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Abstract 

Background: The industrial applications of cellulases are mostly limited by the costs associated with their produc-
tion. Optimized production pathways are therefore desirable. Based on their enzyme inducing capacity, celluloses 
are commonly used in fermentation media. However, the influence of their physiochemical characteristics on the 
production process is not well understood. In this study, we examined how physical, structural and chemical proper-
ties of celluloses influence cellulase and hemicellulase production in an industrially-optimized and a non-engineered 
filamentous fungus: Trichoderma reesei RUT-C30 and Neurospora crassa. The performance was evaluated by quantify-
ing gene induction, protein secretion and enzymatic activities.

Results: Among the three investigated substrates, the powdered cellulose was found to be the most impure, and 
the residual hemicellulosic content was efficiently perceived by the fungi. It was furthermore found to be the least 
crystalline substrate and consequently was the most readily digested cellulose in vitro. In vivo however, only RUT-
C30 was able to take full advantage of these factors. When comparing carbon catabolite repressed and de-repressed 
strains of T. reesei and N. crassa, we found that cre1/cre-1 is at least partially responsible for this observation, but that 
the different wiring of the molecular signaling networks is also relevant.

Conclusions: Our findings indicate that crystallinity and hemicellulose content are major determinants of perfor-
mance. Moreover, the genetic background between WT and modified strains greatly affects the ability to utilize the 
cellulosic substrate. By highlighting key factors to consider when choosing the optimal cellulosic product for enzyme 
production, this study has relevance for the optimization of a critical step in the biotechnological (hemi-) cellulase 
production process.
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Background
Due to their wide applicability, the demand for cellulases 
and hemicellulases is constantly increasing. Currently, 

these enzymes are used in the processing of food and ani-
mal feed, in the textile and laundry industries, for pulping 
and paper production, as well as for the biofuels industry 
[1]. The overall technical enzymes market is projected to 
reach a value of 1.27 billion USD in 2021, with the bioeth-
anol application predicted to be the fastest-growing sec-
tion [2]. The goal here is to efficiently convert sustainably 
produced lignocellulosic feedstocks to fermentable sug-
ars for the production of biofuels, but also other products 
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of the biorefinery. Due to the high recalcitrance of cel-
lulose, this process requires high enzyme loadings, war-
ranting research efforts aiming to increase enzyme yields 
and decrease the production costs.

Cellulose is composed of unbranched chains with 
repeating ß-1,4-linkages of only d-glucose units. Many 
parallel glucan chains form tight microfibrils held 
together by hydrogen bonds, rendering the surface of cel-
lulose highly hydrophobic and recalcitrant to enzymatic 
attack [3–6]. Traditionally, the fine structure of cellulose 
is described in a simplistic two-phase model, in which 
highly ordered regions are classified as crystalline and 
less well-ordered regions as amorphous [7]. Moreover, 
cellulose in the natural setting is embedded in a matrix of 
hemicelluloses and lignin, adding structural support and 
protection [8, 9]. The major hemicelluloses in hardwoods 
and grasses are xylans and mixed-linkage glucans, while 
(galacto)glucomannans dominate in softwoods [10–12].

Cellulases are commonly produced by fermentation of 
lignocellulosic substrates with microorganisms, such as 
bacteria or filamentous fungi. Microcrystalline celluloses 
(MCCs) have been used as excipients in the pharmaceuti-
cal industry for decades, but are also used as cellulase-
inducing substrates due to their purity, availability and 
ease of use. MCCs are usually prepared by treatment of 
cotton linters or wood pulp with dilute mineral acid to 
hydrolyze and extract the amorphous regions of cellu-
lose as well as hemicelluloses, lignin and pectin [13, 14]. 
The result is a partially depolymerized cellulose with a 
limited degree of polymerization in the form of colloidal 
crystallites that can aggregate and agglomerate to parti-
cle sizes of usually between 20 and 200 µM [15]. MCCs 
are derived from various sources, such as hardwoods 
and softwoods. Various products from the international 
market have been shown to differ in their characteristics 
regarding crystallinity, monosaccharide composition, and 
particle size [16–19]. Moreover, batch-to-batch variabil-
ity has been shown to have an equally strong impact on 
the MCC properties [20].

The filamentous ascomycete T. reesei (teleomorph 
Hypocrea jecorina) has become the preferred organism 
for the production of cellulases [21–23], one of the best 
known and publicly available strains being RUT-C30 of 
the Rutgers lineage derived from screens for hyper-cellu-
lase production after rounds of classical mutagenesis [24, 
25].

Trichoderma reesei has also been instrumental in the 
elucidation of the molecular factors underlying the per-
ception and degradation of cellulose in filamentous fungi 
[26]. The general principle of induction and repression 
governing the response is conserved as in all microorgan-
isms, but varies in its implementation between fungi (for 
a review, see [27]). In T. reesei (and species of the genus 

Aspergillus), the transcription factor (TF) XYR1/XlnR is 
the major regulator of the cellulolytic and hemicellulo-
lytic response, even though recently ACE3 was described 
in T. reesei as a novel master regulator of cellulase expres-
sion and a modulator of xylan degrading enzyme expres-
sion [28]. In other fungi, such as in the genetic model 
system N. crassa, the XYR1 homologs only modulate 
production of cellulases and are mainly required for the 
induction of hemicellulases (for recent reviews, see [29, 
30]). Instead, two other conserved TFs in tandem govern 
the response to cellulose: CLR-1 and CLR-2 [31, 32]. The 
function of CLR-2 does not seem to be strictly conserved 
in T. reesei [28], but is in other fungi such as in A. nidu-
lans [31].

