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The current impetus towards a sustainable bio-based economy has accelerated research to better understand the
mechanisms through which filamentous fungi convert plant biomass, a valuable feedstock for biotechnological
applications. Several transcription factors have been reported to control the polysaccharide degradation and
metabolism of the resulting sugars in fungi. However, little is known about their individual contributions, in-
teractions and crosstalk. D-galactose is a hexose sugar present mainly in hemicellulose and pectin in plant
biomass. Here, we study D-galactose conversion by Aspergillus niger and describe the involvement of the arabi-

nanolytic and xylanolytic activators AraR and XInR, in addition to the D-galactose-responsive regulator GalX.
Our results deepen the understanding of the complexity of the filamentous fungal regulatory network for plant
biomass degradation and sugar catabolism, and facilitate the generation of more efficient plant biomass-
degrading strains for biotechnological applications.

1. Introduction

Plant biomass is the most abundant renewable resource in the
terrestrial biosphere. Filamentous fungi are able to degrade complex
plant cell wall polysaccharides (cellulose, hemicelluloses and pectins)
into their monomeric building blocks, offering great potential for an
increasing number of biotechnological applications (de Vries and Visser,
2001; de Vries et al., 2020). Plant biomass degradation by fungi is
mediated through the production of a broad range of extracellular en-
zymes, the production of which is controlled by transcription factors
(TFs) and linked to the activation of metabolic pathways that allow the
utilization of the released monomers as carbon sources (Kowalczyk
et al., 2014; Khosravi et al., 2015; Benocci et al., 2017).

D-galactose is a six-carbon monosaccharide present primarily in
hemicelluloses, pectins and gums, and often co-occurs with the five-
carbon monosaccharides L-arabinose and D-xylose (Kowalczyk et al.,
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2014). In filamentous fungi, two different pathways have been shown to
be involved in D-galactose catabolism: the Leloir pathway (Frey, 1996)
and the oxido-reductive catabolic pathway (Fekete et al., 2004) (Fig. 1).
However, some enzymes and intermediate compounds involved in these
pathways differ among fungal species (Seiboth et al., 2007). The Leloir
pathway converts D-galactose into D-glucose-6-phosphate, which sub-
sequently enters glycolysis. The oxido-reductive pathway, in contrast,
converts D-galactose into D-fructose-6-phosphate (Fekete et al., 2004;
Seiboth et al., 2004; Koivistoinen et al., 2012; Mojzita et al., 2012a), and
in some fungal species involves enzymes from the Pentose Catabolic
Pathway (PCP) (Pail et al., 2004; Seiboth et al., 2007; Flipphi et al.,
2009) (Fig. 1), which is responsible for the catabolism of L-arabinose
and D-xylose (Hasper et al., 2000; Hasper et al., 2004; de Groot et al.,
2007). Several genes involved in this pathway have been identified in
Aspergillus niger and have been deleted or the corresponding enzymes
have been (partially) characterized (Chroumpi et al., 2021). Analysis of
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deletion strains of various D-galactose oxido-reductive catabolic genes
(ladB, xyrA, sdhA, xhrA) resulted in reduction of growth on D-galactose
and/or galactitol, suggesting their involvement in this pathway (Koi-
vistoinen et al., 2012; Mojzita et al., 2012b; Mojzita et al., 2012a). These
phenotypes also suggested a major role for this pathway in growth of
A. niger on D-galactose.

The co-existence of D-galactose, L-arabinose and D-xylose in nature,
along with their common structural features probably stimulated the
evolution of an interactive regulatory network in which several TFs co-
regulate the expression of the same target genes. Previous studies
demonstrated that filamentous fungi are able to respond similarly to the
presence of different sugars. For instance, D-galactose and L-arabinose
have been reported to be consumed simultaneously in the fungus
Aspergillus nidulans, and genes involved in D-galactose catabolism were
reported to be also induced by the presence of L-arabinose (Németh
et al., 2019).

GalX is the main regulator of the D-galactose oxido-reductive
pathway in A. niger, but does not appear to be directly involved in the
control of the Leloir pathway-related genes (Gruben et al., 2012).
Regulation of the PCP-related genes is controlled by the transcriptional
activators AraR and XInR (van Peij et al., 1998; Battaglia et al., 2011b;
Battaglia et al., 2014). XInR and AraR control a wide range of target
genes encoding (hemi-)cellulose and arabinan degrading enzymes and
the enzymes involved in D-xylose and L-arabinose metabolism, respec-
tively (de Groot et al., 2007; Battaglia et al., 2011b) (Fig. 1; PCP).

Carbon catabolite repression (CCR) is a regulatory mechanism in
which the presence of easily metabolizable carbon sources (e.g., D-
glucose) represses the expression of genes that are involved in the uti-
lization of alternative, less-preferred, carbon sources (Ruijter et al.,
1997; Brown et al., 2014). This mechanism ensures the optimal utili-
zation of the fungal energy resources, since an increasing concentration
of free and rapidly metabolizable sugars in the environment promote the
repression of genes encoding for enzymes involved in the degradation of
complex polysaccharides (Kowalczyk et al., 2014; Benocci et al., 2017).
The repressor CreA has long been recognized as the key TF mediating the
CCR in fungi (Ronne, 1995; Ruijter et al., 1997; Strauss et al., 1999), and
a creA deletion has been demonstrated to upregulate many genes
encoding polysaccharide-degrading enzymes (Peng et al., 2021).

