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Abstract: Biofuels derived from lignocellulose are attractive alternative fuels but their 
production suffers from a costly and inefficient saccharification step that uses fungal 
enzymes. One route to improve this efficiency is to understand better the transcriptional 
regulation and responses of filamentous fungi to lignocellulose. Sensing and initial 
contact of the fungus with lignocellulose is an important aspect. Differences and 
similarities in the responses of fungi to different lignocellulosic substrates can partly be 
explained with existing understanding of several key regulators and their mode of 
action, as will be demonstrated for Trichoderma reesei, Neurospora crassa and 
Aspergillus spp. The regulation of genes encoding Carbohydrate Active enZymes 
(CAZymes) is influenced by the presence of carbohydrate monomers and short 
oligosaccharides, as well as the external stimuli of pH and light. We explore several 
important aspects of the response to lignocellulose that are not related to genes encoding 
CAZymes, namely the regulation of transporters, accessory proteins and stress 
responses. The regulation of gene expression is examined from the perspective of mixed 
cultures and models are presented for the nature of the transcriptional basis for any 
beneficial effects of such mixed cultures. Various applications in biofuel technology are 
based on manipulating transcriptional regulation and learning from fungal responses to 
lignocelluloses. Here we critically access the application of fungal transcriptional 
responses to industrial saccharification reactions. As part of this chapter, selected 
regulatory mechanisms are also explored in more detail. 

Keywords: Accessory proteins, Aspergillus, biofuel, CAZyme, gene regulation, 
inducer, light, lignocellulose, mixed culture, model, Neurospora, nucleosome, pH, 
saccharification, signalling, stresses, transcription factor, transporter, 
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INTRODUCTION 

There is great impetus to develop second generation biofuels, which involves the 
production of liquid fuels from various types of non-food lignocellulosic  
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biomasses, often from agricultural or waste residues [1-3]. Second generation 
biofuels are made by breaking down the polysaccharides in lignocellulose to 
simple sugars, in a process called saccharification, using enzymes produced 
industrially by filamentous fungi. The sugars are subsequently fermented to 
produce a biofuel such as ethanol or butanol. Filamentous fungi are suitable 
suppliers of carbohydrate-active enzymes (CAZymes) [4] because the 
saccharification of lignocellulose is a natural function for many fungal species and 
the commercial production of enzymes from several fungi has already been 
achieved. Furthermore, molecular tools to exploit many relevant fungal species 
have been developed [5, 6]. However, the saccharification step is inefficient and 
expensive with the cost of enzymes a major factor in the expense [2, 7]. Analysis 
of the costs associated with the production of enzymes highlighted a breadth of 
contributory factors [7]. In relation to the subject of this chapter, reductions in the 
costs of enzymes could be achieved by improving their functionalities (efficiency 
of saccharification) on the target lignocellulose materials and by producing them 
at higher yield on cheaper substrates. Improved enzyme functionalities (activities) 
and cheaper production could come from understanding better the fungal response 
to lignocellulose. This response occurs through the regulation of gene expression 
that leads to the production and secretion of the derived enzymes. Therefore, this 
chapter assesses current knowledge on gene regulation of fungi exposed to 
lignocellulose. 

The main industrial fungus used to supply cellulases is Trichoderma reesei, which 
is also used as a research model. Other ascomycete fungi studied as models as 
well as being exploited for commercial enzyme production include Aspergillus 
niger, Penicillium spp., Talaromyces versatilis, amongst others [8]. Neurospora 
crassa is used as a research model but is not commercially exploited for enzyme 
production [9]. The basidiomycetes are less well explored and the molecular tools 
are less well developed, although this gap is closing and the enzymatic 
capabilities of basidiomycetes (e.g. in the deconstruction of lignin) can be 
expected to play a major role in the near future [10]. This chapter will focus on 
the ascomycetes. There are already several extensive reviews related to the 
regulatory responses of fungi to small molecules as well as, but less so, to 
lignocellulose [9, 11-18]. We will therefore refer to the reviewed information 
where applicable and expand the discussion to focus on exposure of fungi to 
lignocellulose. 

The genome sequences of fungal species of interest for this chapter, T. reesei [19], 
N. crassa [20] and A. niger [21, 22], provide a catalogue of the genes encoding 



84   Mycology: Current and Future Developments, Vol. 1 Daly et al. 

CAZymes as well as other relevant functionalities such as transcriptional regulators 
and signalling proteins. Genome sequences are available from (near to) wild-type 
strains of those species and a comparison is available for T. reesei of a wild-type and 
the carbon catabolite de-repressed mutant strain RUT-C30 [23]. Commercial 
enzyme producers use mutagenised and genetically-modified strains whereas most 
laboratory-based research is conducted with un-improved strains, although T. reesei 
RUT-C30 has been explored extensively both commercially and in the lab [24]. 

A large number of factors affect expression of CAZyme-encoding genes during 
exposure to lignocellulose. These include the fungal species (and derived strains), 
the source of lignocellulose (such as sugar cane bagasse, wheat straw, corn stover, 
amongst others), lignocellulose pre-treatments (e.g. maceration/grinding, heat, 
acid/alkaline hydrolysis, ionic liquids and others) and the small regulatory 
molecules that are released from the substrate. There is increasing knowledge of 
the small molecules that serve as regulators of genes that encode CAZymes, as 
well as the transcription factors that mediate that regulation [9, 13, 25]. It can be 
overly simplistic to refer to repressing (e.g. glucose) and inducing (e.g. xylose) 
monomers for three reasons. Firstly, the monomer concentrations may also be 
relevant. Secondly, in natural environments and during the saccharification of 
lignocellulose by fungi, a mixture of these sugars is present. Thirdly, 
disaccharides as well as monomers can serve as regulatory molecules, such as the 
disaccharide sophorose in T. reesei. In their responses to lignocellulose, fungi 
respond to the interface at the surface and are exposed to a succession of changing 
conditions over time as the lignocellulosic material is degraded. It is apparent too 
that transcriptional regulation of CAZyme-encoding genes is affected by pH [26] 
and light [27]. We aim in this chapter to make comparisons of published data on 
transcriptional responses of fungi to lignocellulose and to take into account the 
many variables that obscure inter-study comparisons. 

Finally, fungal species do not saccharify lignocellulose in isolation in nature and they 
are component parts of a complex microbial community. Therefore, saccharolytic 
functions may not be, under all conditions, optimised within a single species. We will 
therefore also discuss the options for combining the capabilities of different 
ascomycete species, based on their transcriptional responses to lignocellulose. 

SECTION I – ‘FIRST CONTACT’ BETWEEN FUNGI AND 
LIGNOCELLULOSE 

Lignocellulose is a complex material that is composed mainly of cellulose, 
hemicellulose, pectin and lignin [2]. Fungi face a complex task when they are 
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exposed to lignocellulose and need to degrade this substrate to grow. The fungi 
need to detect the presence of the lignocellulose and respond to its composition by 
secreting a set of appropriate hydrolytic enzymes. Subsequently, fungi need to 
take up the resulting small sugars released from the lignocellulose to sustain their 
growth. All of this requires a considerable investment of energy and resources 
and, unsurprisingly, it is a carefully regulated process. When more easily-
metabolised sugars are available in sufficient amounts, carbon catabolite 
repression (CCR) [28, 29] represses a large number of genes [30], including genes 
encoding lignocellulose-degrading CAZymes under conditions where 
lignocellulose and other inducers are present [31, 32]. How the detection and 
signalling of the presence or absence of such easily metabolised carbon sources 
can prepare the fungus for the degradation of lignocellulose is discussed below. 
Subsequently, models are presented that describe how a fungus may release 
inducers of CAZymes during its ‘first contact’ with lignocellulose, and we focus 
on the identity of these inducers. Finally, the ‘first contact’ of a spore with a 
carbon source, which triggers germination, is explored. 

Signalling Cascades Related to Nutrient Sensing and Expression of CAZy 
Genes 

Recently the literature on signalling cascades related to nutrient sensing and 
lignocellulolytic enzyme production was extensively reviewed by Brown et al. 
[15] and in this section some of the key aspects will be highlighted. Although 
filamentous fungi are the focus of this chapter, at present there is more complete 
information available on signalling cascades for nutrient sensing in the yeast 
Saccharomyces cerevisiae. Fungi detect the presence of glucose, an easily 
metabolised carbon source, predominantly via the cAMP-dependent protein 
kinase A (PKA) pathway via two main mechanisms; G-protein coupled receptor 
(GPCR) signalling and the phosphorylation of imported glucose [15]. 

With regard to the GPCR signalling mechanism; in S. cerevisiae, the GPCR 
Gpr1p senses glucose and signals downstream to activate adenylate cyclase Cyr1p 
which produces a burst of cAMP. This cAMP activates PKA which subsequently 
translocates to the nucleus and regulates transcription factors, as reviewed by 
Zaman et al. [33]. The PKA pathway is also involved in detection in filamentous 
fungi [34] but it is unclear whether it is similarly activated by the two mechanisms 
as orthologues of the GPCR glucose sensor have yet to be identified in 
filamentous fungi [15]. With regard to the other mechanism involving glucose 
phosphorylation, in A. nidulans and T. reesei glucose is taken up into the hyphae 
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and phosphorylated by the sugar kinases GlkA/GLK1 and HxkA/HXK1. Deletion 
of both these genes results in de-repression of genes normally under the control of 
CCR in T. reesei [35] and A. nidulans [36]. In S. cerevisiae, as reviewed by 
Zaman et al. [33] and Brown et al. [15], phosphorylated glucose induces RAS 
signalling which results in cAMP production and PKA activation. Phosphorylated 
glucose furthermore causes inactivation of the kinase Snf1p which is a sensor of 
cellular energetic state in S. cerevisiae and known to be required for growth on 
alternative carbon sources. The inactivation of Snf1p leads to a reduction of 
phosphorylation of the CCR regulator Mig1p and promotes the localisation of 
non-phosphorylated Mig1p in the nucleus where it represses target genes. In 
filamentous fungi, CCR is mediated by the CreA/CRE1 protein [28], which is a 
functional homologue of Mig1p. CreA/CRE1 is localized in the cytoplasm under 
non-repressing conditions and is shuttled to the nucleus under repressing 
conditions [37, 38]. Its localization is regulated by its phosphorylation state [37], 
similar to Mig1p. As noted by Brown et al. [15], the phosphorylation state of 
CreA/CRE1 has a different effect in T. reesei compared to other filamentous fungi 
where in T. reesei phosphorylation of CRE1 leads to repression (instead of de-
repression) of genes [39]. 

