show
that the effect of gaagR overexpression on pectinase production is sensitive to CreA-
mediated carbon catabolite repression even when fructose, a less repressing carbon
source compared to glucose, was used. A further increase in pectinase production on
fructose upon gaaR overexpression was accomplished when the CreA-mediated carbon
catabolite repression was inactivated via creA deletion.
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MATERIALS AND METHODS
Strains, media, and growth conditions

All' A. niger strains used in this study are listed in Online Resource 1. Media were prepared
as described previously (Arentshorst et al. 2012). Radial growth assays of the strains were
performed on minimal medium (MM) (pH 5.8) containing 1.5% (w/v) agar (Scharlau,
Barcelona, Spain) and various carbon sources: 50 mM glucose (VWR International,
Amsterdam, The Netherlands), fructose (Sigma-Aldrich, Zwijndrecht, The Netherlands), or
GA (Chemodex, St Gallen, Switzerland), or 1% (w/v) PGA (Sigma, Zwijndrecht, The
Netherlands) or apple pectin (AP) (Sigma-Aldrich, Zwijndrecht, The Netherlands). Plates
were inoculated with 5 pL 0.9% NaCl containing 10* freshly harvested spores and
cultivated at 30 °C for 7 days. MM (pH 5.8) containing 1.5% (w/v) agar, 10 mM acetamide
(Sigma-Aldrich, Steinheim, Germany) as the sole nitrogen source, and acetate (Merck,
Darmstadt, Germany), glucose, fructose, sorbitol (Roth, Karlsruhe, Germany) or GA as the
carbon source was prepared as described previously (Arentshorst et al. 2012). Plates were
inoculated with 5 uL 0.9% NaCl containing 5x10* freshly harvested spores. Filter sterilized
carbon source solutions were added after autoclaving MM containing agar. PGA and AP
were autoclaved together with the medium. All growth experiments were performed in
duplicate.

For enzymatic analysis, 10° freshly harvested spores were inoculated per mL in 100 mL
shake flasks that include 25 or 50 mL MM (pH 5.8) containing 50 mM glucose, fructose,
sorbitol, or GA and were grown for 36 h in a rotary shaker at 30 °C and 250 rpm.
Experiments were performed in duplicate.

For microscopic analysis of the co-localization of the nuclear specific SYTO59 dye
(Invitrogen, Eugene, Oregon, USA) with the eGFP-tagged H2B protein, conidia of the
MA26.1 strain were propagated on complete medium containing 1.5% (w/v) agar. 2x10°
freshly harvested spores were placed on cover slips in a Petri dish with 20 mL MM
containing 50 mM fructose and grown at 30 °C. After 16 h, the cover slips were rinsed
twice with water and transferred to a new Petri dish with 20 ml MM containing 50 mM GA
and growth was continued at 30 °C for 1.5 h. For microscopic analysis of the co-
localization of the nuclear specific SYTO59 dye with the eGFP-tagged GaaX or GaaR
proteins, conidia of the JN126.2, EA19.2, and EA20.10 strains were propagated on MM
containing 1.5% (w/v) agar and 50 mM GA. 3x10° freshly harvested spores were
inoculated on cover slips in Petri dishes that include 3 mL MM containing 10 mM GA and
0.003% yeast extract and grown at 30 °C for approximately 22 h. For microscopic analysis
of the fluorescence intensity, conidia of the EA19.2 and EA20.10 strains were propagated
on complete medium containing 1.5% (w/v) agar. 2x10° freshly harvested spores were
placed on cover slips in Petri dishes that include 20 mL MM containing 50 mM fructose, or
50 mM GA and 1 mM fructose, and grown at 30 °C for 17.5 h. For each condition, two
biological replicates were performed.

Construction of strains overexpressing gaaR

Protoplast-mediated transformation of A. niger, purification of the transformants and
extraction of the genomic DNA were performed as described by Arentshorst et al. (2012).
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The plasmid pEA4 containing the PgpdA-gaaR-TtrpC construct was created as follows: the
Aspergillus nidulans gpdA promoter was obtained from plasmid pAN52.1-NOTI (Punt et al.
1987) by restriction digestion with Notl and Ncol. The gaaR gene was amplified by PCR
using the primer pairs listed in Online Resource 2 with A. niger N402 genomic DNA as
template, ligated into pJET1.2/blunt cloning vector (Thermo Fisher Scientific, Carlsbad, CA)
and amplified in Escherichia coli DH5a. Following plasmid isolation, gaaR was excised
using restriction enzymes Pscl and Bglll. The Notl-Ncol fragment of PgpdA and the Pscl-
Bglll fragment of gaaR were ligated into Notl-BamHI| opened pAN52.1-NOTI. pEA4 was
sequenced to ensure no PCR errors have occurred and proper ligation and orientation of
the fragments. To create strains EA21.3, EA21.5, EA21.6, and EA21.8, pEA4 was
cotransformed into strain JN36.1 together with the plasmid pMA357 containing the A.
nidulans amdS gene behind the A. nidulans gpdA promoter (Alazi et al. 2016).
Transformants were selected on plates containing acetamide as the sole nitrogen source.
To create strain TK1.1, strain JN36.1 was co-transformed with pEA4 and the plasmid p3SR2
(Hynes et al. 1983). p3SR2 contains the A. nidulans amdS gene behind the endogenous
amdS promoter (Hynes et al. 1983). Transformants were selected on plates containing
acrylamide as the sole nitrogen source. Ectopic integration of the PgpdA-gaaR-TtrpC
construct was confirmed via Southern blot analysis. Genomic DNA was restricted
overnight with Ncol restriction enzyme. A 501 bp fragment containing the gaaR gene was
PCR-amplified using the primer pairs listed in Online Resource 2 with N402 genomic DNA
as template, and was used as a probe.

Construction of strains (over)expressing eGFP-gaaR

The gaaR and eGFP genes were amplified by PCR using the primer pairs listed in Online
Resource 2 with N402 genomic DNA and the plasmid pFG029 (unpublished vector,
containing PgpdA-eGFP-TtrpC) as template, respectively. eGFP and gaaR were combined
by fusion PCR using primers eGFP_P1_Ncol and gaaR_comp_P2_Bglll, and the eGFP-gaaR
fusion product was ligated into pJET1.2/blunt cloning vector and amplified in E. coli DH5a.
Following plasmid isolation, the eGFP-gaaR fusion product was excised in two parts using
restriction enzymes Ncol and Bglll, resulting in an Ncol-Ncol fragment and an Ncol-Bglll
fragment.

The plasmid pEA3 containing the PgpdA-eGFP-gaaR-TtrpC construct was created as
follows: The Notl-Ncol fragment of PgpdA and the Ncol-Bglll fragment of eGFP-gaaR were
ligated into Notl-BamHI| opened pAN52.1-NOTI. The resulting plasmid was digested with
Ncol and ligated with the Ncol-Ncol fragment of eGFP-gaaR. pEA3 was sequenced to
ensure no PCR errors and proper ligation and orientation of the fragments. Strain EA20.10
was created by cotransformation of strain JN36.1 with pEA3 together with the plasmid
pMA357.