The characterization of genes involved in sugar catabolism and their
regulatory mechanisms in filamentous fungi provides a conceptual
framework that would allow us to design strategies to improve fungal
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cell factories, which has direct implications at the biotechnological and
industrial level. Although D-galactose catabolism and its regulation
have been studied in depth in some filamentous fungi, such as
A. nidulans (Kowalczyk et al., 2015), several aspects of this in A. niger
remain unclear. In this study, we investigated the two main D-galactose
catabolic pathways in A. niger and evaluated their relative contribution
to growth on this sugar. In addition, we studied possible interactions
between the D-galactose-responsive regulator, GalX, and the arabina-
nolytic and (hemi-)cellulolytic regulators, AraR and XInR, in D-galactose
catabolism. For this, we generated single and combinatorial deletion
mutants of the genes encoding the metabolic enzymes and these three
TFs, and studied their phenotype and transcriptomic profile on different
carbon sources. Additionally, the contribution of the main carbon
catabolite repressor CreA in D-galactose catabolism in A. niger was
addressed for the first time. For this, we deleted the creA gene in all the
previous TF mutant sets and studied and compared their phenotypic
behavior.

2. Material and methods
2.1. Strains, media and growth conditions

Escherichia coli DH5a was grown in Lysogeny Broth (LB) supple-
mented with 50 pg/mL ampicillin (Sigma-Aldrich), and was used for
plasmid propagation. All A. niger strains used and generated in this study
were deposited at the culture collection of Westerdijk Fungal Biodiver-
sity Institute under accession numbers listed in Table 1. The fungal
strains were grown at 30 °C using Minimal Medium (MM) or Complete
Medium (CM) with the appropriate carbon source (de Vries et al., 2004).
For solid cultivation, 1.5% (w/v) agar was added in the medium and all
agar plates contained 1% D-glucose as carbon source unless otherwise
stated. As required, media of auxotrophic strains were supplemented
with 1.22 g/L uridine (Sigma-Aldrich).

For growth profiling, MM agar supplemented with 25 mM D-glucose,
25 mM L-arabitol, 25 mM D-xylose, 25 mM xylitol, 25 mM D-galactose,
25 mM galactitol, 25 mM D-sorbitol, 25 mM D-fructose or 25 mM L-
arabinose, or a mixture of 25 mM D-galactose and 2 mM L-arabinose was
used. All substrates were obtained from Sigma-Aldrich. Spores were
harvested from CM agar plates in ACES buffer after five days of growth,
and concentration was adjusted using a haemocytometer. Growth
profiling plates were inoculated in duplicate with 2 uL spore solution
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Fig. 1. Oxido-reductive D-galactose pathway (ORP), Leloir pathway and pentose catabolic pathway (PCP) in A. niger. LadB = galactitol dehydrogenase, XhrA = L-
xylo-hexulose reductase, SdhA = D-sorbitol dehydrogenase, HxkA = hexokinase, GalE = galactokinase, GalD = Galactose-1-phosphate uridylyltransferase, UgeA =
UDP-galactose 4-epimerase, GalF = UTP-glucose-1-phosphate uridylyltransferase, PgmB = phosphoglucomutase, LarA = L-arabinose reductase, LadA = L-arabitol
dehydrogenase, LxrA and LxrB = L-xylulose reductases, SdhA = sorbitol dehydrogenase, XyrA and XyrB = D-xylose reductases, XdhA = xylitol dehydrogenase, XkiA
= D-xylulose kinase. XyrB was identified in this study and is indicated in green font.
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Table 1 (500 spores per uL) and incubated at 30 °C for up to 13 days. Growth was
A. niger strains used in this study. monitored daily by visual inspection.
Strains Gene ID CBS Genotype Reference Liquid cultures were incubated in an orbital shaker at 250 rpm and
number 30 °C. For transfer experiments, the pre-cultures containing 250 mL CM
Reference strain B CBS A. niger (Meyer et al., with 2% D-fructose in 1 L Erlenmeyer flasks were inoculated with 10°
(N593 AkusA) 138852  N593, 2007) spores/ml and incubated for 16 h. Thereafter, the mycelia were har-
cspAl, vested by filtration on sterile cheesecloth, washed with MM and ~0.5 g
kusAz:amds, (dry weight) were transferred to 250 mL Erlenmeyer flasks containing
AgalE NRRL3.06978  CBS i}./rrf;ger This study 50 mL MM supplemented with 25 mM glycerol, 25 mM D-glucose, 25
(galE) 144058  N593, mM D-galactose, 5 mM L-arabinose, a mixture of 25 mM D-galactose and
cspAl, 25 mM glycerol, or a mixture of 25 mM D-galactose and 5 mM L-arab-
kusA::amds, inose. All cultures were performed in triplicate. After 2 h of incubation,
pyrlg:, the mycelia were harvested by vacuum filtration, dried between tissue
AladB NRRL3.07283  CBS i‘.l niger This study paper and frozen in liquid nitrogen. All samples were stored at —80 °C
(ladB) 144055 N593, until being processed.
cspAl,
k”SAfa’”dS’ 2.2. DNA construction, protoplast-mediated transformation, and mutant
1{3’;;’ purification
AgalEAladB - CBS A. niger This study

145933  N593, For the generation of all A. niger mutants described in this study, the
cspAl, CRISPR/Cas9 genome editing system was used (Song et al., 2018). The
kusA::amds, design of the 20 bp protospacers for the gRNAs was performed using
Zflg’: Geneious 11.04.4 software (https://www.geneious.com). A. niger
ladB~ NRRL3 genome was used as reference (Vesth et al., 2018). The gRNA