A number of other protein kinases with a role in nutrition-state signalling have 
been identified in filamentous fungi. Brown et al. [37] studied two non-essential 
protein kinases SnfA (the homologue of yeast Snf1p) and SchA in A. nidulans. 
They demonstrated that the deletion of snfA or schA decreased the production of 
hydrolytic enzymes by decreasing the ability of A. nidulans to unlock the CreA 
repression mechanism under de-repressing conditions (either starvation or Avicel 
cellulose). Detecting the absence of easily metabolised sugars, and subsequent 
derepression of CCR is required but not sufficient to induce the production of 
CAZymes for lignocellulose degradation. The fungus also needs to detect and 
respond to the presence of lignocellulose. 

How Fungi Detect Lignocellulose 

Many details of how fungi detect lignocellulose are unknown. As lignocellulose is 
a large, insoluble structure, it cannot enter the cell. Consequently, partial 
degradation products of the lignocellulose, such as carbohydrate monomers or 
small oligosaccharides are considered to be released and imported into the cell, 
where they act as inducers of the subsequent degradative response. Two, not 
mutually exclusive, models can explain the generation of the small carbohydrate 
molecules from the lignocellulose (Fig. 1). 
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Figure 1: Two, not mutually exclusive, models can explain the generation of the small 
carbohydrate inducing molecules from the lignocellulose. (A) Low level constitutive expression of 
CAZyme-encoding genes and (B) starvation induced expression of CAZyme-encoding genes can 
result in the release of inducers from lignocellulose leading to (C) the full induction response. 

In the first model, an important role is reserved for a set of enzymes whose genes 
are constitutively expressed at a low level under non-inducing and non-starvation 
conditions. These enzymes, such as A. niger endopolygalacturonase PgaA, T. 
reesei cellobiohydrolase CBH1 and endoglucanase EGL1, are considered to 
partially degrade lignocellulose and release inducers [29, 40, 41]. In the second 
model, soluble, low molecular weight carbohydrates are considered to be 
produced by enzymes encoded by genes that are responsive to CCR. These 
enzymes are thought to ‘scout’ the environment for available carbon sources. 
Alleviation of CCR, either by inactivation of the CreA/CRE1 regulator or by lack 
of a carbon source in the medium, results in the increase of transcription of genes 
encoding CAZymes that are active on plant-derived carbohydrates in a number of 
fungi [42-48]. A large proportion of these genes was expressed both during 
carbon starvation conditions and during exposure to lignocellulose for example in 
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N. crassa exposed to Avicel [45] or A. niger exposed to wheat straw [42]. This 
transcriptional response to carbon starvation results in secretion of enzymes that 
are active on plant-derived carbohydrates [42]. These enzymes release small 
carbohydrate monomers and oligosaccharides from plant-derived carbohydrates, 
some of which are known inducers of genes encoding lignocellulose-degrading 
CAZymes [42]. These models can work together by using enzymes provided by 
both low constitutive gene expression as well as genes with increased 
transcription through carbon catabolite derepression, to generate inducers for the 
full degradative response. 

As an extension of the models discussed above, Benz et al. [49] proposed a 
‘tasting’ model for a group of N. crassa genes that were induced during exposure 
to the polysaccharides xylan, Avicel and pectin. These genes encoded esterases, 
endo- and exo-acting hydrolases including those that release monosaccharides 
from oligosaccharides. The ‘tasting’ model proposed that this group of enzymes 
could release inducers from a wide range of polysaccharides thus allowing the 
fungus to then fine-tune its response to the so called ‘flavours’ of the environment 
based on the released inducers. Most of the genes in this group were lowly 
induced in carbon starvation conditions, and thus may overlap with the scouting 
response under these conditions [49]. 

Inducers and Induction Mechanisms 

Inducers released from the lignocellulose are considered to be of key importance 
in the induction of CAZyme-encoding genes. There can be different small 
molecule inducers of the same or similar CAZyme-encoding genes in different 
fungal species. A recent review by Amore et al. [11] summarises many of these 
inducers and the genes that they induce in filamentous fungi. Other reviews also 
summarises some of the relevant inducers and induction mechanisms [13, 29]. In 
A. niger, xylose (a sugar that forms the backbone of xylan and is found in other 
hemicelluloses and pectins) induces cellulase as well as hemicellulase-encoding 
genes [50]. The effect of this molecule is concentration dependent where higher 
xylose concentrations can be repressive in a CreA-dependent manner, rather than 
inductive [51]. In T. reesei, the disaccharide sophorose which is made when 
cellobiose (a disaccharide of glucose) is transglycosylated by a β-glucosidase, 
functions as an inducer of cellulase encoding genes [52]. Lactose (a disaccharide 
of glucose and galactose which is not a component of lignocellulose) can also 
induce cellulases as well as other CAZymes in T. reesei [53]. Xylanases in T. 
reesei can be induced by xylose and arabinose (a sugar that is a minor component 
of hemicelluloses and pectins) but independently of each other and by using 
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different metabolites [25]. Interestingly, although industrially used strains are 
often subjected to rounds of mutagenesis, a recent study claimed that the 
induction mechanism in the industrial T. reesei strain RUT-C30 is still largely 
intact [54]. In N. crassa, cellobiose is the inducer primarily of cellulases [55]. 
Xylose in N. crassa induced fewer hemicellulase-encoding genes than a xylan 
polymer indicating that additional small molecules from hemicellulose are 
required for the full induction response or that the size or structure of the polymer 
is important [56]. Section II of this chapter will describe the response of fungi to 
xylan and other complex polymers (containing many different small molecule 
inducers). Finally, gentiobiose (a disaccharide of glucose joined via a β-1,6 
linkage) is an inducer of cellulases in the ascomycete Penicillium purpurogenum 
[57]. As was the case for the sensing of glucose, the sensing of inducers involves 
intracellular signalling cascades involving phosphorylation. In A. oryzae, xylose 
(the inducer of cellulase and hemicellulase genes in A. oryzae) triggered reversible 
phosphorylation of a major CAZyme-encoding gene regulator XlnR [58]. In N. 
crassa, there were changes in the phosphorylation levels of the major regulator 
CLR-1 in the presence of Avicel [59]. In T. reesei, Wang et al. [60] suggested that 
the kinase TMK3 may be involved in cellulase and hemicellulase production by 
phosphorylating and activating transcription factors responsible for CAZyme 
induction. Deletion of tmk3 down-regulated the transcript level of cbh1, cbh2, 
egl1, egl2 and bgl1 encoding, respectively, two cellobiohydrolases, two 
endoglucanases and one β-glucosidase [60]. 

Exploration of a Relevant Regulatory Mechanism – Regulation of Spore 
Germination by Sugars 

The majority of the literature reviewed in this chapter is with mycelial fungi but, 
in addition, there is contact between lignocellulose and fungal spores. 
Ascomycetes such as A. niger and T. reesei can produce and disperse large 
numbers of asexual conidiospores. These stress-resistant structures remain 
dormant during adverse environmental conditions and thus ensure survival of the 
fungus under these circumstances. When times change for the better, the 
conidiospore needs to germinate in response, thus allowing another round of 
mycelial growth. Due to their ubiquitous nature and saprophytic lifestyle, 
conidiospores are likely to germinate on, or near, plant material. The germination 
of fungal condiospores starts with the breaking of dormancy, after which the 
conidiospore swells, takes up water and activates carbon storages. Subsequently, 
cell polarity is established and a germ tube is formed [61-63]. The breaking of 
dormancy is regulated by a ‘germination trigger’ or inducer, usually a sugar 
molecule, that results in mobilisation of internal energy stores such as trehalose 
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and the swelling of the conidiospore and activation of metabolism. The sugar 
providing the germination trigger does not have to be identical to the carbohydrate 
that subsequently supports outgrowth of the mycelium because triggering 
germination and supporting mycelial growth are separate events. D-glucose, D-
xylose and D-mannose trigger germination of A. niger as well as support growth 
of the germ tube [64]. The concentration of D-glucose needed to trigger 
germination is much lower (≥10 nM) than the concentration needed to support 
growth of the germ tube (≥10 µM). Other sugars, such as 2-deoxy-D-glucose 
trigger germination but do not support growth. The sugars D-galactose and L-
arabinose are unable to trigger germination but they are taken up by the 
conidiospore and support outgrowth of a germ tube in the presence of a 
germination trigger [64]. The identity and concentration of sugars and other small 
molecules such as amino acids [65] that are encountered in the environment thus 
provide important signals to the conidiospore, regulating whether conidiospore 
germination can be initiated on lignocellulose and mycelial growth supported. 

SECTION II – TRANSCRIPTIONAL REGULATION OF GENES 
ENCODING CAZYMES 

Global transcriptional analyses of the responses of fungi to lignocellulosic substrates 
are often used to define sets of genes, often termed ‘regulons’, that are induced or 
modulated in expression on particular substrates. Genes that encode CAZymes 
active towards polysaccharides are one of the major groups of genes induced in 
response to lignocellulose. Transcription factors that function as repressors and 
activators regulate the expression of these CAZyme-encoding genes. As well as the 
polymers, environmental factors such as light and pH can play crucial roles in 
determining their expression. The role of nucleosome positioning in the regulation of 
a CAZyme-encoding gene will be explored in more detail. 

Studies of the CAZy Gene Responses to Polysaccharides and Lignocelluloses 

For the purposes of Section II, more robust conclusions can be drawn by 
comparing the responses within a single fungal species to different substrates 
rather than also describe the responses of different fungi to the same substrate. 
Inter-species differences in gene content and regulation hamper the drawing of 
robust conclusions. 

Responses of T. Reesei to Polysaccharides and Lignocellulosic Substrates 

An extensive study with the T. reesei RUT-C30 strain, which is a CCR de-
repressed strain and a hypersecreter of cellulases, compared the transcriptional 
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responses to untreated substrates (bagasse, Avicel and two xylans) and pre-treated 
substrates (stream exploded bagasse, wheat straw and spruce) [66]. In an analysis 
of the gene expression patterns, a ‘common core’ of induced genes was defined as 
those induced by both Avicel and xylan and induced on a least 70% of the 
substrates [66]. This ‘common core’ included genes encoding a large range of 
activities such as endoglucanases, cellobiohydrolases, endoxylanases and several 
other activities that hydrolyse components of polysaccharide backbones and side 
chains and the linkages between the cell wall components [66]. In this common 
core were genes encoding chitinases, which are active towards the fungal cell wall 
rather than the plant cell wall, that probably have a cell wall remodelling or 
starvation related role. As well as genes encoding for hydrolases, a gene encoding 
for lytic polysaccharide monoxygenase activity (AA9) [67] was also in this 
‘common core’ of induced genes. Outside of this ‘common core’, there were 
differences in the levels of the induction of CAZyme-encoding genes but no clear 
examples of genes that were induced on only one substrate but not another with 
some of the differences due to time rather than substrate [66]. There are two 
examples from the study of Hakkinen et al. [66] of differences in the 
transcriptional response of CAZyme-encoding genes that are in part dependent on 
the pre-treatment of the substrate. Firstly, the CAZyme-encoding gene expression 
patterns from the untreated compared to the pre-treated bagasse clustered 
separately. On the pre-treated bagasse, there was a cluster of CAZyme-encoding 
genes which had increased abundance but have not yet been characterised in T. 
reesei [66]. Secondly, Hakkinen et al. [66] also analysed steam exploded spruce 
which was enriched in cellulose and had very few monomeric sugars. The 
CAZyme-encoding gene expression patterns concurred with this enrichment of 
cellulose in the pre-treated spruce whereby the patterns on the pre-treated spruce 
clustered with the patterns on the Avicel (mainly cellulose) substrate for two time 
points [66]. It is worthwhile noting that the expression patterns of the CAZyme-
encoding genes in this study are likely to be mainly due to the presence of 
inducers from the lignocelluloses rather than the accumulation of released sugars 
to repressive levels because RUT-C30 is a CCR depressed strain. 

