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Abstract 
 

Induction of lignocellulose degrading enzymes in Neurospora crassa by cellodextrins 

by 

Elizabeth Anne Znameroski 

Doctor of Philosophy in Molecular and Cell Biology  

University of California, Berkeley 

Professor Jamie H.D. Cate, Co-Chair 

Professor N. Louise Glass, Co-Chair 

 
Neurospora crassa colonizes burnt grasslands in the wild and metabolizes both cellulose 
and hemicellulose from plant cell walls. When switched from a favored carbon source 
such as sucrose to cellulose, N. crassa dramatically upregulates expression and secretion 
of a wide variety of genes encoding lignocellulolytic enzymes.  However, the means by 
which N. crassa and other filamentous fungi sense the presence of cellulose in the 
environment remains unclear. Here, I show that a N. crassa mutant carrying deletions of 
two genes encoding predicted extracellular !-glucosidase enzymes and one intracellular 
!-glucosidase enzyme (!3"G) lacks "-glucosidase activity, but efficiently induces 
cellulase gene expression and cellulolytic activity in the presence of cellobiose as the sole 
carbon source. These data indicate that cellobiose, or a modified version of cellobiose, 
functions as an inducer of lignocellulolytic gene expression and activity in N. crassa. In 
addition, I have identified two cellodextrin transporters involved in sensing cellulose. A 
N. crassa mutant carrying deletions for both transporters is unable to induce cellulase 
gene expression in response to crystalline cellulose. Furthermore, a mutant lacking !-
glucosidase enzymes and transporters (!3"G!T) does not induce cellulase gene 
expression in response to cellobiose.  
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1 Introduction 
 
Partially taken from: Znameroski, EA and Glass, NL. Neurospora crassa as a model 
system to study lignocellulose degradation. Microbial Engineering: Recent developments. 
Manuscript in preparation.  
 
1.1 Context and Motivation 

Our current energy consumption patterns are both physically and socially 
unsustainable.  In 2007, the International Panel on Climate Change (IPCC) presented 
several estimates for global temperature change based on various greenhouse gas 
emission scenarios. Between the years 2000 and 2010, CO2 emissions increased from 
23.5 gigatons per year to 30.6 gigatons per year (1); if CO2 emissions continue to 
increase at this rate, the IPCC predicted that by the year 2099 we should expect an 
increase in global average temperature between 2.0 and 5.4 degrees Celsius. According to 
the IPCC, such an increase would have numerous negative consequences to human 
society and natural ecosytems (2).  
 The UN estimates that 1.6 billion people lack any access to electricity and up to 
half of the world already faces severe energy shortages (3). While current estimates on 
the amount of non-renewable energy reserves may or may not be a limiting factor, the 
environmental consequences of increasing demands on such sources has led many 
countries to begin the transition to renewable sources of energy. The 2007 Energy 
Independence and Security Act (EISA) mandates the production of 36 billion gallons of 
biofuels per year by 2022, of which 21 billion gallons must be non-cornstarch based. 
Evidence suggests that lignocellulosic biomass represents the most scalable alternative 
fuel source. The production of lignocellulosic biofuels is composed of three steps (1) 
production and pretreatment of biomass, (2) enzymatic degradation/saccharification and 
(3) fermentation of sugars to ethanol or longer chain alcohol. 
 
1.2 Lignocellulosic biofuels  
 
1.2.1 Production and pretreatment of biomass  

In general, plant biomass consists of 40-50% cellulose, 25-30% hemicellulose and 
15-20% lignin, however the exact composition of plant cell walls varies between plant 
species and in different tissues and developmental stages within a single plant species (4). 
Cellulose is a linear polymer of glucose linked together by β-(1,4)-glycosidic bonds. The 
linear and flat nature of cellulose chains allows for extensive hydrogen bonding both 
within and between chains as well as van der Waals stacking interactions between the 
chains (5). Hemicellulose is a branched heteropolymer of D-xylose, L-arabinose, D-
mannose, D-glucose, D-galactose and D-glucuronic acid, which bonds to the surface of 
the cellulose microfibrils and forms a matrix between fibers (5, 6). The third component, 
lignin, is a complex hydrophobic, cross-linked aromatic polymer composed of three 
major phenolic components (p-coumaryl alcohol, coniferyl alcohol and sinapyl alcohol). 
Plant cell walls are composed of cellulose chains that are packed into microfibrils. These 
fibrils are attached to each other by hemicellulose and covered by lignin, an assemblage 
referred to as lignocellulose. The cell wall gives cells rigidity and strength, offering 
protection against mechanical stress (5, 6). Because the cell wall provides such physical 
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strength, breaking it down to easily metabolized sugars first requires a pretreatment step 
that includes physical, chemical and/or thermal processes [reviewed in (5, 6)]. This step 
does not fully degrade the plant cell wall, but instead helps to relax the structure thereby 
allowing enzymes greater accessibility to their substrates.  

1.2.2 Enzymatic degradation/saccharification 
 The degradation of cellulose into its monomeric sugars requires the action of three 
types of enzymes: (1) exoglucanases (cellobiohydrolase), which release cellobiose from 
either the reducing or non-reducing end of cellulose, (2) endoglucanases, which 
hydrolyze accessible intramolecular β-1,4-glucosidic bonds of cellulose chains to 
produce new free ends for the exoglucanases to act on, and (3) β-glucosidases which 
hydrolyze cellobiose and other soluble cellodextrins to produce glucose. While initial 
cocktails of enzymes for cellulose degradation contained only these three types of 
enzymes, more recently the inclusion of other enzyme classes, such as the GH61s, has 
resulted in a greater amount of soluble sugar production without an increase in total 
enzyme loading.  Hemicellulases facilitate cellulose hydrolysis by exposing the cellulose 
fibers, thus making them more accessible to the cellulases. Unlike cellulose, 
hemicellulose is chemically complex and therefore requires more classes of enzymes for 
its breakdown. The most relevant classes include (1) endoxylanase, which attacks the 
main chains of xylan, (2) β-xylosidase, which hydrolyzes xylooligosaccharides to xylose, 
(3) α-arabinofuranosidase and α-glucuronidase, which remove the arabinose and 4-0-
methyl glucuronic acid substituents, respectively, from the xylan backbone, (4) acetyl 
esterases, which hydrolyze the acetyl substitutions on xylose moieties, (5) feruloyl 
esterases, which hydrolyze the ester bond between the arabinose substitutions and ferulic 
acid (which aids the release of hemicellulose from lignin and renders the free 
polysaccharide product more amenable to degradation) (5-7). 

1.2.3 Fermentation 
Following enzymatic degradation, the soluble hexose and pentose sugars derived from 
lignocellulose are fed to microorganisms, which ferment the sugars to produce ethanol or 
other higher chain alcohols. Microbial fermentation can be performed by a number of 
organisms including both yeasts (such as Saccharomyces cerevisiae or Pichia stipitis) 
and bacteria (such as Zymomonas mobilis and Clostridia acetobutylicum) (5-7). 
 
1.3 Production of cellulases and hemicellulases in filamentous fungi 

The costs associated with the conversion of insoluble polysaccharides in plant 
biomass to easily fermentable sugars represents a significant barrier to the production of 
cost-competitive biofuels (8). Filamentous fungi have the capacity to secrete large 
amounts of lignocellulosic degrading enzymes, and this ability has been exploited by 
industry to produce cellulases in quantities exceeding 100 g/L of culture (4). The most 
commonly used organism for the production of cellulases in an industrial setting is 
Trichoderma reesei (Hypocrea jecorina). While this organism was selected for its innate 
ability to secrete large quantities of plant cell wall degrading enzymes, it has since 
undergone several rounds of random mutagenesis producing a strain that secretes 
cellulases several times higher than the original wild isolate. With the availability of low 
cost and high-throughput sequencing methods, studies have recently begun to shed light 
on some of the mutations that may be relevant for the cellulase hyperproduction 
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phenotype (9). While these mutations were easy to identify, the genetic, molecular and 
biochemical techniques to easily work with and study T. reesei are still in their infancy. 
The difficulty to perform even basic recombinant gene expression is a major drawback to 
the use of T. reesei as an academic model.  
 The related filamentous fungus, Neurospora crassa also has an innate ability to 
secrete lignocellulose-degrading enzymes. While Bruce Eberhart first examined this 
characteristic in the late 1970s, almost nothing further was reported until our group 
published a systems analysis of N. crassa grown on Miscanthus in 2009 (10). While N. 
crassa might not be known as an industrial workhorse like H. jecorina, it has the unique 
advantage of being a NIH model organism, most commonly known for its role proving 
the “one gene, one enzyme” hypothesis by Edward Beadle and George Tatum (11). 
Because of its status as a model organism there is a significant community of researchers 
who have spent many years perfecting a library of molecular, genetic and biochemical 
techniques. Given the high conservation of the lignocellulose degrading machinery in 
filamentous fungi, we have begun to develop N. crassa as a model to understand the 
global change such an organism requires to go from energy generation using a simple 
sugar to a much more complex and recalcitrant molecule such as cellulose. 
 
1.2 Cellulose signaling from the outside in 
 
1.2.1 Signals 
 The ability of any filamentous fungus, including N. crassa, to grow on an 
insoluble substrate requires that organism to first recognize its presence in the 
environment (Fig. 1-1). The recognition step is crucial for the transcription, translation 
and secretion of the proper suite of enzymes to degrade the substrate into smaller, more 
easily transported components.  

The best inducers of plant cell wall degrading enzyme expression by filamentous 
fungi are insoluble substrates that include cellulose, hemicellulose or mixtures of plant 
polymers. However, the use of insoluble substrates to induce enzyme secretion is not 
ideal for industrial processes. Since these naturally inducing substances cannot enter 
fungal cells, it is generally believed that basal levels of cellulolytic enzymes are required 
to generate small amounts of soluble breakdown products from the insoluble substrate. It 
is these soluble oligosaccharides released from the polymers and their derivatives that 
function as the actual molecules that trigger enzyme induction (12). In support of this 
hypothesis, it was reported in T. reesei that cellulase induction can be blocked by the 
addition of antibodies against the main cellulases immediately before the addition of 
cellulose (13). In addition, the expression of antisense RNA against gh51, gh71, and gh62 
inhibits the induction of cbh1 by cellulose, but not by a soluble inducer (14). 

Several small molecules have been identified that induce the expression of 
cellulases in individual species of filamentous fungi. However, the molecular 
mechanisms by which they act have yet to be established. Some of these inducing 
molecules include: lactose, sophorose, cellobiose, laminaribiose, gentiobiose and sorbose. 
The two most commonly studied inducers in T. reesei are sophorose and lactose, 
although neither can exactly reproduce the response to insoluble cellulose (15, 16). The 
most potent inducer in T. reesei is the disaccharide sophorose (two β-1,2-linked glucose 
units) and has been considered the “natural” inducer of cellulases in T. reesei as it is 
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predicted to be generated by the transglycosylation of cellobiose by an extracellular 
β‐glucosidase (17, 18). In support of this hypothesis, sophorose was produced when 10% 
w/v cellulose was incubated with purified T. reesei enzymes for one day at 50˚C (17). 
However, the production of sophorose has never been reported from a purified β-
glucosidase (19). The first soluble inducer of cellulases identified for T. reesei was the 
disaccharide lactose. The mechanism of this induction has been fairly well characterized, 
but the relevance of lactose is questionable given that lactose is not a component of plant 
cell walls. Nevertheless, it has been shown that an extracellular β-galactosidase in T. 
reesei can hydrolyze lactose to D-glucose and D-galactose, which can then be taken up 
by their respective permeases. More recently, studies looking at the Leloir pathway in T. 
reesei showed that deletion of gal1 (galactokinase; responsible for the first step in 
galactose catabolism) does not prevent growth on lactose, but does inhibit the 
transcription of cbh1 and cbh2 (20). Interestingly, this study also found that deletion of 
gal1 does not inhibit the induction of cellulases by sophorose, indicating that the 
induction mechanisms for these two molecules are different (20).  

While sophorose and lactose both induce cellulases in H. jecorina, these results 
are not reproducible in other species of filamentous fungi. For example, sophorose does 
not induce cellulase gene expression or activity in either Aspergillus niger (21) or 
Phanerochaete chrysosporium (22) and lactose has been found to repress cellulase 
transcription when added to cellulose induced cultures in several basidiomycete species 
(19). 