AgalX NRRL3.07290  CBS A. niger (Garrigues sequences (Supplementary Table 1) with no predicted off-targets and the
(galX) 146900 N593, etal, highest on-target activity were designed based on the experimentally
;fﬂii’am is, unpublished) determined predictive model described by (Doench et al., 2014). The
pyrG-, gRNAs were obtained to delete the D-galactose catabolic genes galE
galx~ (gene ID: NRRL3_06978) and ladB (gene ID: NRRL3_07283), and the
AxInR NRRL3.04034  CBS A. niger (Kun et al,, transcription factor-encoding genes xInR (gene ID: NRRL3_04034), araR
(xinR) 145447 N5231’ 2021) (gene ID: NRRL3.07564) (Kun et al, 2021), and galX (gene ID:
iifsA::’amdS, NRRL3_07290) (Garrigues et al., unpublished).
pyrG, To construct linear deletion DNA cassettes (also known as rescue
xInR™ templates, RT), we amplified ~500 bp of the upstream and downstream
AaraR NRRL3 07564 CBS A. niger (Kun et al,, flanking regions of all the candidate genes by PCR using gene specific
(araR) 145451  N593, 2021) . e
espAL primers (Supplementary Table 1). We performed PCR amplification
kusA::amds, using Phusion™ High-Fidelity DNA Polymerase (Thermo Fisher Scien-
pyrG-, tific), following manufacturer’s instructions. Genomic DNA from refer-
arak ence strain (CBS 138852) was used as a template. The upstream reverse
AgalXaxink - 553097 3'5':5” This study and the downstream forward primers were designed to harbor a barcode
csp A1: sequence [actgctaggattcgctatcg]. This sequence was used as the ho-
kusA::amds, mologous region for the fusion of these two fragments in a subsequent
pyrG, PCR reaction, to generate the linear deletion DNA cassette. The ampli-
g‘llnul:: fied deletion cassettes were purified using the Wizard® SV Gel and PCR
AaraRAxInR - CBS /’; niger (Kun et al., Clean-Up System (Promega).

145455  N593, 2021) CRISPR/Cas9 plasmid construction, generation of A. niger pro-
cspAl, toplasts, transformation and purification of mutant strains were per-
kusA::amds, formed as previously described (Kun et al., 2020). All transformations
‘;ﬁ & were carried out using 1 pg of ANEp8-Cas9-pyrG-gRNA plasmid DNA
araR- together with 5 pg of purified linear deletion DNA cassette. For mutant

AaraRAgalX - CBS A. niger This study confirmation, genomic DNA was isolated from mycelia of putative

147096  N593, deletion strains using the Wizard® Genomic DNA Purification kit
cspAl, (Promega). Mutant strains were confirmed by PCR through the ampli-
JaisA:zams;, fication of target gene region, using primers listed in Supplementary
G-, . . .
galx", Table 1 (IDT, Leuven, Belgium). Prior to storage, mutants were inocu-
araR~ lated on MM plates supplemented with 1% D-glucose, 1.22 g/L uridine,

AgalXAxInRAaraR = - CBS A. niger This study and 5-fluoroorotic acid (5-FOA, Thermo Fisher Scientific) for

147098 N593, counterselection.
cspAl,
kusA::amds,
pyrG-, 2.3. Transcriptome sequencing and analysis
galx,
zi’;’;} The transcriptomic response of A. niger reference strain and the

AgalX, AxInR, AaraR, AgalXAxInR, AaraRAxInR, AaraRAgalX and
AgalXAxInRAaraR mutants was analyzed on liquid MM supplemented
with 25 mM D-glucose, 25 mM D-galactose or 5 mM L-arabinose, or a
mixture of 25 mM D-galactose and 5 mM L-arabinose after 2 h induction
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using RNA-seq. Total RNA was extracted from grinded mycelial samples
using TRIzol® reagent (Invitrogen) and purified with the NucleoSpin®
RNA II Clean-up Kit (Macherey-Nagel), while contaminant genomic
DNA was removed by rDNase treatment directly on the silica membrane.
The RNA quality and quantity were analyzed by gel electrophoresis and
NanoDrop ND-1000 (Thermo Scientific). Purification of mRNA, syn-
thesis of ¢cDNA library and sequencing were conducted at DOE Joint
Genome Institute (JGI) as previously described (Chroumpi et al., 2020).
The reads from all RNAseq samples were deposited with the Sequence
Read Archive at NCBI with sample accession numbers SRP172221-
172225, 172227, 172229, 172248, 172249, 172252, 172255-172264,
172266-172268, 172270, 172271, 172278, 172319-172322, 172352-
172355, 172357, 172366. Statistical analysis was performed using
DESeq2 (Love et al., 2014). Transcripts were considered differentially
expressed if the DESeq2 fold change was > 2 or < 0.5 and Padj < 0.01 as
well as the FPKM > 50 in at least one of the conditions being compared.
Transcripts with FPKM < 50 were considered lowly (i.e., not substan-
tially) expressed.

2.4. Monosaccharide and polyol determination

The supernatants were heated at 95 °C for 15 min and centrifuged for
5 min at 14,000 rpm. The supernatants were 10-fold diluted with MilliQ
water prior to analysis. Xylitol, L-arabitol and D-xylose were analyzed by
HPLC (Dionex ICS-5000 + system; Thermo Scientific) equipped with
CarboPac PA1 column (2 x 250 mm with 2 x 50 mm guard column;

Table 2
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Thermo Scientific) as described previously (Makela et al., 2016). 5-250
pM xylitol, L-arabitol and D-xylose were used as standards for identifi-
cation and quantification.

