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The transcriptional activator ClrB is crucial for the degradation of soybean 
hulls and guar gum in Aspergillus niger 

Roland S. Kun a, Sandra Garrigues a,1, Mao Peng a, Keykhosrow Keymanesh b, Anna Lipzen b, 
Vivian Ng b, Sravanthi Tejomurthula b, Igor V. Grigoriev b, Ronald P. de Vries a,* 

a Fungal Physiology, Westerdijk Fungal Biodiversity Institute & Fungal Molecular Physiology, Utrecht University, Uppsalalaan 8, 3584 CT Utrecht, the Netherlands 
b USA Department of Energy Joint Genome Institute, Lawrence Berkeley National Laboratory, 1 Cyclotron Rd, Berkeley, CA 94720, United States   
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A B S T R A C T   

Low-cost plant substrates, such as soybean hulls, are used for various industrial applications. Filamentous fungi 
are important producers of Carbohydrate Active enZymes (CAZymes) required for the degradation of these plant 
biomass substrates. CAZyme production is tightly regulated by several transcriptional activators and repressors. 
One such transcriptional activator is CLR-2/ClrB/ManR, which has been identified as a regulator of cellulase and 
mannanase production in several fungi. However, the regulatory network governing the expression of cellulase 
and mannanase encoding genes has been reported to differ between fungal species. Previous studies showed that 
Aspergillus niger ClrB is involved in the regulation of (hemi-)cellulose degradation, although its regulon has not 
yet been identified. To reveal its regulon, we cultivated an A. niger ΔclrB mutant and control strain on guar gum 
(a galactomannan-rich substrate) and soybean hulls (containing galactomannan, xylan, xyloglucan, pectin and 
cellulose) to identify the genes that are regulated by ClrB. Gene expression data and growth profiling showed that 
ClrB is indispensable for growth on cellulose and galactomannan and highly contributes to growth on xyloglucan 
in this fungus. Therefore, we show that A. niger ClrB is crucial for the utilization of guar gum and the agricultural 
substrate, soybean hulls. Moreover, we show that mannobiose is most likely the physiological inducer of ClrB in 
A. niger and not cellobiose, which is considered to be the inducer of N. crassa CLR-2 and A. nidulans ClrB.   

1. Introduction 

Plant biomass is the most abundant carbon source on Earth and 
consists mainly of plant cell wall polysaccharides (cellulose, hemicel
lulose and pectin), and the aromatic polymer lignin. Various plant 
substrates are used for applications in food, pharmaceutical, textile or 
paper & pulp industry (de Vries et al., 2020). One such substrate is guar 
gum (GG), an abundant biopolymer found in Cyamopsis tetragonolobus 
seed endosperm (Thombare et al., 2016), which is used as a thickener, 
stabilizer agent and additive in pharmaceutical, paper, textile or food 
industries (Mudgil et al., 2014). Its main component is galactomannan 
(Malgas et al., 2015), a polymer which is also abundantly present in 
soybean hulls (SBH) (Whistler and Saarnio, 1957). Soybean is cultivated 
in large amounts worldwide (up to 240 million tons per year), producing 

approximately 20 million tons of SBH per year as a major by-product 
(Liu and Li, 2017). Soybean hulls are used as animal feed, in the treat
ment of waste water or as dietary fibers, and it is a relevant feedstock for 
biotechnological applications (Liu and Li, 2017). 

To produce valuable compounds from plant biomass, a broad set of 
hydrolytic and oxidative enzymes are required to degrade its main 
polymers. Filamentous fungi are efficient plant biomass degraders due to 
their extensive set of Carbohydrate Active enZymes (CAZy, 
https://www.cazy.org) (Lombard et al., 2014) they can secrete. One of 
the most important filamentous fungi used in biotechnology is Asper
gillus niger, which is well known for its ability to produce a broad range 
of enzymes required for the degradation of plant polysaccharides (de 
Vries and Visser, 2001). Transcription Factors (TF) play an essential role 
in the regulation of gene expression, controlling the production of a set 

Abbreviations: GG, guar gum; SBH, soybean hulls; CAZyme, carbohydrate active enzyme; TF, transcription factor; MM, minimal medium; CM, complete medium; 
GH, glycoside hydrolase; CE, carbohydrate esterase. 
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of enzymes that matches the polysaccharides that are present in the 
environment of the fungus. Several fungal TFs related to plant biomass 
degradation have been described (Benocci et al., 2017). Some tran
scription factors are associated with the degradation of specific sub
strates, such as GaaR (Alazi et al., 2016), which is the key regulator of 
pectin degradation (Kowalczyk et al., 2017). Other TFs control the 
degradation of a broader set of substrates. For instance, XlnR (van Peij 
et al., 1998b) controls the expression of cellulolytic, xylanolytic, man
nanolytic and xyloglucanolytic genes (de Vries et al., 1999; Hasper et al., 
2002; van Peij et al., 1998a), while AraR (Battaglia et al., 2011) plays an 
important role in hemicellulose and pectin degradation (Kowalczyk 
et al., 2017). 