Because cellobiose is the major soluble end product of cellulases, it has been 
predicted that cello-oligosaccharides, including cellobiose, are the most likely natural 
inducers. Cellobiose moderately induces cellulase gene expression and activity in T. 
reesei (17, 23) and Aspergillus species (24), which are commonly used for high-level 
enzyme production (25). However, cellobiose is unable to induce cellulase gene 
expression in the more distantly related fungus P. chrysosporium, which instead responds 
to cellotriose or cellotetraose (26). In support of the hypothesis that cellobiose acts as an 
inducer of cellulases, studies using T. reesei have shown that Nojirimycin inhibition of β-
glucosidase, the enzyme that converts cellobiose into glucose in the final step of cellulose 
hydrolysis, allows a moderate induction of cellulases by cellobiose (27, 28), implying 
that the transglycosylation activity of a β-glucosidase is not required for cellulase 
induction.  

 
1.2.2 Signal transport 

Uptake of cellobiose has been demonstrated in yeasts (29) as well as in 
Escherichia coli (30), however only one study has been performed examining cellobiose 
uptake in filamentous fungi. This study confirmed the presence of an uptake system 
specific for β-linked diglucosides, including cellobiose, laminaribiose and sophorose, in 
T. reesei (31). The uptake system was inhibited by the presence of glucose and uptake 
was increased following sophorose treatment (induction). It has a high affinity for 
cellobiose, but low activity (Km 0.3 µM; 2.5 milliunits/mg dry cell weight). Despite 
characterization of this “β-linked diglucoside permease”, no specific gene or genes have 
been identified. 

More recently, our group characterized the activities of two N. crassa cellodextrin 
transporters in Saccharomyces cerevisiae (32). These transporters were initially identified 
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in the systems analysis of N. crassa, as members of the major facilitator superfamily of 
sugar transporters which showed increased transcription when N. crassa is grown on 
cellulose (10). While this study identified three cellodextrin transporters, only two 
transport cellodextrins in S. cerevisiae (NCU00801, cdt-1; NCU08114, cdt-2) while the 
third (NCU05853) is still uncharacterized. In S. cerevisiae, CDT-1 and CDT-2 are both 
high-affinity cellobiose transporters with Michaelis constant (Km) values of 4.0 ± 0.3 μM 
and 3.2 ± 0.2 μM respectively (32) and Vmax values equal to 0.7 pmol/sec and 0.35 
pmol/sec, respectively. Cellobiose transport by CDT-1 and CDT-2 is inhibited by excess 
cellotriose, and CDT-1 activity is also inhibited by cellotetraose. (32). In addition, by 
showing growth on cellotriose and cellotetraose, it is implied that these transporters can 
transport longer oligosaccharides, as the only mechanism to metabolize cellodextrins 
requires the intracellularly expressed β-glucosidases (32).  

 
1.2.3 Carbon catabolite repression 

In an environment where resources are scarce and competition is plentiful, the 
ability of microbes to rapidly adapt to a changing environment is key to survival. To 
achieve survival, mechanisms evolved that allow a rapid adaptation to changing nutrient 
conditions. One such mechanism, Carbon Catabolite Repression (CCR), allows for the 
preferred assimilation of carbon sources with high nutritional value by actively repressing 
the expression of genes involved in the catabolism of those less energetically valuable, 
such as lignocellulose. CCR is conserved in most fungal species and therefore our 
knowledge is shaped not only by work performed in filamentous fungi, but also in the 
yeast, S. cerevisiae. 

One of the main players in CCR is the zinc finger transcription factor 
Mig1/CreA/CRE1, which has been extensively examined in S. cerevisiae where it is 
involved in repressing transcription of genes encoding enzymes for the utilization of 
maltose, sucrose and galactose (33, 34) with approximately 90 genes as direct targets (35-
37). Upon glucose depletion, Mig1p is phosphorylated by the kinase Snf1p, resulting in 
the exit of Mig1p from the nucleus (38). In addition, Mig1p recruits the global repressor 
complex, Cyc8p-Tup1p, to repress transcription (39). In H. jecorina, phosphorylation of 
CRE1 is required for DNA binding (40), although the Snf1p homolog in T. reesei appears 
not to regulate CRE1 (41), suggesting a divergence of the regulatory pathways in yeasts 
and filamentous fungi. 

In Aspergilli, T. reesei and N. crassa, research has shown that CreA/CRE1 binds 
to the promoters of the respective target genes via the consensus motif 5'-SYGGRG-3'. 
Typically genes under direct control of CreA/CRE1 have two closely linked consensus 
motifs and it has been suggested that direct repression would only occur through such 
double-binding sites (42, 43). Historically, research in Aspergilli and T. reesei has 
suggested that CreA/CRE1 was directly involved in the regulation of certain cellulase and 
hemicellulase genes as many specific gene promoters contain the consensus motif. For 
example, ten CRE1 binding sites are present in the promoter of T. reesei xyr1 (44) and 
CRE1 was shown to bind to adjacent motifs in the promoter of cbh1 (45).  

More recently, work in both T. reesei (46) and N. crassa (47) suggests that CRE1 
mediates the expression of cellulase and hemicellulase genes via repression, thus acting 
as a negative regulator in conditions of high glucose. Under conditions of low glucose, 
de-repression occurs and expression levels of cellulase and hemicellulase genes are 
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elevated, but are substantially lower than under inducing conditions (46-48).  This 
implies that the induction of cellulase and hemicellulase genes requires two steps, de-
repression (via CRE1) and induction (via activation by a different transcription factor). In 
2011, reports on in both T. reesei and N. crassa were published comparing gene 
expression under conditions of repression and de-repression in the wild-type versus Δcre-
1 strains. Significant differences in culture conditions resulted in gene sets that show only 
limited overlap. Genes identified in T. reesei are focused more on genes expressed under 
conditions of low glucose, as these cultures were grown under conditions of high or low 
glucose availability. This study identified 207 genes that were differentially regulated, 
with 118 predicted to be repressed by CRE1 and 72 predicted to be induced. On the other 
hand, because the study in N. crassa used culture conditions with either the presence of 
high glucose or crystalline cellulose, this gene set focuses more on genes directly 
involved in catabolism of crystalline cellulose. This study identified 102 genes that show 
greater than 2-fold increase above wild-type in the Δcre-1 mutant when grown on Avicel. 
These genes are primarily enriched for those related to C-compound and carbohydrate 
metabolism, protein synthesis and proteins with binding function or co-factor 
requirement. In addition, by comparing the wild-type and Δcre-1 mutant when grown 
under conditions of high glucose, 75 genes were identified that show an increase in 
relative expression. These genes are predicted to be direct targets of CRE-1. By 
comparing these two studies, Sun and Glass found that of the 190 genes reported to be 
directly controlled by CRE1 in H. jecorina, the orthologs of only 103 of those genes 
could be identified in N. crassa. Of those 103 genes, only 6 genes showed increased 
expression levels and 10 genes showed decreased expression levels in both studies (46, 
47).  

The main conclusion from both of these papers is that while the deletion of 
cre1/cre-1 allows for greater production of cellulases when grown on Avicel, the primary 
defect is the inability to repress cellulase/hemicellulase gene expression once growth on 
Avicel has been established (47). However, in the absence of a cellulase-inducing 
substrate, the cre-1 deletion strain does not produce cellulases (46, 47) even when 
allowed to grow into starvation, indicating that relief from CCR is not sufficient for the 
expression of cellulase genes and that active induction is also required. 
 
1.2.4 Cellulase and hemicellulase specific transcription factors 

As described above, cellulase and hemicellulase genes are only expressed and 
produced under conditions of low glucose (de-repression) and in the presence of a 
specific inducer (induction) (Fig 1-2). Because catabolism of lignocellulose is less 
energetically valuable when compared to a simple sugar, cellulase and/or hemicellulase 
genes are never highly expressed in the presence of simple sugars, even with the presence 
of an inducer. Several transcription factors have been described in filamentous fungi that 
regulate the expression of cellulase and/or hemicellulase genes including XlnR, Ace2, 
and the newly characterized CLR-1 and CLR-2.  

The most highly studied transcriptional regulator for lignocellulose degradation is 
XlnR/XYR1/XLR-1, which has a zinc binuclear cluster DNA-binding domain that has 
been proposed to bind to regions of DNA containing the sequence 5'-GGCTAA-3', 5'-
GGCTGA-3', or 5'-GGCTAG-3' (49-54). In T. reesei and several species of Aspergilli, 
XYR1/XlnR co-regulates both hemicellulase and cellulase gene expression (21, 55-57). 
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In A. niger the xylanolytic and cellulolytic systems are co-regulated via the inducer D-
xylose (21, 55, 57) while in T. reesei several inducers are used, though none of them 
triggers expression of all major cellulase and hemicellulase genes (58). In Fusarium 
species and N. crassa, only xylose and xylan utilization is affected by XlnR homologs 
(59, 60).  

The T. reesei specific ACE2 transcription factor was isolated in a yeast expression 
screen designed to identify factors binding to the promoter of cbh1 (61). While an ace2 
deletion strain resulted in a reduction in expression of the main cellulase genes, induction 
by sophorose was not affected in the ace2 deletion strain (62). These observations imply 
that sophorose and cellulose use somewhat different induction mechanisms. 

Most recently, work in N. crassa led to the identification of two conserved 
transcription factors (CLR-1 and CLR-2) that are required for growth on crystalline 
cellulose, but are not required for growth on xylan (63). While a specific mechanism of 
action has yet to be determined, based on sequencing it is predicted that CLR-1 regulates 
clr-2 as well as the genes required for efficient import and utilization of cellobiose 
(NCU08755, the β-glucosidase gh3-3; NCU08114, the cellodextrin transporter cdt-2). 
Following this initial response, CLR-2 regulates the genes required for more complex 
lignocellulose degradation (including 16 cellulases and 6 hemicellulases).  
 
1.3 Research objectives 
 
While historically the ability of T. reesei to mass-produce plant cell wall degrading 
enzymes was enhanced by random mutagenesis (9), we expect that a better understanding 
the underlying mechanisms will provide us with the knowledge to begin rationally 
engineering organisms, including but not limited to H. jecorina. The work performed 
here has helped support several hypotheses in the field. Chapter 2 examines the role of 
β‐glucosidase enzymes while Chapter 3 examines the transport of cellobiose into the cell 
and how this transport relates to cellulase induction.  
 Specifically, in Chapter 2 we show that a strain lacking the major β‐glucosidase 
enzymes induces cellulases in response to cellobiose. This induction recapitulates, on 
both a transcriptional and protein level, the wild-type response to crystalline cellulose. In 
Chapter 3,we examine three specific cellodextrin transporters and show that deletion of 
two results in a strain completely unable to induce the transcription and secretion of 
cellulases in response to crystalline cellulose. This work indicates that these two 
transporters are required for N. crassa to sense cellulose in its environment; while this 
process is not yet fully understood, it implies that cellobiose is recognized intracellularly 
as the signal for the presences of insoluble cellulose in its environment. 
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2 Induction of lignocellulose degrading enzymes in Neurospora crassa by 
cellodextrins  
 
Partially taken from: Znameroski EA, Coradetti ST, Roche CM, Tsai JC, Iavarone AT, 
Cate JH, Glass NL (2012). Induction of lignocellulose-degrading enzymes in Neurospora 
crassa by cellodextrins. Proceedings of the National Acadamy of Sciences of the United 
States of America. 109(16):6012-7. 
 
Author contributions: EAZ, STC, CMR, JCT, ATI, JHDC and NLG designed research; 
EAZ, STC, CMR, JCT and ATI performed research; EAZ, STC, CMR, JCT, ATI, JHDC 
and NLG analyzed data; and EAZ, JHDC and NLG wrote the paper. 
 
2.1 Introduction 
Liquid biofuels produced from lignocellulosic biomass are an environmentally clean and 
renewable source of energy that could displace a significant fraction of the current 
demand for petroleum (64, 65). However, the costs associated with conversion of 
insoluble polysaccharides in plant cell walls to easily fermentable sugars represent 
significant barriers to the production of cost-competitive biofuels (8). Filamentous fungi 
have the capacity to secrete large amounts of lignocellulosic enzymes that release 
fermentable sugars from plant cell walls, and this ability has been exploited by industry 
to produce cellulases in quantities exceeding 100 g/L of culture (66). 