3. Results and discussion

3.1. Re-evaluation of D-galactose catabolism in A. niger reveals the
involvement of XyrB and questions the contribution of SdhA in the oxido-
reductive pathway

In this study, a thorough analysis of the oxido-reductive and Leloir
pathways (Fig. 1) was performed in order to identify all the pathway
genes, as well as to investigate the relative contribution of each pathway
to D-galactose catabolism. The PCP of A. niger is also presented in Fig. 1,
since it has been suggested that PCP genes are also involved in the D-
galactose pathway. Single deletion mutants of all the already charac-
terized and putative A. niger D-galactose genes were constructed to
verify the phenotypes of these strains. The phenotypes were tested with
both nitrate and ammonium as a nitrogen source, but this had overall no
influence on the phenotype (Supplementary Fig. 1) and therefore only
the nitrate medium results are discussed in detail. The transcriptome
profile of the AladB, AgalE and AladBAgalE mutants, which block
different parts of A. niger D-galactose catabolism, induced on D-galac-
tose for 2 h was also analyzed. Since D-galactose is considered a very
poor carbon source for A. niger (Meijer et al., 2011), glycerol was used as
(additional) carbon source on both the non-induced and induced

RNA-seq analysis of the already characterized and putative D-galactose genes in A. niger AgalE, AladB and AladBAgalE and the reference strains. Expression levels
(FPKM) were measured after their transfer for 2 h in MM with 25 mM glycerol (Gly) or 25 mM glycerol + 25 mM D-galactose (Gly + Gal). Genes with FPKM values < 50
across all strains/conditions are considered lowly expressed and marked in red font. The values are averages of triplicates. The fold change is the difference between the
deletion mutants and the reference strain. Fold changes > 2 and < 0.5 are highlighted in green and orange, respectively. PCP = Pentose catabolic pathway; ORP =

oxido-reductive D-galactose catabolic pathway.

FPKM mean Fold change
GenelD  Pathway Genename| Ref Gly RerR Gl sl I AGaiE R cly roalRaads Rolyscallle o r oo Do | ERSICClAC S B oot e e LoD e AoaiEf o R e
GI¥+GaI R:I_GIV (.;.IvfGaI (ilvfGaI Ref GI¥+GaI

NRRL3_10050 _ PCP TarA 2295 1993 36.2 250.4 55.9 0.9 0.2 13 0.3
NRRL3_1952  PCP xyrA 17.1 122 56 7.0 7.5 07 05 06 0.6
NRRL3_10868  PCP xyrB 235 385 124 308 17.1 16 03 0.8 04
NRRL3_10884  PCP xrA 37.6 2.1 7.4 239 5.3 06 03 1.0 0.2
NRRL3_4510  PCP ixrB 4722 366.2 1080 366.9 814 08 03 1.0 02
NRRL3_2523  PCP ladA 1476 83.2 58.6 454 101.9 06 07 05 12
NRRL3_9204  PCP xdhA 184.7 1543 785 149.9 936 08 05 1.0 0.6
NRRL3_7283  ORP ladB 141 5884.1 2082.1 0.0 0.1 3164 07 0.0 0.0
NRRL3_7289  ORP xhrA 51 2809.4 23227 7177 4800.9 556.3 08 10 17
NRRL3_4328  ORP sdhA 5.6 2511.0 3401.4 4725 3346 4511 14 02 0.1
NRRL3_5100  ORP kA 89.1 1279 434 118.9 298 14 03 0.9 0.4
NRRL3_11729  ORP 03 07 02 0.2 01 28 03 03 0.2
NRRL3_2807  ORP 17.3 145 11.2 134 9.7 08 0.8 0.9 0.7
NRRL3_7282 _ ORP 2.9 28 2.1 2.7 3.4 1.0 0.7 0.9 1.2
NRRL3_6978 Lelor  galE %.9 1130 00 1478 0.0 12 00 13 0.0
NRRL3_5970 Leloir  galD 125.9 1175 137.2 143.9 1446 09 12 1.2 12

NRRL3_925  Leloir  ugeA 180.2 2269 190.7 3016 149.3 13 08 13 0.7
NRRL3_5655 Leloir  pgmB 104.4 1283 70.4 149.2 884 12 05 12 0.7
NRRL3_2636 Leloir galGa 6.8 459 3.7 3.9 4.6 0.7 0.8 0.8 1.0
NRRL3 5547 Leloir  galGe 289 221 126 218 18.8 0.8 0.6 10 0.9
NRRL3_2566 Leloir gﬂ’Gf 13 35 3.9 r 5§ 3.8 26 5§ 0.9 b B |
NRRL3_3410 Leloir  galGg 3.9 49 14 0.7 0.9 13 03 01 0.2
NRRL3_2929  Leloir 00 03 08 0.8 08 00 29 3.0 31
NRRL3_5343  Leloir 114 105 429 2.5 108.2 0.9 21 21 103
NRRL3_5510  Leloir 5145 200.8 267.8 365.4 354.0 04 13 18 18
NRRL3_1929  Leloir 2427.7 1650.2 904.3 1801.9 677.5 0.7 05 11 0.4
NRRL3_8842  Leloir 02 00 00 0.0 0.0 00 00 0.0 0.0
NRRL3_9251  Leloir 156.0 1235 65.2 68.7 107.3 0.8 05 0.6 0.9
NRRL3_10849 8 38 29 2.2 2.9 22 08 0.6 0.8
NRRL3_11469 94 55 45 24 19 06 0.8 0.4 03
NRRL3_11471 2040.9 919.1 538.5 91.2 41.6 0.5 0.6 0.1 0.0
NRRL3_11473 2.0 17 08 15 0.8 058 05 0.9 05
NRRL3_2854 07 09 06 0.7 1.0 12 0.8 0.9 11
NRRL3_3933 158 85 21 52 7.3 05 02 0.6 0.9
NRRL3_4005 388.2 365.3 254.7 287.5 78.0 0.9 07 0.8 0.2
NRRL3_6930 2121 195.6 1383 209.1 844 0.8 07 15 0.4
NRRL3_8020 109.0 47.4 94 490 26.0 04 02 1.0 0.5
NRRL3_8407 28.5 11.2 7.0 19.2 134 0.4 0.6 1.7 3.d
NRRL3_8821 36 25 25 22 55 07 10 0.9 22