To construct plasmid pEA2 (PgaaR-eGFP-gaaR-TtrpC), the gaaR promoter was PCR-
amplified using the primer pairs listed in Online Resource 2 with N402 genomic DNA as
template, ligated into pJET1.2/blunt cloning vector and amplified in E. coli DH5a.
Following plasmid isolation, PgaaR was excised using restriction enzymes Notl and Ncol.
pEA2 was created in a similar way to pEA3, except that the Notl-Ncol fragment of PgaaR
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was used instead of PgpdA. pEA2 was sequenced to ensure no PCR errors and proper
ligation and orientation of the fragments. Strain EA19.2 was created by cotransformation
of strain JN36.1 with pEA2 together with the plasmid pMA357 and transformants were
selected on plates containing acetamide as the sole nitrogen source. Ectopic integrations
of the PgpdA-eGFP-gaaR-TtrpC and PgaaR-eGFP-gaaR-TtrpC constructs were confirmed by
diagnostic PCRs (data not shown).

Construction of creA deletion strains

Loss of the pyrE gene in EA21.6 was mediated by counter selection on MM-5’-FOA plates
(Arentshorst et al. 2012), resulting in the strain EA23.6. The split marker approach was
employed in the deletion of the creA gene (Arentshorst et al. 2015). 5’ and 3’ flanks of
creA were PCR-amplified using the primer pairs listed in Online Resource 2 with N402
genomic DNA as template. The A. nidulans pyrF gene (named pyrE in A. niger) was PCR-
amplified as two fragments using the primer pairs listed in Online Resource 2 with A.
nidulans strain A234 genomic DNA as template. Split marker fragments with the pyrF
selection marker were created by fusion PCR and used to transform the strain EA23.6,
resulting in the strain TK2.1. Proper deletion of creA was confirmed by diagnostic PCR
(data not shown).

MA342.2 was also constructed using the split marker approach (Arentshorst et al. 2015).
5" and 3’ flanks of creA were PCR-amplified using the primer pairs listed in Online Resource
2 with N402 genomic DNA as template. The hygromycin resistance cassette was PCR-
amplified using primers hygP3f and hygP4r and a derivative of pAN7.1 (Punt et al. 1987) as
template. creA-hygR split marker fragments were created by fusion PCR and transformed
to strainMA234.1, resulting in the AcreA strain MA342.2. Proper deletion of creA was
confirmed by diagnostic PCR (data not shown).

Bioreactor cultivations and transcriptome and exoproteome analyses

Controlled bioreactor cultivations of MA234.1 (the reference strain) (in triplicate) and
IJN123.1 (AgaaX) (in duplicate) in MM containing 0.75% fructose and the subsequent
transcriptome analyses were performed previously (Niu et al. 2017). Controlled bioreactor
cultivations of the EA21.6strain (OEgaaR) (in duplicate) under exactly the same growth
conditions and the subsequent RNA-seq analyses were performed as previously described
by Niu et al. (2017). Both biomass accumulation (offline) and base addition (online) were
determined to monitor exponential growth.

Broth samples were taken during exponential growth after every 4 mL of base addition.
RNA isolated from exponentially growing cells at the sample point at which about 75-80%
of the maximum biomass yield was reached was used for the RNA-seq experiment. RNA-
seq data were submitted to the Sequence Read Archive under accession number
SRP078485 for MA234.1 and JN123.1 (Niu et al. 2017) and accession number SRP114830
for EA21.6 (this study).

Supernatant samples from an exponentially growing culture of each strain at two
successive sample points (based on base addition) following the RNA-seq sample point
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were withdrawn and filtered. The filtered supernatants were lyophilized, resuspended in 1
mL 50 mM citric acid buffer pH 5.0, and used for the exoproteome analysis. For each
sample, proteins were precipitated with TCA (trichloroacetic acid), the pellet was washed
twice with acetone and resuspended in 75 pL 200 mM ammonium bicarbonate and 0.1%
AALS Il. Protein concentrations were determined by the RCDC assay Kit (BioRad,
Mississauga, Ontario). Three micrograms of total protein were loaded on 12% SDS-PAGE
gel. The gel was colored with silver stain and developed for 3 min. Five micrograms of total
protein were trypsin digested in solution overnight at 37 °C. Samples were desalted with
C18 ziptips (Millipore, Billerica, MA), the eluate was dried and the peptides were
resuspended in 50 pL 5% acetonitrile and 0.1% formic acid. Five microlitres of peptide
digest were analyzed by LC-MS/MS on a Velos LTQ-Orbitrap. Extracted lon Chromatogram
(EIC) peak area values of proteins were calculated by averaging the top three most
abundant peptide ion EIC values assigned to each protein as per the Proteome Discoverer
1.4 (Thermo Fisher, San Jose, CA) precursor peak area quantification workflow. Protein EIC
area values were normalized using the determined value of a fixed spiked amount of
trypsin-digested bovine serum albumin.

Enzymatic analysis

Supernatants from bioreactor or shake flask cultures were obtained by filtration through
glass microfiber filters (Whatman, Buckinghamshire, UK) or sterile miracloth, and the
filtrate was stored at - 80 °C. PGA plate assays were performed as described by Niu et al.
(2017). Twenty-five microlitres of supernatant from each culture was spotted on plates
containing 0.2% or 0.5% PGA, and plates were incubated at 37 °C for 16 or 20 h. PGA
degradation was indicated by the formation of a clear zone of hydrolysis.

Microscopy

The cover slips with adherent germlings were placed upside down on glass slides and
observed under a Zeiss Observer confocal laser scanning microscope (Zeiss, Jena,
Germany). For nuclear staining, 0.5 mL of 25 uM SYTO59 dye solution was dropped on
glass slides before placing the cover slips, and imaging was performed approximately after
2 h. The GFP and SYTO59 fluorescence were excited using 488 and 625 nm laser lines,
respectively. Images were analyzed using the ImageJ software (Abramoff et al. 2004). To
analyze the fluorescence intensity, 1-2 images were taken for each biological replicate. On
each image, the exact same brightness and contrast adjustments were applied, 3—10
nuclear and 3-10 cytoplasmic fluorescence intensities in a defined area were measured,
and calibrated for the background fluorescence.

RESULTS
Expression of pectinase genes is upregulated in strains overexpressing gaaR

To create strains that overexpress the GA-responsive transcription factor gene gaaR
(OEgaaR), the A. niger gaaR gene was fused with the strong constitutive A. nidulans gpdA
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promoter and transformed into a AgaaR strain. Southern blot analysis indicated that the
gaaR overexpression construct was ectopically integrated in one or two copies in the
genomes of the OEgaaR strains EA21.3, EA21.5, EA21.6, and EA21.8 (Fig. ESM_3.1 b). An
additional multicopy OEgaaR strain, TK1.1, was obtained by using a more stringent
selection method using acrylamide, and Southern blot analysis confirmed ectopic
integration of at least four copies of the gaaR overexpression construct in its genome (Fig.
ESM_3.1 c).We compared the radial growth of the OEgaaR strains on different monomeric
and polymeric carbon sources (Fig. ESM_3.2). The AgaaR strain showed a strongly reduced
growth on GA, PGA, and AP as previously shown (Alazi et al. 2016). Reintroducing the
gaaR gene expressed from the gpdA promoter resulted in growth on GA, PGA, and AP in
EA21.3, EA21.5, EA21.6, and EA21.8, indicating the presence of a functional GaaR.
However, the OEgaaR strains showed partial and different levels of complementation of
growth on GA containing carbon sources (Fig. ESM_3.2 a). The TK1.1 strain, containing the
highest copy number of the gaaR overexpression construct, showed a severely impaired
growth on GA, PGA, and AP (data not shown and Fig. ESM_3.2 b). Growth of all OEgaaR
strains on glucose or fructose was similar to the growth of the reference strain.