The ability to control the induction of enzyme production is crucial for the 
economics of biofuel production from lignocellulose. The best inducers of plant cell wall 
degrading enzyme expression by filamentous fungi are insoluble substrates that include 
cellulose, hemicellulose or mixtures of plant polymers. However, the use of insoluble 
substrates to induce enzyme secretion is not ideal for industrial processes. Since these 
naturally inducing substances cannot enter fungal cells, it is generally believed that 
oligosaccharides released from the polymers and their derivatives function as the actual 
molecules that trigger enzyme induction (12). Cellobiose, the major soluble end product 
of cellulases, moderately induces cellulase gene expression and activity in Hypocrea 
jecorina (Trichoderma reesei) (23) and Aspergillus species (24), which are commonly 
used fungi for high-level enzyme production (25). However, cellobiose is unable to 
induce cellulase gene expression in the more distantly related fungus Phanerochaete 
chrysosporium, which instead responds to cellotriose or cellotetraose (26). Notably, the 
oligosaccharide sophorose, which can be generated by transglycosylation of cellobiose by 
an extracellular β‐glucosidase, acts as a potent inducer of cellulases in T. reesei (17, 18), 
although differences in both gene expression and protein production are apparent in 
cellulose versus sophorose-induced cultures (67, 68). Sophorose does not induce cellulase 
gene expression or activity in A. niger (21) or P. chrysosporium (22). A complicating 
factor in understanding the regulation of cellulase gene expression is the potent inhibition 
of cellulase production due to carbon catabolite repression (CCR) (12) by the end product 
of cellulose hydrolysis, glucose. Previous studies in T. reesei have shown that 
Nojirimycin inhibition of β-glucosidase, the enzyme that converts cellobiose into glucose 
in the final step of cellulose hydrolysis, allows a moderate induction of cellulases by 
cellobiose (27, 28).  
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In this study, we use the model cellulolytic fungus Neurospora crassa (10) to 
show that deletion of key genes encoding predicted extracellular and intracellular 
β‐glucosidase enzymes allow cellobiose to induce cellulase gene expression to the same 
level as insoluble cellulose. Further deletion of cre-1, which encodes a carbon catabolite 
repressor transcription factor (47), enables N. crassa to produce a higher level of secreted 
active cellulases when induced with cellobiose, as compared to enzyme levels observed 
on growth on crystalline cellulose (Avicel). An analysis of the transcriptome and 
secretome of these deletion strains lays the foundation for understanding the molecular 
mechanism underlying the induction of lignocellulose degrading enzymes in filamentous 
fungi. These results also provide insights that can be applied to industrial fungi that 
produce high levels of cellulases. 

 
2.2 Production and characterization of deletion strains 
 
2.2.1 Introduction to Mating 
The first historical report of N. crassa dates back to 1843 (69), when it was reported as a 
contaminant of French bakeries and since has been well developed as a model organism 
for genetic studies. Because of its long history, both sexual and asexual reproduction are 
well understood (Fig. 2-1). The majority of the time, N. crassa grows as haploid mycelia. 
Nutrient depletion and light results in the formation of macroconida on aerial hyphae that 
rely on wind for dispersal. To undergo reproduction via the sexual cycle, the parents must 
be of opposite mating types (a and A), however either mating type can act as a 
female/male. The female forms multicellular protoperithecia, which are fertilized by 
single conidia from the male strain of the opposite mating type. When the female 
recognizes the pheromone released by the male conidia, the trichogyne grows towards it 
with eventual contact and cell fusion. Following nuclear fusion, these diploid nuclei 
undergo meiosis followed by mitosis resulting in the formation of eight haploid 
ascospores, each of which will develop into a haploid colony (69).  
 
2.2.2 Characterization of the single β-glucosidase deletion strains 
Lignocellulolytic genes are not induced nor is cellulolytic enzyme activity detected when 
wild-type N. crassa (WT) is grown on either sucrose or cellobiose as the sole carbon 
source (Fig. 2-2), even when allowed to grow into conditions of starvation. We 
hypothesized that when N. crassa is grown on cellobiose, the glucose produced by β-
glucosidase enzymes masks the inducing capacity of cellobiose (Fig. 2-3). While the 
genome of N. crassa encodes at least 7 genes encoding predicted β-glucosidase enzymes, 
a previous systems-level study indicated that only three (NCU00130, NCU04952 and 
NCU08755) showed a significant increase in transcription during growth on Avicel or 
Miscanthus (Fig. 2-4) (10). NCU00130 encodes an intracellular member of the glycosyl 
hydrolase family one (GH1-1) (32). Glycosyl hydrolase family three member NCU04952 
(GH3-4) was identified by mass spectrometry in the supernatant of a N. crassa culture 
grown on Avicel and Miscanthus while NCU08755 (GH3-3) was identified in the cell 
wall fraction of conidia (70) and its enzymatic activity was recently verified (71). All 
three β-glucosidase proteins show significant homology to both predicted and 
experimentally verified β-glucosidase enzymes in other filamentous fungi (Fig. 2-5). 
Based on the expression data, we predicted that GH1-1, GH3-3 and GH3-4 would be 
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most relevant to converting cellobiose to glucose when N. crassa was grown on either 
Avicel or cellobiose as sole carbon sources.  

To examine the hypothesis that cellobiose induces cellulase gene expression in N. 
crassa, we tested whether the expression of three major cellulase genes (cbh-1, 
NCU07340, cbh-1; NCU09680, gh6-2; and NCU00762, gh5-1) were induced in strains 
carrying deletions in the β-glucosidase genes gh1-1, gh3-3 or gh3-4 via a transfer 
experiment (see Methods 2.6.8). Following a 4 hour induction with 0.2% cellobiose (Fig. 
2-6), the individual β-glucosidase deletion strains (Δgh1-1, Δgh3-3 or Δgh3-4) did not 
show a significant induction of cbh-1, gh6-2 or gh5-1 expression. In addition, the single 
β-glucosidase deletion strains did not show a significant growth phenotype on sucrose, 
cellobiose or Avicel (Fig. 2-7), implying that there is redundancy between the β-
glucosidase enzymes. To eliminate this redundancy, double and triple mutant strains 
carrying different combinations of β‐glucosidase gene deletion sets were also constructed 
(Methods 2.6.2).  
 
2.2.3 Production and characterization of multiple β-glucosidase deletion strains   
Each of the multiple deletion strains was genotyped using two different sets of PCR 
primers. The first used a hygromycin-specific forward primer and a gene-specific reverse 
primer (outside of the deletion cassette); a product for this reaction indicates that the 
knockout cassette was inserted properly. The second set used a forward primer 
specifically designed to be within the gene and a gene-specific reverse primer (outside of 
the deletion cassette); a product for this reaction indicates the presence of an intact gene 
(Fig 2-8). Again, we examined if the expression of three major cellulase genes (cbh-1, 
NCU07340, cbh-1; NCU09680, gh6-2; and NCU00762, gh5-1) were induced with 0.2% 
cellobiose via a transfer experiment (Fig. 2-9). While cellobiose was not able to 
significantly increase the expression of our three representative cellulases in a strain 
lacking both gh1-1 and gh3-4 (Δgh1-1; Δgh3-4), the strain lacking gh3-4 and gh3-3 
(Δgh3-3; Δgh3-4) had a ten-fold increase in induction over the WT strain and the strain 
lacking both gh3-3 and gh1-1 (Δgh1-1 Δgh3-3) was equivalent to about 90% the WT 
induction by Avicel. Finally, the expression of our three representative cellulases in strain 
lacking all three β‐glucosidase genes (Δ3βG: Δgh1-1 Δgh3-3; Δgh3-4) was able to show 
full induction when transferred to cellobiose as compared to the WT transferred to 
Avicel. In addition, while all of the double deletion strains only showed a mild growth 
phenotype on cellobiose and Avicel (Fig. 2-10), the Δ3βG strain had a significant 
reduction in growth on cellobiose and Avicel while its growth on sucrose was unaffected 
(Fig. 2-11).  

The transcriptional response in the Δ3βG mutant was specific for cellobiose and 
was not due to starvation as the expression of cbh-1 and gh5-1 in WT and the Δ3βG 
strain when transferred to media lacking any carbon source showed only a small increase 
in transcription levels (less than 50-fold induction). These values are negligible when 
compared to the ~20,000-fold (minimum) induction of cbh-1 and gh5-1 by Avicel in WT 
N. crassa and in the Δ3βG strain shifted to cellobiose (Fig. 2-12). This data supports the 
hypothesis that cellobiose can act as an inducer of cellulases and prompted us to do a 
more thorough characterization of the Δ3βG strain using both transcriptomics and 
proteomics. 
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2.2.4 Alternative inducers 
While the above indicates that cellobiose acts as an inducer of cellulases in N. crassa, it is 
unable to induce cellulase gene expression in the more distantly related fungus P. 
chrysosporium, which instead responds to cellotriose or cellotetraose (26). We therefore 
examined if longer cellodextrins could induce cellulases in N. crassa. Following a 
transfer experiment similar to those described above, we found that cellotriose and 
cellotetraose were unable to induce the expression of three major cellulase genes (cbh-1, 
NCU07340, cbh-1; NCU09680, gh6-2; and NCU00762, gh5-1) in the WT strain 
following a 4 hour induction (Fig. 2-13). In contrast to these results, the Δ3βG strain 
showed similar relative expression levels of cbh-1, gh5-1 and gh6-2 when shifted to 
cellobiose, cellotriose or cellotetraose. Interestingly, while the induction of cellobiose and 
cellotetraose are equivalent, when the Δ3βG strain is transferred to cellotriose the 
induction is slightly less. Given that cellobiohydrolase enzymes (72, 73) show activity on 
cellotriose we expect that the cellotriose is cleaved to cellobiose and glucose (74), which 
would therefore result the decreased induction. Based on these data, we expect that the 
results seen in P. chrysosporium are as a result of the presence of both extracellular and 
intracellular β‐glucosidase enzymes and expect that if researchers were able to make a 
similar knockout strain that P. chrysosporium would respond to cellobiose as strongly as 
cellotriose or cellotetraose. 

The most widely used soluble inducer of cellulases in the industrial species T. 
reesei is sophorose. It has been suggested that sophorose can be generated by the 
transglycosylation of cellobiose by an extracellular β‐glucosidase (17, 18) and because 
the reaction is irreversible, sophorose is persistent in the environment and can therefore 
act as a nonmetabolizable signal. While data indicate that sophorose can be metabolized 
extremely slowly (75), and sophorose can be detected in trace quantities when T. reesei is 
grown on cellulose (17, 18), studies have also shown that sophorose does not replicate the 
induction seen by cellulose, but instead only induces a subset of the genes required for 
cellulose metabolism (76). Differences in both gene expression and protein production 
are apparent in cellulose versus sophorose-induced cultures (67, 68). In addition, 
sophorose does not induce cellulase gene expression or activity in A. niger (21) or P. 
chrysosporium (22). 

The other widely used soluble inducer of cellulases in T. reesei is lactose (77), 
however the mechanism of induction is also unknown. Unlike sophorose, lactose, a 
disaccharide of glucose and galactose, is not expected to be found in the natural 
environment of plant cell wall degrading fungi. Recently, the mechanism of lactose 
induction was shown to be the result of β-D-galactose, a breakdown product of lactose 
and more likely to be encountered by filamentous fungi (78). T. reesei, lacks the gene 
encoding the mutarotase to convert β-D-galactose to α-D-galactose. As conversion to α-
D-galactose is required for entrance to the Leloir pathway indicating that the metabolism 
of β-D-galactose requires the use of a reductive pathway (78). However, the mechanism 
of cellulase induction by β-D-galactose is unknown. 