Responses of N. Crassa to Polysaccharides and Lignocellulosic Substrates 

Benz et al. [49] compared the transcriptional responses of N. crassa to cellulose, xylan 
and pectin. That study defined the ‘pectin regulon’ and compared this to the ‘Avicel 
regulon’ from Coradetti et al. [45] and the ‘xylan regulon’ - the xylan study was a 
replication of the microarray experiment from Sun et al. [56] using RNAseq. All three 
substrates significantly induced a common set of 29 genes and three quarters of these 
genes encoded CAZymes. These genes encoded esterases, exo- and endoglucanases, 
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β-xylosidases and β-galactosidases but genes encoding β-glucosidases were absent. 
Clustering analyses identified clusters containing genes predominantly induced on a 
particular substrate. When 21 of the genes that clustered in the predominantly pectin-
related expression clusters were deleted separately, four of the mutants showed 
reduced growth on pectin [49]. These deletion mutants demonstrated the utility of the 
expression clustering in predicting gene function. Benz et al. [49] excluded the genes 
that were induced by carbon starvation from their analysis of substrate induced genes. 
This is an important exclusion because the similarities in the CAZy responses may not 
necessarily be because the fungus is responding transcriptionally in a specific manner 
to different polysaccharides or lignocelluloses but instead the response could be one 
related to an initial starvation [42]. 

Responses of A. Niger to Polysaccharides and Lignocellulosic Substrates 

For A. niger, there are studies that examine the transcriptional response to the 
lignocellulosic substrates wheat straw (at two time points) [31, 42], willow [68] 
and pre-treated sugar cane bagasse [69]. The responses to two polysaccharides 
which are components of lignocellulose (oat spelt xylan and arabinan) were 
studied by Andersen et al. [70] and compared to cultures where monomers 
(xylose and arabinose) were the carbon source. There were many similarities in 
the CAZy transcriptional responses of A. niger to wheat straw (at the later time 
point), willow and pretreated bagasse [31, 68, 69]. Most of the genes encoding the 
CAZymes required to break down cellulose and the hemicellulose backbones and 
side chains were induced. This probably reflects the ability of xylose (present in 
each of these lignocelluloses) to induce both genes encoding cellulases and 
hemicellulases as described in Section I. Although the responses of A. niger to 
wheat straw compared to wood from a willow tree were broadly similar, there 
were some notable differences in expression levels [68]. Genes that had higher 
expression on wheat straw compared to willow included a GH62 
arabinofuranosidase and two feruloyl esterases and these increases in expression 
could be related to compositional differences in the substrates [68]. A temporal 
trend was also observed in the transcriptional responses of A. niger to untreated 
wheat straw where, generally, genes encoding enzymes with activity towards 
hemicelluloses were induced earlier than genes encoding enzymes with activity 
towards pectins [42]. Andersen et al. [70] described differences in the response of 
A. niger to different polysaccharide substrates including CAZyme-encoding genes 
that were only induced on arabinan [70]. Comparisons between the study with the 
defined polysaccharides [70] to the lignocellulose studies [31, 42, 68, 69] is 
complicated because the concentrations of xylose in the xylan cultures at the time 
of sampling have the potential to have a repressing effect on some CAZyme-
encoding genes as well as an inducing effect on others. A previous study in A. 
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niger showed that concentrations of xylose higher than 1 mM can have a 
repressive effect on CAZyme-encoding genes [51]. 

Responses of Myceliophthora Thermophila to Lignocellulosic Substrates 

Kolbusz et al. [71] investigated the responses of M. thermophila to three 
agricultural straws from dicots (alfalfa, flax and canola) and three straws from 
monocots (barley, triticale and oat). Using a principal component analysis (PCA), 
Kolbusz et al. [71] found that the expression patterns from the monocots clustered 
separately from the dicots. They then analysed the expression dataset as if the 
straws from different monocot or dicot species were replicates of a group. In total, 
95 genes encoding CAZymes were induced on the lignocelluloses compared to 
the glucose control with 59 CAZyme-encoding genes induced on both monocot 
and dicot straws, 22 CAZyme-encoding genes induced only on the monocot 
straws and 14 CAZyme-encoding genes induced only on the dicot straws [71]. 
Correspondence was found between the genes that were induced and the 
differences between the composition of the monocot and dicot straws [71]. The 
dicot straws induced more genes encoding pectinolytic activity than the monocot 
straws, which corresponds well with the increased proportion of pectins in dicots 
[71]. The monocot but not dicot straws induced a carbohydrate esterase 1 (CE1) 
CAZy family feruloyl esterase which corresponds well with the higher proportion 
of feruloyl linkages in monocot cell walls as reviewed by Vogel [72]. Knowledge 
of the molecular basis of the regulation of these genes is required to understand 
how the straws induce different responses but regulation at this level is largely 
unexplored in M. thermophila. Kolbusz et al. [71] observed a temporal trend, 
when they examined a time course study of proteins secreted by M. thermophila 
cultured with lignocellulose to complement their transcriptomic study. The 
enzymes with activity towards cellulose and hemicelluloses tended to be secreted 
before enzymes with activity towards pectins. Kolbusz et al. [71] also noted that 
in these types of studies, there are CAZyme-encoding genes that are not induced 
by any lignocellulose substrate or other polysaccharides which they referred to as 
‘cryptic’ CAZyme-encoding genes because what induces these genes has not been 
elucidated yet. Kolbusz et al. [71] suggest that some of these ‘cryptic’ CAZyme-
encoding genes may be expressed at specific temperatures, times or pH 
emphasising the need for more extensive transcriptionally profiling studies. 

Repressors and Activators of CAZyme-Encoding Gene Transcription 

The responses of fungi to lignocellulose, described in detail above, are mediated 
by transcriptional repressors and activators. Fewer repressors than activators 
relevant to lignocellulose degradation have been identified. There are three main 
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fungal species where repressors and activators relevant to lignocellulose have 
been studied: Aspergillus spp., mainly A. niger, the industrially used T. reesei and 
the model N. crassa. 

Transcriptional Repressors 

Section I introduced a key repressor in fungi relevant to transcriptional regulation 
related to lignocellulose CreA/CRE1 [28, 30]. CreA/CRE1 functions in CCR 
where, in the presence of sufficient glucose and in some cases other sugars, it 
suppresses the transcription of genes encoding enzymes involved in the 
metabolism of more complex polysaccharides [28]. The binding sites for 
CreA/CRE1 are two neighbouring palindromic consensus sequences in the 
promoter of genes (5’-SYGGRG-3’ in A. nidulans [73] and T. reesei [74]), and 
binding of CreA/CRE1 thus hinders their transcription. CreA/CRE1 is a master 
regulator insofar as CreA/CRE1 regulates other transcription factors such as 
activators of genes encoding CAZymes [51, 75]. A CreA/CRE1 orthologue was 
found in the genomes of most of the 108 ascomycete and basidiomycete species 
analysed by Todd et al. [76]. Another well-known repressor is the counter 
intuitively named, ACE1 (activator of cellulase expression 1) from T. reesei [77]. 
Deletion of ace1 resulted in increased expression of the genes encoding the main 
cellulases and some xylanases in T. reesei [77]. Todd et al. [76] identified ace1 
orthologues in two thirds of the ascomycete genomes but did not identify 
orthologues in any of the 31 basidiomycete genomes they analysed. 

Transcriptional Activators Overview 

Filamentous fungi have a large range of transcriptional activators that function in 
lignocellulose degradation. Some of these are functionally conserved across large 
phylogenetic groups in the fungal kingdom, while others are more lineage 
specific. Many of the activators have only been identified in ascomycetes and not 
basidiomycetes [76]. Seven activators relevant to lignocellulose degradation in 
ascomycetes, XlnR, AmyR, InuR, AraR, GalR, GalX and RhaR, had no 
orthologues in any of the 31 basidiomycetes analysed by Todd et al. [76]. Many 
of the well-known activators involved in plant biomass degradation are members 
of the Zn2Cys6 family of transcription factors and this family is particularly 
expanded in ascomycetes compared to basidiomycetes [76]. Todd et al. [76] 
concluded that the expansion of various activator families is likely to have 
occurred after the divergence of ascomycetes and basidiomycetes. A number of 
important regulators are discussed in more detail below. 
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XlnR/XYR1 Activators in Aspergillus spp. and T. Reesei 

One of the major transcription factors, considered a master regulator, involved in 
regulation of CAZyme-encoding genes in response to lignocellulose is a binuclear 
zinc finger protein named XlnR (xylanase regulator) primarily in Aspergillus spp. 
and XYR1 (xylanase regulator 1) primarily in T. reesei and related species. 
XlnR/XYR1 is the key activator in Aspergillus spp. and T. reesei of genes 
encoding cellulase and hemicellulase enzymes [18, 78-80]. One of the early 
studies showed that XlnR as well as regulating genes encoding xylanolytic 
enzymes (when xylose was the inducer) regulated the two genes encoding 
endoglucanases (eglA and eglB) that were analysed [78]. There are significant 
differences in how XlnR in A. niger and XYR1 in T. reesei regulate [18]. In T. 
reesei, XYR1 interacts with the co-regulators ACE1 and ACE2 (activator of 
cellulase expression 2) [81] whereas A. niger lacks an ace2 orthologue [18, 76]. 
Furthermore, the ace1 orthologue does not have the same function in Aspergillus 
spp. as shown by deletion of the ace1 orthologue stzA in A. nidulans [82]. The 
relationship between inducer, transcription factor and the regulated protein 
encoding genes is complex if not enigmatic. Section I described how some of the 
inducers of CAZymes are different in T. reesei compared to A. niger, namely the 
effects of lactose and sophorose, but these different inducers can still signal 
through the XYR1 transcription factor in T. reesei. Measurements of the shuttling 
of XYR1 in T. reesei provide insights into the functioning of this activator [38]. 
The XYR1 protein was synthesised in the cytoplasm as part of the induction 
process and when induction ceased the XYR1 protein in the nucleus was rapidly 
degraded [38]. Finally, a recent analysis in five ascomycetes emphasised some of 
the functional diversity of XlnR/XYR1; there were substantial differences in the 
CAZyme-encoding genes regulated by the XlnR/XYR1 orthologues in response to 
induction by xylan [83]. 