Other than the induction pathways, carbon catabolite 
repression (CCR), a mechanism enabling microorgan-
isms to prefer easily metabolizable carbon sources over 
polymeric or recalcitrant substrates, seems strictly con-
served in filamentous fungi [27]. A central mediator of 
CCR is the zinc-finger TF CreA/Cre1 [33–36], which acts 
in a double-lock mechanism on both the target genes as 
well as the regulatory TFs [29]. In T. reesei RUT-C30, a 
truncated version of the cre1 gene is present [37], leading 
to a cellulase de-repressed phenotype [35].

The production of cellulases in filamentous fungi 
is furthermore dependent on the presence of specific 
inducer molecules. In case of cellulose, the relevant 
signaling molecules are short cellodextrins such as cel-
lobiose, which are released from cellulose by the action 
of cellulases, or metabolic derivatives, such as sophorose 
[38–40].

According to the aforementioned points it is clear, 
therefore, that multiple factors will affect the produc-
tion of cellulases in microorganisms: (1) the composition 
of the substrate, (2) the accessibility of the cellulose to 
enzymatic attack, (3) the overall enzymatic complement 
produced by the organism, (4) the nature and amount of 
inducer molecules being released, and (5) the wiring of 
the regulatory networks integrating the perceived signals 
in the respective production organism employed. MCCs 
as more pure substrates might appear to be less complex 
in their applicability than plant biomass, but their effec-
tiveness is subject to the same combination of physi-
cal, chemical and biological factors. A huge variety of 
sources, production methods, as well as batch-to-batch 
variations [16–18, 20] makes it highly demanding for the 
user to choose the best substrate and warrant studies to 
determine the most relevant factors. Despite a plethora 
of studies on the characteristics of cellulose and their 
effects on enzyme hydrolysis, the effects of central fac-
tors, such as crystallinity and fine structure (surface area; 
porosity), are still unclear and partly disputed [41–51]. 
However, with some notable exceptions (e.g. [48]) most 
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of these studies used isolated enzyme systems, which is 
helpful to focus, but is also simplifying, since it ignores 
the biology of the production organism. To extend our 
view, we therefore analyzed both the physiochemical 
and molecular biological aspects of cellulase production 
in two filamentous fungi when grown on different cel-
lulosic substrates. We chose three representative cellu-
loses: a hardwood- and a softwood-derived MCC as well 
as a hardwood-derived powdered cellulose, and tested 
their effectiveness as cellulase-inducing substrates on the 
hypercellulolytic T. reesei strain RUT-C30 and the labora-
tory model strain N. crassa. The physiochemical analyses 
of the substrates were done at several structural levels 
(acc. to [45]): fiber (surface area and morphology), fibril 
(composition, particle size), and microfibril (crystallin-
ity). To assess the fungal performance, cellulase produc-
tivity as well as the molecular response were recorded.

Results
Substrate characteristics: surface area and morphology
For this study, three different cellulose products were 
chosen as cellulase-inducing growth substrates: a hard-
wood-derived MCC (Emcocel HD90), a softwood-
derived MCC (Avicel PH-101) and a hardwood-derived 
purified cellulose (Alphacel) (see Methods; Table 2). The 
celluloses were initially observed by scanning electron 
microscopy (SEM) to visualize macromolecular substrate 
characteristics. In line with the manufacturer’s specifi-
cations, Emcocel contained the largest particles in com-
parison to the MCC gold standard Avicel as well as the 
purified cellulose Alphacel (Fig.  1a–c). While Alphacel 
had the most fibrous appearance (Fig. 1b), Emcocel con-
sisted mostly of particle agglomerates that could be bro-
ken up by additional ball-milling (Fig. 1c, d).

N2-BET measurements showed an inverse correla-
tion between the specific surface area of the celluloses 
and the average particle size. The specific surface area of 
Emcocel (0.80 m2/g) was only about 2/3 the area of Avi-
cel (1.28  m2/g) and less than half the area of Alphacel 
(1.64  m2/g). After additional ball-milling, however, the 
surface area of Emcocel doubled and was comparable to 
the other substrates (1.58 m2/g).

Determination of hemicellulose content of the celluloses
To determine the purity of the different MCCs regarding 
hemicellulose contaminations, we performed a compo-
sitional analysis after total acid hydrolysis. Bacterial cel-
lulose was used as a hemicellulose contamination-free 
standard for comparison. For Avicel, Alphacel and the 
bacterial cellulose, a 1 h swelling time in 72%  H2SO4 was 
sufficient to achieve an almost complete hydrolysis. For 
Emcocel however, an undissolved residual mass remained 
after the hydrolysis, indicating that the process had been 

incomplete (data not shown). For that reason, the hydrol-
ysis of Emcocel was repeated using longer swelling times 
(4  h) to give the sulfuric acid more time to completely 
react with the MCC.