To assess the pectinase production capacity of the OEgaaR strains, the strains were grown
in shake flasks in minimal medium containing non-inducing (50 mM glucose, 50 Mm
fructose, or 50 mM sorbitol) or inducing (50 mM GA) carbon sources, and the culture
supernatants were spotted on PGA plates. As indicated by the clear zones of hydrolysis on
PGA plates, the polygalacturonase activity in the culture supernatants of the OEgaaR
strains EA21.3, EA21.5, EA21.6, and EA21.8 grown in glucose or fructose was higher
compared to the reference strain (Fig. ESM_3.3 a). The culture supernatant of EA21.6
grown on sorbitol or GA displayed the highest polygalacturonase activity compared to
EA21.3, EA21.5, EA21.8, and the reference strain (Fig. ESM_3.3 a and data not shown).
EA21.6 was selected to be used in further experiments based on the growth profiles and
pectinase production capacities of the OEgaaR strains. A further increased level of
polygalacturonase activity was observed in the culture supernatant of TK1.1 grown on
fructose compared to the reference strain as well as to EA21.6 (Fig. ESM_3.3 b).

Transcriptome analysis of the OEgaaR strain

To investigate the expression of the multitude of genes involved in pectin degradation, GA
transport, and catabolism in a strain overexpressing gaaR, we performed a genome wide
gene expression analysis using RNA-seq (Online Resource 4). The reference and OEgaaR
(EA21.6) strains were grown in bioreactors on fructose, a carbon source that does not
induce the expression of GA-responsive genes (Martens-Uzunova and Schaap 2008).
Growth of the OEgaaR strain under the controlled bioreactor conditions (umax 0.200 *
0.001 g dry weight/kg/h, Ymex 4.117 + 0.167 g dry weight/kg (n = 2)) was similar to the
growth of the reference strain (umax 0.214 £ 0.007 g dry weight/kg/h, Ymax 4.151 £ 0.134 g
dry weight/kg (n = 3)). Analysis of RNA-seq data showed that the expression of gaaR was
highly increased in the OEgaaR strain compared to the reference strain with a fold change
of 63.8 (Online Resource 4 and Table 1). Overexpression of gaaR resulted in the
upregulation (FC > 4, FDR < 0.001) of 19 of 48 genes encoding extracellular enzymes
specifically assigned to the degradation of pectin according to de Vries et al. (2017) (see
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Table 1). Almost all of these genes (18 out of 19) belong to the GaaR/GaaX panregulon
(Niu et al. 2017) and include several exo- and endo-polygalacturonases, pectin
methylesterases, and pectin lyases, all acting on the PGA backbone of pectin, as well as
the xylogalacturonase NRRL3_07469 acting on xylogalacturonan, and the
arabinogalactanase encoded by gan53A and the a-L-rhamnosidase NRRL3_10558 acting
on rhamnogalacturonan |. Nine of 19 pectinases that were upregulated in the OEgaaR
strain were previously shown to be upregulated in AgaaX (JN123.1), the repressor
deletion mutant, on fructose compared to the reference strain (FC = 4, FDR < 0.001) (Niu
et al. 2017). The expression of these nine pectinase genes, except NRRL3_05252, was
generally much lower in AgaaX than in the OEgaaR strain, and no additional pectinases
were found to be upregulated in AgaaX (Table 1). Constitutive production of pectinases in
the OEgaaR strain and to a lesser extent in AgaaX grown in bioreactors on fructose was
also observed via a PGA plate assay (Fig. 1a). This analysis clearly indicates that
overexpression of gaaR results in a more dramatic increase in the expression of several
pectinases compared to deletion of the repressor gaaX.

Comparison of the expression of the genes encoding the (putative) GA transporters and
the GA catabolic pathway enzymes (gaaA, gaaB, gaaC, and gaaD) between the OEgaaR,
the reference and AgaaX strains revealed that gatA, the putative GA transporter
NRRL3_04281, gaaA, gaaB, and gaaC were significantly upregulated (FC > 4, FDR < 0.001)
in the OEgaaR strain (Table 1). The expression of gaaD was also significantly (FDR < 0.001)
increased in the OEgaaR strain compared to the reference strain with a fold change of 2.5
(Table 1). Interestingly, the expression of the genes encoding the GA catabolic pathway
enzymes were moderately induced in the OEgaaR strain and expressed at much higher
levels in the AgaaX strain. In contrast, many of the genes encoding the extracellular
enzymes were expressed at higher levels in the OEgaaR strain compared to the AgaaX
strain (see “Discussion”).

We also analyzed the effect of overexpression of gaaR on the expression of all 375 genes
predicted to encode carbohydrate active enzymes (CAZymes) in A. niger strain NRRL3
(Online Resource 4). In addition to the above mentioned 19 pectinases (belonging to CAZy
families CE8, GH28, GH53, GH78, PL1_4, and PL4_3), 20 CAZymes acting specifically on
cellulose (AA9, GH5_5), starch (GH13_5, GH31), and xyloglucan (GH12, GH74, GH95) or
acting on multiple substrates (CE16, GH18, GH3, GH35, GH43, GH51, GH54 GH79) (de
Vries et al. 2017) were highly upregulated in the OEgaaR strain on fructose (Table 2).

In total, 124 genes were significantly upregulated (FC = 4, FDR £0.01) in the OEgaaR strain
compared to the reference strain (Online Resource 4). The promoter regions of 110
upregulated genes for which the A. niger CBS 513.88 gene ID was available were screened
for the presence of transcription factor binding sites using TFBSF (Meyer et al. 2009), and
it was found that 69 genes contain the galacturonic acid-responsive element GARE
(CCNCCAA) (Martens-Uzunova and Schaap 2008) required for GA-responsive gene
induction (Niu et al. 2015) in their 1 kb upstream sequences. A gene ontology enrichment
analysis via FetGOat (Nitsche et al. 2011) indicated that the genes upregulated in the
OEgaaR strain were highly enriched with genes involved in carbohydrate (xyloglucan,
pectin, lactose) metabolism. Out of 53 genes belonging to the GaaR/GaaX panregulon (Niu
et al. 2017), 34 were upregulated in the OEgaaR strain, including gaaX with a fold change