CLR-1 and CLR-2 activators in N. Crassa 

In N. crassa, the xlnR/xyr1 orthologue xlr-1 does not have the same function in 
regulating expression of cellulase encoding genes as in A. niger or T. reesei. In the 
Δxlr-1 mutant, growth on cellulose and cellulolytic activity is only slightly affected 
[56]. Instead in N. crassa, two other Zn2Cys6 family transcription factors CLR-1 and 
CLR-2 were found to be the predominant regulators of the expression of cellulase-
encoding genes [45]. Orthologues of clr-1 and clr-2 have been identified in many 
fungal species [45] but some of the orthologues have been demonstrated to be 
functionally different. A. nidulans ClrB has more limited functions than CLR-2 in N. 
crassa [84]. Expression of clr-2 driven by a non-endogenous promoter) in N. crassa 
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led to inducer independent increases in CAZyme-encoding gene expression, whereas 
similar expression of clrB in A. nidulans did not have such an effect [84]. Also, A. 
nidulans clrB cannot complement a clr-2 N. crassa strain [84]. In A. oryzae, the 
orthologue of CLR-2 called ManR was characterised as a regulator of genes 
encoding mannan degrading enzymes [85]. Coradetti et al. [84] suggested that the 
differences in cellulase gene regulation in filamentous fungi may reflect an ancient 
divergence in the regulatory mechanisms between the Sordariomycetes (includes N. 
crassa and T. reesei) and the Eurotiomycetes (includes Aspergillus spp.). The 
characterisation of the functions of the orthologues of clr-1 and clr-2 in T. reesei 
could substantiate whether the differences are related to an ancient evolutionary 
divergence or otherwise. 

Other Relevant Transcription Factors 

AraR (arabinolytic regulator), a Zn2Cys6 transcription factor, is a relatively recent 
duplication of XlnR as it is only found in certain fungal lineages [86]. AraR is 
considered to work in co-operation with XlnR in the regulation of the pentose 
catabolic pathway [87]. The roles of XlnR and AraR were analysed in araR and 
xlnR deletion strains of A. niger [88]. Whilst the expression of a range of 
CAZyme-encoding genes was partly dependent on AraR, there were few clear 
examples of CAZyme-encoding genes where the expression was solely dependent 
on AraR [88]. BglR (beta-glucosidase regulator) positively regulates the 
expression of genes encoding β-glucosidases in T. reesei [89]. This transcriptional 
activation could eventually lead to the repression of CAZyme-encoding genes: the 
β-glucosidases will hydrolyse cellobiose to glucose and, unless the glucose is 
metabolised by the fungus, repression of CAZyme-encoding genes via CRE1 will 
occur. ClbR (cellobiose response regulator) is another Zn2Cys6 transcription 
factor, which was characterised in A. aculeatus [90]. ClbR regulated CAZyme-
encoding genes in response to cellulose and cellobiose (but not xylose) in an 
XlnR-dependent and independent manner [90]. Orthologues of clbR were only 
found in other species of the Eurotiales order [90]. Recently, ACE3 (activator of 
cellulase expression 3), which contains the Pfam Fungal specific transcription 
factor domain, was identified in T. reesei [91]. The ACE3 transcription factor was 
considered to be a master regulator as the data from deletion and over-expression 
of ace3 indicates that the expression of xyr1 was altered [91]. RhaR (L-rhamnose-
responsive regulator) is another recently identified activator of pectinase-encoding 
genes but further pectin-related regulators remain to be identified [92]. Many gaps 
remain in understanding of transcriptional repression and activation, such as 
unidentified repressors and activators, cross-talk between different regulators and 
unravelling the functional differences in orthologous transcription factors in fungi. 
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Environmental Regulation of CAZyme-Encoding Genes 

Light Regulation of CAZyme-Encoding Gene Expression 

In addition to starvation and small molecule inducers, expression of CAZyme-
encoding genes can be influenced by environmental factors such as light and pH. 
Light affects the transcription of CAZyme-encoding genes and secretion of 
CAZymes in both N. crassa [93] and T. reesei [94]. Homologous proteins in both 
species mediate this light responsiveness, while the regulatory mechanism differs 
slightly between these fungi. In N. crassa, the blue light photoreceptors white 
collar 1 (WC-1) and WC-2 are transcription factors which can form a complex 
(white collar complex (WCC)) that regulates transcription of light-responsive 
genes through binding to light responsive elements (LREs) in their promoters 
[95]. The VVD (VIVID) photoreceptor interacts with the WCC and modulates the 
response to light [96]. In N. crassa, the WCC binds both the clr-1 promoter and 
the cre-1 promoter, regulating their expression through light [93, 97]. In T. reesei, 
the homologues of WC-1, WC-2 and VIVID, which are BLR1, BLR2 and ENV 
(ENVOY) affect CAZyme-encoding gene expression. In darkness, deletion of 
some of these genes increased the cellulase activity in the culture filtrate [98]. 
Gyalai-Korpos et al. [98] considered that the effect on cellulase activity of blr1 
and blr2 deletion was due to differences in protein secretion and that of env1 
deletion due to adjustments in response to the environment. Tisch and Schmoll 
[27] described a key difference in the functioning of the homologous proteins in 
T. reesei and N. crassa. Transcriptional analysis of deletion mutants under light 
and dark conditions showed that photoreceptor regulation of carbon metabolism is 
mediated by BLR1 and BLR2 stimulation of env1 transcription in T. reesei, 
whereas in N. crassa VIVID had a negative effect on the WCC [27]. Also, BLR1 
and BLR2 in T. reesei are not considered to act as a complex under darkness [98]. 
The T. reesei ENVOY protein has an additional function; it affects the expression 
of G-protein alpha subunits GNA1 and GNA3. Changes in signalling of these 
proteins in the heterotrimeric G-protein pathway affect cAMP and consequently 
the cAMP-PKA pathway that influences cellulase expression. ENV1 can also 
adjust cAMP levels, probably via a phosphodiesterase, a protein that degrades 
cAMP [99]. 

pH Regulation of CAZyme-Encoding gene Expression 

There are many examples demonstrating a connection between ambient pH and 
differences in CAZyme production with one of the first demonstrated by Bailey et 
al. [100] in T. reesei. The authors showed that a higher pH was favourable to 
xylanase production whereas a lower pH was favourable to cellulase production. 
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In a recent study, Li et al. [101] showed that the optimum pH levels for 
production of endoglucanases, exoglucanases and β-glucanases by T. reesei were 
different. Adav et al. [102] also showed with T. reesei that the secreted CAZy 
profiles changed with different pH levels. The differences in CAZyme production 
in the above examples can partly be explained by the homeostatic system by 
which fungi respond to pH fluctuations in their environment and PacC, the 
transcription factor effector of this system, which can regulate some of the 
CAZyme-encoding genes. 

A. nidulans is one of the main model systems where pH regulation has been 
studied [103]. The ambient pH is considered to signal through a plasma 
membrane complex [104, 105] where this signal is passed on through a signalling 
cascade made of six Pal proteins encoded by the genes palA, palB, palC, palF, 
palH and palI [106-108]. The target of the signalling cascade is the zinc finger 
transcription factor PacC. Three different forms of PacC have been described: in 
acidic conditions the full-length form of PacC predominates [109] whereas in 
alkaline pH conditions, the activation of the pathway leads to two subsequent 
cleavage steps resulting in two shorter forms of PacC. The product of the PalB-
mediated cleavage step, PacC53, is then cleaved to create the active form of PacC 
[110]. The deletion of pacC or pal genes leads to a phenotype mimicking that 
displayed in acidic conditions whereas a constitutively active PacC results in 
alkaline-expressed genes and repression of acid-expressed genes regardless of pH 
[106, 107]. So in effect in A. nidulans during alkaline conditions, PacC activates 
alkaline-expressed genes and represses acidic-expressed genes [111]. 

The active PacC binds the core target sequence 5’-GCCARG-3’ in the promoters 
of its target genes [112], however to our knowledge a comprehensive search for 
this motif has not been reported in species such as T. reesei, N. crassa or 
Aspergillus spp. The promoter of pacC contains PacC binding sites confirming 
that PacC autoregulates, with higher abundance of pacC transcripts found at 
alkaline pH [111, 113]. A study using the thermophilic ascomycete Humicola 
grisea investigated the pH-dependent transcriptional regulation of CAZyme-
encoding genes with sugarcane bagasse as the substrate [113]. Here the transcript 
level of cbh1.1, cbh2.2, egl1, egl2, bgl4 and xyn1 increased at alkaline pH (pH8) 
and Mello-de-Sousa et al. [113] identified one or multiple PacC binding sites in 
the promoters of these genes. Other CAZyme-encoding genes regulated by PacC 
include the A. nidulans xylanase genes (xlnA and xlnB) [114] and alpha-L-
arabinofuranosidase gene (abfB) [115]. In a recent global transcriptomic study in 
T. reesei, Hakkinen [26] investigated the influence of extracellular pH and of 
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PAC1 (the T. reesei orthologue of pacC) during growth on Avicel. Among the 
large number of pH-responsive genes were 60 CAZyme-encoding genes (from 
glycosyl hydrolase (GH), CE or polysaccharide lyase (PL) classes). The authors 
showed that of the genes encoding proteins with the same enzymatic activity, 
some were up-regulated at low pH and others at high pH levels. It is possible that 
the genes up-regulated at the low pH encode for enzymes that have higher activity 
at the low pH. However, Hakkinen [26] found that the pH-responsive genes were 
not only under PAC1 regulation. There were likely to be other regulatory 
mechanisms functioning at the same time, affecting the pH-dependent expression 
of CAZyme-encoding genes. 

Exploration of a Relevant Regulatory Mechanism – Nucleosome Positioning 

Regulation of the responses of filamentous fungi to lignocellulose is not only 
mediated simply through binding of transcription factors in promoter regions of 
target genes; the organisation of DNA also plays an role. There are changes in 
nucleosome positioning in the promoter and coding regions of the cbh1 gene in T. 
reesei during CCR repressing compared to cellulase-encoding gene inducing 
conditions [116]. Nucleosomes, which are made of histones and associated DNA, 
are the basic organisational unit of chromatin, which is packaged or compacted 
DNA. The positioning and presence of nucleosomes is not random; it has a role in 
regulating gene expression [117, 118]. The gene cbh1 encodes one of the major 
cellobiohydrolases in T. reesei [19]. Ries et al. [116] investigated the positions of 
nucleosomes in the promoter and coding sequences of cbh1 primarily using 
MNase enzyme digestion (micrococcal nuclease digestion) of DNA. The MNase 
digestion technique cleaves linkages between nucleosomes allowing the position 
of the nucleosomes to be mapped. Under repressing conditions in T. reesei QM6a, 
the nucleosomes are at particular positions in the promoter region and in the 
coding region of cbh1 (Fig. 2). In the presence of the inducer sophorose, the 
nucleosomes are no longer present in the coding region of cbh1 and are also re-
positioned in the promoter region of cbh1 [116]. The re-positioning of the 
nucleosomes correlates to an extent with induction of expression in terms of the 
activator binding sites that were exposed and the repressor binding sites that were 
blocked (Fig. 2). One of the nucleosomes is re-positioned at sites that the 
repressor ACE1 binds and the other nucleosome is re-positioned at sites that the 
repressor CRE1 binds (Fig. 2). 