NRRL3_896 615 365 231 30.2 246 0.6 06 08 0.7
NRRL3_9880 193 135 48 219 2.8 0.7 04 16 0.2
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condition, in order to eliminate any stress effects due to starvation. We
tested in the reference strain whether D-galactose is taken up in the
presence of glycerol, and therefore could be converted intracellularly.
After 2 h of incubation the initial D-galactose concentration of 25 mM
decreased to 3.8 mM (data not shown), indicating that the presence of
glycerol does not prevent the import of D-galactose.

3.1.1. Phenotypic analysis of metabolic deletion mutants

Deletion of ladB or galE did not result in significant upregulation of
the Leloir and the oxido-reductive pathway genes, respectively, showing
that blocking one pathway does not lead to induction of the other one
(Table 2). Additionally, although previous studies indicated that D-
galactose is primarily metabolized in A. niger via galactitol in the oxido-
reductive pathway (Mojzita et al., 2012a), our data show that the dy-
namics between these two pathways might be different. Blocking the
oxido-reductive pathway did not result in a growth arrest on D-galac-
tose, while deletion of the Leloir pathway genes completely abolished
growth on D-galactose (Fig. 2B). Any strain that contained a deletion of
galE or galD was not able to grow on D-galactose. This shows that the
Leloir pathway is more important than the oxido-reductive pathway in
A. niger, suggesting that the catabolism of D-galactose is more likely
facilitated through the Leloir and not the oxido-reductive pathway, at
least under the tested conditions. This latter effect cannot be attributed
to the toxicity of the D-galactose-1P, since deletion of galE, which is not
expected to result in accumulation of D-galactose-1P, did also cause
abolishment of growth on D-galactose (Fig. 2B). However, we should be
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& ¥

o "
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aware that the preferential employment of either the oxido-reductive or
the Leloir pathway for D-galactose catabolism could be also affected by
the composition of the substrate used for the growth studies of the
mutants. The Leloir pathway requires a-D-galactose, but the p-anomer is
the most common form released during degradation of polysaccharides.
B-D-galactose is metabolized directly by the oxido-reductive pathway.
Aldose 1-epimerase, also known as mutarotase, epimerizes p-D-galac-
tose into its a-anomer, which can further enter the Leloir pathway. The
physiologically relevant mutarotase GalmB has been identified for its
role in the utilization of D-galactose in A. nidulans, while three putative
mutarotase encoding genes, NRRL3_09251, NRRL3_.05510 and
NRRL3_10372, have been also predicted in A. niger (Aguilar-Pontes
et al., 2018).

Apart from its involvement in the PCP (Hasper et al., 2000) (Fig. 1),
D-xylose reductase Xyl1/XyrA was previously suggested to also catalyze
the conversion of D-galactose to galactitol in Trichoderma reesei and
A. niger (Seiboth et al., 2007; Mojzita et al., 2012a). In A. niger, this
conclusion was primarily based on the significantly reduced growth of
the AxyrA mutant, when grown from spores on D-galactose agar plates
spiked with a small amount of D-xylose (Mojzita et al., 2012a), because
A. niger fails to germinate on D-galactose as a sole carbon source due to
the absence of D-galactose transport in the conidiospores (Fekete et al.,
2012). However, in our study, deletion of xyrA did not reduce growth on
D-galactose, compared to the reference strain (Fig. 2A). In fact, both
AlarA and AxyrA mutants grew better on D-galactose compared to the
reference strain, when mycelial plugs were used for the phenotypic
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Fig. 2. (A) Growth profile of the A. niger pentose catabolic pathway (PCP) gene deletion mutants and (B) the oxido-reductive D-galactose pathway and Leloir
pathway gene deletion mutants in comparison to the reference strain on solid MM with or without addition of carbon source. All strains were grown for 5 days at
30 °C on no carbon source, D-glucose, galactitol, D-sorbitol and D-fructose, and for 12 days at 30 °C on D-galactose. Variation in colony diameter between replicates

is < 1 mm.
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analysis of the mutants on agar plates. This phenotypic difference be-
tween the two studies is more likely to be related to the different growth
stage of the inoculum used for the growth profiles (using spores vs.
mycelia for inoculation) than to an effect of the deletions themselves.

For the single deletion mutants, slightly reduced growth was only
observed in the xyrB deletion strain, when D-galactose was used as sole
carbon source (Fig. 2A). The same pattern was also observed for the
double and the triple reductase deletion mutants, when xyrB was absent
(Fig. 2A). We recently identified A. niger XyrB as an additional enzyme
involved in the conversion of L-arabinose and D-xylose in their polyol
sugars, L-arabitol and xylitol, respectively (Chroumpi et al., 2021).
However, based on the substrate specificity and catalytic efficiency of
XyrB, it could also be involved in D-galactose conversion in A. niger
(Terebieniec et al., 2021). This suggests that XyrB, and not XyrA, is
involved in the A. niger oxido-reductive D-galactose catabolic pathway.
The remaining growth of the AxyrB mutant on D-galactose could be
explained by the complementary reductase activity of other enzymes
catalyzing the same reaction and/or rerouting of the D-galactose
catabolism towards the Leloir pathway. Deletion of the GalX-regulated
gene cipB (NRRL3_07291), which was previously proposed as a puta-
tive D-galactose reductase that might be even more specific than XyrA
(Gruben et al., 2012), did not affect growth on D-galactose or any of the
oxido-reductive pathway intermediates (Supplementary Fig. 2), ques-
tioning its involvement in this pathway.