Because of the history using both sophorose and lactose as cellulase inducers, we 
examined if either sophorose or lactose could induce cellulase gene expression in N. 
crassa. As observed in other filamentous fungal species (21), transfer of either WT N. 
crassa or the Δ3βG mutant to media containing sophorose, lactose or by β-D-galactose 
did not significantly induce cellulase gene expression (Fig. 2-14). These results help 



 12

support the hypothesis that these molecules are not inducing cellulases through the 
traditional induction pathway and instead may be inducing an incomplete set of cellulases 
through an alternative mechanism. 
 
2.3 Global transcriptional response to cellobiose in Δ3βG. 
 
2.3.1 Introduction to transcriptomics. 
Over the past decade researchers have made significant progress in high-throughput 
sequencing technologies, which has allowed for the examination of how the 
transcriptome changes in response to an individual signal. Before the development of 
high-throughput sequencing, researchers were required to either follow the expression of 
individual RNAs (using quantitative RT-PCR) or spend a significant amount of money 
developing microarrays to infer transcript abundance (relative transcript levels) from 
hybridization intensity. The development of next-generation sequencers has allowed 
researchers to inexpensively and accurately quantify the abundance of every transcript in 
an organism’s transcriptome (79). 

Sequencing a transcriptome requires very little method development as the 
protocols for isolating high quality RNA were developed for either RT-PCR or 
microarrays and once equipped with RNA the methods are standardized across samples 
and species. This study used the method developed by Illumina, which requires that 
mRNA be purified using poly(A) beads. The isolated mRNA is then sheared and reverse 
transcribed into cDNA. After adapters are ligated to the ends, the product is amplified 
before being sequenced. The recovered data go through several programs, including 
Tophat (80), Cufflinks and Cuffdiff (81), which maps transcripts to the N. crassa genome 
and normalizes for transcript length with the resulting data in FPKMs (fragments per 
kilobase of exon per million fragments mapped) (Fig 2-15). With upwards of 4 million 
reads and genes that go from 10 FPKMs to 127,000 FPKMs under conditions of 
induction, this makes analyzing changes in the transcriptome of N. crassa when grown 
under non-cellulolytic vs. cellulolytic conditions very easy to analyze. 
 
2.3.2 Recapitulation of wild-type N. crassa cellulolytic response in the triple β-
glucosidase mutant on cellobiose. 
High-throughput sequencing (RNA-Seq) was used to assess whether the full genomic 
response in the Δ3βG strains to cellobiose was similar to or different from a WT strain 
exposed to Avicel. Scatter plots comparing full genomic patterns of gene expression 
changes showed that the response of the Δ3βG mutant to cellobiose closely matched that 
of WT N. crassa induced with Avicel, but was significantly different from the response 
of WT cultures on cellobiose or subjected to starvation (Fig. 2-16). To identify which 
genes were significantly and specifically induced in WT N. crassa in response to Avicel, 
a pairwise analysis was performed between expression profiles of WT N. crassa 
transferred to Avicel versus WT N. crassa transferred to no added carbon source. These 
analyses identified 321 genes (including the three deleted β-glucosidase genes) that were 
significantly and specifically induced in WT cultures in response to Avicel (cellulose 
regulon) (see Methods 2.6.12). This gene set included 16 predicted cellulase and 12 
predicted hemicellulase genes. Additional genes in the cellulose regulon included 41 
genes encoding proteins predicted to be active on carbohydrates by CAZy (82) and 111 
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genes encoding secreted proteins (signalP) (83). Of the 321 genes in the cellulose 
regulon, 156 encode proteins that are characterized as unclassified proteins (MIPS 
FunCat database) (84).  

Hierarchical clustering of genes within the cellulose regulon from expression data 
of WT transferred to media containing no carbon source, cellobiose or Avicel and the 
Δ3βG strain transferred to media containing cellobiose or Avicel resulted in the 
identification of four distinct expression clusters (Fig. 2-17). The largest cluster (cluster 
2) contained 210 genes that showed high expression in the WT strain on Avicel, as well 
as in the Δ3βG strain on either cellobiose or Avicel-induced conditions. This group of 
210 genes contained all 16 predicted cellulases (NCU00762, gh5-1; NCU00836, gh61-7; 
NCU01050, gh61-4; NCU02240, gh61-1; NCU02344, gh61-12; NCU02916, gh61-3; 
NCU03328, gh61-6; NCU04854, gh7-2; NCU05057, gh7-1; NCU05121, gh45-1; 
NCU07190, gh6-3; NCU07340, cbh-1; NCU07760, gh61-2; NCU07898, gh61-13; 
NCU08760, gh61-5; and NCU09680, gh6-2) as well as three genes identified in previous 
analyses (10, 85) to be accessory proteins for cellulose degradation (NCU00206, cdh-1; 
NCU07143, lac-2; and NCU09764, a CBM1-containing protein). This cluster also 
contained 9 hemicellulase genes (NCU02343, gh51-1; NCU02855, gh11-1; NCU04997, 
gh10-3; NCU05924, gh10-1; NCU05955, gh74-1; NCU07225, gh11-2; NCU07326, 
gh43-6; NCU08189, gh10-2; and NCU09775, gh54-1). Of the 182 proteins remaining in 
this cluster, 29 are predicted to be active on carbohydrates by CAZy and 76 are predicted 
to be secreted by signalP, with 25 genes falling into both categories. The remaining 102 
genes were grouped into their predicted functional category (84) resulting in 10 genes 
expected to be involved in C-compound and carbohydrate metabolism, 8 genes involved 
in protein folding, modification or transport, and 62 genes encoding unclassified proteins.  

A small cluster of 36 genes (cluster 1) showed high expression levels in either the 
WT or Δ3βG deletion strain exposed to Avicel (Fig. 2-17), but had lower expression 
levels in the Δ3βG deletion strain on cellobiose. This group contained a predicted β-
xylosidase gene (NCU09652, gh43-5) and several other genes encoding proteins active 
on hemicellulose (NCU00710, acetyl xylan esterase; NCU01900, 
xylosidase/arabinosidase; NCU00891, xylitol dehydrogenase; and NCU08384, xylose 
reductase). These results suggest that these genes were induced by the 0.5-1.0% 
hemicellulose found in Avicel (10) and are not part of the regulon induced by cellobiose.  

When comparing the induction of the Δ3βG strain on cellobiose versus WT on 
Avicel, a striking pattern appears (Fig. 2-18). Genes induced in the WT by Avicel are 
very close to the value seen in the Δ3βG mutant. For example, the FPKM for cbh-1 in the 
WT on Avicel is 126,816 ± 53,016 while the FPKM in Δ3βG on cellobiose is 130,865. 
This pattern extends even to the lesser-induced cellulases like NCU07760 (gh61-2), 
which has a FPKM of 239±62 for WT on Avicel and 538 for Δ3βG mutant on cellobiose. 
In contrast, some hemicellulase genes in the Δ3βG mutant were induced in response to 
cellobiose (Fig. 2-19), but to a lesser degree than in WT and the Δ3βG cultures induced 
by Avicel. For example, while NCU05924 (endoxylanase, gh10-1) has 20,023 ± 9,888 
FPKMs in WT induced with Avicel, an expression level of 10,000 FPKMs was observed 
in the Δ3βG mutant induced with cellobiose. These results indicate that while all of the 
cellulase genes are in the same regulon, the hemicellulase genes are divided into those 
that are coordinately regulated with cellulases and those that require an additional signal 
for full induction.   
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The third cluster contained 67 genes that showed no response to conditions of 
starvation, but were most highly induced by cellobiose in WT (Fig. 2-17). This cluster 
can be further subdivided into two groups: 31 genes that were most highly induced in the 
WT strain by cellobiose, but were not induced by the Δ3βG strain, and 36 genes that are 
moderately induced by cellobiose in the WT and Δ3βG strains, but were most highly 
induced in the Δ3βG strain in response to Avicel. The majority of these genes fall into 
one of two categories: unclassified proteins or proteins involved in the metabolism of 
amino acids, nitrogen, phosphate or carbohydrates, with only 3 that are predicted to have 
activity towards carbohydrates by CAZy. The final cluster contains 4 genes that are 
induced by cellobiose or Avicel in WT cultures, but are not induced by the Δ3βG mutant 
when challenged with either cellobiose or Avicel. Three of the four were predicted to be 
active on carbohydrates by CAZy, and one, NCU08087 (gh26-1) is predicted to be a 
hemicellulase (10).  
 
2.3.4 Addition of Cre1 to Δ3βG – RT-PCR. 
Carbon catabolite repression (CCR) acts in filamentous fungi to repress cellulase and 
hemicellulase gene expression in the presence of preferred carbon sources, such as 
glucose or sucrose, even when lignocellulose is present in the culture (12). The C2H2 
zinc finger transcription factor CreA/CRE1/CRE-1 (46) plays a key role in CCR as 
strains lacking CreA/CRE1/CRE-1 in Aspergillus sp., T. reesei and N. crassa, 
respectively, produce increased amounts of both cellulases and hemicellulases when 
grown on cellulose or hemicellulose (47, 86, 87).  Consistent with previous data (47), 
quantitative RT-PCR analysis of RNA isolated from an N. crassa cre-1 deletion strain 
(ΔNCU08807 or Δcre-1) showed that the basal expression of cbh-1 and gh5-1 increased 
about ten-fold relative to a WT strain (Fig. 2-12).  When shifted from sucrose to 0.2% 
cellobiose for 4 hours, the Δcre-1 strain showed increased induction of cbh-1, gh5-1 and 
gh6-2 (3,000-, 500-, and 85-fold, respectively). However, the level of induction in the 
Δcre-1 mutant was significantly lower than induction levels obtained for WT N. crassa 
exposed to Avicel or the Δ3βG mutant exposed to cellobiose (Fig. 2-6 and Fig. 2-12).  
Notably, a Δ3βG strain that also carried the Δcre-1 deletion (Δ3βGΔcre) exhibited 
stronger induction of cbh-1, gh5-1 and gh6-2 than either the WT strain shifted to Avicel 
or the Δ3βG strain shifted to cellobiose (Fig. 2-20).  These data indicate that the 
induction of cellulase gene expression in the Δ3βG mutant when exposed to cellobiose is 
comparable to induction by cellulose and is not a consequence of relief from CCR.   
 
2.4 Protein production by the Δ3βG strain in a bioreactor 
 
2.4.1 Transcription of plant cell wall degrading enzymes in the Δ3βG mutant 
correlates with cellulase secretion and activity.  
Historically, studies examining cellulases in filamentous fungi have used transcription as 
a readout for enzyme induction (26, 88). To determine whether the transcriptional 
response of the Δ3βG and Δ3βGΔcre strains in response to cellobiose corresponds to an 
increase in functional protein, we assessed secreted proteins and cellulase activity of the 
Δ3βG and Δ3βGΔcre strains in response to induction with either cellobiose or Avicel, as 
compared to WT cultures. As expected, supernatants from all sucrose-grown cultures 
(Δ3βG, Δ3βGΔcre and WT) were unable to produce glucose or cellobiose from 
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crystalline cellulose in an Avicel hydrolysis assay, while supernatants from all three 
Avicel–induced cultures (Δ3βG, Δ3βGΔcre and WT) were able to degrade crystalline 
cellulose to cellobiose and glucose (Fig. 2-21). When grown on cellobiose, the Δ3βG and 
Δ3βGΔcre strains displayed a secreted protein pattern similar to WT Avicel-grown 
cultures (Fig. 2-21) (10). Importantly, supernatants from both the Δ3βG and Δ3βGΔcre 
deletion strains induced by cellobiose hydrolyzed crystalline cellulose, while supernatants 
from WT cellobiose-grown cultures did not. The Δ3βG and Δ3βGΔcre strains, which 
lack three β-glucosidases, produced mostly cellobiose. These data are consistent with the 
hypothesis that the three β-glucosidase enzymes provide the bulk of the glucose-
generating activity in WT cultures (74).  