106



980T 000 000 +878'Y 0 [9T°0 | 8THO aseuonioeedolAx  00£608v0UY  697/0 E€THUN
V/N# V/N# V/N# «12CT 0¢T°0 L00°0 | 8THO aseuounpoejeshjod-oxa  OvOYOSTTUV  0T860 S1YUN
veLe 00°0T 000 £0S0'SY x892°9T G560 | 8ZHO J87x3d aseuounypeleshjod-oxa  0SHZISZOUY  09ZSO ETHUN
S8'L v0'T 000 £06T VT xC0T°C 0000 | 8THO g98¢x8d aseuosnpejeshjod-oxa  0yL908€0uy 18280 £1HYUN
98°9% LT'E€T 000 +6€8'G9 +€€9'TS T9€'T | 8THO aseuounpejedhjod-oxa  00SL0SZTUV  HPTED S1YUN
Zan v6'C 000 +920'C SSO'T €670 | 8THO 1187e8d aseuounioejegAjod-opus  0LESOSSTUY 00070 €14UN
or'8 000 000 xC60°ET €VTT STZ0 | 8THO Igzesd aseuounoejedhjod-opua  0gSTISTOUV  TLSZO S1YUN
8.°STY 000 000 | «VEE6LY 7STT €8Y°0 | 8CHOD  38res3d aseuounoejesAjod-opus  0L9VTSTOUY  SESTO E1YUN
0 0 S09°0 (440" 990°'T 6¢6'0 | 8CHD  (a8redd aseuounioejeghjod-opus  09ZE0S60UY  £9200 £1YUN
96'TCE 000 000 | «b€9'9/€ 96S°0 €500 | 8CHD  D8redd aseuounypejedhjod-opua  OppZ0SSOUY  S0880 ETHYUN
9,1 44} 000 LOV'LT S/9°8T I¥S9T | 8THO g8zesd aseuoinioejedAjod-opus  006708Z0UY 65850 E€THYUN
vL'6T ISTT 95'8 000°0 000°0 0000 | 8CHD  V8resd aseuoinoeesAjod-opus  0669039TUY 7890 €TYYN

uiaoad _
V/N# V/N# V/N# 682°0 L9€°0 0€€0 | SOTHO <OT Alley a52[0pAY apISOIA(3 0PES0SPTUY  8EOTO ETHYUN

. . . uia1oad _
V/N# V/N# V/N# LT0Y 060°S 1667 | SOTHO <OT Ajiwey ase|oipAy apisoak(3 0Z6C03PTUY  6£800 £THYUN

. . . . . . urajoud -
8687  6£60T 000 «ETGLT «0CTETE 190°T 81D -esemsaphyaaw upoad G0SZTSZOUY  TSTSO ETHYUN
€L°SY 6L S50 «LL6°LS «CCL'S GSL°0 81D asesdisajAylaw undad  069608F0UY  OLYLO ETHYUN
16'S0T 8r'T 000 «LELVT £955°0 LE00 81D vgauwd asesaisajAyiaw unoad  0TE903E0UY  STESO ETHYUN

uiaoud _
1€T 000 000 089°'T YET'T €IET (4] 2T Ay 9510150 211pAY0GIEd 09£603870UY  TOSZO ETHYUN

. . . aseJa1sajAlaoe _
V/N# V/N# V/N# 780 0890 SSP'0 [4A%6)} ueuounyoe|eBouwieys 09T20860UY 69100 €1¥UN
yopb30 Xppby  33ud13)9y Yyoob30 Xbpby  2dud.3j9y Apwe; 88'€TC S99 £THUN
(ease (213) uiazoad pazijewsou (4L oA€) (383 adudsues) AZvH uondusag a1 2uss al ausn

aAe) [9n3] u1a104d JenjjadeaIX]

"LTOT ‘|2 12 NIN WO U3 e] 3J9M SUleJ]S xopb7 pue 9dUa.4a)aJ 3yl J0) e1ep awoldudsuel] *pjog Ul Ualilum aJle (LT0Z ‘| 12 NIN) uondalued
xeen/yeen ayy 03 3uiduo|ag saUaH HSIIDISE UB YIM PIJedIpul 2. Ulel)s 32Ua4a)al 9yl 01 pasedwod TO0'05HAL pue y2adueyd p|oj e yum s|aAa| 1diiosued |
‘Aj@A1noadsau ‘sanjen eaue (J(3) uleloid pazijewlou pue |\dL Se pajuasasdal aie S|9AS| ul9load Jejn||@del1xa pue 1duidsuel] ‘sulelis xppby pue yobbjo
‘92udJ94a4 93 ul xppb pue yoob ‘ssuad Aemyied d1jogeled pue sialiodsuel) Yo ‘saseul1dad aAidIpald Jo sasAjeue swoaloidoxs pue awoldldsued] T 3jqeL

107



V/N# V/N# V/N# 6vL'T 8/T°C 8CC'C | 8LHO asepisouweyJ-1-eydie  0L060870UY  0CSLZ0 €14UN
. . . urezoud _
V/N# V/N# V/N# 6SCT S9¢€°'T 7/0T | 8/HO o9l|-asepIsouWely-1-eyd(e 0620030TUY  $0E90 ETHYUN
. . . urezoud 30U _
V/N# V/N# V/N# €00 LL00 0L0°0 | 8LHD oil-asepisouweyi-1-eydje  OVC008LOUY  SYZYO ETUUN
. . . ureloud scTu _
V/N# V/N# V/N# 000°0 0000 0000 | 8/HD g2 Alluiey ase|olphy pisodA(3 0ESPOSSTUY  $T6E0 ETHYUN
. . . urezoud - _
V/N# V/N# V/N# 1260 6CE'T 9ZE'T | 8LHO oil-asepisouweyi-1-eydje  00LS0BTIUY - 6LZE0 ETMUN
V/N# V/N# V/N# 1ST'8 0€T'8 75’6 | 8LHD asepisouweyJ-1-eydie  0z9908TOUY  Z9TCO E€14UN
16'CC 16°C 000 *LTS'8T 0S8°€ 8EL'T | €ESHO vesuen aseueejeSouiqese  0p6S083TUY  EF90T E1YUN
. . ) . . . urajoud -
6€L vET 000 x088°9T «CTIT'E ¥80°0 | 8THO gz Alwe ose[01pAy opisoakis 0T8Y038TUY  6SSOT ETHYUN
V/N# V/N# V/N# 6ST'0 1200 0000 | 8THO g8ceyy asepisouweyl--eydie  080Z0SE0UY  TE980 £1YUN
. . . ureloud _
V/N# V/N# V/N# 4343 6v0°S TLYE | 8THO 87 Aliwies 252(0JpAY pIsoIA|3 0S9PTSTOUY  TE8ZO £THYUN
V/N# V/N# V/N# S€0°0 T0€°0 69T°0 | 8THO aseuoJnioeeSouweyl-opud  OZE90STTUY  £7960 £14UN
V/N# V/N# V/N# 7€0°0 1900 LTC0 | 8THO aseuonjoejesouweys-opus  0Z0Z0390UY  06LTT E€THYN
V/N# V/N# V/N# 98¢'T G8S'T 08€'T | 8THO aseuounjoejesouweys-opus  00L803TTUY  0S¥60 €THYN
V/N# V/N# V/N# 957°0 6v2°0 €81°0 | 8ZHO aseuoJnioeleSouweyl-opud  O000TOS/0UY  €0EV0 E1YUN
) . ) . . . g823uy _
000 1€¢ 69°0 000°0 600°0 0000 | 8THO S5EUOINIIE|EBOULIELI-OPUD 00ZV03PTUY  €S600 ETHYUN
V/N# V/N# V/N# 658’1 LTL9 [96°'S | 8THO vezauY 0S6008CTUY  9TT60 ETHYN
9seuoJnjoejeSouweys-opus
yopb30 Xppby  33ud13)9y yopbb30 Xbpby  2dud.3j9y
Apwey 88°€TS S4D ETHUN
: d
(eaJe (313) ui304d pazyjew.ou (L @ne) |9A3] adiadsued | Azvd uondinsea adl @uan dl auan

aAe) [9n3] u1a104d JeNn||3dE1IX]