Apart from xyrA, several other PCP genes have been previously re-
ported to be involved in the fungal D-galactose oxido-reductive
pathway. In particular, the conversion of galactitol to L-xylo-3-hex-
ulose, L-xylo-3-hexulose to D-sorbitol, and D-sorbitol to D-fructose were
reported to be catalyzed by the L-arabitol dehydrogenase Ladl (Pail
et al., 2004), the L-xylo-3-hexulose reductase Lxr4 and the xylitol de-
hydrogenase Xdh1, respectively, in T. reesei (Seiboth et al., 2007; Sei-
both and Metz, 2011). The last conversion was also suggested for
A. nidulans (Flipphi et al., 2009), but in this species, it is still unclear if L-
xylo-3-hexulose needs to be converted to L-sorbose before it can be
converted to D-sorbitol. The conversion of L-sorbose to D-sorbitol was
suggested to be catalyzed by the L-xylulose reductase LxrA (Seiboth and
Metz, 2011). In our study, deletion of both A. niger L-xylulose reductase
encoding genes, IxrA and IxrB, did not result in reduced growth on
D-galactose or any of the other tested D-galactose pathway in-
termediates (Fig. 2). The same was observed for deletion of L-arabitol
and xylitol dehydrogenases, ladA and xdhA. This is consistent with the
fact that one of these PCP genes was induced in the presence of
D-galactose (Table 2).

Deletion of the A. niger galactitol dehydrogenase encoding gene ladB
resulted in growth arrest on galactitol and significantly reduced growth
on D-galactose (Fig. 2B), as previously reported by Mojzita et al.
(2012a). Deletion of xhrA, which has been shown to be involved in the
conversion of L-xylo-3-hexulose to D-sorbitol in A. niger (Mojzita et al.,
2012b), caused abolishment of growth on galactitol, while growth on D-
galactose was similar to the reference strain (Fig. 2B). Similarly, deletion
of hxkA, which catalyzes the last step of the oxido-reductive D-galactose
catabolic pathway, resulted in abolishment of growth on the pathway
intermediates galactitol, D-sorbitol and D-fructose (Fig. 2B). However,
this gene was not shown to be upregulated on D-galactose, compared to
glycerol (Table 2). This is likely due to the involvement of HXKA in other
catabolic pathways, such as glycolysis and D-mannose catabolic path-
ways (Panneman et al., 1998). Deletion of the more downstream
pathway genes, xhrA and hxkA, did not result in similar reduction of
growth on D-galactose (Fig. 2B), which implies that this either redirects
D-galactose to the Leloir pathway or that other enzymes contribute to
these steps.

3.1.2. Transcriptome comparison of the metabolic mutants and the
reference strain

Based on our transcriptome data (Table 2), both oxido-reductive and
Leloir pathway genes seem to be induced by D-galactose and not another
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pathway intermediate, as deletion of ladB and galE did not result in
reduced expression levels of these genes in the presence of D-galactose
(Table 2). In these strains, the formation of pathway intermediates is
blocked and therefore these cannot be the inducers of the pathway
genes. Interestingly, there is also no upregulation of the Leloir pathway
genes in the ladB mutant or of the oxido-reductive pathway genes in the
galE mutant, indicating that A. niger does not try to compensate for the
block of one pathway by upregulation of the genes of the other pathway.

However, it should be noted that the expression levels of the Leloir
genes were significantly lower compared to the oxido-reductive
pathway genes on D-galactose (Table 2), which is surprising, consid-
ering the stronger effect of blocking the Leloir pathway on growth on D-
galactose. Interestingly, sdhA does not appear to be co-regulated with
the other pathway genes, since it seems to be induced by D-sorbitol and
not D-galactose. The sdhA gene seems to be downregulated in the
absence of D-sorbitol, since deletion of ladB resulted in its reduced
expression on D-galactose (Table 2; FPKM mutants vs Ref on D-galac-
tose). Deletion of sdhA resulted in growth arrest on D-sorbitol, but did
not significantly affect growth on galactitol (Fig. 2B), as also previously
reported (Koivistoinen et al., 2012). Our hypothesis is that another D-
sorbitol dehydrogenase is involved in the oxido-reductive D-galactose
pathway, which has higher affinity for D-sorbitol. Biochemical analysis
of SdhA indicates that it is a relatively low affinity D-sorbitol dehydro-
genase (K, = 50 mM) (Koivistoinen et al., 2012), which makes it
doubtful that it could efficiently convert the low levels of D-sorbitol that
would be present during growth on D-galactose. During growth on
higher concentrations of D-sorbitol, SdhA would be required. This could
explain the phenotype of the AsdhA mutant on galactitol as well as the
abolishment of growth on D-sorbitol. Apart from sdhA, dehl
(NRRL3_7284), gutB (NRRL3_01929) and NRRL3_08842 have also been
previously predicted as putative A. niger D-sorbitol dehydrogenase
encoding genes (Gruben et al., 2012; Aguilar-Pontes, 2018). However,
deletion of the GalX regulated gene dehl did not affect growth on D-
galactose or any of the oxido-reductive pathway intermediates,
including  D-sorbitol  (Supplementary Fig. 2). Additionally,
NRRL3_08842 was not significantly expressed under the tested condi-
tions, while gutB was highly expressed on all conditions tested, but not
specifically induced on D-galactose (data not shown). Nevertheless,
their involvement in the pathway still requires further physiological
investigation.