 
2.4.2 Expression of plant cell wall degrading enzymes in the Δ3βG mutant using a 
bioreactor. 
Filamentous fungi used extensively by industry are grown in submerged cultures for 
high-level production of a variety of products including antibiotics, metabolites such as 
citric acid, and enzymes such as glucoamylase and cellulases (89). We therefore 
examined the induction of cellulases in the Δ3βG and Δ3βGΔcre deletion strains in a 
controlled bioreactor process (Fig. 2-22). After 24 hours growth on sucrose, WT, Δ3βG 
and Δ3βGΔcre produce a similar amount of biomass (~3.5 g/L) (Fig. 2-17A-C). After 
induction with 0.2% cellobiose, WT N. crassa did not secrete a significant amount of 
protein (0.05 mg/mL; Fig. 2-22C).  In contrast, the Δ3βG and Δ3βGΔcre cultures 
produced 0.12 mg/mL and 0.24 mg/mL, respectively, total protein concentration in the 
supernatant (Fig. 2-22A-B). In addition, the cellobiose-induced Δ3βG and Δ3βGΔcre 
cultures showed a significant increase in endoglucanase activity over this same period of 
induction (Fig2-23D). Examining the aggregate Avicelase activity from the 24 hour time 
point indicated that the Δ3βGΔcre strain produced 60% more glucose equivalents (0.424 
mg/mL) as compared to the Δ3βG strain (0.296 mg/mL) (Fig. 2-23A). However, when 
the total concentration of protein was normalized, the Δ3βGΔcre strain had less specific 
activity than either the WT or Δ3βG culture supernatants (Fig. 2-23B-C). These data 
indicate that while the addition of the cre-1 deletion to Δ3βG strain allowed for greater 
protein secretion, this secretion was not specific for cellulases. 
 
2.4.6 Proteomic analysis of secreted proteins.  
In order to compare the identity of proteins secreted by WT N. crassa grown on Avicel 
versus the Δ3βG strains when induced with cellobiose, we analyzed the secretome using 
a shotgun proteomics approach (Table 2-2). There were 39 proteins identified in the WT 
N. crassa Avicel-grown culture supernatant.  In cellobiose-grown cultures, 38 proteins 
were identified in the Δ3βG broth and 24 were identified in the Δ3βGΔcre broth (Table 
2-3). Using quantitative mass spectrometry Phillips, et al. concluded that 76% of the WT 
N. crassa secretome on Avicel is composed of six individual proteins (85). All of these 
proteins were identified in the WT, Δ3βG and Δ3βGΔcre culture broths (except for the 
deleted β-glucosidase, gh3-4) (Table 2-2). In addition to the cellulases, we identified a 
number of lower abundance accessory proteins which make up a total of 6.5% of the 
secretome (85): a cellobiose dehydrogenase (CDH-1), a type 2 lactonase (LAC-2) and 
two hypothetical proteins: NCU09764, a CBM1-containing protein of unknown function, 
and NCU05137, a gene that when deleted leads to an increase in cellulase activity (10).  
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These data indicate that, similar to the transcriptional response of the Δ3βG mutant to 
cellobiose, the identity of proteins secreted and the amount of protein secreted in the 
Δ3βG strain on cellobiose mimicked the WT N. crassa response to Avicel.   
 
2.5 Discussion 
In this study, we examined the hypothesis that cellobiose functions as an inducer of 
cellulase gene expression and secretion when filamentous fungi, such as N. crassa, are 
exposed to cellulose, but that the action of extracellular and intracellular β-glucosidases 
and CCR mask this inducing activity. Our results revealed that a strain of N. crassa 
carrying deletions for the three major β-glucosidases induces cellulases when exposed to 
cellobiose and this induction recapitulates, on both a transcriptional and protein level, the 
WT response to Avicel.   

While many industrially focused studies have attempted to determine the best 
inducers of lignocellulose degrading enzymes, little is known about the molecular 
mechanism of this induction. Early studies used the β-glucosidase inhibitor Nojirimycin 
to show that cellobiose induces cellulases in the lignocellulose-degrading filamentous 
fungus, T. reesei (27, 28). However, this induction was not as robust as with other soluble 
inducers including lactose (77) and sophorose (18). While both molecules have been used 
extensively to induce cellulases in T. reesei, neither can induce the complete set of 
cellulases generated in response to cellulose (68, 76). In contrast to these results, 
exposure of the Δ3βG mutant to cellobiose recapitulated the response of WT strain to 
Avicel.  

Our results indicate that deletion of the predicted major β-glucosidase genes 
enabled N. crassa to induce both transcription and secretion of the complete repertoire of 
cellulases upon exposure to cellobiose. In P. chrysosporium, cellobiose does not induce 
cellulase gene expression (26), although cellotriose or cellotetraose were able to do so. 
We hypothesize that in P. chrysosporium, as in N. crassa, any inducing affect of 
cellobiose is masked by its degradation to glucose by endogenous β-glucosidases, leading 
to catabolite repression.  In addition, our results indicate that sophorose does not act as an 
inducer in N. crassa. In T. reesei sophorose is likely produced by a transglycosylation of 
cellobiose by an extracellular β-glucosidase (17) and readily transported into the 
mycelium by a β-linked disaccharide permease (31). However, in the N. crassa Δ3βG 
mutant all of the predicted extracellular β-glucosidase enzymes were deleted suggesting 
that transglycosylation of cellobiose to sophorose is not relevant to cellulase induction. 
Given the high conservation of the lignocellulose degrading machinery in filamentous 
fungi, we predict that deletion of the bulk of β-glucosidase activity in other fungi would 
enable the use of cellobiose for full induction of the cellulose regulon in these species.  

An advantage for the industrial production of cellulolytic enzymes in T. reesei is 
the ability to use a soluble inducer, although different genes are induced by 
lactose/sophorose when compared to cellulose induction (68, 76).  Since the action of 
sophorose is not generally applicable to other filamentous fungi, we predict that the 
production of cellulases in filamentous fungi will be possible upon exposure to 
cellobiose, providing that either mutational inactivation or chemical inhibition of their 
major β-glucosidases associated with plant cell wall utilization can be achieved.  Since 
the number of predicted cellulases and hemicellulases in the genomes of filamentous 
fungi varies considerably, this approach may provide a tool for analysis of such proteins 
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in a soluble environment, avoiding the complication of separating enzymes from 
insoluble plant cell wall material. Furthermore, a considerable number of unclassified and 
hypothetical proteins are induced as part of the N. crassa cellulose regulon, many of 
which are secreted or are predicted to be secreted. A comparative analysis of the cellulose 
regulon in a variety of filamentous fungi should reveal which of these genes/proteins are 
conserved and thus worthy of further characterization. By understanding the mechanism 
of cellulase induction and utilization in a model organism using reverse genetics, we 
expect that this knowledge can be translated into currently used industrial filamentous 
fungi, to further improve their ability to produce lignocellulose degrading enzymes and 
allow for the production of a renewable source of cost-competitive biofuels. 
 
2.6 Methods 
 
2.6.1 Strains  
All strains were obtained from the Fungal Genetics Stock Center (FGSC) (90, 91). The 
homokaryon cre-1 deletion strain (Δncu08807) was created by Jianping Sun (47). 
Multiple deletion strains were made by performing sequential crosses as described on the 
FGSC website (92). The mating type was determined using the mating type tester strains 
fl(OR) A (FGSC 4317) and fl(OR) a (FGSC 4347) (92).  
 
2.6.2 Mating 
Conidia from the parent strain of one mating type were plated on a Westergaard’s plate 
and the conidia from the other parent of the opposite mating type were inoculated onto a 
minimal media slant. Both the plate and the slant were incubated in the dark at 30°C for 
2-3 days to allow for sufficient hyphal growth. They were then placed at room 
temperature in the light for an additional 5-7 days to allow for the development of 
protoperithecia (on the plate) and conidia (on the slant). After visual confirmation of 
protoperithecia, the conidia were resuspended in 2 mL of sterile water and diluted 1:100. 
Approximately 100 µL of this dilution was added to the plate and gently spread using a 
pipette tip. The plates were then allowed to undergo mating for approximately 2 weeks, 
with the result being the production of ascospores which are ejected from the perithecium 
and adhere to the lid of the petri plate. The ascospores were collected by pipetting 1 mL 
of water onto the lid and then collecting in a 1.5-mL microfuge tube. The ascospores 
were stored at 4°C. 
 
2.6.3 Germination and selection of ascospores 
The ascospores were counted using a hemocytometer and diluted to approximately 500 
ascospores per 100 µL water. This dilution underwent a 60°C heat shock for 30 minutes 
and the entire volume was plated on a minimal media plate supplemented with 200 
µg/mL hygromycin as a selection for the knockout genotype. The ascospores were 
allowed to germinate for 16 hours, right side up at room temperature. Using a dissecting 
microscope the germinated ascospores were carefully cut out of the plate and transferred 
to a minimal media slant. This slant was grown for 2 days in the dark at 30°C and then 
transferred to room temperature for an additional 3 days. Each slant was subcultured, and 
the genomic DNA was extracted for genotyping. 
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2.6.4 Genomic DNA extraction 
Conidia were isolated by adding 2 mL water to each slant and vortexing for 5-10 seconds. 
The resulting slurry was transferred to a 2-mL screw cap tube and conidia were pelleted 
at 4000 rpm for 4 minutes. The supernatant and floating mycelia were removed and ~0.3 
g of 0.5 mm silica beads and 400 μL of lysis solution (0.05 M NaOH, 1 mM EDTA, 1% 
Triton-X 100) was added to the pelleted conidia. The sample was shaken in a bead beater 
for 2 minutes and placed in a 65°C water bath for 30 minutes, vortexing 2-3 times during 
the incubation to mix. After the addition of 80 μL of 1 M Tris pH 7.5, samples were 
centrifuged at max speed in a bench top centrifuge (5 minutes) and the supernatant was 
removed. An equal volume of phenol-chloroform was added; samples were again 
vortexed briefly to mix and then centrifuged again for 10 minutes at max speed. The 
aqueous phase was transferred to a new tube with 600 μL ice-cold ethanol and placed at -
20°C for at least one hour, but typically overnight to precipitate the genomic DNA. After 
precipitation, the sample was centrifuged for 15 minutes at 4°C and the pellet was 
washed with 75% ethanol. The resulting pellet was dried in a speedvac for 10 minutes at 
30°C and resuspended in 100 μL water. The concentration was examined using a 
Nanodrop and volume adjusted to produce 300 ng/μL final concentration. 
 
2.6.5 Genotyping multiple deletion strains 
The genotype of each deletion strain was confirmed by performing two different PCR 
reactions. The first used a gene-specific primer and a common primer for the hygromycin 
(hph) cassette to confirm the presence of the cassette. The primer for hph was 5'-CGA 
CAG ACG TCG CGG TGA GTT CAG-3'. Reverse primers were:  
NCU00130: 5'-TAG TGT ACA AAC CCC AAG C-3'  
NCU004952: 5'-AAC ACA CAC ACA CAC ACT GG-3'  
NCU08755: 5'-ACA GTG GAG GTG AGA AAG G-3'  
NCU08807: 5'-GTA CTT ACG CAG TAG CGT GG-3'  
NCU00801: 5'-TTA GGG TTG TAG ACA CCT GC-3' 
NCU08114: 5'-GAC GAC CAG AAC TAG GTA GG-3' 
NCU05853: 5'-GAG CAA GGT TAT AGG ACT GC-3' 
 
The second reaction used both a gene specific forward primer and a gene specific reverse 
primer. The presence of a product in this reaction indicates a wild-type copy of the 
specific gene. The forward primers were:  
NCU00130: 5'-ACA TCA AGC ACA AGA AGG GCG TC-3'  
NCU04952: 5'-CCT CAA AAT ATG CAG CCT ACA CGA-3'  
NCU08755: 5'-ACG ACA TCA TGT ACA CTG TTA CGG-3'  
NCU08807 5'-CAC TCA AAG GAA ACT TCC TGT GCC-3'  
NCU00801: 5'-GGC CGC TTA CTT CCT CTT CAA CG-3' 
NCU08114: 5'-GCT CAA TAC TTA TGC GAA CCC TGT-3' 
NCU05853: 5'-ATA ACA TGG GTT ATA ACG CCC TGA-3' 
and the reverse primers were the same as above. In each reaction the presence of a 1500 
bp product indicated proper amplification for the reaction. 
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2.6.6 Phenotyping multiple deletion strains  
Conidia from strains were inoculated at a concentration equal to 2x106 conidia per 
milliliter into 100 mL Vogel’s salts (93) with 2% w/v sucrose, cellobiose or Avicel in a 
250-mL Erlenmeyer flask and grown under constant light at 200 rpm for 2 days 
(sucrose), 5 days (cellobiose) and 7 days (Avicel). Photos were taken daily. 
 