As expected, the bacterial cellulose showed no trace 
of other monosaccharides other than glucose (Table  1). 
Alphacel on the other hand, was the most unpure cellu-
lose with a particularly high content of xylan. The high 
xylan:mannan ratio is indicative of its source mate-
rial being hardwood pulp (acc. to [16]). Avicel as a 
softwood-derived MCC presented a much more mod-
erate xylan:mannan ratio, but still contained consider-
able amounts of both hemicelluloses. Emcocel proved 
to be the least hemicellulose-contaminated cellulose 
in our analysis with xylan and mannan contents of less 
than 1% each. This amount was more or less constant 

a b

c d

100 µm Avicel Alphacel100 µm

100 µmEmcocel
Emcocel*

(after ball-milling)
100 µm

Fig. 1 Scanning electron micrographs of cellulose substrates 
obtained at 8.0 kV accelerating voltage and ×100 magnification (Jeol 
JSM-IT100). Images show a representative picture for each substrate 
out of several technical replicates

Table 1 Results of  sugar analysis of  the celluloses 
after sulfuric acid hydrolysis (in %)

ND none determined
a 1 h swelling
b 4 h swelling

Avicela Emcocelb Alphacela bacterial  cellulosea

d-glucan 93 ± 5.5 92 ± 0.4 84 ± 5.8 97 ± 4.2

d-xylan 3.5 ± 0.4 0.8 ± 0.08 14.7 ± 1.1 ND

d-mannan 1.8 ± 0.1 0.3 ± 0.01 1.3 ± 0.3 ND
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at all different swelling times tested (not shown), while 
the amount of detected glucose increased considerably 
at 4  h, suggesting that the cellulosic fraction of Emco-
cel is extremely densely packed and recalcitrant to the 
hydrolysis. Even after 4 h of swelling, ~ 6–7% of the mass 
remained unaccounted for. We did not detect elevated 
amounts of lignin or extractables in Emcocel however 
(data not shown), indicating that the residual mass is 
mainly undissolved cellulose.

Cellulose crystallinity
Crystallinity has been widely used to describe celluloses 
and woods, since it is a good measure of the inherent 
degree of structural order and thus may have a major 
influence on the recalcitrance of the substrate to bio-
chemical attack (e.g. [47, 52–54]). Due to the differences 
observed in bioavailability of the celluloses, we decided 
to measure also the crystallinity of all three substrates. To 
this end, samples of the celluloses were analyzed by solid-
state 13C nuclear magnetic resonance (NMR) and the 
crystallinity index (CrI) calculated by the NMR C4 peak 
separation method [47, 52, 55].

The NMR spectra displayed noticeable differences 
in height of the C4 peaks between the samples (Fig.  2). 
Alphacel showed the lowest crystallinity with 33.1% com-
pared to Avicel with 54.4% and Emcocel with 56.7%. The 
calculated CrIs therefore allowed for a clear discrimi-
nation of the MCCs and the powdered cellulose prod-
uct Alphacel. Additionally, the results demonstrate that 
Emcocel was the most crystalline cellulose product in our 
experiments.

In vitro digestibility of the cellulose substrates
Since the fungal cellulase induction will be highly 
dependent on the enzymatic digestibility for the libera-
tion of inducer molecules, we next wanted to test this in 
an in  vitro assay. To this end, N. crassa cellulases were 
incubated with the cellulose substrates. The liberated 
sugars were analyzed by HPAEC-PAD, and the residual 
cellulose harvested for SEM analysis (Fig. 3).

The chromatograms indicated that mainly glucose and 
higher cellodextrins accumulated in the assay superna-
tants after extensive digestion (8  h; Fig.  3a). The quan-
tified amounts of glucose, xylose and mannose at more 
initial time points (1 h; Fig. 3a; inset) showed that Alpha-
cel was the most readily digested substrate. Similarly, 
Emcocel was the least digested substrate again, corrobo-
rating that it is most recalcitrant of all three substrates to 
enzymatic or chemical attack.

When observed by SEM, all three celluloses showed 
a more particulate appearance after 24  h of enzymatic 
digestion. This was most prominent for the MCCs, 
which completely disintegrated into individual fibers 

(Fig. 3b–g). At higher magnifications, it became evident 
that the surfaces of all digested substrates appeared 
smoother than the controls (Fig.  3h–m). This might 
indicate that the rough top layers were formed by more 
amorphous cellulose and/or hemicelluloses. It further-
more suggests that the flat layers exposed after the digest 
might represent more recalcitrant cellulose-rich areas. 
Particularly the parallel fibrillar structures visible on the 
surface of some fibers of Emcocel after the digest (Fig. 3i; 
arrow) seem to represent relatively pure, ordered cellu-
lose fibrils, leaving little contact surface for enzymes to 
attack.