3.2. GalX, AraR and XInR contribute to the regulation of D-galactose and
L-arabinose catabolism in A. niger

To investigate the involvement and contribution of AraR, XInR and
GalX in D-galactose and pentose catabolism, as well as to identify any
cross-regulation or co-regulation relationships between the different
TFs, we constructed single, double and triple gene deletion combina-
tions of these regulators. The transcriptomic response of these regula-
tory mutants induced after 2 h on D-glucose, L-arabinose and D-
galactose, and a mixture of 25 mM D-galactose and 5 mM L-arabinose
was also analyzed to support the phenotypic data. We tested whether the
concentrations of both sugars were reduced but still present after 2 h
incubation in the reference strain, as this would ensure that both D-
galactose and L-arabinose responsive induction would then be possible.
The initial concentration of 25 mM D-galactose and 2 mM L-arabinose
reduced to 3.9 mM and 1.0 mM (data not shown), respectively,
demonstrating that both sugars are taken up, but D-galactose to a higher
extent. This confirms a previous study in which the consumption of a
mixture of nine sugars was analyzed in A. niger (Makela et al., 2018), and
in which D-galactose uptake largely preceded L-arabinose uptake.

The growth profiles of the deletion strains were analyzed on all the
sugars and intermediates of the PCP and oxido-reductive D-galactose
pathway (Fig. 3). A mixture of 25 mM D-galactose and 2 mM L-arabinose
(Gal + Ara) was also used to evaluate the role of L-arabinose activation
on D-galactose uptake in A. niger. Although 2 mM of L-arabinose, when
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Fig. 3. Growth profile of the A. niger reference strain and araR, xInR and galX single and combinatorial gene deletion mutants on solid MM with or without addition
of carbon source. All TF mutants were grown for 10 days at 30 °C on no carbon source, D-glucose, D-xylose, L-arabinose, L-arabitol, xylitol, galactitol, D-sorbitol and
D-fructose, and for 12 days at 30 °C on D-galactose, and the mixture of D-galactose and L-arabinose. Variation in colony diameter between replicates is < 1 mm.

used as a sole carbon source, was not sufficient to promote significant
growth of the A. niger strains (Fig. 3), it was shown to be sufficient to
induce AraR (J. Meng and R.P. de Vries, unpublished data).

Single deletion of the genes coding for the arabinanolytic (AraR) and
(hemi-)cellulolytic (XInR) regulators did not significantly affect growth
on D-xylose (Fig. 3), as previously reported (Battaglia et al., 2011a).
However, growth was abolished when both araR and xInR were deleted,
showing that they can compensate for each other’s absence during
growth on D-xylose. Although, we cannot exclude that the expression of
the D-xylose catabolic genes is also affected by other regulators, these
putative regulators cannot compensate for the loss of AraR and XInR.

While the growth of the single deletion mutants AaraR and AxInR
was not affected on xylitol, the growth of the double AaraRAxInR
deletion mutant was significantly reduced but not abolished. This shows
that probably other TFs also activate expression of the genes involved in
xylitol conversion, or that xylitol catabolism can be also facilitated
through an alternative route. However, at the moment, there is no evi-
dence for the presence of an alternative pathway for xylitol catabolism
in A. niger. Three enzymes are involved in xylitol conversion in A. niger:
the L-arabitol dehydrogenase LadA, the xylitol dehydrogenase XdhA and
the D-sorbitol dehydrogenase SdhA (Chroumpi et al., 2021). In A. niger,
ladA is regulated by AraR, while xdhA is regulated by both AraR and
XInR (Battaglia et al., 2011a), which was confirmed by our tran-
scriptome data. Based on our expression data, sdhA was significantly
upregulated on D-galactose, while deletion of galX and of xInR resulted

in significant downregulation of sdhA, but only a small effect was
observed in AaraR (Table 3). This indicates that both GalX and XInR, and
to a lesser extent AraR, are involved in the regulation of sdhA. However,
deletion of galX in the AaraRAxInR mutant did not further reduce
growth on xylitol (Fig. 3), which demonstrates that the conversion of
this compound is not affected by GalX. Finally, the unaffected growth of
all tested regulatory mutants on D-sorbitol, supports our hypothesis
about the involvement of an alternative D-sorbitol dehydrogenase in D-
galactose catabolism in A. niger.

Deletion of araR reduced growth on L-arabinose, while combined
deletion of araR and xInR caused an even stronger growth impairment
compared to the AaraR mutant (Fig. 3), as previously reported (Battaglia
et al., 2011b). This more severe effect observed in AaraRAxInR can be
attributed to the co-regulation of the L-arabinose catabolic pathway by
AraR and XInR. Interestingly, deletion of galX in the AaraR background
resulted in further reduced growth compared to the single AaraR and the
double AaraRAxInR mutants on L-arabinose (Fig. 3), showing that GalX
also affects L-arabinose catabolism in A. niger. However, this effect was
only present when both araR and galX genes were deleted. In the single
AgalX mutant, no growth reduction was observed on L-arabinose
(Fig. 3). Since growth of AgalX and AaraRAgalX mutants was not
affected on any other L-arabinose pathway intermediates than L-arabi-
nose, GalX is likely involved in the initial step of the pathway in which L-
arabinose is converted to L-arabitol (Fig. 1). However, galX deletion does
not seem to affect the expression of larA, xyrA and xyrB on L-arabinose
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Table 3
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RNA-seq analysis of the genes involved in the PCP and D-galactose pathways in A. niger AaraR, AxInR, AgalX, AaraRAxInR, AgalXAxInR, AgalXAaraR,
AgalXAaraRAxInR and the reference strains. For all strains, expression levels (FPKM) were measured after their transfer for 2 h in MM with 25 mM D-glucose, 5 mM L-
arabinose or 25 mM D-galactose, or 25 mM D-galactose + 5 mM L-arabinose. Genes with FPKM values < 50 are considered lowly expressed and marked in red font. The
values are averages of triplicates. The fold change is the difference between the deletion mutants and the reference strain. Fold changes > 2 and < 0.5 are highlighted in

green and orange, respectively.