Ries et al. [116] suggested a regulatory basis for the positioning by showing that 
the repressor CRE1 regulated the positioning within the coding sequence of cbh1.  
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Figure 2: The following is the caption text from Ries et al. [116]: Predicted nucleosome 
positioning (black and blue spheres) according to the strong MNase cutting sites (black arrows) 
and weak MNase cutting sites (blue arrow) in the cbh1 promoter in the presence of glucose and 
sophorose in the wild-type strain and the cre1 mutant strains. As a reference, the promoter region 
of cbh1 is also presented when protein-free and with all known transcription factor binding motifs. 
The locations of DNA sequences thought to mediate induction by sophorose (soph.) and cellulose 
are indicated with two black boxes. The TSS (transcription start site) and TATA box are also 
shown. Reproduced with permission. © Springer-Verlag Berlin Heidelberg 2014. 
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Deletion or truncation of cre1 resulted in a loss of the positioned nucleosomes in 
the coding sequence under repressive conditions (Fig. 2). Thus, under repressive 
conditions a type of double lock regulatory mechanism regulates gene expression. 
One lock is the classic role for CRE1 in binding to the promoter and coding 
sequences preventing binding of activators and RNA polymerases. The second 
lock is where CRE1 has a role in positioning the nucleosomes in the cbh1 coding 
sequence to prevent transcription. Ries et al. [116] suggest this could occur either 
via the CRE1 protein binding to the coding sequence and recruiting chromatin 
remodelling complex proteins or through CRE1 regulation of other genes that 
affects the nucleosome positioning such as chromatin remodelling factor genes. 
Two other studies are worth noting in the context of this regulatory mechanism. 
The role of chromatin (which nucleosomes are a component of) is described in a 
study that screened for novel regulators of cellulase production [91]. Another gene 
relevant to this regulatory mechanism, lae1, encodes a methyltransferase involved 
in chromatin modifications and is a regulator of genes encoding CAZymes [119]. 
Future studies are likely to confirm an important role for chromatin in the 
response of fungi to lignocellulose. 

SECTION III – TRANSCRIPTIONAL REGULATION OF GENES 
ENCODING TRANSPORTERS, ACCESSORY PROTEINS AND THOSE 
INVOLVED IN STRESS RESPONSE 

Apart from the CAZyme-encoding genes, other major groups of genes that are 
regulated in response to lignocellulose include those encoding transporters and 
non-hydrolytic accessory proteins. Transporters can have an effect on 
lignocellulose degradation by influencing inducer uptake whereas the accessory 
proteins can improve the efficiency of the lignocellulose saccharification. Also, 
expression of genes involved in stress responses such as nutrient limitation 
stresses and endoplasmic reticulum (ER) stress is affected in response to 
lignocellulose. In addition, this section will explore the emerging regulatory 
mechanism of antisense RNA in more detail. 

Regulation of Transporter Genes 

Introduction to Transporters 

Transporters are essential to the utilisation of lignocellulose by fungi. They 
transport parts of the lignocellulose broken down in the extracellular environment 
into the fungus. Most of the relevant transporters are sugar transporters belonging 
to the major facilitator superfamily (MFS) which includes hexose and pentose 
sugar and short oligosaccharide transporters [120]. Other relevant transporters 
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include those involved in iron homeostasis which were induced on lignocellulose 
in T. reesei [121]. The transporter classification database (www.tcdb.org/) 
provides an extensive classification system for transporters [122]. Regulation of 
transporters occurs at the transcriptional level but is also likely to be influenced 
substantially at the post-transcriptional level such as through the activation of 
transporters already deposited in the membrane. Filamentous fungi, unlike 
unicellular fungi such as S. cerevisiae, possess xylose transporters as well as 
transporters of other hemicellulosic sugars. The identification of these genes is not 
only important in understanding the fungal responses to lignocellulose, but also 
provides a resource for engineering species such as S. cerevisiae for improved 
performance in ethanolic fermentations [123]. 

Transporter Regulation Insights from Global Transcriptional Analyses 

During growth of N. crassa on Avicel, transporters were transcriptionally induced 
and the expression of the majority of these transporters was fully or partly 
dependent on two of the key transcription factors that are responsible for 
regulating cellulase gene expression, clr-1 and clr-2 [45]. Coradetti et al. [45] 
described an ‘Avicel’ regulon as genes with higher expression in N. crassa 
cultured with Avicel compared to either ‘no carbon’ or sucrose conditions. This 
‘Avicel regulon’ contained 13 genes encoding transporters, including the 
characterised transporters cellodextrin transporter-1 (cdt-1) and cdt-2 [45, 124]. 
The regulation of these 13 genes was investigated with the clr-1 and clr-2 
transcription factor mutants and 10 out of 13 of the genes were either dependent 
on one or both of clr-1 and clr-2 or had their expression modulated by these 
transcription factors [45]. In a further study in N. crassa, Benz et al. [49] 
described the ‘pectin regulon’ and compared this to the ‘Avicel regulon’ [45] and 
the ‘xylan regulon’. Interestingly, there were no genes encoding transporters in 
the 29 genes that overlapped between the three regulons, but there were 
transporter encoding genes in each of the three two-way comparisons of the 
Avicel, xylan and pectin regulons [49]. These comparisons suggest that N. crassa 
lacks a gene encoding a sugar transporter that is induced by diverse 
polysaccharide substrates. However, transporter-encoding genes that were either 
constitutively expressed or were only transiently induced could have played a 
role. These transiently induced genes may not have been detected at the time 
points sampled in these N. crassa studies. In A. niger xlnR and araR deletion 
strains cultured with xylose and arabinose, the expression of six genes encoding 
transporters was modulated suggesting that their expression was dependent on 
either AraR or XlnR regulators [88]. 
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Transporter Regulation Insights from Characterised Transporters 

Transporters are difficult to characterise functionally because of their redundancy. 
As a result, it is challenging to draw firm conclusions from global transcriptional 
analyses as this includes uncharacterised transporters with ambiguous or possibly 
erroneous annotations. Focusing on the regulation of reliably characterised 
transporters can give further insights. Two recent studies describe the regulation 
of characterised transporters of xylan breakdown products in N. crassa and A. 
nidulans. These studies demonstrate that the regulators of the genes encoding the 
transporters can be the same as the regulators of the genes encoding the CAZymes 
that break down the polysaccharides. 

In N. crassa, the transporters CDT-1 and CDT-2 were induced on Avicel, and 
when expressed heterologously in yeast, were shown to function in the uptake of 
cellodextrins [124, 125]. More recently, the work of Cai et al. [126] showed that 
CDT-1 is primarily involved in the transport of cellulose components, due to 
defects in growth of Δcdt-1 mutants on cellulose but not on xylan. The same study 
implicated CDT-2 in the transport of hemicellulose components due to defects in 
growth of Δcdt-2 mutants on xylan. The N. crassa XLR-1 transcription factor – a 
regulator of hemicellulase encoding genes – was the primary regulator of cdt-2, 
which encodes the transporter of breakdown components of hemicellulose. The 
CLR-1 transcription factor – a regulator of cellulase genes – was the primary 
regulator of cdt-1, which encodes the transporter of breakdown products of 
cellulose (although CLR-1 also has a role in regulating cdt-2) [126]. In A. 
nidulans, a gene encoding a high affinity xylose transporter, xtrD, was induced by 
xylose in a XlnR-dependent manner [127]. When fungi are exposed to 
lignocellulose, high affinity transporters are induced because the concentrations of 
free sugars are generally low [120]. The regulation of genes encoding sugar 
transporters characterised as either of high or low sugar affinity is partly 
dependent on CreA/CRE1. In A. niger, the gene encoding the high affinity sugar 
transporter MstA is regulated by CreA-mediated CCR ensuring that it is expressed 
under conditions when concentrations of monomers are low [128]. The xtrD gene 
from A. nidulans described above is also regulated in a CreA-dependent manner 
[127]. 

Transcription Factor Binding Motifs of Transporter Genes 

A survey of transcription factor binding sites of genes encoding transporters can 
give insight into their regulation. CreA/CRE1 binding sites are present in the 
promoters of genes encoding high affinity sugar transporters such as mstA from A. 
niger [128]. XlnR binding sites are present in the promoters of genes encoding 
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sugar transporters in aspergilli. Andersen et al. [129] compared the transcriptional 
responses of three Aspergillus spp. (A. niger, A. oryzae and A. nidulans) cultured 
with either xylose or glucose. Of the 23 genes that were differentially expressed as 
well as being orthologous across the three Aspergillus spp., six of the genes 
encoded sugar transporters with five of the genes up-regulated on xylose [129]. 
The XlnR binding motif, defined by the authors as 5-GGNTAAA-3, was present 
in all five of the promoters of the up-regulated transporter genes from A. niger and 
A. oryzae and in two of the promoters from A. nidulans [129]. To our knowledge, 
a survey of transcription factor binding sites of genes encoding transporters 
relevant to lignocellulose is not available for filamentous fungi but such a study 
would be of use, ahead of functional characterisation. 

Regulation Insights from Clustering Analyses of Global Transcriptional 
Datasets 

Co-expression clustering analyses of global transcriptomic datasets is a powerful 
tool to gain new insights into gene function and regulation [130]. Novel 
transporters have been identified based on co-expression with other genes of 
known function, such as lat-1 in N. crassa which encodes an arabinose transporter 
[49]. In the analyses of transcriptomic datasets of T. reesei exposed to various 
lignocelluloses, the expression profile of genes encoding transporters were found 
in transcriptional clusters with genes encoding CAZymes and transcription factors 
[91]. Interestingly, some of the transporter-encoding genes were not only co-
regulated with genes encoding transcription factors and CAZymes but also located 
in the same chromosomal regions [91]. There are limitations of this co-expression 
clustering analysis insofar as transporters are concerned; genes encoding 
constitutively expressed or transiently induced transporters will not cluster with 
induced CAZyme-encoding genes. The transient nature of the induction of some 
transporters highlights the need for more extensive time-point transciptomic 
profiling studies. 