Determination of the potential to induce lignocellulolytic 
gene expression
With a molecular approach, we tested the ability of the 
cellulose substrates to induce the major cellulolytic and 
hemicellulolytic pathways on the level of gene expression. 
Moreover, this analysis was supposed to provide indirect 
insight into the early bioavailability of inducer molecules, 
and therefore to what extent fungi will be able to actu-
ally perceive the measured differences in the substrate 
composition. Since the molecular response pathways 
to cellulose and hemicellulose are more separated in N. 
crassa than in T. reesei (see background and reviewed in 
[27]), we only used N. crassa for these assays. Based on 
a survey of published transcriptomics analyses [31, 38, 
56–59], we chose three genes that served as proxies for 
the induction of the cellulolytic, xylanolytic and manna-
nolytic pathways in N. crassa, since they had been shown 
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to be robustly induced by their respective substrates and 
serve a specific function in those pathways: the cellobi-
onic acid transporter gene cbt-1/clp-1 (NCU05853), the 
d-xylulose kinase encoding gene NCU11353, and the 
putative acetylmannan esterase encoding gene ce16-1 
(NCU09416).

The initial cellulolytic response (as measured by cbt-
1/clp-1) to Avicel, Emcocel and Alphacel was simi-
lar (Fig.  4a). Emcocel, however, showed a tendency to 
respond weaker. Even though it was found to have the 
lowest cellulose content of all tested substrates, the 
response to Alphacel tended to be strongest, indicating a 
better bioavailability of the cellulose microfibrils.

The xylanolytic response (as measured by the d-xylu-
lose kinase gene expression) was clearly strongest in the 
case of Alphacel, which also had the highest content 
of xylan, and was found to be less intense in the MCC 
substrates (Fig.  4b). Interestingly however, N. crassa’s 
response to the xylan impurities in Avicel and Emcocel 
was not necessarily proportional to the overall content. 
Emcocel induced the xylanolytic pathway more strongly, 
even though the xylan content was lower than in Avicel, 
again indicating that the bioavailability is not directly 
proportional to the overall content.

In case of the mannanolytic pathway, the responses to 
the three substrates were very distinct (Fig.  4c). Avicel 
induced the acetylmannan esterase gene ce16-1 > 7-fold 
stronger than Emcocel, which roughly reflects the differ-
ence in mannan content and might be expectable, since 
Avicel is derived from softwoods and Emcocel from 
hardwoods, in which xylans are the dominating hemi-
cellulose. The fact that the strongest response was again 
detected on Alphacel, although the overall mannan con-
tent was found to be lower than in Avicel might have two 

reasons: (1) the bioavailability of the plant cell wall sugars 
in the non-microcrystalline substrate is generally higher, 
and (2) there is some evidence that the cellulolytic and 
mannanolytic pathways cross-react in N. crassa (as well 
as in Aspergillus oryzae) [32, 60]. The strong cellulolytic 
response to Alphacel might therefore also co-induce the 
mannanolytic pathway more strongly.

Cellulase production in N. crassa and T. reesei RUT‑C30
The effectiveness of the three celluloses as substrates for 
cellulase production in filamentous fungi was tested in 
100 ml shake flask cultures. We used both the industri-
ally optimized hypercellulolytic T. reesei strain RUT-C30, 
as well as the genetic model system N. crassa. The per-
formance was evaluated after 3 and 6 days of growth by 
three main analyses of the culture supernatants: total 
secreted protein concentration, endo-glucanase activity 
and endo-xylanase activity (Fig. 5). Total and not specific 
activities (normalized to fungal biomass) are presented, 
since we aimed to study overall yields on each carbon 
source. These are therefore representative for the com-
bined effects of bioavailability differences on induction, 
degradation, metabolism, secretion and growth.

Overall, the data showed that both the softwood-MCC 
(Avicel) as well as the powdered cellulose (Alphacel) out-
performed the hardwood-MCC (Emcocel HD-90) in N. 
crassa, where total secreted protein as well as endo-glu-
canase and endo-xylanase activities were consistently low-
est for Emcocel. While secreted protein, endo-glucanase 
and endo-xylanase activities were comparable on Avicel 
and Emcocel (Fig. 5), Alphacel was found to induce cellu-
lases and hemicellulases more strongly in T. reesei (Fig. 5b, 
c). Moreover, protein secretion by T. reesei RUT-C30 had 
a longer lag phase (Fig. 5a; compare day 3 vs. day 6 data).

Fig. 4 Gene expression induction of selected genes used as proxies for the fungal cellulolytic and hemicellulolytic response. Sucrose pre-grown N. 
crassa cultures were exposed to the celluloses or no carbon source for 4 h before RNA was harvested. Gene induction was measured by RT-qPCR. 
Shown is the mean fold-induction over the no carbon (No C) starvation condition derived from biological and technical triplicates. Error bars denote 
standard deviation. Letters indicate data groups that are significantly different (one-way ANOVA, p-values < 0.05 were considered significant)
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Since it seemed likely that the poor performance of 
Emcocel was at least partly due to the much smaller 
surface area of the substrate (see above), we also tested 
the performance of the ball-milled Emcocel (Emco-
cel*; N. crassa only) with an about doubled surface area 

compared to the original (Additional file 1: Fig. S1). Sur-
prisingly however, protein production was almost indis-
tinguishable from the unmilled Emcocel, indicating that 
the specific surface area was not limiting for the perfor-
mance in the fermentations.