FPKM mean Fold Change
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(Table 3), suggesting that its influence may be through the activation of
other reductases that can also convert L-arabinose or possibly through
D-galactose transport.

Phenotypic and gene expression analysis of a galX disruptant mutant
(AgalX) has previously revealed that GalX regulates the D-galactose
oxido-reductive pathway, but not the Leloir pathway in A. niger (Gruben
et al., 2012). As expected, deletion of galX did not affect the expression
of the Leloir pathway genes (Table 3). Our data revealed that AraR, XInR
and GalX are all involved in the catabolism of D-galactose in A. niger, but
with a different relative contribution and role during growth on D-
galactose. The first three steps of the oxido-reductive D-galactose cata-
bolic pathway, namely the conversions of D-galactose to galactitol,
galactitol to L-xylo-3-hexulose and L-xylo-3-hexulose to D-sorbitol
(Fig. 1), seem to be indeed regulated by GalX. Deletion of galX reduced
growth on D-galactose, while the growth on galactitol was completely
abolished in the AgalX mutant (Fig. 3). As discussed earlier, XyrB is also
involved in the first step of the A. niger oxido-reductive D-galactose
catabolic pathway (Fig. 1), which could explain the residual growth of
the AgalX mutant on D-galactose (Fig. 3). The A. niger D-xylose reductase
encoding gene xyrB has been previously shown to be upregulated on L-
arabinose and D-xylose (Chroumpi et al., 2021), while araR and xInR
deletions negatively affected xyrB expression (Table 3), indicating its

regulation by both AraR and XInR. Supporting that, deletion of all three
TFs resulted in abolished growth of the AgalXAaraRAxInR mutant on
both pentose sugars as well as on D-galactose (Fig. 3). However, the
conversion of D-sorbitol to D-fructose and D-fructose to D-fructose-1P do
not seem to be under the regulation of any of the three tested TFs, as also
shown in a previous study (Gruben et al., 2012).

In contrast to the oxido-reductive pathway genes, the Leloir pathway
genes galE, galD and ugeA were significantly upregulated on L-arabinose
compared to D-galactose and D-glucose (Table 3). Furthermore, deletion
of araR resulted in their downregulation, indicating that the Leloir
pathway is controlled by AraR, and as a result, L-arabinose induced. D-
galactose and L-arabinose are commonly present together in plant
biomass and share many biochemical structural features, which could
explain this organization of the regulatory network. Since 2 mM of L-
arabinose was not sufficient to promote significant growth of the A. niger
strains (Fig. 3), but only induce AraR, the reduced growth of AaraR on
the Gal + Ara mixture (Fig. 3) can be explained by the downregulation of
Leloir pathway. Unexpectedly, the growth of the AgalX mutant on the
Gal + Ara mixture was significantly improved compared to the reference
strain (Fig. 3). This phenotype was not due to carbon repression, because
deletion of the CreA regulator did not affect the phenotype (Supple-
mentary Fig. 3), but could probably be explained by (indirect)
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repression of the Leloir pathway genes by GalX. In this case, the reduced
repression effect in the absence of GalX could justify the better growth of
the AgalX mutant under these conditions. However, this result is oppo-
site to a previous study, where the deletion of the galX gene in A. niger
has led to growth reduction on a mixture of 25 mM D-galactose and 3
mM L-arabinose compared to the reference strain (Gruben et al., 2012).

Finally, no significant changes could be observed in the expression
levels of genes involved in D-galactose release in the AgalX strain
compared to the reference strain (Supplementary Table 2A). This shows
that GalX does not control D-galactose release from oligo- and poly-
saccharides, as also previously shown by Gruben et al. (2012). Here as
well, most genes encoding - and p-galactosidases, and endo- and exo-
galactanases (den Herder et al., 1992; Kumar et al., 1992; de Vries et al.,
1999; Ademark et al., 2001; de Vries et al., 2002; Coutinho et al., 2009)
were neither specifically induced on D-galactose nor significantly
downregulated in the AgalX mutant compared to the reference strain
(Supplementary Table 2B). However, an exo-1,6-galactanase
(NRRL3_08701), two fB-galactosidases (NRRL3_02630 and
NRRL3_02479) and an a-galactosidase (NRRL3_00743) were specifically
induced on L-arabinose, and their expression was significantly reduced
in the AaraR mutant.

4. Conclusions

In A. niger, pentose and D-galactose catabolism were revealed to be
more interconnected than previously shown, at both the metabolic and
regulatory level. Enzymes that have been previously shown to be
involved in the PCP also participate in D-galactose catabolism, and vice
versa, while three TFs, GalX, AraR and XInR, contribute to the regulation
of D-galactose and L-arabinose catabolism in A. niger. Since L-arabinose,
D-xylose and D-galactose are often simultaneously present in the native
environment of A. niger this has probably stimulated the evolution of this
interconnected regulatory system. Finally, this study clearly emphasizes
the necessity for better characterization of the sugar catabolic genes, as
well as their regulatory mechanisms, in order to allow for more efficient
design of fungal cell factories.
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