In N. crassa, the regulation of cellulose degradation is controlled by 
two TFs, CLR-1 and CLR-2 (Coradetti et al., 2012). ClrA, the ortholog of 
CLR-1, has also been identified in Aspergillus nidulans (Coradetti et al., 
2012) and A. niger (Kun et al., 2021; Raulo et al., 2016) and was reported 
to be involved in cellulose degradation in these species. Orthologs of 
CLR-2 have been identified in A. nidulans (ClrB) (Coradetti et al., 2013, 
2012), A. niger (ClrB) (Raulo et al., 2016), A. oryzae (ManR) (Ogawa 
et al., 2012) and Penicillium oxalicum (ClrB) (Li et al., 2015) that showed 
conserved function with respect to cellulose degradation, although 
A. oryzae ClrB (ManR) had been first reported as a TF regulating mannan 
degradation (Ogawa et al., 2012). A later study also showed the 
involvement of N. crassa CLR-2 in the regulation of mannan utilization 
(Samal et al., 2017). A detailed study of the ClrB ortholog from 
A. nidulans showed that ClrB controls the expression of several man
nanolytic genes such as the β-mannosidase mndB or the endomannanase 
manB (Li et al., 2016). However, it was reported that the induction of 
mannanases in A. nidulans is more likely controlled by a ClrB paralogue, 
AN6832 (Li et al., 2016), which is not present in A. oryzae or A. niger 
(Kunitake and Kobayashi, 2017). The induction and/or the role of CLR- 
2/ClrB/ManR orthologs within the regulatory network of (hemi-)cellu
lose degradation appears to be strikingly different (Coradetti et al., 
2013, 2012; Kunitake and Kobayashi, 2017). More recently, a homolog 
of ClrB (TclB2) has been identified in Talaromyces cellulolyticus that is 
involved in the regulation of mannan degradation, but not cellulose or 
xylan degradation (Fujii et al., 2021). A less conserved homolog of ClrB 
(CLR2) has also been described in Trichoderma reesei, but results showed 
only a minor influence of CLR2 on cellulase regulation in this species 
(Häkkinen et al., 2014). In contrast, light-dependent control of xylanase 
and pectinase encoding genes has been associated with CLR2 in T. reesei 
(Beier et al., 2020). Even though the involvement of A. niger ClrB in 
cellulose utilization has been previously reported (Kun et al., 2021; 
Raulo et al., 2016), it is not fully known to which extent it may also 
control the degradation of mannan or other plant polysaccharides. 
Better understanding of the regulon of ClrB in the industrially relevant 
filamentous fungus A. niger, allows for the generation of strains with 
improved ability to produce enzymes necessary for plant biomass 
degradation on an industrial scale. 

In this study, we assessed the involvement of ClrB in the degradation 
of SBH and GG by A. niger. We showed that ClrB is involved in the 
degradation of cellulose, galactomannan and xyloglucan in A. niger. 
Moreover, we showed that mannobiose is most likely the inducer of ClrB 
in this species, despite cellobiose being the inducer of ClrB in A. nidulans, 
suggesting distinct activation of (hemi-)cellulolytic systems within 
closely related ascomycetes. 

2. Materials and methods 

2.1. Strains, media and growth conditions 

Fungal strains used in this study were derived from the A. niger CBS 
138852 (cspA1, pyrG− , kusA::amdS) strain (Meyer et al., 2007). All 
deletion mutants used in this study were previously generated by using 
the CRISPR/Cas9 system (Kun et al., 2021) and were deposited at the 
culture collection of Westerdijk Fungal Biodiversity Institute under 

strain numbers indicated in Table S1. Strains were grown at 30 ◦C in 
Aspergillus Minimal Medium (MM) or Complete Medium (CM) (de Vries 
et al., 2004) supplemented with 1 % D-glucose and 1.22 g/L uridine 
(Sigma Aldrich). Growth profiles were performed using Aspergillus MM 
containing 25 mM mono-/disaccharides or 1 % polysaccharides/crude 
substrates. 

The SBH used in this study was washed as previously reported (Kun 
et al., 2021). The washed supernatant-free pellet was resuspended in 
MM with 1 % final concentration for both growth profiles and liquid 
culturing. All media were supplemented with 1.22 g/L uridine. All 
growth profile plates were inoculated in duplicates with 103 spores and 
incubated at 30 ◦C for up to 14 days. Pictures were taken after 5, 6, 7, 8, 
10 and 14 days of incubation and were evaluated by visual inspection, 
considering the colony diameter, mycelial density and sporulation. 

2.2. Transcriptomic analysis 

For transcriptomic analysis, freshly harvested spores were pre-grown 
in CM containing 2 % D-fructose and 1.22 g/L uridine for 16 h at 30 ◦C in 
a rotary shaker at 250 rpm. The mycelium was harvested by filtration 
through sterile cheesecloth, thoroughly washed with MM, and approx
imately 2.5 g (wet weight) mycelium was transferred to either 10 mL 
MM containing 2 mM cellobiose (Acros Organics) or mannobiose 
(Megazyme), or to 50 mL MM containing 1 % SBH or GG (Table S2). 
Mycelia were harvested for RNA isolation after 1 h incubation at 30 ◦C in 
a rotary shaker at 250 rpm in case of 2 mM mannobiose/cellobiose 
cultures, and after 2, 8 and 24 h incubation at the same condition in case 
of 1 % SBH/GG cultures. Mycelia were frozen in liquid nitrogen followed 
by storage at − 80 ◦C until further use. Samples were collected in bio
logical triplicates. The transcriptomes of the parental and mutant strains 
were analyzed using RNA-seq. RNA isolation, purification and quanti
tative and qualitative evaluation was performed as previously described 
(Garrigues et al., 2022). 

Purification of mRNA, synthesis of cDNA library and sequencing 
were performed at the Joint Genome Institute (JGI). Plate-based RNA 
sample prep was performed on the PerkinElmer Sciclone NGS robotic 
liquid handling system using Illumina’s TruSeq Stranded mRNA HT 
sample prep kit utilizing poly-A selection of mRNA following the pro
tocol outlined by Illumina in their user guide: https://support.illumina. 
com/sequencing/sequencing_kits/truseq-stranded-mrna.html, and with 
the following conditions: total RNA starting material was 1 µg per 
sample and 8 cycles of PCR was used for library amplification. The 
prepared libraries were then quantified using KAPA Biosystem’s next- 
generation sequencing library qPCR kit and run on a Roche Light
Cycler 480 real-time PCR instrument. The quantified libraries were then 
multiplexed and the pool of libraries was then prepared for sequencing 
on the Illumina NovaSeq 6000 sequencing platform using NovaSeq XP 
v1 reagent kits, S4 flow cell, following a 2x150 indexed run recipe. The 
processing of raw fastq reads and evaluation of raw gene counts were 
performed as previously described (Garrigues et al., 2022). Three bio
logical replicates were generated and sequenced for each condition. Two 
individual samples were discarded from further analysis due to their 
poor sequencing quality. 