WT versus industrially optimized strains
Combining the physiochemical properties of the cellu-
loses with the fungal performance data, it appears like 
hypersecreting systems such as the industrially utilized T. 
reesei RUT-C30 strain are less sensitive to small increases 
at high crystallinities than non-engineered organisms 
such as N. crassa and are able to take full advantage of the 
much less crystalline PCs such as Alphacel. We hypoth-
esized that differences in the genetic configuration in 
these fungi may play a decisive role to this end. Since one 
of the major modifications from WT to industrial strain 
is the reduction or removal of CCR, we tested the effect 
of this by comparing protein production on the three cel-
luloses of the de-repressed T. reesei RUT-C30 strain to its 
WT strain QM6a as well as by comparing the N. crassa 
WT to a deletion strain of cre-1, encoding the major TF 
mediating CCR (Fig. 6). To limit the effect of differences 
in germination speed between the genotypes as much as 
possible [22, 61], we modified our experimental setup for 
these assays and shifted identical amounts of fungal bio-
mass to cellulose cultures after pre-growth on sucrose/
glucose (see Material and Methods). Since the starting 
material was mycelia in this experiment, we shortened 
the incubation time to two and three days for N. crassa 
and T. reesei, respectively.

Two observations could be made: First, the carbon cat-
abolite de-repressed strains (T. reesei RUT-C30 with a 
truncated cre1 gene [37] and N. crassa with a cre-1 dele-
tion) displayed strongly elevated protein levels in com-
parison to the respective WT strains (Fig. 6) which is in 
line to what was previously shown in both fungi [36, 62, 
63], indicating that CCR has a repressing effect even on 
highly recalcitrant substrates with low glucose fluxes 
such as Emcocel (even though the effect there was small-
est). And second, also the T. reesei WT strain (QM6a) 
was not able to take full advantage of the low-crystallinity 
substrates such as Alphacel (Fig.  6b, light blue), just as 
we had found for N. crassa (cf. Figure 5). However, while 
protein production of T. reesei RUT-C30 was roughly 
inversely proportional to the substrate crystallinities 
again (Fig. 6b, dark blue), the deletion of cre-1 in N. crassa 
was not sufficient to phenocopy this, and protein produc-
tion on the PC Alphacel was only marginally stronger 
than on the MCC Avicel (Fig.  6a, darkorange), mainly 
due to stronger xylanase expression (Fig.  7b) while cel-
lulase expression was similar on the two aforementioned 
substrates. These observations indicate that other genetic 
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determinants are present in addition to the absence of a 
fully functional CRE-1 that allows T. reesei RUT-C30 to 
utilize the PC Alphacel better than the other substrates.

Discussion
In our study, we compared three commercial cellulose 
powders that might be used as substrates for fungal fer-
mentations regarding their effectiveness as inducers 
for the production of cellulases and hemicellulases. We 
chose representative substrates that differed either in 
their source material (i.e. softwood vs. hardwood) or 
their production process (i.e. hydrolytically degraded 
MCC vs. mechanically processed powdered cellulose). 
Analytical comparisons have shown that powdered cellu-
loses have an overall higher hemicellulose content, lower 
crystallinity and a broader molecular weight distribu-
tion than MCCs [16]. The nature of the source material, 
on the other hand, can influence properties such as the 
hemicellulose composition [10, 12, 64]. Depending on 
the application, one or more of these properties become 
more relevant than others (e.g. [15, 16]). Consequently, 
all of these properties might have a strong influence on 

the performance of the cellulose products in cellulase fer-
mentations. While these points are not well understood 
and were to be tested here, batch-wise variations were 
not considered since all chosen substrates were used 
from a single batch.

The hemicellulosic content of the cellulose products 
was found to be relevant in the context of the cellulase 
fermentations. The fungi are able to perceive their pres-
ence early on, as demonstrated by their effect on gene 
expression in N. crassa after only 4  h of induction. In 
agreement and extension of what was proposed by Baehr 
et  al. [16], even the relatively “pure” MCCs can thus be 
considered to represent heterogeneous systems in which 
the non-cellulosic parts affect both structure (and thus 
enzymatic kinetics/accessibility) as well as the fungal 
response.

The powdered cellulose (Alphacel) was found to be the 
most readily digested substrate. In agreement with earlier 
studies, the analytical results confirmed that the crystal-
linity of the powdered cellulose was substantially lower 
than that of the MCCs, and that it was furthermore much 
less pure, with a hemicellulose content of  ~  15% [16]. 
Also among the MCCs, the softwood-derived product 
(Avicel) outperformed the hardwood-derived one (Emco-
cel) when N. crassa was used and was found to have a 
lower crystallinity as well as a higher hemicellulose con-
tent. These two factors therefore stand out and appear to 
be dominant for the effectiveness in our study. Crystal-
linity and hemicellulose-content might also be linked, 
since the non-removed hemicelluloses are likely tightly 
associated with the cellulose by intercalation between 
the cellulose strands [65], thereby lowering the overall 
crystallinity.