2.6.6 4-Methylumbelliferyl β-D-cellobioside (MuLac) assay 
Cellobiohydrolase I activity was measured using 4-Methylumbelliferyl β-D-cellobioside 
(MuLac). Each assay was run in triplicate by mixing 20 µL filtered culture supernatant 
combined with 80 µL MuLac reagent (1.0 mM MuLac and 50 mM NaAc pH5) in a black 
96 well, clear bottom plate and read in a plate reader using an assay to measure the 
MuLac kinetics. Time points were read every 15 seconds for 10 minutes using 360 nm 
excitation and 465 nm emission. The slope of the resulting line represents the relative 
amount of cellobiohydrolase I activity as a function of time. 
 
2.6.5 Phylogenetic analysis  
GenBank accession numbers (PID), Joint Genome Institute protein ID (JGI), or Broad 
Institute Fusarium Comparative Database Genes (FGSG) numbers for β-glucosidases 
used in phylogenetic analysis are as follows. For NCU08755: Myceliophthora 
thermophila, JGI 80304; A. niger, PID 254674400; P. chrysosporium, PID 19352194; T. 
reesei, JGI 121735; Fusarium graminearum, FGSG_06605; Sclerotinia sclerotiorum, 
PID 156051478; Botryotinia fuckeliana, PID 154301968; Penicillium chrysogenum, PID 
255942539; Schizophyllum commune, JGI 256304; and Postia placenta, JGI 107557. For 
NCU00130: M. thermophila, JGI 115968; A. niger, PID 213437; P. chrysosporium, PID 
127920; T. reesei, JGI 120749; F. graminearum, FGSG_07274; S. sclerotiorum, PID 
156037816; B. fuckeliana, PID 156037816; P. chrysogenum, PID 255941826; S. 
commune, JGI 57050; and P. placenta, JGI 45922. For NCU04952: M. thermophila, JGI 
66804; A. terreus, PID 115401928; P. chrysosporium, PID 3320413; T. reesei, JGI 
76672; S. sclerotiorum, PID 156050519; B. fuckeliana, PID 154293970; P. chrysogenum, 
PID 255945487; S. commune, PID 302694815.  
 All proteins used in the alignments were identified using BLASTp. Homologous 
proteins sequences were aligned in MEGA5 using ClustalW. Maximum Likelihood 
phylogeny was determined using the Poission model to estimate distances and the 
Nearest-Neighborhood-Interchange (NNI) tree searching strategy with 500 bootstrap 
replications (94, 95). 
 
2.6.6 Starvation studies  
Conidia from strains were inoculated at a concentration equal to 2x106 conidia per 
milliliter into 100 mL Vogel’s salts (93) with 1% w/v sucrose in a 250-mL Erlenmeyer 
flask and grown under constant light at 200 rpm for 4 days. Two milliliters supernatant 
was removed at 1, 2, 3.5, 3 and 3.5 days. Samples were spun at 4000 rpm for 5 minutes to 
pellet biomass and the supernatant was filtered through a 0.2 µM PES filter before being 
stored at -20˚C until all samples were collected. When all time points were collected, 15 
uL of unconcentrated supernatant was run on a Criterion 4-14% Tris-HCl polyacrylamide 
gel and stained with Thermo Scientific GelCode Blue Stain Reagent. In addition, the total 
Avicelase activity was measured as described below. 
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2.6.7 Examination of T. reesei inducers  
Conidia from strains were inoculated at a concentration equal to 2x106 conidia per 
milliliter into 50 mL Vogel’s salts (93) with 2% w/v sucrose in a 250-mL Erlenmeyer 
flask and grown under constant light at 200 rpm for 16 hours. Biomass was then spun at 
4000 rpm for 10 minutes and washed in Vogel’s salts (without carbon) twice to remove 
any excess sucrose. The biomass was divided in thirds and added to a new flask (25 mL) 
containing 10 mL Vogel’s salts supplemented with 1% w/v sucrose, 1 mM Sophorose 
(Serva), 1 mM Lactose (Sigma), 1mM D-(+)-Galactose (Sigma) or 1% w/v Avicel PH 
101 (Sigma). Cultures were induced for 4 hours under constant light at 200 rpm. The 
culture biomass was then harvested by filtration over a Whatman glass microfiber filter 
(GF/F) on a Buchner funnel and washed with 50 mL Vogel’s salts. The biomass was 
flash frozen in liquid nitrogen and stored at -80°C. The RNA was isolated and 
Quantitative RT-PCR were performed as described below. 
 
2.6.8 Transcriptional studies  
Conidia from strains were inoculated at a concentration equal to 2x106 conidia per 
milliliter into 50 ml Vogel’s salts (93) with 2% w/v sucrose in a 250-mL Erlenmeyer 
flask and grown under constant light at 200 rpm for 16 hours. Biomass was then spun at 
4000 rpm for 10 minutes and washed in Vogel’s salts (without carbon) twice to remove 
any excess sucrose. The biomass was then added to a new flask containing 50 mL 
Vogel’s salts supplemented with 1% w/v sucrose, 0.2% w/v cellobiose (Sigma) or 1% 
w/v Avicel PH 101 (Sigma). Cultures were induced for 4 hours under constant light at 
200 rpm. The culture biomass was then harvested by filtration over a Whatman glass 
microfiber filter (GF/F) on a Buchner funnel and washed with 50 mL Vogel’s salts. The 
biomass was flash frozen in liquid nitrogen and stored at -80°C. Three independent 
biological duplicates (flasks) were evaluated for each time point. 
 
2.6.9 RNA isolation  
RNA was prepared as previously described (10). Total RNA from frozen samples was 
isolated using Zirconia/Silica beads (0.5-mm diameter; Biospec) and a Mini-Beadbeater-
96 (Biospec) with 1 mL TRIzol reagent (Invitrogen) according to the manufacturer’s 
instructions. The total RNA was further purified by digestion with TURBO DNA-free 
(Ambion) and an RNeasy kit (Qiagen). RNA concentration and integrity was checked by 
Nanodrop and agarose gel electrophoresis. 
 
2.6.10 Quantitative RT-PCR  
Quantitative RT-PCR was performed using the EXPRESS One-Step SYBR GreenER Kit 
(Invitrogen) and the StepOnePlus Real-Time PCR System (Applied Biosystems). 
Reactions were performed in triplicate with a total reaction volume of 10 µL including 
300nM each forward and reverse primers and 75 ng template RNA. Data analysis was 
performed by the StepOne Software (Applied Biosystems) using the Relative 
Quantitation/Comparative CT (ΔΔCT) setting. Data was normalized to the endogenous 
control actin with expression on sucrose as the reference sample.  
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2.6.11 RT-PCR primers  
The primers for actin (NCU4173) were: forward 5'-TGA TCT TAC CGA CTA CCT-3' 
and reverse 5'-CAG AGC TTC TCC TTG ATG-3'. The primers for cbh-1 (NCU07340) 
were: forward 5'-ATC TGG GAA GCG AAC AAA G-3' and reverse 5'-TAG CGG TCG 
TCG GAA TAG-3'. The primers for gh6-2 (NCU09680) were: forward 5'-CCC ATC 
ACC ACT ACT ACC-3' and reverse 5'-CCA GCC CTG AAC ACC AAG-3'. The 
primers for gh5-1 (NCU00762) were: forward 5'- GAG TTC ACA TTC CCT GAC A-3' 
and reverse 5'-CGA AGC CAA CAC GGA AGA-3'. RT-PCR primers were previously 
identified and optimized in Tian, et al. (10) and Dementhon, et al. (96). 
 
2.6.12 mRNA sequencing 
mRNA sequencing was performed using an Illumina kit (RS-100-0801) with RNA 
isolated as described above. The final cDNA library was quantified by an Agilent 
bioanalyzer 2000 (Functional Genomics Laboratory, UC Berkeley) and sequenced using 
an Illumina Genome Analyzer-II (Vincent J. Coates Genomic Sequencing Laboratory, 
UC Berkeley) using standard Illumina operating procedures. Sequenced libraries were 
mapped against predicted transcripts from the N. crassa OR74A genome (version 10) 
with Bowtie (80) and transcript abundance was estimated with Cufflinks in FPKMs 
(fragments per kilobase of exon per million fragments mapped) (81) using upper quartile 
normalization and mapping against reference isoforms from the Broad Institute. To 
establish biological variation, triplicate cultures were sampled and analyzed for the WT 
strain on cellulose and sucrose at 4 hours after the media shift. For all other strains and 
conditions, a single RNAseq library was analyzed. 
 
2.6.13 Hierarchical clustering analysis  
Genes exhibiting statistically significant expression changes between strains or growth 
conditions were identified with Cuffdiff, using upper quartile normalization and a 
minimum of mapped reads per locus. These genes were then filtered to select only those 
exhibiting a 2-fold change in estimated abundance between all biological replicates of 
each strain/condition tested and only those genes with an FPKM consistently above 10 in 
at least one strain/condition.  

The hierarchical clustering analysis was performed using Cluster 3.0 (97) 
according to the FPKMs in the WT strain on cellulose, WT on cellobiose, mutant strains 
on cellobiose and mutant strains on cellulose. Prior to clustering, FPKMs were log 
transformed, normalized across strains/conditions on a per-gene basis and centered on the 
mean value across strains/conditions. The Pearson correlation coefficient (uncentered) 
was used as the similarity metric and average linkage as the clustering method. 
 
2.6.14 Shake flask studies  
Sucrose and cellobiose cultures were grown in 1% sucrose for 24 hours followed by the 
addition of 2% sucrose or 0.2% cellobiose. Culture supernatant was harvested after an 
additional 24 hours induction (WT, Δ3βG and Δ3βGΔcre) or 72 hours (Δ3βG). The WT 
Avicel culture was grown for 5 days on 2% Avicel, Δ3βG was grown in 1% sucrose for 
24 hours followed by 48 hours in 1% Avicel and Δ3βGΔcre was grown in 1% sucrose for 
24 hours followed by 24 hours in 1% Avicel. 
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2.6.15 Bioreactor studies  
Cellulase production was carried out in a 3.7 L bioreactor (BioEngineering AG) at an 
operating volume of 1 L. The bioreactor was equipped with one 48 mm Rushton impeller 
and four equally spaced baffles to provide adequate mixing. Impeller speed was 
controlled at 200 rpm for 8 hours to allow spore germination followed by 500 rpm for the 
remainder of the experiment. The temperature was maintained at 25°C, and medium pH 
was controlled at 5.5 using 40% phosphoric acid and 1:5 diluted ammonium hydroxide. 
The dissolved oxygen was maintained at a level greater than 20% of the saturation value 
of the medium by varying the aeration rate between 0.5 and 3 VVM in response to the 
dissolved oxygen tension. Minimal growth medium with 1% w/v sucrose as the sole 
carbon source (unless otherwise noted) was inoculated with 109 conidia. After 24 hours 
initial growth, cellulase production was induced with cellobiose added to a final 
concentration of 0.2% w/v. Supernatant samples were collected at timepoint 0, 12 hours 
before induction, at induction, as well as 4, 8, 12, 24 and 36 hours post induction. 
Samples were spun at 4000 rpm for 5 minutes to pellet biomass and the supernatant was 
filtered through a 0.2 µm PES filter before being stored at -20˚C until all samples were 
collected.  
 
2.6.16 Enzyme activity measurements  
Total secreted proteins were measured using the Bio-Rad Protein Assay kit (Bio-Rad) 
and visualized by running 15 µL of unconcentrated supernatant on a Criterion 4-14% 
Tris-HCl polyacrylamide gel and stained with Thermo Scientific GelCode Blue Stain 
Reagent. 
 
2.6.17 Enzymatic hydrolysis  
Total Avicelase activity was conducted in 250-mL media bottles incubated at 50°C on a 
orbital shaker at 200 rpm. Each bottle contained 1% cellulose (Avicel) and 50 mM (pH 
5.0) sodium acetate in a working volume of 50 mL. Tetracycline (10 μg/mL) was added 
to prevent microbial contamination.  Bioreactor culture broth samples were buffer 
exchanged using a 10 kDa MWCO centrifugal filter to remove any soluble sugars prior to 
initiating hydrolysis experiments. After pre-incubating the hydrolysis mixture to 50°C, 
enzyme was added (1 mL filtered culture broth). Samples were taken every 4 hours for 
the first 12 hours and then every 12 hours thereafter for a total of 48 hours. Hydrolysis 
experiments were performed in triplicate.  
 