Differentially expressed genes (DEGs) were detected using the R 
package DESeq2 (Love et al., 2014). Transcripts were considered 
differentially expressed if the DESeq2 fold change of the ΔclrB mutant 
strain compared to the control was > 2 (upregulation) or < 0.5 
(downregulation) and padj < 0.01 and at least one of the two expression 
values was FPKM > 20. 

Heat maps for gene expression data visualization were generated 
using the “gplots” package of R software, with the default parameters: 
“Complete-linkage clustering method and Euclidean distance”. The data 
used for the generation of heat maps are shown in Data S1. Genes with 
an expression value of FPKM < 20 in each sample were considered lowly 
expressed and were excluded from the analysis. 
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2.3. Binding site analysis 

The ClrB consensus binding site was identified by using the online 
MEME version 5.3.3 tool (Bailey and Elkan, 1994) on the promoter re
gions of a set of 45 downregulated genes in the ΔclrB strain grown on 
SBH or GG. Promoter sequences were obtained from the JGI MycoCosm 
database (https://genome.jgi.doe.gov/Aspni_NRRL3_1/Aspni_NRRL3_1. 
home.html). Motif discovery mode was set to discriminative mode, 
using the promoter regions of all genes excluding the promoters of the 
45 primary genes as control. Motif length was restricted to 10–18 nu
cleotides and specified the occurrences to zero or to one per sequence. 

Binding site analysis was performed using the RSAT online tool 
(Thomas-Chollier et al., 2008) (https://rsat-tagc.univ-mrs.fr/rsat/dn 
a-pattern_form.cgi) as previously reported (Kun et al., 2021). The pres
ence of binding sites in the promoter regions of putatively ClrB- 
regulated genes are indicted in Table S3. 

3. Results and discussion 

3.1. The deletion of ClrB strongly reduces Aspergillus niger growth on 
soybean hulls and guar gum 

To evaluate the contribution of ClrB to the utilization of SBH in 
A. niger, we performed a growth profile on this crude substrate, as well as 
on several major constituent mono- and polysaccharides, and GG 
(Fig. 1). GG is mainly composed of galactomannan, while SBH contains 
significant amounts of cellulose, galactomannan, pectin, xylan and 
xyloglucan (Aspinall et al., 1966; Karr-Lilienthal et al., 2005). The sugar 
composition of SBH and GG are indicated in Table S2. 

Growth on GG was strongly reduced in the clrB deletion mutant 
(Fig. 1), indicating a large contribution of ClrB towards the degradation 
of galactomannan by A. niger. Growth on D-mannose was not affected in 
the ΔclrB strain, indicating little or no effect on the regulation of D- 
mannose transport or metabolism. Surprisingly, while SBH contains 
diverse polysaccharides, the deletion of clrB also resulted in strongly 
reduced growth on SBH. This suggests that ClrB is involved in the 

degradation of several major SBH components, such as cellulose, gal
actomannan and xyloglucan. Previous studies reported the involvement 
of ClrB in cellulose degradation in A. niger (Kun et al., 2021; Raulo et al., 
2016), which correlates with abolished growth on cellulose in our study 
(Fig. 1). However, no growth reduction was observed on cellulose for an 
A. oryzae manR disruption mutant, despite its involvement in cellulose 
utilization (Ogawa et al., 2013). These results demonstrate differences in 
the extent of cellulase regulation by ClrB or the involvement of other 
cellulolytic regulators between these two species. 

Interestingly, growth on cellobiose was not affected by the deletion 
of clrB (Fig. 1). Growth reduction on this substrate was observed in 
A. nidulans (Coradetti et al., 2012), but not in N. crassa (Coradetti et al., 
2012), also highlighting differences in the role of ClrB in these species. 

A transient growth reduction was observed on xyloglucan for the 
A. niger ΔclrB mutant, showing partial growth recovery after 14 days of 
growth (Fig. 1). The slow growth on xyloglucan may be related to the 
involvement of ClrB in the regulation of xyloglucanases, such as the 
Glycoside Hydrolase Family 12 (GH12) enzyme EglA (Kun et al., 2021), 
which is also supported by transcriptome data (see next sections). No 
growth reduction was observed on xylan or pectin, or on some of the 
(major) constituent sugars, D-xylose, L-arabinose, L-rhamnose and D- 
galacturonic acid (Fig. 1). The presence of xylan and pectin in SBH could 
only partially support growth of the clrB deletion strain, possibly 
because it has reduced access to xylan and pectin in SBH. 

The crucial role of ClrB in the degradation of SBH and GG was also 
confirmed by an additional growth profile involving combinatorial de
letions of major (hemi-)cellulolytic TFs XlnR, AraR, ClrA and ClrB that 
were previously generated (Kun et al., 2021). Our results showed that 
the ΔclrB single deletion strain, as well as each combinatorial deletion 
mutant carrying the deletion of clrB more strongly reduced growth on 
the test substrates compared to any other deletion strain (Figure S1). 
Moreover, the ΔclrB strain showed an even stronger growth reduction 
than the ΔxlnRΔaraRΔclrA triple mutant, confirming that ClrB has a 
dominant role in the regulation of SBH and GG degradation. The 
important role of ClrB in the degradation of both SBH and GG could 
(mainly) be associated with the impaired ability of the clrB deletion 

Fig. 1. Growth profile of the A. niger control (CBS 138852) and ΔclrB strain. The solid medium containing selected carbon sources was inoculated with 1000 
spores and incubated at 30 ◦C for up to 14 days. 
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mutants to degrade galactomannan. This is supported by the observation 
that none of the XlnR-AraR-ClrA combinatorial deletion mutants 
showed substantial growth reduction on GG (Figure S1), which is 
almost exclusively composed of galactomannan. 