(panunuod) *£TOT '[e 13 NIN WOJ) U e} 9JaM Sules]s Xobb7 pue aduaJlajal 3yl o) ejep awoldiidsued] ‘pjog ul usllldm aJe (£LT0Z '|e 18 nIN) uojndaued
xeeo/yeen ayy 03 3uiduo|ag sauaH HSIIDISE UB YIM PIJedIpul 2. Ulel)s 32UaJa)al 9yl 01 pasedwod TOO'05¥AL pue y2adueyd pjoj e yum s|aAa| 1diidosued |
‘Aj@A1noadsau ‘sanjen eaue (J[3) uleloid pazijewlou pue |\dL Se pajuasasdal aie S|9AS| ul9load Jejn||@del1xa pue 1dudsuel] ‘sulelys xppby pue yoobjo
‘9oudJa4a4 93 ul xopb pue yoob ‘ssuad Aemyied d1jogeled pue sialiodsuel) Yo ‘saseul1dad aAIdIpald Jo sasAjeue sawoaloidoxs pue awoldldsued] T 3jqeL

108



vZ'0 009 V/N# 80S°0LS  «0LE'TELT 607°95C geep asepnpas 3pAyaplesadA|S-1  0ZTTOSTIUY  0SOOT ETHYUN
V/N# €0¢ V/N# | «86L°0vC  «S9L°€8¢C 9€S°CT asejop|e a1euoioe|es-1-Axoap- m-owM_m. w 0Z/L08Z0uY 61950 ETHYUN
V/N# 8/'€ V/N# | «T9€78L  x5699579 S9/L'LY geep asejespAyap ajeuoroeles-]  06£S039TUY 06890 ETHYUN
V/N# V/N# V/N# | «600°GET  «OP¥'STIST LT6'6T veep asepnpai ajeuonoeles-q  OTLL0SZOUY  0S9S0 STHYN
V/N# V/N# V/N# #896°ET 965t OTT'E Jayiodsuesy adA-S4IN 08£008/0uV  T8ZHO E€1HUN
V/N# V/N# V/N# LLS0 xCC9'S v/.T0 Jayiodsuedy joysout/iesns adA-S4IN 0Z9TOSEOUY  £9980 £1HUN
V/N# V/N# V/N# | %028'SCT +(S6'7CS 7LY'E | VvieD sapodsuesy joysour/iedns adAY-SIIN  082v0SYTUY 85600 E£THUN
V/N# V/N# V/N# 9/T'TT 0180 8790 | € ¥1d aseAj ueuosnpejeSouweys  06€008TTUY  STTOT ETUUN
V/N# V/N# V/N# 0Z€0 7500 1200 | T ¥1d aseA| ueuosnyoeeSouweyl  QETTOSYPTUY 8900 ETHYUN
V/N# V/N# V/N# 99¢'T €10 810 | £ T1d VTAld @seA| aiedad  0/80080TUY  6SE£90 £14UN
V/N# V/N# V/N# +€05°0 1100 0000 | ¥ T1d aseAjundad  Q€OvOSTTUV  TT860 S1YUN
15°0¢ 000 000 +ET9'ET «SLY'T vLT0 | ¥ T1d aseAjundad  0£z0086TUV  LETZTO €1YUN
V/N# V/N# V/N# €800 €€0°0 ST00 | ¥ T1d aseA| uioad 69290 €144N
V/N# V/N# V/N# 97’81 0v9°8T 0¢z’8T | ¥ T1d JTI2d @seAjuidad  09T/08STUY  €STHO ETHYUN
V/N# V/N# V/N# v6°C 1€0°S 708 | ¥ T1d aT[od seAjuidad  06T00SEOUY  £9/80 £THYUN
TTEs9 LS'T TCT | +€€6'CEE SST'E [S9T | ¥ T1d VTIod @seAjuipad  0LEp0SPTUY  S9600 ETHYUN
V/N# V/N# V/N# EV6'CET 80C 1T 96C7'6VT | €6HD utajoud ay-asepljels #2800 €14UN
uiaoud _
V/N# V/N# V/N# [4%400] 6120 €9T°0 | 88HO 88 Aliwies 252(0JpAY 3pIS0IA|3 OPETOSTOUY  6ELT0 ETHYUN
V/N# V/N# V/N# «0LY LT WAL RS 0S€'0 | 8/HO asepisouweys-1-eydie  0087088TUVY  8SSOT ETUUN
uia1oad -
V/N# V/N# V/N# 6000 99T°0 G800 | 8LHD syII-asepIsouLIeyI-T-eydje 0v160880uy  TSYTIT €1YUN
yopb30 Xppby  33ud13)9y Yyoob30 Xbpby  2dud.3j9y Apwe; 88'€TS S99 £THUN
(ease (D13) uiazoad pazijewsou (4L oA€) [3A3] 3dudsues) AZvH uondusag a1 2uss al ausn

aAe) [9n3] u1a104d JeNn||3dE1IX]

(panunuod) *£TOT '[e 13 NIN WOJ) U e} 9JaM Sules]s Xobb7 pue aduaJlajal 3yl o) ejep awoldiidsued] ‘pjog ul usllldm aJe (£LT0Z '|e 18 nIN) uojndaued
xeeo/yeen ayy 03 3uiduo|ag sauaH HSIIDISE UB YIM PIJedIpul 2. Ulel)s 32UaJa)al 9yl 01 pasedwod TOO'05¥AL pue y2adueyd pjoj e yum s|aAa| 1diidosued |
‘Aj@A1noadsau ‘sanjen eaue (J[3) uleloid pazijewlou pue |\dL Se pajuasasdal aie S|9AS| ul9load Jejn||@del1xa pue 1dudsuel] ‘sulelys xppby pue yoobjo
‘9oudJa4a4 93 ul xopb pue yoob ‘ssuad Aemyied d1jogeled pue sialiodsuel) Yo ‘saseul1dad aAIdIpald Jo sasAjeue sawoaloidoxs pue awoldldsued] T 3jqeL

109



Xeeo uoiezijiyn

V/N# V/N# V/N# | x095°TSE 0000 896'ST pIoe Sju0INYE[es-q 40 Jossaiday 06£003y0UY 76180 ET1HYUN
. . . yeeo Jo1oej uondudsuesy Sv0u _
V/N# V/N# V/N# | 4878°0S8 [45°R2* vy vl anIsuOdsaJ pioe d1uon}oe|es-q 08£00s70UV  S6T80 E€TYYN
yopb30 Xppby  33ud13)9y yopbb30 Xbpby  2dud.3j9y
Apwey 88'€T1S S €THUN
: d
(eaae (D13) uiazo0ad pazijewsou (4L oA€) [3A3] 3dudsues) AZvH uonduasaqg a1 2uss al susn

aAe) [9n3] u1a104d JeNn||3dE1IX]