Intriguingly, enzyme production was inversely pro-
portional to the differences in substrate crystallinity for 
T. reesei RUT-C30, but not for N. crassa, where produc-
tion on Avicel and Alphacel were similar, despite this 
difference. We hypothesized that in absence of a fully 
functional CRE-1/Cre1 [24], the higher flux of signal-
ing molecules derived from the more readily digested 
Alphacel would be directly turned into stronger expres-
sion. Indeed, the T. reesei WT strain QM6a (with func-
tional CCR) was not able to utilize Alphacel equally well 
as inducing substrate. However, only xylanase produc-
tion was found to benefit substantially by deletion of the 
CCR-mediating TF cre-1 in N. crassa, indicating that 
particularly the XLR-1-dependent hemicellulase produc-
tion is carbon catabolite repressed in the WT. In the de-
repressed mutants, the effect of higher inducing sugar 
concentrations is then dependent on the regulatory net-
works present in the fungi [27]. In T. reesei, the dominant 
XYR1 system regulates both cellulase and hemicellulase 
induction, which might explain why both cellulase and 
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Fig. 7 Cellulase and hemicellulase production by N. crassa (WT and Δcre-1) and T. reesei (QM6a and RUT-C30) on the cellulose substrates. Perfor-
mance was measured by analysis of culture supernatant aliquots taken after 2 and 3 days, respectively. Endo-glucanase activity was measured by 
Azo-CMC assay and endo-xylanase activity by Azo-Xylanase assay as described in Methods. Values are the mean of biological triplicates. Error bars 
show standard deviation. Letters indicate data groups that are significantly different (separately for each strain; one-way ANOVA, p-values < 0.05 
were considered significant). ND indicates that no values could be determined

Table 2 Major physical characteristics of the used substrates (manufacturer’s information)

* By Malvern d50

** Avg. fiber length

Avicel™ PH‑101 EMCOCEL® HD90 Alphacel

Brand Fluka JRS Pharma GmbH & Co. KG ICN Biomedicals, Inc.

Type Softwood MCC Hardwood MCC Hardwood PC

Average particle size (µm) ~ 50 124* 35**

Bulk density (g/cm3) 0.26–0.31 0.41 0.44–0.50
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xylanase production are benefiting from the availability 
of abundant inducing molecules on Alphacel. In N. crassa 
on the other hand, these pathways are much less linked 
and their regulation is decoupled in a way that CLR-1 and 
CLR-2 are responsible for the major cellulolytic response 
while the ortholog of XYR1, XLR-1, is responsible for the 
xylanolytic response and only modulates the expression 
of some genes in the cellulose degradation pathway (cf. 
[31, 58, 66] and reviewed in: [27]). The cross-induction 
of cellulases by xylan is therefore comparably weak. It is 
thus feasible that in N. crassa the high amount of avail-
able xylan in Alphacel will only hyperinduce the XLR-
1-dependent hemicellulases, but the inducing effect of 
the low-crystallinity cellulose is compensated by the 
lower overall cellulose abundance in Alphacel.

It was also interesting to note that the slightly higher 
crystallinity of Emcocel compared to Avicel does not seem 
to allow continuous maximal production capacity despite 
the similarly strong gene induction measured at 4 h. This 
seems to indicate that even small differences in measured 
crystallinity in celluloses manifest themselves in substan-
tial performance differences over time due to a positive 
feedback loop between substrate bioavailability, metabo-
lism and fungal growth—a fact that has to be considered 
when choosing a substrate for enzyme fermentations.

Besides the cellular systems, the activity of the enzymes 
on the substrate for the release of inducer molecules and 
products will be a bottleneck step. Factors that have been 
described to affect enzyme activity include: reversible 
and irreversible adsorption (to cellulose or lignin, respec-
tively), end product inhibition, synergism and others (e.g. 
[46, 67, 68]). Many studies have looked at the interac-
tion of cellulose structure and enzymatic hydrolysis, and 
particularly structural characteristics such as crystallin-
ity and surface area have been shown to be determin-
ing factors (e.g. [41–46, 48, 49, 51]). It has been pointed 
out, however, that the effects of crystallinity and surface 
area are difficult to be evaluated individually, since they 
are often highly interrelated (at least when celluloses are 
mechanically (pre-) treated) [45]. In our experiments, 
surface area did not appear to be limiting, since the per-
formance of Emcocel could not be improved by further 
ball-milling. This observation is in line with other studies 
that did not detect any impact of particle size on the rate 
and extent of sugar release or enzyme binding [42, 45, 
69]. However, depending on the fermentation condition 
and molecular crowding, this might change [68].