3.2. Mannobiose is the inducer of ClrB in Aspergillus niger 

Several studies have suggested that the inducer of CLR-2/ClrB/ManR 
is either cellobiose (Coradetti et al., 2013, 2012; Li et al., 2016; Ogawa 
et al., 2013, 2012) or mannobiose (Ogawa et al., 2013, 2012). 
Mannobiose-mediated activation of ClrB in A. niger has been hypothe
sized before (van Munster et al., 2020), but no studies have confirmed it 
so far. 

To identify if either cellobiose or mannobiose is the inducer of ClrB in 
A. niger, the A. niger control (CBS 138852) and ΔclrB strain were culti
vated in liquid medium containing either 2 mM cellobiose or 2 mM 
mannobiose as sole carbon source. RNA from mycelial samples was 
collected after 1 h incubation, and transcriptomic data were generated 
and analyzed. The expression level of clrB in the control strain was 3-fold 
higher in the mannobiose culture (147.1 FPKM) compared to the 
cellobiose culture (48.7 FPKM) (Data S1A). Analysis of CAZy, metabolic 
and sugar transporter genes indicated no downregulation (fold change 
< 0.5; padj < 0.01) in the ΔclrB mutant compared to the control when 
grown in medium containing 2 mM cellobiose (Data S1A). In contrast, 
in the 2 mM mannobiose cultures differential expression of 18 CAZy, 
two metabolic and three transporter genes was observed in the ΔclrB 
strain compared to the control (Table 1). The differentially expressed 
CAZy genes encode enzymes with a diverse specificity, including two 
xylanolytic genes (axeA and gbgA), six cellulolytic genes (eglA, eglC, 
cbhB, cbhD, bgl4 and NRRL3_3383), six galactomannanolytic genes (aglB, 
aglC, manA, mndA, mndB and haeA), three pectinolytic genes (abnA, 
rgaeA and rglA) and one xyloglucanolytic gene (xegA) (Table 1). The 
downregulation of six cellulolytic and galactomannanolytic genes cor
relates with the expectation that ClrB is mainly involved in cellulose and 
mannan utilization. Although two metabolic genes (larB and oahA) were 
differentially expressed in the clrB deletion strain (Table 1), these results 

do not necessarily indicate an involvement of ClrB in the regulation of 
metabolic pathways. Of the three transporter genes which showed dif
ferential expression in the ΔclrB strain (Table 1), ctA showed the highest 
reduction in expression. Interestingly, the transporter encoded by this 
gene has previously been described as cellodextrin (including cello
biose) transporter (Lin et al., 2020). However, our data did not show the 
expression of this gene when grown on 2 mM cellobiose (Data S1A). 
This suggests that this gene may in fact encode a mannobiose transporter 
rather than a cellobiose transporter. This observation is further sup
ported by a previous study, reporting that the CtA ortholog in N. crassa, 
CDT-1, showed competitive uptake of cellobiose and mannobiose, with 
preference for mannobiose (Hassan et al., 2019). 

Overall, our data shows that mannobiose is most likely the inducer of 
ClrB in A. niger. However, a previous study reported that the over
expression of A. niger clrB could result in the production of some cellu
lases, but not the mannanase ManA, in the absence of an inducer (Gao 
et al., 2019). Furthermore, the expression of clrB is positively affected by 
the xylose-inducible TF XlnR (Raulo et al., 2016), which could likely 
explain the role of ClrB in the utilization of diverse substrates containing 
low levels, or even lacking mannobiose in their composition (Garrigues 
et al., 2022; Kun et al., 2021; Raulo et al., 2016). 

3.3. Transcriptome data shows slow activation of galactomannan 
degradation in soybean hulls and guar gum liquid cultures by Aspergillus 
niger 

Transcriptome analysis of A. niger grown on SBH and GG was per
formed to study the phenotypic response of this fungus to the analyzed 
substrates at the molecular level. For this, pre-grown fungal mycelia 
were transferred to liquid medium containing 1 % GG or 1 % washed 
SBH. The expression of CAZyme-encoding genes was initially evaluated 
in the A. niger control (CBS 138852) strain to assess the major genes 
involved in the degradation of the tested substrates (Fig. 2). 

On SBH, the overall expression of CAZyme-encoding genes was low 
after 2 h, showing an increase after 8 h (Fig. 2A). However, at 24 h, a 
relatively high increase in the expression of CAZy genes was observed, 

Table 1 
Differentially expressed genes in the ΔclrB strain compared to the control when cultivated in minimal medium containing 2 mM mannobiose as sole carbon 
source. Gene expression values represent FPKM values, while the fold change is based on Deseq2 calculation. Enzyme activity abbreviations are described in Table S4.  