(panunuod) *£TOT '[e 13 NIN WOJ) U e} 9JaM Sules]s Xobb7 pue aduaJlajal 3yl o) ejep awoldiidsued] ‘pjog ul usllldm aJe (£LT0Z '|e 18 nIN) uojndaued
xeeo/yeen ayy 03 3uiduo|ag sauaH HSIIDISE UB YIM PIJedIpul 2. Ulel)s 32UaJa)al 9yl 01 pasedwod TOO'05¥AL pue y2adueyd pjoj e yum s|aAa| 1diidosued |
‘Aj@A1noadsau ‘sanjen eaue (J[3) uleloid pazijewlou pue |\dL Se pajuasasdal aie S|9AS| ul9load Jejn||@del1xa pue 1dudsuel] ‘sulelys xppby pue yoobjo
‘9oudJa4a4 93 ul xopb pue yoob ‘ssuad Aemyied d1jogeled pue sialiodsuel) Yo ‘saseul1dad aAIdIpald Jo sasAjeue sawoaloidoxs pue awoldldsued] T 3jqeL

110



Overexpression of gaaR |6

b
M  Reference AgaaX OEgaaR
250 kD S O C o
75kD
50 kD
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N v 15kD

Fig. 1. Enzymatic analysis and secretome profiles of the A. niger reference (MA234.1), AgaaX
(JN123.1) and OEgaaR (EA21.6) strains grown in bioreactors on 0.75% fructose. a PGA plate assay.
Supernatant from each bioreactor culture at the sample point following the RNA-seq sample point
was spotted on a PGA plate. b Silver stained SDS-PAGE patterns of secretomes from a bioreactor
culture of each strain at two successive sample points following the RNA-seq sample point. Three
micrograms of total protein were loaded in each lane. Marker (M) molecular weight in kD is
indicated.

of 24.1 (Online Resource 4 and Table 1). Apart from the aforementioned genes, several
genes with unknown relation to GA utilization were also upregulated in the OEgaaR strain.
These include genes encoding hypothetical/uncharacterized proteins, proteins involved in
diverse processes such as dehydrogenases and non-ribosomal peptide synthetases, MFS-
type transporters and a Zn2Cyss type transcription factor (NRRL3_11827) (Online Resource
4).

Exoproteome analysis of the OEgaaR strain

To support the observed transcriptional upregulation of CAZymes in the OEgaaR strain, we
analyzed the exoproteome of the OEgaaR strain and compared it to the exoproteome of
the reference and AgaaX strains grown in bioreactors on fructose (Online Resource 5).
Mass spectrometric analysis revealed 18 pectinases in the exoproteome of the OEgaaR
strain. Seventeen of them were secreted at higher levels compared to the reference strain
and the AgaaX strain. The protein level of the putative pectin methylesterase
NRRL3_05252 was higher in AgaaX than in the OEgaaR strain similar to observed higher
MRNA level of this gene in AgaaX (Table 1). Fifteen of these detected pectinases were also
transcriptionally upregulated in the OEgaaR strain. In addition, eight genes encoding
CAZymes that were expressed at higher levels in the OEgaaR strain compared to the
reference strain and AgaaX were found to accumulate at higher levels in the culture media
of the OEgaaR strain (Table 2).With regard to the degradation of pectin, there is a good
correspondence between the upregulated expression of genes and the increased
extracellular accumulation of their encoding pectinolytic enzymes in the OEgaaR strain,
for example the pectinases PellA, Pga28E, and Pga28C (Table 1). The distinct SDS-PAGE
profile of the OEgaaR strain compared to the reference strain and AgaaX might represent
the differences in abundance of the aforementioned extracellular proteins, such as
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NRRL3_06791 and PellA with predicted molecular weights of unglycosylated proteins of
54.8 and 39.7 kDa, respectively (Fig. 1b).

Nuclear concentration of GaaR is increased in the OEgaaR strain

Strains expressing an eGFP-tagged gaaR, directed by either the endogenous gaaR
promoter (eGFP-gaaR) or the strong constitutive A. nidulans gpdA promoter (OEeGFP-
gaaR), were constructed to investigate the subcellular localization of GaaR in the
reference and OEgaaR strains, respectively. Expression of eGFP-tagged gaaR in a AgaaR
background resulted in partial complementation of growth on GA and full
complementation of growth on PGA and AP, in both eGFP-gaaR (EA19.2) and OEeGFP-
gaaR (EA20.10) strains (Fig. ESM_3.2 a). The polygalacturonase activity in the culture
supernatant of the OEeGFP-gaaR strain grown in fructose was higher compared to the
eGFP-gaaR strain, resembling the polygalacturonase production capacities of the OEgaaR
and reference strains, respectively (Fig. ESM_3.3 c). These results indicate that the eGFP-
tagged GaaR is able to activate the transcription of the GA-responsive genes required for
growth on GA-containing carbon sources, and that overexpression of the eGFP-tagged
gaaR results in an increased accumulation of pectinases as in the overexpression of the
untagged gaaR.

The subcellular localization of GaaR and GaaX was analyzed qualitatively using confocal
laser scanning microscopy. As a nuclear marker suitable for co-localization experiments,
the SYTO59 dye was used. The nuclear localization of the SYTO59 dye was confirmed in an
A. niger strain harboring the eGFP-tagged H2B protein (MA26.1) (Fig. ESM_3.4 a). The
eGFP-gaaR, OEeGFP-gaaR, and gaaX-eGFP (JN126.2) strains were grown in GA and nuclei
were stained with SYTO59 (Fig. ESM_3.4 b). Both eGFP-GaaR and GaaX-eGFP were found
to be present in the cytoplasm and nucleus, although we cannot exclude the possibility
that eGFP was cleaved off from the fusion proteins and resulted in cytoplasmic or nuclear
fluorescence signal. The co-localization experiment showed that eGFP-GaaR was mainly
localized in the nucleus in both eGFP-gaaR and OEeGFP-gaaR strains. In the gaaX-eGFP
strain grown in GA, GaaX-eGFP was present in both the cytoplasm and the nuclei at
roughly the same level.

We next quantified the cytoplasmic and nuclear eGFP-GaaR intensity in the eGFP-gaaR
and OEeGFP-gaaR strains grown in GA or fructose. As shown in Fig. 2, nuclear eGFP-GaaR
fluorescence was higher than the cytoplasmic intensity regardless of the presence of an
inducing carbon source or the promoter used to overexpress eGFP-tagged gaaR. The GFP
signals in the eGFP-gaaR strain were low after growth in GA or fructose, confirming
previous findings that gaaR is expressed at low levels on both GA and fructose (Alazi et al.
2016 and Table 1). Overexpression of eGFP-gaaR resulted in a much higher nuclear eGFP-
GaaR concentration in the OEeGFP-gaaR strain than in the eGFP-gaaR strain, while only a
slight increase in the cytoplasmic concentration was observed. This indicates that the
excess eGFP-GaaR produced in the OEeGFP-gaaR strain localizes mainly in the nucleus.
This result is in line with the observation that in a Botrytis cinerea strain overexpressing
BcgaaR-eGFP, BcGaaR-eGFP mainly localizes in the nucleus under inducing or non-
inducing conditions (Zhang et al. 2016).
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Fig. 2. Nuclear and cytoplasmic fluorescence intensity of the eGFP-tagged GaaR protein. The eGFP-
gaaR (EA19.2) and OEeGFP-gaaR (EA20.10) strains were grown in MM containing 50 mM GA and
1mM fructose, or 50 mM fructose (F) for 17.5 h. Example micrographs representing each condition
are shown. Bars represent averages of two biological replicates and standard deviation is shown.
Data is represented relative to the cytoplasmic fluorescence intensity in the eGFP-gaaR strain on GA.
Scale bar 10 pm.