Overall, crystallinity seemed to be a major deter-
minant of the effectivity of the celluloses in our study. 
Digestibility was found to be lower for more crystalline 
substrates in almost all assays (particularly visible for 
enzyme production in T. reesei). Many previous stud-
ies have found that crystallinity critically impacts the 

enzymatic cellulose hydrolysis (e.g. [41, 43, 44, 49, 51]). 
We are aware of only one study that was not able to sup-
port this finding [50]. Nevertheless, Park et al. cautioned 
to correlate small differences in CrI, as found between 
Avicel and Emcocel, with changes in cellulose digest-
ibility, since many other factors might play a role as well, 
such as for example the distribution of crystalline, para-
crystalline and “amorphous” regions in the particles and 
in relation to the surface area [47]. Still, the resistance of 
Emcocel towards acid hydrolysis, which was considerably 
stronger than found for Avicel, confirmed that this prod-
uct is substantially more recalcitrant and suggests that 
small differences in CrI might have a strong effect at high 
crystallinities. The CrI of MCCs might therefore not nec-
essarily correlate linearly with digestibility as previously 
shown [42] and other variables need to be considered. 
More studies are needed to determine this in more detail.

Conclusions
We found that both the inherent cellulose crystallinity and 
the hemicellulose content are major factors determining 
the suitability of celluloses as substrates for the expression 
of cellulases in filamentous fungi as production hosts. 
Crystallinity restricts the enzymatic digestibility and thus 
also the release of inducer molecules. Moreover, even in 
MCCs, that are considered relatively “pure”, the residual 
hemicellulose content is efficiently perceived by the fungi 
and—depending on the molecular signaling pathways—
translated into a corresponding cellulolytic and hemicel-
lulolytic response, which is not necessarily analogous to 
the overall composition, indicating differences in bioavail-
ability which cannot be resolved analytically.

The cellulolytic response profiles of N. crassa and T. 
reesei were similar, but showed also important differ-
ences. For example, only T. reesei RUT-C30 was able to 
take full advantage of the most amorphous cellulose sub-
strate. This effect was not solely due to carbon catabolite 
de-repression, but is dependent on the species-specific 
regulatory network. The application of N. crassa as an 
indicator of the activated response pathways therefore 
seems promising, due to a rapid response time, and since 
the cellulolytic and hemicellulolytic pathways show a 
much more limited cross-talk than in T. reesei and can 
thus be individually evaluated.

In conclusion, the presented results provide a set of cri-
teria that can theoretically be applied to broader ranges 
of substrates and thereby aid in the rational decision for 
cellulose substrates to be used in enzyme fermentations. 
Understanding the factors for the performance of cel-
lulose substrates will help to optimize the manufactur-
ing process of lignocellulolytic enzymes from fungi for 
a number of biotechnological applications, such as for 
food, feed, textile and biorefinery.
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Methods
Substrates
Each used substrate is from a single batch preparation. 
The major physical characteristics of these substrates 
as indicated by the manufacturers are summarized in 
Table 2.

Strains and growth conditions
N. crassa wild type (FGSC #2489) and the ∆cre-1 strain 
(kind gift of N. L. Glass, UC Berkeley, USA) were grown 
on 2% sucrose Vogel’s minimal medium slants in the 
dark at 30 °C for 2 days, and transferred to constant light 
conditions at 25  °C for conidiation. T. reesei QM6a and 
RUT-C30 strains (kind gift of M. Schmoll, AIT, Austria) 
were propagated on malt extract agar plates in the dark 
at 28 °C and then switched to 25 °C in constant light for 
conidiation. The first set of growth experiments (Fig.  5) 
was performed in flasks containing 100 ml 1% (w/v) cel-
lulose with 1× Vogel’s (at 25 °C and in constant light) or 
1× Mandels-Andreotti medium (at 30 °C and in constant 
light) and at 200 rpm for N. crassa and T. reesei, respec-
tively [70, 71]. The second set of growth experiments 
(Figs.  6, 7) was carried out through a two-step cultiva-
tion procedure. N. crassa and T. reesei strains were first 
grown in 50  ml 2% (w/v) sucrose with 1× Vogel’s for 
20  h (at 25  °C and in constant light) or 50  ml 2% (w/v) 
glucose with 1× Mandels-Andreotti medium for 3  days 
(at 30 °C and in constant light), respectively. The cultures 
were collected through vacuum filtration and 0.5 g of N. 
crassa mycelia or 0.42 g of T. reesei mycelia were added 
to 100 ml 1% (w/v) cellulose with 1× Vogel’s or 1× Man-
dels-Andreotti medium and the cultures were incubated 
at 25 °C and 200 rpm for 2 days (N. crassa) or at 30 °C and 
200 rpm for 3 days (T. reesei), respectively.

For inoculation, generally a respective volume of conid-
ial suspension was added after optical density measure-
ments in order to achieve a starting concentration of  106 
conidia/ml. All assays were done with biological tripli-
cates for each strain per each condition.

Compositional analyses
Initially, the dried cellulose samples (~ 5 mg) were swol-
len in 50 µl of 72%  H2SO4 for 1 h (Avicel, Alphacel, bac-
terial cellulose) or 4 h (ball-milled Emcocel) at RT. After 
addition of 1.45 ml water, the material was autoclaved for 
1 h at 121 °C. Potential residual solids were subsequently 
removed by centrifugation, and the supernatant ana-
lyzed after appropriate dilution using an ICS-3000 liq-
uid chromatography system (Dionex, Thermo Scientific) 
equipped with a pulsed amperometric detector. The col-
umns used were a  CarboPac® PA20 3 × 150 mm (Dionex, 
Thermo Scientific) and a  CarboPac® PA200 3 × 250 mm 
(Dionex, Thermo Scientific), with column temperature 

of 30  °C and a flow rate of 0.4  mL/min. Mobile phase 
for detection of monosaccharides (PA20) was 5  mM 
NaOH isocratic for 15 min. For detection of cellodextrins 
(PA200), mobile phases were 0.1 M NaOH (A) and 0.1 M 
NaOH/1  M NaAc (B). Gradient used was: 2  min 0% B, 
10 min 0–10% B and 3 min 0% B. The analyses were done 
with technical triplicates for each substrate.