CAZyme-encoding genes 

Gene ID Gene name Activity CAZy family Substrate FPKM control FPKM ΔclrB DeSeq2 fold change padj 

NRRL3_3339 axeA AXE CE1 (Arabino)xylan 74.13 0.79 0.01  0.000 
NRRL3_11773 gbgA BXL GH43 - CBM35 (Arabino)xylan 66.88 12.44 0.19  0.000 
NRRL3_4917 eglC EGL GH5_5 Cellulose 147.06 0.06 0.00  0.000 
NRRL3_10870 cbhD CBH GH6 Cellulose 24.28 0.24 0.01  0.000 
NRRL3_3383 – LPMO AA9 Cellulose 26.67 1.20 0.05  0.000 
NRRL3_8517 bgl4 BGL GH1 Cellulose 1380.90 114.09 0.08  0.000 
NRRL3_2584 cbhB CBH GH7 - CBM1 Cellulose 95.40 1.45 0.02  0.000 
NRRL3_2585 eglA EGL GH5_5 - CBM1 Cellulose 219.80 0.26 0.00  0.000 
NRRL3_5358 aglB AGL GH27 Galactomannan 1221.38 23.58 0.02  0.000 
NRRL3_16 aglC AGL GH36 Galactomannan 93.25 41.27 0.45  0.000 
NRRL3_8912 manA MAN GH5 Galactomannan 479.99 5.17 0.01  0.000 
NRRL3_9612 mndA MND GH2 Galactomannan 1039.38 14.18 0.01  0.000 
NRRL3_9051 mndB MND GH2 Galactomannan 2593.21 157.21 0.06  0.000 
NRRL3_4916 haeA AE CE16 Galactomannan 280.84 0.87 0.00  0.000 
NRRL3_92 abnA ABN GH43 Pectin 938.85 159.80 0.17  0.000 
NRRL3_169 rgaeA RGAE CE12 Pectin 24.51 2.67 0.11  0.000 
NRRL3_684 rglA RGL PL4_1 Pectin 97.06 5.87 0.06  0.000 
NRRL3_1918 xegA XG-EGL GH12 Xyloglucan 25.14 10.21 0.42  0.000 
Metabolic genes 
Gene ID Gene name Activity Metabolic pathway FPKM control FPKM ΔclrB DeSeq2 fold change padj 
NRRL3_10868 larB L-arabinose reductase PCP 54.59 25.88 0.48 0.001 
NRRL3_6354 oahA oxaloacetate acetylhydrolase TCA & glyoxylate cycles 3212.33 1439.89 0.46 0.000 
Sugar transporter genes 
Gene ID Gene name Specificity FPKM control FPKM ΔclrB DeSeq2 fold change padj 
NRRL3_10052 xltC major facilitator superfamily glucose transporter 176.29 37.67 0.22 0.000 
NRRL3_3028 ctA major facilitator superfamily, sugar/inositol transporter-like protein 1657.42 14.81 0.01 0.000 
NRRL3_5614 – major facilitator superfamily, sugar/inositol transporter-like protein 206.15 55.66 0.28 0.000  
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indicating a slow adaptation of A. niger to the degradation of SBH. This is 
in contrast with the gene expression pattern observed on another dicot, 
sugar beet pulp, where the overall expression of CAZy genes was only 
slightly higher at 24 h compared to 8 h (Garrigues et al., 2022). The total 
number of CAZy genes showing an expression of FPKM > 20 also 
increased over time, with 57, 84 and 98 CAZy genes in total after 2, 8 
and 24 h, respectively (Fig. 2A). 

At the initial stage of growth, the α-glucosidase encoding gene agdB 
showed the highest expression in the control strain (Data S1B). The high 
expression of agdB, as well as additional amylolytic genes (e.g., glaA, 
amyA and agdA) indicated the utilization of starch after 2 h on SBH. 
However, the starch content of SBH used in our study is only 0.2 % (data 
not shown), which is in line with previous studies reporting<1 % starch 
in SBH (Karr-Lilienthal et al., 2005; Rodiek and Stull, 2007). None of the 
genes related to the degradation of other SBH components were 
expressed at relatively high levels, suggesting that A. niger did not 
degrade other polymers at this stage of growth (Fig. 2A). 

In contrast, after 8 h, the expression of three endo-arabinanase 
encoding genes (abnA, abnC and NRRL3_3855) was the highest (Fig. 3 
and Data S1B). In accordance with the highly expressed endo-arabina
nase encoding genes, additional pectinolytic genes were most abun
dantly expressed, accounting for a total number of 28 at this time point 
(Fig. 2A). In general, (hemi-)cellulolytic genes showed the highest 
expression levels only after 24 h, including genes encoding cellobiohy
drolases (cbhA, cbhD), endoxylanases (xlnA, xlnC/xynA), arabinoxylan 
arabinofuranohydrolase (axhA), acetyl xylan esterase (axeA), hemicel
lulose acetyl esterase (haeA) and xyloglucanases (xegA, eglA) (Fig. 3 and 
Data S1B). 

In contrast to SBH, A. niger grown in GG cultures showed the highest 
expression of CAZyme-encoding genes after 8 h, with a substantial 
decrease in expression after 24 h (Fig. 2B). The expression level of clrB 
was also the highest in the control strain grown on SBH for 24 h and GG 
for 8 h (Fig. 4 and Data S1C), correlating with the expression profile of 
CAZyme-encoding genes. This correlation supports the major role that 
ClrB plays in the degradation of both substrates. 

At the initial stages of growth on GG, several amylolytic genes (glaA, 

aamA, agdA, agdB) were highly expressed (Fig. 2B and Data S1B). 
Moreover, the endoinulinase encoding gene inuE and invertase encoding 
gene sucA were also highly expressed after 2 h on GG. Even though 
starch and inulin are not present in GG, it was previously shown that GG 
contains trace amounts of various components that might induce the 
expression of a broad set of CAZyme-encoding genes, including amylases 
and/or inulinases in A. niger (Coconi Linares et al., 2019). Additionally, 
a trace component-mediated induction of amylolytic and inulinolytic 
gene expression in the 2 h GG condition compared to the 2 h SBH con
dition might be explained by the fact that the SBH used in this study was 
previously washed, while GG was not. The washing procedure removes a 
large proportion of (free) monosaccharides or short oligosaccharides 
from the substrate composition, decreasing the availability of putative 
inducer molecules. 