Deletion of creA in the OEgaaR strain results in elevated production of pectinases

Carbon catabolite repression in the presence of glucose on several GA-responsive genes
encoding exo-polygalacturonases, e.g., NRRL3_03144 (pgaX) and pgx28B (pgxB), was
previously shown to be CreA-mediated (Niu et al. 2015). The OEgaaR strains produced
more polygalacturonases during growth in fructose compared to glucose, indicating that
fructose exerts less repression than glucose on pectinase gene expression (Fig. ESM_3.2
a). To investigate to which extent the presence of fructose affects CreA-mediated carbon
catabolite repression on pectinase gene expression, we used promoter-reporter strains
PNRRL3_03144-amdS and Ppgx28B-amdS, which are able to grow on acetamide as the
sole nitrogen source only when the amdS gene encoding the acetamidase enzyme is
expressed via the GA-responsive promoters of the pectinase genes NRRL3_03144 and
pgx28B, respectively (Niu et al. 2015). Growth of the promoter-reporter strains on plates
containing acetamide and GA decreased as the fructose concentration in the growth
media increased (Fig. 3a), indicating that fructose also represses the expression of genes
encoding those pectinases. In addition, we directly compared the repression power of
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glucose, fructose, sorbitol, and acetate on NRRL3_03144 expression in a single experiment
(Fig.ESM_3.5). Radial growth assay confirmed that the expression NRRL3_03144 is
repressed strongly by glucose and mildly by fructose. Sorbitol and acetate exerted
negligible repression on NRRL3_03144 (Fig. ESM_3.5). Deletion of creA restored the
growth of the promoter-reporter strains on fructose, showing that fructose-imposed
carbon catabolite repression on pectinase gene expression is also mediated by CreA (Fig.
3a).

50 mM GA +

Reference
1 mM Fructose

OEgaaR . i
-

50 mM GA +
5 mM Fructose

50 mM GA +

10 mM Fructose AcreA OEgaaR

N

50 mM GA +
50 mM Fructose |

50 mM GA +
100 mM Fructose |

Fig. 3. Analysis of CreA-mediated carbon catabolite repression on pectinase genes. a Growth
phenotype of the PNRRL3_03144-amdS (JC1.5), AcreA PNRRL3_03144-amdS (JN29.2), Ppgx28B-
amdsS (JC3.6) and AcreA Ppgx28B-amdS (JN31.3) strains on solid MM containing 50 mM fructose, 50
mM GA, or 50 mM GA with increasing amounts of fructose after 7 days at 30 °C. All plates contain 10
mM acetamide as the sole nitrogen source. b PGA plate assay. The reference (MA234.1), OEgaaR
(EA21.6), and AcreA OEgaaR (TK2.1) strains were grown in MM containing 50 mM fructose for 36 h,
and serial dilutions of culture supernatants were spotted on PGA plates. Dilution factors are
indicated.

All 124 genes that were upregulated in the OEgaaR strain in fructose and the promoter
regions of which could be screened for the presence of transcription factor binding sites,
contain at least one CreA binding motif (SYGGRG) (Cubero and Scazzocchio 1994) in their 1
kb upstream sequences (Online Resource 4), suggesting that carbon repression has a
major effect on the expression on these GaaR target genes. Because the presence of
fructose has a repressing effect on the expression of pectinase genes such as
exopolygalacturonases, NRRL3_03144 and pgx28B, we hypothesized that deletion of creA
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in the OEgaaR background would result in an elevated expression of pectinase genes on
fructose. Therefore, the AcreA OEgaaR strain (TK2.1) was created in the EA21.6
background to allow a direct comparison. Growth analysis on plates showed a reduced
growth of the AcreA OEgaaR strain on glucose, fructose, and AP, which was also observed
in a control AcreA strain (MA342.2) indicating that the reduced growth is caused by the
creA deletion and not by gaaR overexpression (ESM_3.2 a).To assess the effect of creA
deletion on pectinase production in combination with gaaR overexpression, the reference
strain (MA234.1), OEgaaR (EA21.6) and AcreA OEgaaR (TK2.1) strains were grown in
fructose and the polygalacturonase activity in the culture supernatants was analyzed via a
PGA plate assay. The culture supernatant of the AcreA OEgaaR strain displayed the highest
polygalacturonase activity, thereby providing additional evidence that fructose exerts
repression on pectinase gene expression through CreA (Fig. 3b).

DISCUSSION

The ZnaCyss transcriptional activator GaaR (Alazi et al. 2016) and the repressor protein
GaaX (Niu et al. 2017) are the two important players in the transcriptional regulation of
the GA-responsive genes in A. niger. Both GaaR and GaaX are highly conserved in
filamentous fungi of the phylum ascomycetes. Therefore, the GaaR/GaaX module is
expected to be the main regulatory mechanism in controlling GA-induced gene expression
in filamentous fungi of ascomycetes. The combination of an activator (GaaR) and
repressor (GaaX) protein to control gene expression represents a conserved mechanism
which shows striking similarities with the regulation of genes involved in quinic acid
utilization in A. nidulans (Lamb et al. 1996). In both the regulation of GA-responsive genes
as well as in quinic acid-responsive genes, loss of function of the respective repressor
proteins results in constitutive and inducer-independent expression of target genes.
Importantly, the induced expression still requires the corresponding transcriptional
activator (Grant et al. 1988; Niu et al. 2017). These observations suggest a model in which
the transcriptional activator is kept inactive by its corresponding repressor protein under
non-inducing conditions. Upon inducing conditions, an inducer molecule is expected to
bind to the repressor thereby causing its dissociation from the transcriptional activator.
Non-repressor bound activator is expected to be active as a transcription factor to induce
the expression of target genes (Lamb et al. 1996; Niu et al. 2017).

In this study, we constructed several A. niger strains that overexpress gaaR via the A.
nidulans gpdA promoter. The OEgaaR strains, carrying different copy numbers of the
ectopically integrated gaaR overexpression construct, showed partial and different levels
of complementation of growth on GA-containing carbon sources, whereas their growth on
glucose or fructose was similar to the reference strain. While in the wild type high levels of
pectinases are produced only under inducing conditions, the OEgaaR strains secreted high
levels of polygalacturonases under both inducing and noninducing conditions. These
results imply that the OEgaaR strains possess a functional GaaR that is able to activate the
expression of genes required for growth on GA and genes encoding polygalacturonases.
Among all OEgaaR strains, EA21.6 and TK1.1 displayed the most impaired growth on GA,
PGA, and AP and produced the highest levels of polygalacturonases in fructose. This might
indicate a possible cofactor imbalance due to increased amounts of NAD(P)H-dependent

117



Overexpression of gaaR |6

GaaA and NADPH-dependent GaaD enzymes, or accumulation of a toxic GA catabolic
pathway intermediate, when OEgaaR strains grow on GA-rich carbon sources.