2.6.18 Sugar analysis  
Sucrose, fructose, glucose and cellobiose were measured on a DIONEX ICS-3000 HPLC 
(Dionex Corp., Sunnyvale, CA) using a CarboPac PA20 Analytical Column (3x150 mm) 
and a CarboPac PA20 guard column (3x30 mm) at 30°C. Following injection of 25 μL of 
diluted samples, elution was performed with 100 mM KOH (isocratic) at 0.4 mL/minute. 
Sugars were detected using PAD, Four-Potential Carbohydrate Waveform and Peaks 
were analyzed using the Chromeleon software package. 
 
2.6.19 Mass spectrometry  
Trypsin-digested proteins were prepared as previously described (10, 85). The culture 
supernatants were concentrated with 10 kDa MWCO PES spin concentrators (Sartorious 
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Stedim) until the protein concentration was 2-3 mg/ml. Cellulose binding proteins were 
isolated from the culture supernatant by addition of phosphoric acid swollen cellulose 
(PASC). 500 μL of a suspension of 10 mg/mL PASC was added to 1 mL culture 
supernatant. After incubation at 4°C for 5 minutes, the mixture was centrifuged and the 
pelleted PASC was then washed three times with 1 mL 100 mM sodium acetate pH 5.0. 
The supernatant after treatment with PASC was saved as the unbound fraction. Thirty-six 
milligrams urea, 5 μL of 1 M Tris, pH 8.5, and 5 μL of 100 mM DTT were then added to 
culture supernatant or protein-bound PASC and the mixture was heated at 60°C for 1 
hour. After heating 700 μL of 25 mM ammonium bicarbonate and 140 μL methanol were 
added to the solution followed by treatment with 50 μL of 100 g/mL trypsin in 50 mM 
sodium acetate, pH 5.0. For the PASC bound proteins, the PASC was removed by 
centrifugation after heating, and the supernatant was then treated with trypsin. The 
trypsin was left to react overnight at 37°C. After digestion the volume was reduced by 
speedvac and washed with MilliQ water three times. Residual salts in the sample were 
removed by using OMIX microextraction pipette tips according to the manufacturer’s 
instructions. 

Acetonitrile (Fisher Optima grade, 99.9%) and formic acid (Pierce, 1 mL 
ampules, 99+%) purchased from Fisher Scientific (Pittsburgh, PA), and water purified to 
a resistivity of 18.2 MΩ·cm (at 25°C) using a Milli-Q Gradient ultrapure water 
purification system (Millipore, Billerica, MA), were used to prepare mobile phase 
solvents for liquid chromatography-mass spectrometry. 

Trypsin-digested proteins were analyzed using an orthogonal acceleration 
quadrupole time-of-flight (Q-tof) mass spectrometer that was connected in-line with an 
ultraperformance liquid chromatograph (UPLC).  Peptides were separated using a 
nanoAcquity UPLC (Waters, Milford, MA) equipped with C18 trapping (180 µm × 20 
mm) and analytical (100 µm × 100 mm) columns and a 10 µL sample loop.  Solvent A 
was 99.9% water/0.1% formic acid and solvent B was 99.9% acetonitrile/0.1% formic 
acid (v/v).  Sample solutions contained in 0.3 mL polypropylene snap-top vials sealed 
with septa caps (Wheaton Science, Millville, NJ) were loaded into the nanoAcquity 
autosampler compartment prior to analysis.  Following sample injection (10 µL), trapping 
was performed for 3 minutes with 100% A at a flow rate of 15 µL/minute.  The injection 
needle was washed with 500 µL each of solvents A and B after injection to avoid cross-
contamination between samples.  The elution program consisted of a linear gradient from 
8% to 35% B over 30 minutes, a linear gradient to 95% B over 0.33 minutes, isocratic 
conditions at 95% B for 3.67 minutes, a linear gradient to 1% B over 0.33 minutes, and 
isocratic conditions at 1% B for 11.67 minutes, at a flow rate of 500 nL/minute.  The 
analytical column and sample compartment were maintained at 35ºC and 8ºC, 
respectively.   

The UPLC column exit was connected to a Universal NanoFlow Sprayer 
nanoelectrospray ionization (nanoESI) emitter that was mounted in the nanoflow ion 
source of the mass spectrometer (Q-tof Premier, Waters, Milford, MA).  The nanoESI 
emitter tip was positioned approximately 3 mm from the sampling cone aperture.  The 
nanoESI source parameters were as follows: nanoESI voltage 2.4 kV, nebulizing gas 
(nitrogen) pressure 0.15 mbar, sample cone voltage 35 V, extraction cone and ion guide 
voltages 4 V, and source block temperature 80ºC.  No cone gas was used.  The collision 
cell contained argon gas at a pressure of 8x10-3 mbar.  The Tof analyzer was operated in 
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“V” mode.  Under these conditions, a mass resolving power (94) of 1x104 (measured at 
m/z = 771) was routinely achieved, which was sufficient to resolve the isotopic 
distributions of the singly and multiply charged precursor and fragment ions measured in 
this study.  Thus, an ion’s mass and charge were determined independently, i.e. the ion 
charge was determined from the reciprocal of the spacing between adjacent isotope peaks 
in the m/z spectrum.  External mass calibration was performed immediately prior to 
analysis using a solution of sodium formate.  Survey scans were acquired in the positive 
ion mode over the range m/z = 400-1500 using a 0.45 second scan integration and a 0.05 
second interscan delay.  In the data-dependent mode, up to five precursor ions exceeding 
an intensity threshold of 20 counts/second (cps) were selected from each survey scan for 
tandem mass spectrometry (MS/MS) analysis.  Real-time deisotoping and charge state 
recognition were used to select 2+, 3+, and 4+ charge state precursor ions for MS/MS.  
Collision energies for collisionally activated dissociation (CAD) were automatically 
selected based on the mass and charge state of a given precursor ion.  MS/MS spectra 
were acquired over the range m/z = 100-2000 using a 0.20 second scan integration and a 
0.05 second interscan delay.  Ions were fragmented to achieve a minimum total ion 
current (TIC) of 30,000 cps in the cumulative MS/MS spectrum for a maximum of 2 
seconds.  To avoid the occurrence of redundant MS/MS measurements, real-time 
dynamic exclusion was used to preclude re-selection of previously analyzed precursor 
ions over an exclusion width of ±0.2 m/z unit for a period of 300 seconds. 

Data resulting from LC-MS/MS analysis of trypsin-digested proteins were 
processed using ProteinLynx Global Server software (version 2.3, Waters), which 
performed background subtraction (threshold 35% and fifth order polynomial), 
smoothing (Savitzky-Golay, 10 times, over three channels), and centroiding (top 80% of 
each peak and minimum peak width at half height four channels) of mass spectra and 
MS/MS spectra.  Processed data were searched against the N. crassa protein database 
(Broad Institute, Cambridge, MA).  The following criteria were used for the database 
search: precursor ion mass tolerance 100 ppm, fragment ion mass tolerance 0.15 Da, 
digest reagent trypsin, allowing for up to three missed cleavages, and methionine 
oxidation as a variable modification.  The identification of at least three consecutive 
fragment ions from the same series, i.e. β- or γ-type fragment ions (98), was required for 
assignment of a peptide to an MS/MS spectrum.  MS/MS spectra were inspected to verify 
the presence of fragment ions that identify the peptides. A protein was determined to be 
present if at least one peptide was detected in two out of three biological replicates 
(whole supernatant, PASC bound or PASC unbound). 
  



 25

3 Transport of cellodextrins in Neurospora crassa  
 
3.1 Introduction 
The ability of filamentous fungi to efficiently degrade lignocellulosic biomass to its 
component sugars has been examined since 1950 (99). More recently, industrial 
biotechnology has developed these organisms to secrete cellulases in quantities greater 
than 100 g/L for use in the production of lignocellulosic biofuels (66).  

Many studies have been performed examining the induction of cellulases and 
have used various inducing molecules including sophorose and lactose in Trichoderma 
reesei (18, 77). Previously, I showed that in the absence of any β-glucosidase activity, 
cellobiose is the shortest cellodextrin necessary and sufficient to induce the transcription, 
translation, and secretion of the enzymes required to degrade lignocellulose (100). While 
most researchers assume that the extracellular inducer is transported into the cell where it 
interacts with one or more proteins to result in the up-regulation in transcription of genes 
associated with plant cell wall deconstruction, only two studies have been published 
which directly examine the ability of cells to import these inducers. 

The first study, published in 1993, confirmed the presence of an uptake system 
specific for β-linked diglucosides in T. reesei (31). The uptake system was inhibited by 
the presence of glucose and uptake was increased following sophorose treatment 
(induction). Despite characterization of this “β-linked diglucoside permease”, no specific 
gene or genes were identified and therefore the authors were unable to show that such 
uptake was required for enzyme induction. With the recent advancements in sequencing 
and computational genomics one can easily able to identify genes predicted to encode 
such transporters. In 2009, a systematic analysis of plant cell wall degradation by the 
model cellulolytic fungus N. crassa, revealed that it increases transcription of 10 major 
facilitator superfamily (MFS) transporters when grown on pure cellulose (10). 
Transcriptional profiling of N. crassa after a 4 hour transfer to crystalline cellulose 
(Avicel), hemicellulose (xylan), cellobiose, sucrose and no carbon (starvation) revealed 
that only three transporter genes (NCU08114, cdt-2; NCU00801, cdt-1; and NCU05853) 
of the 10 showed their highest relative expression level on cellulose (Fig 3-1) (10). More 
recently, Galazka, et al. showed that Saccharomyces cerevisiae expressing either of two 
transporters (cdt-1 or cdt-2, but not NCU05853), along with a gene encoding an 
intracellular β-glucosidase, could grow using cellobiose as the sole source of carbon – a 
carbon source that wild-type S. cerevisiae is unable to metabolize (32). Mechanistic 
studies indicate that both transporters act as high affinity cellobiose transporters (3-4 
μM), with CDT-1 using the plasma membrane proton gradient to act as a symporter to 
efficiently transport cellobiose, cellotriose or cellotetraose while CDT-2 functions as a 
permease to equilibrate cellobiose or cellotriose (101).  
 In this study, I use the model cellulolytic fungus N. crassa to examine the role of 
CDT-1 and CDT-2 transporters in both the induction of plant cell wall degrading 
enzymes and their involvement in growth on crystalline cellulose. Using transporter 
deletion strains I show that CDT-1 and CDT-2 are equally involved in cellulose sensing, 
but that CDT-2 is most important for growth on crystalline cellulose. Furthermore, using 
a strain lacking β-glucosidase activity, I showed that CDT-1 and/or CDT-2 can transport 
cellobiose and their presence is required for the induction of plant cell wall degrading 
enzymes by the inducer cellobiose.  
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3.2 Production and characterization of deletion strains 
 
3.2.1 Characterization of single cellodextrin transporter deletion strains 

Initially, to examine the involvement of the transporters CDT-1, CDT-2 and 
NCU05853 in cellulose sensing and/or utilization in N. crassa, I confirmed and expanded 
the previously reported growth phenotype for the individual deletion strains (10, 32). 
After 36 hours, while all of the strains grew similarly to wild-type N. crassa on sucrose, a 
strain lacking cdt-2 did not produce as much biomass on Avicel when compared to either 
the wild-type or the cdt-1 deletion strain (Fig 3-2).  

In order to directly examine if these CDT-1 and/or CDT-2 transporters are 
involved in the ability of N. crassa to recognize cellulose, I examined the expression of 
three major cellulase genes (NCU07340, cbh-1; NCU09680, gh6-2; and NCU00762, gh5-
1) following induction with crystalline cellulose via a transfer experiment (see Methods 
3.6.6). Following a 4 hour induction with 1% Avicel, the individual transporter deletion 
strains (Δcdt-1, Δcdt-2 or Δncu05853) did not show a significant difference in induction 
levels of cbh-1, gh6-2 or gh5-1 as compared to the wild-type (Fig. 3-8). These 
observations suggest redundancy among the cellodextrin transporters. To eliminate this 
redundancy, double and triple mutant strains carrying different combinations of 
transporter gene deletions were constructed (see Methods 3.6.2). 
 