After 8 h a large number of pectinolytic genes were expressed in GG, 
but these were not among the genes showing the highest expression 
levels (Fig. 2B and Data S1B). Several genes that showed high expres
sion values in the SBH culture after 24 h were also highly expressed in 
GG at the 8 h time point. These include axeA, xlnA, xlnC/xynA, axhA, 
xegA and haeA (Fig. 3 and Data S1B). Additionally, the endoglucanase 
encoding gene NRRL3_4917 and the cellobiohydrolase encoding gene 
cbhB showed high expression levels, indicating a strong response to the 
presence of low amounts of cellulose. The expression data indicated that 
the GG cultures showed the strongest genetic response to the presence of 
its main constituent, galactomannan, only after 24 h, showing the 
highest expression of the α-galactosidase encoding aglB, the hemicellu
lose acetyl esterase encoding haeA, the β-1,4-endomannanase encoding 
manA and the two β-1,4-mannosidase encoding genes mndA and mndB 
(Fig. 3 and Data S1B). Comparison of the expression profile of 
galactomannan-specific genes in the GG and SBH conditions at each time 
point suggests that the degradation of galactomannan mainly occurs at a 
later stage of growth, possibly even after 24 h of growth in case of SBH. 

Fig. 2. Schematic representation of the relative expression of CAZyme-encoding genes in A. niger control (CBS 138852) and ΔclrB strains grown on 
soybean hulls (A) or guar gum (B). Graphs illustrate the cumulative expression of genes associated with the degradation of major plant biomass components 
(indicated by different colors). Tables describe the number of genes associated with the degradation of each substrate with a FPKM > 20. 
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3.4. Transcriptomic analysis of the clrB deletion mutant confirms the key 
role of ClrB in the regulation of key cellulases, galactomannanases and 
xyloglucanases in Aspergillus niger 

To evaluate the role of ClrB in the regulation of CAZymes involved in 
the degradation of SBH and GG, we compared the transcriptome of the 
ΔclrB mutant to that of the control described above (Fig. 3 and Data 

S1B). CAZyme-encoding genes were evaluated based on substrate 
specificity for both growth conditions (SBH and GG) during the exper
imental time course. Only seven genes showed downregulation in the 
ΔclrB mutant compared to the control on SBH after 2 h (Fig. 5 and 
Table S3). However, the number of downregulated genes increased to 
33 and 78 after 8 h and 24 h on SBH, respectively. Interestingly, all the 
genes which were downregulated in the clrB deletion mutant at 2 or 8 h 

Fig. 3. Hierarchical clustering of CAZyme-encoding genes in A. niger control (CBS 138852) and ΔclrB strains. Data originated from 8 and 24 h of culturing in 
1 % soybean hulls (SBH) or 1 % guar gum (GG) liquid media. The substrates associated with the corresponding genes are indicated by different colors. Enzyme 
activity abbreviations are described in Table S4. 
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were also downregulated at 24 h, so no unique downregulated genes 
were found in this mutant at early time points (Fig. 5). 

Compared to the SBH cultures, a lower number of genes were 
affected by the deletion of clrB on GG. This includes 6, 30 and 36 
downregulated genes after 2, 8 and 24 h, respectively. Thirteen of the 
downregulated genes were unique to the 8 h time point, while 19 were 
unique to the 24 h time point in the GG culture (Fig. 5 and Table S3). In 
total, 80 CAZyme-encoding genes showed downregulation in ΔclrB on 
either SBH or GG (Table S3). Of these, 45 genes were downregulated on 
SBH and GG at identical time points (Fig. 5). 

After 2 h, the deletion of clrB showed low impact, downregulating 
only bgl4, aglB, mndA, rgaeA and eglA. In contrast, the 8 h time point 
showed the downregulation of 24 genes on both substrates, notably 
including eight genes involved in cellulose degradation (Fig. 5). A 
similar set of eight cellulase genes was downregulated at the 24 h time 
point, of which bgl4, cbhA, cbhB, eglA and eglC were downregulated at 
both 8 and 24 h time points (Fig. 5). Previously, it was shown that XlnR 
plays a major role in the regulation of cellulases in A. niger by controlling 

the expression of both clrA and clrB (Raulo et al., 2016). However, our 
study shows that the expression of clrA is (partially) dependent on ClrB 
in A. niger (Fig. 4). This indicates that the decreased expression of clrA in 
a ΔxlnR mutant (Raulo et al., 2016) might also be indirectly mediated 
through ClrB. Moreover, the reduced expression of clrA can further 
facilitate the reduction of cellulase gene expression in A. niger. 

Besides cellulase genes, three galactomannanolytic genes (aglB, 
manA and haeA) were downregulated after 8 h of growth on SBH and GG 
(Fig. 5). These genes seem to be activated by ClrB, even when the gen
eral response of A. niger to galactomannan degradation is low in case of 
SBH (Fig. 2A). However, the 24 h time point showed the downregulation 
of additional galactomannanolytic genes, including aglC, NRRL3_4196 
(putative endomannanase), mndA and mndB (Fig. 5). The control of 
manA by ClrB in A. niger was shown in a previous study where a 
constitutively active version of ClrB resulted in elevated levels of the 
β-mannanase ManA, but no data was provided about the production of 
additional major mannanolytic enzymes by this mutant (Gao et al., 
2019). Regulation of manC and mndB by N. crassa CLR-2 and A. nidulans 