Transporters Functioning as Receptors – ‘Transceptors’ 

A ‘transceptor’ is a transporter that also functions as a receptor for signal 
transduction [131]. This ‘transceptor’ concept is significant as it shifts the model 
of regulation of transporters to include the regulation of the sensing as well as the 
transport of small molecules. In N. crassa, a recent study showed how the 
cellodextrin transporters CDT-1 and CDT-2 could function as ‘transceptors’ 
[132]. When CDT-1 and CDT-2 were mutated to remove their ability to transport 
cellobiose, the cellulase gene induction was not correspondingly reduced 
indicating a secondary sensing and signalling role for the transporters [132]. 
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Znameroski et al. [132] described other studies in the literature regarding 
‘transceptors’ relevant to the response of T. reesei to lignocellulose. Whilst there 
is indirect evidence supporting ‘transceptors’ in the examples from N. crassa and 
T. reesei, direct evidence as far as we are aware for the molecular basis of the 
signalling role of these ‘transceptors’ related to lignocellulose is lacking. This 
injects a note of caution into whether the cell’s signalling apparatus is actually 
regulated when ‘transceptors’ are regulated. 

Accessory Protein Encoding Genes 

Swollenins 

Swollenins are fungal proteins that have similarity to plant expansins and have an 
ability to disrupt the crystalline structure of cellulose to make amorphous 
cellulose [133]. The first swollenin protein was characterised in T. reesei [133]. 
SWO1 has a modular structure that includes a carbohydrate binding module 
(CBM) and was shown to disrupt the crystalline structure of cellulose fibers [133]. 
Swollenins were also shown to aid in the amorphogenesis step during the 
enzymatic hydrolysis of pre-treated biomass [134]. The swollenin gene swo1 was 
highly induced in T. reesei when cultured with wheat straw [135]. Saloheimo et 
al. [133] showed swo1 in T. reesei was regulated in a similar manner to cellulases 
with swo1 induced by cellulose, lactose, sophorose and cellobiose. 

Hydrophobic Surface Interacting Proteins (HSIPs) 

We define hydrophobic surface interacting proteins (HSIPs) as proteins that have 
the ability to interact with a hydrophobic surface. HSIPs include proteins such as 
hydrophobins and other proteins with similar functional properties. Genes that 
encoded HSIPs, were induced in A. niger in response to wheat straw [31], willow 
[68] and sugar cane bagasse [69] and in T. reesei in response to wheat straw 
[135]. The induction of HSIPs suggests a possible role for HSIPs in improving the 
efficiency of saccharification of lignocellulose. Hydrophobins are a diverse family 
of small, amphipathic, secreted proteins that are unique to filamentous fungi 
[136]. The hydrophobins have proven functions in fungal development, surface 
interaction, pathogenicity and evasion of host responses [136, 137]. The 
functionality that may be relevant to the process of saccharification of 
lignocellulose (a polymer with hydrophobic properties) is the ability of a HSIP to 
improve the degradation of another hydrophobic polymer, polybutylene succinate-
coadipate (PBSA) [138, 139]. Maeda et al. [139] identified the polyesterase 
CutL1, that degrades PBSA, in supernatant from A. oryzae cultured with PBSA. 
Subsequently, to search for other factors involved in the degradation of PBSA, 
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Takahashi et al. [138] analysed the transcriptomic response of A. oryzae when 
cultured with PBSA and found that one of the induced genes encoded a 
hydrophobin RolA. By examining the localisation of these proteins in culture with 
A. oryzae grown on PBSA, it was determined that the secreted RolA was capable 
of adsorbing to the surface of both hyphal cell walls and the PBSA film and was 
likely to result in the formation of amphipathic hydrophobin monolayers [138]. In 
vitro, RolA was found to adsorb to the surface of PBSA and specifically recruit 
soluble CutLI, increasing the amount of CutLI-mediated PBSA hydrolysis 
compared to soluble CutLI only [138]. This suggested to Takahashi et al. [138] 
that RolA exhibits two distinct functions relating to the degradation of PBSA: (1) 
improving physical substrate breakdown by improving hyphal-substrate 
interactions by increase hyphal hydrophobicity and (2) improving enzymatic 
substrate degradation by recruiting degradative enzymes to the substrate’s surface. 
With regard to HSIPs in A. niger, the genome of A. niger contains eight genes 
encoding hydrophobins [140] among which hyp1 (the orthologue of A. oryzae 
rolA) and hfbD are induced on wheat straw, together with a gene encoding a 
hydrophobic surface-binding protein hsbA [31]. Although direct evidence is not 
available to support this, an hypothesis with regard to saccharification in the A. 
niger cultures with lignocellulose is that HSIPs could perform a similar function 
with lignocellulose and improve the efficiency of its saccharification as has been 
shown previously for A. oryzae RolA with PBSA. 

Stress Responses as Part of the Response to Lignocellulose 

Nutrient Limitation Stresses 

The lack of nutrients such as carbon or iron can lead to a stress response in fungi 
exposed to lignocellulose. When A. niger and T. reesei are exposed to 
lignocellulose, expression of genes encoding plant-polysaccharide degrading 
enzymes is sequential [42, 66]. This may lead to the easily degraded 
carbohydrates being hydrolysed and imported first, leaving the fungus with the 
recalcitrant part of the substrate. This recalcitrance of lignocellulose can result in 
carbon limitation or starvation, and thus nutrient stress. In response to carbon 
starvation, recycling of fungal cell material and asexual sporulation are induced 
[47, 48, 141]. Genes involved in asexual sporulation and autolytic cell wall 
recycling were induced in A. niger after exposure to wheat straw for 24 hours, 
suggesting the fungus indeed experiences carbon limitation or starvation when 
growing on wheat straw [42]. Also in T. reesei grown on wheat straw, autophagy 
was induced and cell wall remodelling enzymes were up-regulated [121], 
indicating nutrient limitation. With regard to iron limitation, growth in the 
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presence of lignocellulose can lead to stress due to lack of available iron. Wheat 
straw binds iron thereby decreasing its availability to the fungus. Furthermore, 
iron consumption by T. reesei is ~ 3-fold higher on wheat straw compared to 
growth on lactose [121]. In response to the iron limitation, growth of T. reesei on 
wheat straw was accompanied by increased expression of genes encoding proteins 
involved in iron transport, siderophore transporters and siderophore biosynthesis 
as well as ferric reductases [121]. 

Endoplasmic Reticulum (ER) Stress 

Fungi can be subject to ER stress when exposed to lignocellulose. The secretion 
of proteins from eukaryotic cells requires that the proteins enter the ER, where a 
process of assisted folding, formation of disulfide bonds and glycosylation occurs 
before the proteins are translocated to the cell exterior by vesicular trafficking. 
Fungi that secrete proteins are subject to ER stress when the load on the system is 
high and particularly when non-native proteins are expressed. The associated 
homeostatic responses to ER stress are collectively called the unfolded protein 
response (UPR) and the UPR has been well-described in filamentous fungi and 
particularly so in A. niger [142, 143] and T. reesei [144]. The UPR is an important 
factor in the optimised secretion of proteins at very high yields in industrial 
production. The significance of the UPR is under-explored in relation to the 
saccharification of lignocellulose by fungi. For example, under conditions where 
A. niger [31] or T. reesei [135] were transferred from glucose-grown conditions to 
wheat straw, where the secretion of CAZy enzymes is induced, there was no clear 
impact on the transcript levels of selected UPR marker genes such as hacA/1, 
bipA/1 or pdiA/1, although the UPR involves transcript level changes to several 
hundreds of genes, e.g. in A. niger [145]. The apparent lack of induction of the 
UPR was presumably because the CAZymes secreted were native proteins that the 
fungi naturally secrete well and that the enzyme levels secreted did not cause 
undue load on the system at the time-points studied. In contrast, a comprehensive 
study with N. crassa showed induction of the UPR (including enhanced transcript 
level from the hac-1 gene and enhanced splicing of the hac-1 mRNA) when 
exposed to Avicel [49]. Transcriptomic data supports the occurrence of ER-
autophagy, which is linked to ER stress, when fungi are exposed to lignocellulose. 
The transition from nutrient-rich growth conditions to lignocellulose involves a 
carbon starvation response in A. niger [42]. The carbon starvation response 
involves the induction of ER-autophagy genes and CAZyme-encoding genes 
(many of which are predicted to be involved in cell autolysis) [47, 146]. Wheat 
straw also up-regulated the transcript levels of ER-autophagy genes in T. reesei 
[121]. While there is a link between the ER stress and ER-autophagy [147, 148], 
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an induction of UPR marker genes was not reported during ER-autophagy. High 
protein production (which can occur when fungi are exposed to lignocellulose) is 
not clearly linked with the UPR according to a study of the rates of growth and 
specific protein production in T. reesei [149]. Other studies have shown that 
increased flux of native protein through the secretory system can lead to induction 
of the UPR in both T. reesei and A. niger [150, 151]. To summarise, it is likely 
that there is at least a transient ER stress when fungi are transferred from 
conditions where simple sugars are available to one where lignocellulose is the 
sole source of carbon, but detection of the UPR probably depends on sampling 
time and possibly the composition of the lignocellulose. 

Exploration of a Relevant Regulatory Mechanism – Antisense RNA 

A less well studied mechanism of transcriptional regulation is that involving 
regulatory RNAs but it is emerging as a major focus of research on regulation 
[152]. One type of regulatory RNA is natural antisense transcripts (NATs), where 
RNA complementary in sequence to the sense RNA is transcribed [153]. Amongst 
other possible mechanisms, the antisense RNA is considered to have a regulatory 
role by binding to the sense RNA to promote degradation of the sense RNA. 
There are several examples of genes in A. niger and T. reesei for which antisense 
transcripts exist and where the amount of antisense transcripts changes in the 
presence of lignocellulose [31, 135]. One example described in A. niger is a 
putative acetate permease transporter, for which the majority of the gene 
transcripts were antisense in a glucose rich medium, while in a wheat straw 
medium the majority of the transcripts were in the sense orientation [31]. In the 
conditions of the study of Delmas et al. [31], ~ 2% of the total RNAseq reads 
were antisense transcripts. The amount of the antisense RNA has been measured 
but whether there is a functional role in terms of regulation remains to be proven 
in these examples, i.e. if the antisense transcripts are no longer transcribed, does 
this change the abundance of the sense transcripts, protein levels and the 
phenotype of the fungus? Recent research provides support for a functional role of 
antisense transcription and for a mechanism for how antisense RNAs regulate 
gene expression involving the stalling of RNA polymerases [154]. Xue et al. 
[154] showed that transcriptional interference by antisense RNA is required for 
circadian clock function in N. crassa [154]. The circadian clock has relevance to 
transcriptional responses to lignocelluloses as light has a role in regulating 
transcription related to cellulases via WC-1 and WC-2 as described in Section II. 
The transcription factors WC-1 and WC-2 also regulate the gene frequency (frq) 
which functions in maintaining rhythmicity and also has antisense expression 
[154]. Xue et al. [154] demonstrated that the antisense transcript of frq, named 
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qrf, supresses the expression of frq. The antisense gene qrf has a promoter that can 
bind the same transcription factors that the sense gene frq promoter can bind. 
When the promoter of the antisense gene qrf was mutated, there were more 
transcripts of the sense gene and more protein present [154]. Xue et al. [154] 
provided evidence supporting a mechanism by which the antisense transcripts 
regulate sense expression through premature termination of transcription of the frq 
transcript. Their measurements of the polymerase positions indicated that the 
RNA polymerase on the sense transcript stalls because of the transcription of the 
antisense qrf [154]. 