Solid state nuclear magnetic resonance spectroscopy
Solid-state 13C NMR spectra were obtained on a Bruker 
Avance™ III 200 spectrometer (Bruker BioSpin GmbH, 
Karlsruhe, Germany). Cross-polarization magic angle 
spinning (CPMAS) was applied with a 13C-resonance 
frequency of 50.32 MHz and a spinning speed of 5 kHz. 
Contact time was 1 ms and recycle delay was 2 s. Approx-
imately 5000 scans were accumulated and no line broad-
ening was applied. For calibration of the 13C chemical 
shifts, tetramethylsilane was used and set to 0 ppm. Spec-
tral analysis were performed using the spectrometer soft-
ware. The crystallinity index (CrI) was then calculated by 
the NMR C4 peak separation method, that assigns peaks 
at about 87 and 82  ppm in the NMR spectra to the C4 
carbons in ordered cellulose structures (“crystalline”; 
C4c) and non-crystalline domains (“amorphous”; C4a), 
respectively [47, 52, 55].

We would like to note that the CrI might have been 
underestimated for Alphacel, since we used a simple dry-
ing process instead of solvent-exchange drying, which 
might have given numbers more representative of the 
swollen state in the liquid broth. However, the meas-
ured differences have found to be less of an issue at high 
CrIs [41]. The CrIs of the MCCs were thus probably less 
affected, and that of Avicel was well in line with previ-
ously reported values [58].

Surface area measurements
The specific surface area of the substrates was deter-
mined by multi-point BET [72] with an Autosorb-1 ana-
lyzer (Quantachrome, Syosset, USA) using nitrogen gas 
as adsorbate at 77 K. The samples were outgassed before 
analysis in vacuum under helium flow at 60 °C for 12 h.

Scanning electron microscopy
All substrates were dried over immobilized on metal 
stubs using a double sided sticky tape and then sputter 
coated with gold. The scanning electron micrographs 
were taken with a JSM-IT100 (JEOL, Freising, Germany) 
at 8 kV accelerating voltage. The substrates were visual-
ized in triplicates.

Enzymatic assays
Azo-CMCase and Azo-xylanase activity assays were car-
ried out according to the protocols of the manufacturer 
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(Megazyme, Ireland) (S-ACMC and S-AXBL), slightly 
modified, since the reaction mixture was reduced to a 
quarter of the original volume. Assays were done with 
biological triplicates for each substrate per each strain.

RNA‑extraction and RT‑qPCR
Quantification of gene expression was done by quan-
titative real-time PCR (RT-qPCR) performed on RNA 
samples that were harvested after a 4 h induction phase 
on the respective celluloses as described in Benz et  al. 
[49]. The RNA extraction was performed according to 
the TRIzol Reagent protocol (Fisher Scientific, Schw-
erte, Germany). RNA was then treated with DNase I 
(RNase-Free) according to manufacturer’s recommenda-
tions (New England Biolabs, Frankfurt am Main, Ger-
many) and subsequently cleaned up with the GeneJET 
RNA Purification Kit (Fisher Scientific, Schwerte, Ger-
many). A 96-well plate reader (Infinite 200 PRO, Tecan) 
was used to check RNA purity and concentration. cDNA 
was obtained following instructions of the High-Capacity 
cDNA Reverse Transcription Kit (Applied Biosystems; 
Fisher Scientific, Schwerte, Germany). Finally, RT-qPCR 
was performed with the sensiFAST SYBR No-ROX Kit 
(Bioline, Luckenwalde, Germany) on a Mastercycler ep 
 realplex2 (Eppendorf, Wesseling-Berzdorf, Germany) 
and analyzed using the realplex 2.2 software. Actin gene 
(NCU04173) was used as a reference gene. Primers used 
are shown in Table 3. Expression analyses were done with 
biological and technical triplicates for each condition.

Statistical analyses
Statistical analyses were done by applying analysis of var-
iance (ANOVA) followed by a Tukey test using the statis-
tical computing software R [73].
Additional file

Additional file 1. Cellulase and hemicellulase expression by N. crassa and 
T. reesei RUT-C30 on Emcocel with or without additional ball-milling. Per-
formance was measured by analysis of culture supernatant aliquots taken 
after 3 and 6 days. Secreted protein was measured by Bradford assay, 
endo-glucanase activity by Azo-CMC assay and endo-xylanase activity by 
Azo-Xylanase assay as described in Methods. Emcocel* denotes addition-
ally ball-milled substrate. Values are the mean of biological triplicates. Error 
bars show standard deviation (no statistical differences were detected by 
one-way ANOVA).
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