Fig. 4. Hierarchical clustering of transcription 
factor genes in A. niger control (CBS 138852) and 
ΔclrB strains. Data originated from 2, 8 and 24 h of 
culturing in 1 % soybean hulls (SBH) or 1 % guar 
gum (GG) liquid media. Downregulated genes (fold 
change < 0.5; padj < 0.01) in ΔclrB compared to the 
control are indicated by an asterisk (*). The analyzed 
genes include the genes encoding the carbon catab
olite repressor CreA, the (hemi-)cellulolytic regula
tors ClrA and ClrB, the xylanolytic regulator XlnR, 
the arabinanolytic regulator AraR, the amylolytic 
regulator AmyR, the inulinolytic regulator InuR, the 
regulator of L-rhamnose utilization RhaR, the regu
lator of D-galactose utilization GalX and the activator 
and repressor of D-galacturonic acid utilization GaaR 
and GaaX, respectively.   
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ClrB has been reported before (Coradetti et al., 2013). However, neither 
of these orthologs have been shown to control the expression of genes 
encoding α-galactosidases or acetyl mannan esterases, which are 
accessory enzymes involved in galactomannan utilization. In contrast, 
A. oryzae ManR was shown to control the expression of a GH27 and a 
GH36 α-galactosidase gene (aglB and aglC, respectively), as well as the 
Carbohydrate Esterase Family 16 (CE16) acetyl mannan esterase 
encoding gene ameA (Ogawa et al., 2013, 2012). Our data indicates that 
the ClrB-mediated activation of galactomannanases in A. niger is similar 
to that of the ManR in A. oryzae, indicating a divergent regulation of 
mannan utilization compared to N. crassa or A. nidulans. 

Only a few pectinolytic genes were downregulated in the ΔclrB 
mutant after 8 h or 24 h on SBH and GG (seven and five, respectively) 
(Fig. 5), and none of these genes showed overlap between the two time 
points, indicating that they might not be under direct control of ClrB. 

Previous studies showed that CLR-2/ClrB orthologs can affect the 
expression of xylanolytic genes as well as overall xylanase activity in 
N. crassa and A. nidulans when grown on Avicel (Coradetti et al., 2013, 
2012). However, this was not the case for A. oryzae ManR, which 
showed no significant effect on xylanolytic gene expression on Avicel 
(Ogawa et al., 2013). Although our growth condition was different, 
A. niger ΔclrB did not show extensive involvement of ClrB in the regu
lation of (arabino)xylan utilization. Likewise, it was shown that 
P. oxalicum ClrB (Li et al., 2015) and T. cellulolyticus TclB2 (Fujii et al., 
2021) are not strictly required for xylanolytic gene expression. Only 
some genes involved in (arabino)xylan degradation were downregulated 
on both SBH and GG after 8 h and 24 h (three and four, respectively), 
two of which (axeA and xlnB) were downregulated at both time points 
(Fig. 5). A previous study showed that the expression of xlnB (xynA) 

decreased in A. niger ΔclrB on wheat straw (Raulo et al., 2016). The 
minor involvement of A. niger ClrB in the process of (arabino)xylan 
utilization was supported by the unaffected growth of ΔclrB mutant on 
xylan (Fig. 1), as well as by the results of our previous study, where an 
A. niger ΔclrB mutant showed an unexpected growth improvement on an 
(arabino)xylan-rich substrate, wheat bran (Kun et al., 2021). Those re
sults suggest the existence of an unknown interaction between XlnR and 
ClrB, where the presence of ClrB negatively affects the production of 
xylanolytic enzymes while XlnR is the dominant transcription factor in 
the degradation of the substrate (Kun et al., 2021). 

The expression of xyloglucanolytic genes was also affected in ΔclrB 
(Fig. 5). Reduced xyloglucanolytic activities are also indicated by the 
reduced growth of ΔclrB on xyloglucan (Fig. 1). The importance of CLR- 
2 in the degradation of xyloglucan was reported before in N. crassa 
(Samal et al., 2017), but no evidence has been given for involvement of 
ClrB/ManR orthologs in xyloglucan degradation in P. oxalicum, 
A. nidulans or A. oryzae. To this point, it is not fully known to which 
extent the regulation of xyloglucan degradation by ClrB is conserved in 
filamentous fungi. 

The set of 45 genes identified in this study that were simultaneously 
downregulated in ΔclrB on SBH and GG (Table S3) was used to in silico 
predict the consensus binding site of ClrB in A. niger (Fig. 5). Our pre
dicted consensus binding site [5′-CGGN8CCG-3′] matched the one pre
viously described for A. nidulans ClrB (Li et al., 2016) and shows high 
similarity to the experimentally determined [5′-CGGN11CCG-3′] binding 
site in N. crassa (Craig et al., 2015). 

Considering each set of downregulated genes per different growth 
conditions and time points, only three genes were consistently down
regulated in all conditions, bgl4, aglB and eglA, indicating the direct ClrB- 

Fig. 5. Downregulated CAZyme-encoding genes in A. niger grown on 1 % soybean hulls or 1 % guar gum. Venn-diagrams indicate the number of down
regulated (fold change < 0.5; padj < 0.01) genes in ΔclrB strain compared to the control at different time points. Only the genes which are downregulated in both 
growth conditions are listed for each time point. The substrates associated with the corresponding genes are indicated by different colors. Arrow colors match those of 
the different time points. Bold gene numbers indicate the genes which possess the ClrB consensus binding site [5′-CGGN8CCG-3′] in their promoter region. Enzyme 
activity abbreviations are described in Table S4. 
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mediated activation of their expression in A. niger at all time points. 
Interestingly, binding site analysis did not indicate the presence of a [5′- 
CGGN8CCG-3′] site in the promoter region of aglB. However, a [5′- 
CGN9CCG-3′] motif could be identified within the 1000 bp promoter 
region of aglB, indicating that the binding site of ClrB in A. niger might be 
slightly different from the sequence reported for A. nidulans ClrB (Li 
et al., 2016), or that slightly different sequence motifs to the one pre
dicted in this study may be also recognized by this activator. Never
theless, the identification of the binding site in A. niger requires 
experimental validation. 