SECTION IV – MIXED CULTURES; COMBINING GENES AND THEIR 
REGULATORY SYSTEMS 

To understand fully both transcriptional regulation of fungi and their responses to 
lignocellulose, the natural environment where fungi exist as multi-species 
communities should be considered. The benefits of combining different parts of 
fungal responses can be seen most simply in examples where an individual gene 
from one fungus is combined with another fungus such as the expression of a 
laccase from a basidiomycete in T. reesei [155]. Notwithstanding the successes, 
one of the limitations of combining individual genes is that some or the entire 
regulatory context of the combined gene is lost (although in some cases this is 
beneficial such as where the native promoter is not optimal). A more complex 
combination is that of mixed cultures where entire fungal species are combined. 
Understanding transcriptional regulation and responses of fungi in mixed cultures 
may provide insights that are relevant to fungal biotechnology for biofuels. 

Introduction to Mixed Cultures and Associated Terminology 

Fungal mixed cultures are mixtures of two or more individual fungal species or 
strains. Part of the rationale for using mixed cultures to degrade lignocellulose is 
that different fungal species can be found in the same lignocellulose-containing 
ecological niche such as a hollow tree stump [156] or leaves [157]. In nature, 
competition rather than co-operation may well dominate amongst fungi. For 
example, Boddy [158] states that competition is the most common type of 
interaction occurring between wood decaying higher fungi. There are some 
reasons why competition might not necessarily prevail in the degradation of 
lignocellulose in nature or in mixed cultures in the laboratory. Firstly, in nature 
there could be a selective advantage for co-existing and co-operating fungi when 
their enzymatic activities are complementary and can degrade different parts of 
the lignocellulose. Secondly, in the laboratory the competition that occurs in 
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nature could be moderated to a co-existence by optimisation of culture conditions. 
For example, Kolasa et al. [159] used plate-based assays to determine 
compatibility between different fungal species and showed that compatibility 
partially depended on the carbon source. The literature on fungal mixed cultures 
with lignocellulose and where secreted enzymes from single cultures are 
combined can be summarised in the context of synergistic, additive and 
subtractive effects on saccharification. Synergistic effects can be broadly defined 
as where the whole is greater than the sum of the individual parts [160]. In a 
mixed culture, a synergistic effect is where the fungi co-operate and the effect on 
saccharification is greater than the sum of the effects in the individual 
monocultures. An effect is additive in a mixed culture when it is equivalent to the 
sum of the effects in the individual monocultures, which could involve a co-
existence of the two fungal species in the mixed culture. A subtractive effect in 
the mixed culture results in less than the sum of the effects in the individual 
monocultures, which involves some form of antagonism or competition between 
the fungal species. The effects are dynamic; what appears to be an additive effect 
in the mixed culture may for example be a combination of synergistic and 
subtractive effects with the subtractive effects masking the synergism. 

Mixed Cultures at the Enzymatic Level 

Assessing data from the literature on whether there is a synergistic effect of mixed 
cultures on saccharification is complicated for several reasons; there is often a 
lack of data on actual saccharification, protein amount in the cultures, the relative 
amounts of each fungal species in the mixed culture and an appropriate 
monoculture control. Furthermore, the dynamic nature of the mixed culture, 
where there are likely to be antagonistic effects as well as co-operative effects 
occurring simultaneously, could mask a synergy. So perhaps the more ambiguous 
term of ‘potential beneficial effect’ for saccharification can be used when 
summarising some of the literature related to mixed cultures relevant to 
lignocellulose degradation. 

There is substantial literature on the effects at the enzymatic level of mixed 
cultures with T. reesei, which is one of the most studied fungal species in mixed 
cultures [159, 161-164]. Two of these studies combined ascomycetes and 
basidiomycetes [161, 163] with one of the studies performing saccharification 
assays using enzyme cocktails from the mono and mixed cultures [163]. In the 
study of Ma and Ruan [163], there was a clear synergistic effect on 
saccharification using culture supernatant from a mixed culture of an ascomycete 
T. reesei and a basidiomycete Coprinus comatus. Here the de-lignifying enzymes 
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of the basidiomycete resulted in the saccharification of a greater proportion of the 
polysaccharides by T. reesei CAZymes. Several studies show beneficial effects of 
mixed cultures for enzymatic activities but do not culture the fungi with 
lignocellulose or do not perform saccharification assays with lignocellulose. One 
of the earlier studies showed there were beneficial effects when T. reesei was 
cultured with Aspergillus spp. where T. reesei, which is deficient in secreting β-
glucosidases (or transcribing genes that encode β-glucosidases), was 
complemented by the secreted activities of A. niger [164]. In the study of Hu et al. 
[161] beneficial effects on enzymatic activities relevant to lignocellulose 
degradation were observed in some of the mixed culture combinations compared 
to the monocultures. Ahamed and Vermette [162] reported a beneficial effect with 
higher volumetric filter paper activity in a mixed culture of A. niger and T. reesei, 
but not a higher filter paper activity per amount of fungal biomass compared to an 
A. niger monoculture. 

Although not involving mixed cultures per se, saccharification assays where 
supernatants from single cultures are combined are useful to demonstrate potential 
benefits of combining fungi. Antagonistic effects in the mixed cultures may mask 
some of the synergistic effects in the following examples. In one study, 
saccharification assays using a combination of equal volumes of supernatants 
from A. niger and T. reesei lignocellulosic monocultures released synergistically 
more sugars than the sum of the amounts released from saccharification assays 
using the enzymes from monocultures in separate assays [165]. In another similar 
study using volumetric blends of supernatants of T. reesei and Aspergillus 
awamori monocultures, synergistic improvement of the saccharification of sugar 
cane bagasse was measured [166]. In both of these studies, the reduction in 
cellobiose inhibition of cellulases in the T. reesei cocktail by the β-glucosidase 
activity from the Aspergillus spp. cocktails probably played a role in the synergy. 
Fortes Gottschalk et al. [166] also noted the useful role of ferulic acid esterases 
secreted by aspergilli. 

Mixed Cultures at the Transcriptional Level 

Transcriptomic studies could elucidate how gene expression changes in a mixed 
culture compared to single cultures. However, there is no literature on the 
transcriptional responses of mixed cultures relevant to lignocellulose degradation 
where the fungi co-operate. Arfi et al. [167] studied, using a standard complex 
laboratory medium, mixed cultures with basidiomycetes that competed. Here 
RNAseq analysis was performed on the out-competing fungus from the mixed 
culture, Pycnoporus coccineus, showing that genes involved in detoxification of 
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secondary metabolites had higher transcript abundance compared to the single 
cultures of P. coccineus [167]. 

Models for Transcriptional Regulation and Responses in Mixed Cultures 

How transcriptional regulation and responses of fungi to lignocellulose can have 
beneficial effects on saccharification in mixed cultures, can be explained by models 
which draw upon the information in the previous sections of this chapter from single 
culture studies. In the absence of transcriptional data from relevant mixed cultures, 
these models are a best guess as to what could be the transcriptional bases for the 
observed beneficial effects. Fig. 3 illustrates two of these models. 

Firstly, in the absence of simple carbon sources, fungi could have different 
abilities to scout the environment and these scouting enzymes could release 
complementary inducers. The enzymes secreted as part of a scouting response 
from one of the fungi could release an inducer from the lignocellulose that 
activates genes in the other fungus. These genes may have otherwise not been 
activated at all or not until later on in the culture (Fig. 3). A. niger up-regulated 
various CAZyme-encoding genes including those encoding cellulases in response 
to carbon starvation [42]. Other fungi may lack a ‘scouting’ response or have one 
that is composed of different enzyme activities, and/or have a different cohort of 
CAZyme-encoding genes constitutively expressed at a low level. 

Secondly, beneficial effects of mixed cultures may be explained by differences in 
sensitivity of fungal regulatory mechanisms to sugars. As a result, sugars may 
have an inductive effect at particular concentrations in some species, but a 
repressive effect in others (Fig. 3). For example in A. niger and T. reesei, 
concentrations of xylose (a major inducer or cellulases and hemicellulases) higher 
than 1mM can have a repressive effect on CAZyme-encoding genes [51, 168] but 
these concentrations of xylose may not be repressive in other fungi. 

Thirdly, fungi in mixed cultures encounter toxic substances, such as phenolic 
compounds from lignocellulose. Fungi with high expression or activity of 
tyrosinases, the enzymes that de-toxify phenolic compounds [169], could detoxify 
the mixed culture efficiently thus preventing inhibition of the other fungus. Thus, 
de-toxifying mechanisms originating from one fungus could have beneficial 
effects on growth of both fungi, and thus on saccharification in mixed cultures. A 
gene annotated as encoding a tyrosinase is induced (albeit the expression is 
relatively low) in T. reesei on wheat straw [135] and transcripts for tyrosinases 
were found in soil samples from a hardwood forest [170]. 
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Figure 3: Illustrations of two models for how transcriptional regulation and responses of fungi to 
lignocellulose could have beneficial effects on saccharification in mixed cultures. (A) beneficial 
effects on saccharification in a mixed culture due to the scouting response of one fungus inducing 
CAZyme-encoding genes in the other fungus: (1) the scouting responses, (2) release of inducers 
from lignocellulose, (3) inducers induce large scale CAZyme-encoding gene expression and (4) 
induction of the large scale response earlier in the fungus that had the smaller scouting response. 
Note: The thicknesses of the arrows indicate the magnitude of the action. (B) Beneficial effects, on 
saccharification, of different levels of sensitivity to repression of CAZyme-encoding genes. (1) 
The concentration of an inducer reaches a level that becomes repressive in one of the fungi in a 
mixed culture whereas (2) the concentration is still inductive in the other fungus. Although in 
‘Fungus 1’, the gene here is now repressed, the mixed culture has the benefit of other genes in 
‘Fungus 1’ that may not be present in the genome of ‘Fungus 2’ or still being induced in ‘Fungus 
1’ by other mechanisms contributing to the saccharification of the lignocellulose. 
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Technologies to Study Mixed Cultures 

At the individual gene level there are methods to quantify or estimate relative 
amounts of each fungus based on quantifications of RNA using quantitative PCR 
[167]. At the global level, Dual-RNAseq or simultaneous RNAseq is a technique 
that allows the quantification of transcripts from multiple organisms 
simultaneously and the technique is primarily applied to host pathogen 
interactions [171]. Dual-RNAseq has potential to be applied to mixed species 
cultures also. A key requirement for the success of Dual-RNAseq is that there are 
sufficient differences in sequence of the 50-200bp RNAseq reads to facilitate 
discrimination of the genes from different species in the analysis. 