The GA-responsive genes are transcriptionally induced by GaaR under inducing conditions
(Alazi et al. 2016; Martens-Uzunova and Schaap 2008) and the transcriptional activity of
GaaR is suggested to be controlled by GaaX, possibly via a protein-protein interaction,
under non-inducing conditions (Niu et al. 2017). We showed that eGFP-GaaR is localized
mainly in the nucleus under both inducing and non-inducing conditions, indicating that the
transcriptional activity of GaaR is not regulated through nuclear translocation upon
induction and the mechanism which keeps GaaR inactive under noninducing conditions is
likely to occur in the nucleus. Prediction of nuclear localization signals using the prediction
tool NucPred (Brameier et al. 2007) indicated that GaaR likely localizes in the nucleus
(score of 0.90) whereas GaaX (score of 0.27) is expected to spend less time in the nucleus.
Nevertheless, GaaX-eGFP was found to be present in both cytoplasm and nucleus under
inducing conditions, showing that it can enter the nucleus (Fig. ESM_3.4 b). These results
imply that GaaX might inhibit the transcriptional activity of GaaR in the nucleus under
non-inducing conditions.

Ectopic integration of gaaR in a AgaaR strain was previously shown to result in a full
complementation of growth on GA (Alazi et al. 2016), whereas the eGFP-gaaR strain
EA19.2 that was derived from a AgaaR strain and expresses N-terminally eGFP-tagged
gaaR displayed a slightly reduced growth on GA compared to the reference strain. N-
terminal eGFP-tagging might result in a minor decrease in GaaR transcription factor
activity and therefore partial restoration of growth. As GaaR is expected to interact with
GaaX, it was also assessed whether the N-terminal tagging of GaaR influenced its
interaction with GaaX. The expression of eGFP-gaaR via the endogenous gaaR promoter
did not result in a constitutive expression of the genes encoding polygalacturonases (Fig.
ESM_3.3 ¢), indicating that eGFP-GaaR activity is properly controlled by GaaX under non-
inducing conditions.

Overexpression of eGFP-GaaR driven by the A. nidulans gpdA promoter leads to a much
higher nuclear eGFP-GaaR concentration under both inducing and non-inducing conditions
compared to expression driven by the endogenous gaaR promoter. The increase in
nuclear GaaR concentration was accompanied by transcriptional upregulation of GA-
responsive genes and the increased accumulation of pectinases in the extracellular
medium. The transcriptional activation of GA-responsive genes in the OEgaaR strain under
non-inducing conditions can be explained by the possibility that the excess of GaaR
titrates out the concentration of GaaX and escapes GaaX inhibition, even though gaaX is
induced upon GaaR overexpression.

Genome-wide gene expression analysis in the reference strain grown in GA has been
previously performed (Alazi et al. 2016). Direct comparison of the gene expression values
between the study of Alazi et al. (2016), and this study needs careful interpretation due to
different experimental setups (growth in shake flasks vs bioreactors) and representation
of transcript levels (FPKM vs TPM). Notwithstanding, it can be observed that the
expression level of the genes encoding pectinases are generally comparable between the
reference and OEgaaR strains grown under inducing and noninducing conditions,
respectively. However, drastically higher expression of NRRL3_05252, NRRL3_03144,

118



Overexpression of gaaR |6

pgx28B, and gan53A in the reference strain and pga28C, pga28E, and pellA in the OEgaaR
strain was also observed.

Elimination of the repressing activity of GaaX by deleting gaaX was previously shown to be
another way to activate the expression of GA-responsive genes under non-inducing
conditions (Niu et al. 2017). The concentration of the nuclear GaaR in AgaaX is expected
to be similar to wild type and much less compared to the OEgaaR strain. Only nine out of
48 genes encoding pectinases were upregulated in the AgaaX strain in fructose compared
to the reference strain, and the transcript and extracellular protein levels of these
pectinases were generally lower compared to the OEgaaR strain. This indicates that the
nuclear concentration of active GaaR is indeed an important factor for transcriptional
activation of GA-responsive genes. On the other hand, the genes encoding the (putative)
GA transporters and catabolic pathway enzymes were expressed at higher levels in AgaaX
compared to the OEgaaR strain, indicating that factors other than GaaR concentration
might play a role in the regulation of these genes.

RNA-seq analysis showed that besides the genes encoding pectinases, 20 genes predicted
to encode CAZymes involved in the degradation of multiple substrates or specifically of
cellulose, starch, or xyloglucan were upregulated in the OEgaaR strain in fructose. This
indicates that these enzymes might be involved or assist in enabling the degradation of
pectin. Five of these CAZymes were shown to be upregulated in AgaaX, and therefore
designated as part of the GaaR/GaaX panregulon (Niu et al. 2017). In addition, many of the
20 additional CAZymes were reported to be potentially regulated by transcription factors
AraR and/or XInR (Gruben et al. personal communication). However, the expression of the
genes encoding AraR or XInR were not significantly changed in OEgaaR, discounting the
possibility that overexpression of gaaR caused transcriptional upregulation of the genes
encoding CAZymes via their specific transcription factors.

Fructose was found to exert CreA-mediated repression of gene expression in case of the
genes NRRL3_03144 (pgaX) and pgx28B (pgxB) encoding exo-polygalacturonases, which
were previously shown to be strongly repressed in the presence of glucose (Niu et al.
2015). The repression power of fructose was lower than that of glucose (Fig. ESM_3.5). As
shown by Niu et al. (2017), deletion of creA is not sufficient for an increased production of
polygalacturonases under non-inducing conditions, showing that GA-responsive gene
expression requires the presence of active GaaR relieved from GaaX inhibition. A similar
phenomenon was previously observed in T. reesei, where high expression of the genes
encoding cellulases in a Crel-disrupted strain required the presence of the transcriptional
activator Xyr1 under non-inducing conditions (Wang et al. 2013). The strain that lacks creA
and overexpresses gaaR (TK2.1) secreted higher levels of polygalacturonases compared to
the reference and OEgaaR strains, indicating that CreA substantially represses the
expression of GA-responsive genes in the presence of fructose even when GaaR is
abundant.

To conclude, genetic evidence suggests that the activity of the GaaR transcription factor is
negated by the action of the GaaX repressor protein. Either deletion of GaaX or
overexpression of GaaR results in a constitutive expression of GaaR/GaaX target genes.
The simplest interpretation of these observations is that GaaX mediates its repressing
activity by a direct interaction with GaaR. Loss of function of GaaX or overexpression of
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GaaR will affect the stoichiometry of GaaR-GaaX and lead to high levels of “repressor free”
GaaR which is expected to act as an active transcription factor to induce expression of GA-
responsive genes. We have shown that overexpression of GaaR leads to an increased level
of pectinase production under non-inducing conditions, and that deletion of creA further
increases the pectinase production capacity of A. niger. The AcreA OEgaaR strain
represents an interesting strain for applications in industry with its high pectinase
production capacity in the absence of an inducing carbon source and in the presence of a
repressing carbon source.

NOTE AFTER PUBLICATION

In RNA-seq experiments, two or three biological replicates representing each condition
were used, and differential gene expression was identified using DESeq2 (FDR<0.001 and
FC>4). This approach allows addressing only major differences in gene expression.
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