3.5. ClrB controls the expression of several sugar transporter genes, but 
shows no direct control of sugar metabolic pathways in Aspergillus niger 

The expression of putative sugar transporter and metabolic genes 
was assessed on both SBH and GG cultures at all time points (2, 8 and 24 
h) to evaluate the effect of the deletion of clrB on the overall utilization 
of these substrates. Only the putative cellodextrin transporter gene, ctA 
(Lin et al., 2020), showed consistent downregulation at all time points in 
both growth conditions (Table 2 and Data S1D). The promoter region of 
ctA contains the consensus binding site of ClrB (5′-CGGN8CCG-3′), likely 
indicating direct control by ClrB. A Cdt-1 cellodextrin transporter, the 
putative ortholog of A. niger CtA, was also identified within the 
conserved regulon of CLR-2/ClrB in N. crassa and A. nidulans (Coradetti 
et al., 2013). Additionally, the putative transporter encoding 
NRRL3_5614 was downregulated after 8 h and 24 h on both substrates, 
while NRRL3_8663 showed downregulation only on SBH after 8 and 24 
h in ΔclrB (Table 2 and Data S1D). However, NRRL3_8663 was upre
gulated in ΔclrB on GG after 8 h, similar to NRRL3_10866, which showed 
no differential expression when grown on SBH. NRRL3_8663 also 
showed increased expression levels in the control strain on SBH 
compared to GG (Table 2 and Data S1D). Based on the higher L-arabi
nose content of SBH determined by the sugar composition analysis of 
both substrates (Table S2), this data correlates with previous observa
tions suggesting the putative involvement of NRRL3_8663 in arabinose 
transport (Peng et al., 2018). In contrast, no function has been associ
ated yet with NRRL3_5614 and NRRL3_10866 genes (Peng et al., 2018). 
While only a low number of transporter genes showed differential 
expression after 2 or 8 h of growth, several additional transporter genes 
were differentially expressed on SBH and GG after 24 h in ΔclrB. This 
includes 10 upregulated and 14 downregulated genes in SBH and 12 
upregulated and 11 downregulated genes in GG. Only seven genes were 
upregulated, and seven genes were downregulated in both conditions 
(Table 2 and Data S1D). Considering the role of ClrB as a transcriptional 
activator, the large number of upregulated genes after 24 h of growth 
indicates that several transporter genes are differentially expressed most 
likely due to an indirect effect triggered by the deletion of clrB. 

Only a low number of metabolic genes showed differential expres
sion in ΔclrB grown on SBH or GG for 2 or 8 h. The affected genes belong 
to several sugar metabolic pathways (Data S1E), indicating no sub
stantial involvement of ClrB in the regulation of any major sugar 
metabolic pathway. In contrast, a large number of metabolic genes were 
downregulated on both substrates in ΔclrB after 24 h of growth (Data 
S1E). Similar to the relatively large number of differentially expressed 
transporter genes after 24 h of growth, the differential expression of 
these metabolic genes is most likely a result of an indirect effect caused 
by the deletion of clrB. Moreover, the unaffected growth of ΔclrB on the 
major constituent monosaccharides (Fig. 1) further supports the lack of 
involvement of ClrB in the regulation of major metabolic pathways. 

4. Conclusions 

In conclusion, we show that ClrB plays a major role in the regulation 
of genes necessary for the utilization of SBH and GG in A. niger (Fig. 6). 
ClrB is essential to maintain growth on cellulose and galacto(mannan) 
and is highly involved in the degradation of xyloglucan. Gene expression Ta
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data also shows that ClrB regulates (arabino)xylanolytic genes, although 
to a lesser extent. Moreover, the role of ClrB extends beyond (hemi-) 
cellulose degradation through the partial (in)direct regulation of several 
pectinolytic genes (e.g., rglA or abnA) (Fig. 6). CLR-2/ClrB/ManR 
orthologs have been studied in N. crassa, A. nidulans (Coradetti et al., 
2012), A. oryzae (Ogawa et al., 2012) and P. oxalicum (Li et al., 2015). 
Our data suggests both conserved and divergent functions of the A. niger 
ClrB compared to its orthologs across these organisms, even within the 
genus Aspergillus. The involvement of CLR-2/ClrB/ManR orthologs in 
the regulation of cellulose utilization appears to be well conserved in the 
studied species. However, growth on the cellulose constituent, cello
biose, was not affected by the deletion of clrB in A. niger, while a strong 
growth reduction on cellobiose was observed for an A. nidulans clrB 
deletion strain (Coradetti et al., 2012). Additionally, the regulation of 
mannanolytic genes in A. niger differs from that of A. nidulans, where the 
regulation of major mannanolytic genes has been associated with the 
AN6832 paralog of ClrB (Li et al., 2016), which is absent in A. niger 
(Kunitake and Kobayashi, 2017). In contrast, the subset of mannanolytic 
genes regulated by the A. niger ClrB is similar to the ones regulated by 
ManR in A. oryzae, including several accessory enzymes, such as α-ga
lactosidases or acetyl mannan esterases (Ogawa et al., 2013, 2012). 
Additionally, A. niger ClrB is involved in the regulation of xylogluca
nolytic activities, which has been suggested in N. crassa as well (Samal 
et al., 2017), however, no evidence has been shown about this role in 
other species. Gene expression data in our study also indicates the 
involvement of ClrB in the regulation of several sugar transporter genes, 
including ctA (Fig. 6), but shows no (direct) involvement in the regu
lation of primary metabolic pathways. 

Finally, we show that mannobiose is most likely the inducer of ClrB, 
and that the expression of the cellulolytic regulator gene clrA is 
(partially) dependent on ClrB in A. niger (Fig. 6). These results highlight 
substantial differences between the signaling pathways in A. niger 
compared to N. crassa, where a cellobiose-activated CLR-1 transcription 
factor is necessary to achieve increased expression levels of clr-2 (Cor
adetti et al., 2012). The determination of the key genes regulated by 
ClrB, as well as its inducing molecule in A. niger, allows us to improve the 
production of enzymes required for the degradation of plant biomass 
substrates rich in galactomannan, cellulose and/or xyloglucan through 
targeted gene editing and the optimization of culture conditions. 
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