SECTION V – APPLICATIONS IN BIOFUEL TECHNOLOGY 

The transcriptional regulation of genes encoding CAZymes in fungi has been 
exploited before its details were understood. This occurred by classical strain 
improvement using mutagenesis and screening. More recently, applications have 
emerged that build on the prior understanding of the regulatory mechanisms 
described in this chapter. Both these approaches are discussed below in the 
context of transcriptional regulation. Furthermore, considerations are outlined on 
whether what is transcriptionally induced in fungi on lignocellulose is a guide to 
optimise industrial saccharification reactions. 

Applications in Biofuel Technology Related to Transcriptional Regulation 

Applications without Prior Understanding of the Regulatory Mechanisms 

T. reesei is a widely used fungus for saccharolytic enzyme production and a recent 
review charts the progress in strain improvement in T. reesei for cellulase 
production [24]. Various changes are required to a wild-type fungus to improve its 
functionality in industrial fermentation conditions for cellulase production. The T. 
reesei wild-type strain QM6a was subjected to random mutagenesis to improve 
strain performance [24]. One of the strains to emerge from this mutagenesis was 
RUT-C30, which secreted cellulases at high yields under induction conditions 
despite the presence of glucose, indicating the strain was carbon catabolite 
derepressed. Subsequently, the T. reesei RUT-C30 strain was shown to have a 
truncated CRE1, thus preventing CCR [172]. The RUT-C30 strain has other 
mutated and deleted genes including nine other transcription factors [23]. This 
number is higher than would be expected by chance given the mutation frequency 
in the RUT-C30 strain and Le Crom et al. [23] speculate that these transcription 
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factor genes are unlikely to be unrelated to the selection process and cellulase 
production. 

Another biotechnology application uses a quirk of the transcriptional regulation 
machinery of T. reesei. Lactose induces cellulases and other CAZymes in T. 
reesei [53]. The disaccharide lactose, consisting of glucose and galactose 
connected via a β-1,4 linkage, is a cheap by-product from cheese manufacturing 
or whey processing [53]. Lactose is not part of the plant cell wall [173] and so is a 
surprising inducer of CAZymes. In recent years, many detailed studies on the 
composition of plant cell walls have provided information of the linkages present 
in polysaccharides and these are summarised in the review of Scheller and 
Ulvskov [173]. Ivanova et al. [53] speculate that the basis for the induction via 
lactose could be how the molecule mimics the sensing or metabolism of β-
galactosides, which are present in the plant cell walls. These β-galactosides may 
serve as a signal to the fungus for the presence of lignocellulose in the 
environment. It is possible that there is a plethora of other inducers of cellulases 
that are derived from non-cellulose parts of lignocellulose waiting to be 
discovered. 

Applications with Prior Understanding of the Regulatory Mechanisms 

Understanding of gene regulation via XlnR and PacC led to the deployment of a 
transcription factor engineering approach in A. nidulans that enhanced CAZyme 
production [174]. Constitutively over-expressing XlnR led to earlier and increased 
protein production [174]. Under alkaline conditions, PacC (as described in Section 
III), activates alkaline-expressed genes and supresses acidic-expressed genes 
[103]. In the deregulated XlnR background, the activation of PacC was impeded 
by preventing the cleavage of the inactive form of PacC. This resulted in 
increased activity of a heterologously expressed protein whose expression was 
driven by the promoter of an acidic-expressed CAZyme-encoding gene [174]. 
This study in A. nidulans highlights the potential benefit of employing a 
transcription factor engineering approach in an industrially relevant strain, and 
applies knowledge on the transcriptional regulation of fungi exposed to 
lignocellulose. 

Interpreting Transcriptional Data to Guide Optimisation of Saccharification 

One concept related to models for an optimised saccharification reaction is that of 
the minimal enzyme concept [175]. The minimal enzyme concept is defined by its 
authors as concerning the identification of the minimal number, minimal levels 
and the optimal combination of the best performing mono-active enzymes to 
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saccharify lignocellulose [175]. There are arguments both in support of and 
opposing using what is transcriptionally induced and when for an optimised 
saccharification reaction. 

The high level of transcriptional induction of the cbh1 and cbh2 genes from T. 
reesei provides some support for the use of the transcriptional data to guide the 
protein requirements for an optimised model for saccharification. In T. reesei 
QM6a, the cellobiohydrolase genes cbh1 and cbh2 are amongst the most highly 
expressed genes on wheat straw [135]. Those genes are so highly expressed in T. 
reesei that the signal in microarray analyses can be saturated [66]. The enzymes 
CBH1 and CBH2 are found in some of the highest abundances amongst the T. 
reesei secreted proteins [176]. Rosgaard et al. [177] surveyed previous studies and 
described how CBH1 can comprise up to 60% and CBH2 up to 20% by weight of 
the total proteins secreted by the T. reesei RUT-C30 strain. Based on levels of 
transcription and secretion, these cellobiohydrolases may be required in 
substantial amounts for an optimised saccharification reaction. Indeed, in an 
analysis determining the optimal amounts of four T. reesei proteins (CBH1, 
CBH2, EGL1 and EGL2) for the saccharification of pre-treated barley straw 
substrates, CBH1 was the protein required in the largest amount [175]. 

Access to lignocellulose limits the efficiency of saccharification [178] and 
improving this access is an important part of an optimised saccharification 
reaction. Genes encoding proteins that improve access to the lignocellulose are 
induced in fungi on lignocellulosic substrates. One review describes various non-
hydrolytic proteins such as swollenins and carbohydrate binding modules (CBMs) 
that can loosen the structure of cellulose and thereby improve access [179]. 
Swollenins (described in Section III) are induced in T. reesei in the presence of 
wheat straw [135] and have a demonstrated role in improving the efficiency of 
saccharification [134]. CBMs have carbohydrate binding activity and can increase 
interaction of an attached enzyme with its substrate [179]. Some CBMs can have 
disruptive or loosening activity on the polysaccharides [179]. Many studies show 
that genes encoding enzymes with attached CBMs are induced on lignocellulosic 
substrates [31, 66, 135]. Whilst beneficial in nature, these CBMs may not be as 
relevant in an industrial setting for an optimised saccharification reaction [180]. 
Varnai et al. [180] showed that reducing the amount of water in saccharification 
reactions, through high solids loadings as used in industry, counterbalanced the 
need for CBMs. The frequency of enzyme interaction with the substrate is higher 
under these conditions, and the benefit of a CBM is outweighed by non-
productive binding of CBMs to lignin. Another recent study strongly implicates 
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CBMs in non-productive binding to lignin as a reason for irreversible cellulase 
loss during the saccharification of pre-treated biomass [181]. 

Transcriptomic studies show that on some substrates genes are induced that 
encode enzyme activities than are not necessarily required. For example, genes 
encoding enzymes with endo-acting activities are induced in A. niger grown on 
xylose [88]. In optimised saccharification reactions for the depolymerisation of 
some polymers, endo-acting activities are redundant. Meyer et al. [175] showed 
that for a vinasse substrate (an industrial waste residue), which contains 
arabinoxylan with a degree of polymerisation (DP) of less than ~36, endo-1,4-β-
xylanase was not required. β-xylosidase and two arabinofuranosidases were 
sufficient to depolymerise the arabinoxylan. It’s likely if the fungi whose 
regulatory systems related to lignocellulosic substrates have been described in 
detail in this chapter (T. reesei, A. niger and N. crassa) when cultured with a 
substrate like this vinasse, would transcribe genes encoding endoxylanases along 
with the genes encoding the β-xylosidase and arabinofuranosidases. Fungi do not 
seem to possess mechanisms that can sense the DP of a carbon source. The 
understanding of how fungal mechanosensing or contact sensing functions is 
limited [182] but there is no evidence to show these sensing abilities are relevant 
to the induction of CAZymes that degrade lignocellulose. 

There are well documented discrepancies between transcriptional and proteomic 
responses as reviewed by Zhang et al. [183]. These discrepancies reject the use of 
what is transcriptionally induced to guide inputs for optimised saccharification 
reactions unless there is supporting proteomic evidence. However, one has to 
interpret with caution any lack of supporting proteomics evidence for two reasons. 
Firstly, the conditions in the laboratory that try to replicate what happens in nature 
often use wild-type strains, which secrete substantial amounts of proteases. These 
can degrade other secreted proteins to levels undetectable by proteomics. Fungal 
strains used for enzyme production, such as RUT-C30 (also commonly used in 
transcriptomic studies) are often protease deficient compared to wild-type strains. 
Secondly, the protein products from genes that are transcriptionally up-regulated 
may not be translated sufficiently for proteomic detection due to a limitation of 
the carbon required to synthesise these proteins. Culture conditions on 
lignocellulose have similarities with carbon-starved conditions [42, 121]. 

CONCLUDING REMARKS 

Many recent advances have been made in the area of transcriptional regulation 
and responses to lignocellulose in fungi but much remains to be understood. Many 
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experimental approaches now begin with genome-wide transcriptomic studies and 
thus depend on accurate and well-annotated genome sequences. Fortunately, 
genomes from an increasing number of species are being sequenced, even if 
accurate annotation lags behind. Even within the best-annotated genome 
sequences there are many uncharacterised genes, annotated as encoding proteins 
of ‘unknown function’, that are induced in the presence of lignocellulose. There 
are also CAZyme-encoding genes that remain un-induced under most conditions; 
the so-called ‘cryptic’ CAZyme-encoding genes. More extensive integration of 
transcriptomic and proteomic studies will also be beneficial in unravelling the 
complexities of fungal responses to lignocellulose. This integration will explore 
both the molecular basis of the fungal responses (to include sensing, signalling 
and transcriptional regulation) but will also provide pointers to the optimised 
saccharification of target lignocellulosic materials. For the latter, an integration of 
the fungal responses with a detailed analysis of the structure and composition of 
the lignocellulosic substrates will be key. Lignocellulose structures and their 
accessibility to enzymes are affected by pre-treatments, type of the lignocellulose 
feedstock and change over time in the saccharification reaction. The majority of 
current research is focused on major model systems such as T. reesei, N. crassa 
and Aspergillus spp. but these species may not be representative of the array of 
transcriptional regulatory systems and responses found in nature. Furthermore, the 
main species studied at this level are primarily ascomycetes but a tractable 
basidiomycete model system relevant to lignocellulose degradation and with 
amenable molecular tools should emerge from the systems currently under study. 
Finally, one cannot forget that production of biofuels from an industrial 
perspective is ultimately about making a profit through keeping costs competitive 
with alternative fuels. Further research in this field should lead to reductions in the 
costs of the enzymes by (1) reducing the costs of inducing the enzymes (by better 
understanding how induction works) and (2) improving in the functionality of the 
cocktail (by better understanding the response of fungi to lignocelluloses) so less 
enzymes are required for the saccharification. 
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