3.2.2 Production and characterization of multiple cellodextrin transporter deletion 
strains 
The single deletion strains were made by replacing the gene of interest with a cassette 
encoding a gene to provide resistance to hygromycin B, as described in Colot et al. (90), 
an antibiotic to which wild-type N. crassa is sensitive. Following crossing and selection 
of individual ascospores, each of the potential multiple deletion strains were genotyped 
using two different sets of PCR primers (Methods 3.6.5). The first used a primer specific 
for the hygromycin cassette and a primer that was designed to a region downstream of the 
deletion cassette; a product for this reaction indicates the presence of the knockout 
cassette at the gene of interest. The second set used a primer specifically designed to fall 
within the coding region of the gene and a primer that pairs with a region downstream of 
the deletion cassette; a product for the second reaction indicates the presence of the wild-
type gene (Fig 3-3). Because the first PCR reaction is specific for the correct insertion of 
the deletion cassette and the second PCR reaction is specific for the wild-type copy of the 
gene, I confirmed that the gene of interest was deleted by a positive result for the first 
PCR reaction and a negative result for the second reaction. By performing PCR reactions 
with primers designed for each gene individually I determined if the correct 
recombination events occurred to result in a strain with multiple gene deletions.  

Similar to our studies with the single cdt transporter deletion strains (above), I 
examined if the multiple cdt transporter deletion strains showed a phenotype with regards 
to either cellulose sensing or utilization of cellulose using both growth assays and 
transcriptional response assays, as described above. The growth assay indicated that the 
strain lacking all three transporters (Δ3T: Δcdt-2 Δcdt-1; Δncu05853) as well as the strain 
lacking cdt-1 and cdt-2 (Δ2T; Δcdt-2 Δcdt-1) were almost completely unable to grow on 
crystalline cellulose, while their growth on sucrose appeared equivalent to wild-type. 
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Strains lacking NCU05853 and either cdt-1 or cdt-2 were identical in growth to the single 
deletion strains (Fig 3-4).  

To examine the initial response to cellulose in these mutants, I compared the 
change in expression levels of three major cellulase genes (cbh-1, gh6-2, and gh5-1) 
following 4 hours induction with 1% Avicel (Fig. 3-8). Similar to the results seen in the 
growth assay, the strain lacking all three transporters as well as the strain lacking cdt-1 
and cdt-2 were almost completely unable to respond to crystalline cellulose on a 
transcriptional level. While the wild-type shows approximately a 25,000-, 1,600- and 
500-fold induction of cbh-1, gh5-1, and gh6-2, respectively, when transferred to media 
containing Avicel, the Δ2T and Δ3T transporter deletion strains showed a significant 
decrease in induction when transferred to media containing Avicel (Fig 3-8). While these 
values do not match those seen when transferred to sucrose, the approximate 20-, 10- and 
3-fold induction of cbh-1, gh5-1, and gh6-2, respectively, match the values expected for 
conditions of starvation (de-repression) (63, 100). In summary, only the strains that 
contained at least one of the transporters CDT-1 or CDT-2 were able to sense cellulose 
and induce cellulase gene expression.  
 Taken together, the results from the single, double and triple deletion strains 
indicate that while cdt-1 or cdt-2 is required for the recognition of crystalline cellulose, 
the predicted transporter NCU05853, is not. In addition, because the transcriptional 
expression of cbh-1, gh5-1, and gh6-2 in the Δ2T and Δ3T transporter deletion strains 
showed only a slight increase in expression on Avicel, it implies that these strains are 
capable of cellulase de-repression, but are unable to sense the presence of cellulose as a 
source of carbon. 
 
3.3 Cellulase induction in the Δ3βGΔTransporter strains 
Our previous work indicated that cellobiose is the shortest cellodextrin sufficient to 
induce the complete set of cellulose degrading enzymes (100). Because the above 
transporters were shown to transport cellobiose in S. cerevisiae (32), I hypothesized that 
cellobiose induction of N. crassa would require the presence of cdt-1 and/or cdt-2. In 
order to examine this hypothesis directly, I used the Δ3βG strain described in Chapter 2 
and made quadruple, quintuple and sextuple mutants lacking the genes encoding the three 
β-glucosidase enzymes and one or more of the genes encoding the cellodextrin 
transporters. As before, these deletion strains were genotyped using two different sets of 
PCR primers to ensure that the genes were properly deleted (Fig 3-5). The resulting 
strains and their genotypes are listed in Table 3-1. 
 Similar to the transporter deletion strains above, I examined the quadruple, 
quintuple and sextuple mutant strains using both the growth assay as well as the 
expression induction assay. All of these multiple deletion strains had wild-type growth on 
sucrose (data not shown), but had severe growth defects on either cellobiose or Avicel 
(Fig 3-6). While the wild-type strain has no difficulty growing on either cellobiose or 
Avicel, cellulase gene expression and enzymes are only produced when growing on 
Avicel. Because the Δ3βG strain lacks the major genes encoding enzymes to degrade 
cellobiose to glucose, this strain has a severe growth phenotype on both cellobiose and 
Avicel (100). This strain is able to produce some biomass, indicating that there must be 
an additional mechanisms to utilize cellobiose. Because the culture supernatant from the 
Δ3βG strain is almost completely impaired in its ability to produce glucose (producing 
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only 0.5 milligram glucose per gram protein from Avicel after 36 hours (100)), these 
observations suggest that the compensatory mechanism is intracellular. If the 
compensatory mechanism for growth on cellobiose and Avicel is intracellular, a strain 
lacking both the genes encoding the β-glucosidases and cellodextrin transporters would 
be predicted to show a growth phenotype that is more severe than the Δ3βG strain alone.  
 When I examined the above hypothesis in the quadruple, quintuple and sextuple 
mutant strains, I found that the strain lacking all six genes (Δ3βGΔ3T) was unable to 
grow on Avicel or cellobiose (Fig 3-6). This severely impaired growth phenotype was 
also seen in the cdt-1/2 quintuple deletion strain (Δ3βGΔ2T), again implying that 
NCU05853 is not required for either the recognition or growth on either cellulose or 
cellobiose. Interestingly, strains containing either cdt-1 or cdt-2 in the Δ3βG background 
and in the absence of the other transporters, also had growth phenotypes that were more 
severe than the Δ3βG strain alone. In particular, the strain lacking Δ3βG and cdt-1 
(containing only cdt-2 transporter) was able to produce more biomass (Fig 3-6), implying 
that the presence of CDT-2 is more important for growth on cellobiose in the Δ3βG 
background. 

Since these strains lack cellodextrin transporters, Ihypothesized that these strains 
would also show an additional deficiency in their ability to produce cellulases, as they 
would be unable to sense the availability of cellobiose. To examine cellulase production, 
Iused the supernatants from the cellobiose grown cultures pictured in Fig 3-6 in a MuLac 
assay to quantify the activity of CBH-1 (Fig 3-7). While the wild-type supernatant does 
not produce any CBH-1 activity when grown on cellobiose for 36 hours, in this same 
amount of time the Δ3βG strain produces CBH-1 activity equivalent to wild-type after 5-
7 days growth on Avicel (100). In support of our hypothesis, Fig 3-7 shows that both the 
Δ3βGΔ3T and Δ3βGΔ2T produced no CBH-1 activity (despite the highly sensitive nature 
of the MuLac assay) (102). This result shows that the Δ3βGΔ3T strain does not sense the 
availability of cellobiose as a signal for the production of cellulases. In contrast, although 
the strains containing only cdt-1 or cdt-2 have a growth phenotype on cellobiose and 
Avicel that is more severe than the Δ3βG strain, these strains are still able to produce a 
significant amount of CBH-1 activity (Fig 3-7). However, a strain carrying deletions of 
both cdt-1 and cdt-2 had no detectable CBH-1 activity, indicating that these are the two 
transporters most important for the sensing of cellobiose. Finally, strains carrying 
deletions of either cdt-1 or cdt-2 showed a similar amount of CBH-1 activity leading us 
to conclude that even with minimal growth, if cellobiose is recognized and/or transported 
by one or both transporters, the strain is able to produce active cellulases.  

While the above data indicates that both CDT-1 and CDT-2 are involved in the 
recognition of cellobiose as a signal for cellulose deconstruction, Itested this directly 
using the transcriptional response assay. Iexpected that both the Δ3βGΔ3T and Δ3βGΔ2T 
strains would respond to cellobiose in the same way that the Δ3T and the Δ2T responded 
to Avicel: showing de-repression, but no induction of cellulase gene expression (Fig 3-8). 
However, while both the Δ3βGΔ3T and Δ3βGΔ2T responded to Avicel as expected for a 
starvation response and showed only an induction of approximately 10- and 4-fold for 
cbh-1 and gh5-1, respectively (Fig 3-9 and 3-10), the response to 0.2% (5.8 mM) 
cellobiose resulted in an approximately 400- and 50-fold induction for cbh-1 and gh5-1, 
respectively. Although these induction values are still two orders of magnitude lower 
than in the Δ3βG strain, which shows an approximately 10,000- and 3,000-fold induction 
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for cbh-1 and gh5-1, respectively, Ihypothesized that this discrepancy between cellobiose 
and Avicel induction was due to the concentration of cellobiose used in this assay. 
Because N. crassa has many sugar transporters, Ihypothesized that the induction seen by 
0.2 cellobiose is due to non-specific transport of cellobiose into the cell through other 
transporters that results in enzyme induction. Therefore Ipredicted that if the amount of 
cellobiose used in the induction assay was decreased to a concentration more closely 
matching what is seen in nature upon degradation of cellulose, Iwould abolish the non-
specific transport of cellobiose and prevent the non-specific induction of cellulases. 

In order to determine the proper range of cellobiose required for specific 
induction of cellulases, Imeasured the concentration of glucose and cellobiose produced 
when wild-type N. crassa grows on Avicel by using Dionex-HPLC methodology (Fig 3-
11). The highest concentration of cellobiose, approximately 1.5 μM, was found in the 
media after autoclaving, but prior to inoculating with conidia. While the concentration of 
glucose rose to approximately 17 μM after 2 days of growth of N. crassa on Avicel, the 
concentration of cellobiose fell from 1.5 μM to 0.75 μM after 2 days growth and then 
leveled off until 5 days growth (Fig 3-11) when its concentration was below the detection 
limit. This result led us to conclude that less than 1 μM cellobiose should be used for the 
transcriptional induction assay. In addition to these measurements, Iexamined the 
sensitivity of the Δ3βG and Δ3βGΔ3T strains in the transcriptional induction assay by 
performing this assay in decreasing concentrations of cellobiose (Fig. 3-12). Although the 
Δ3βG strain showed induction of cbh-1 with cellobiose concentrations as low as 100 nM 
(approximately 1,000-fold induction versus the 100-fold induction expected for 
transcriptional de-repression and 20,000-fold induction expected for full induction) 
maximal induction of cbh-1 occurred in 100 μM cellobiose. In contrast, the Δ3βGΔ3T 
strain required concentrations above 10 μM cellobiose to show any signs of induction 
above the glucose de-repression level. These results confirm the hypothesis that only 
minimal amounts of cellobiose are required for full induction of cbh-1 in the Δ3βG strain. 
Furthermore, at such a low concentration, there is no transcriptional induction in the 
Δ3βGΔ3T strain (only transcriptional de-repression equivalent to carbon starvation).  

Since 100 μM cellobiose allowed for full induction of cbh-1 in the Δ3βG strain, 
but resulted in only a minimal induction in the Δ3βGΔ3T strain, Idecided to examine the 
response of the other transporter deletion strains in response to Avicel, 100 μM 
cellobiose, and no carbon (starvation). While Iexpected to see some non-specific 
induction in the transporter deletion strains at this concentration of cellobiose, the 
resulting levels of induction should be significantly less than that seen for specific 
induction of cbh-1. Thus it should be relatively straightforward to determine the role of 
the transporters in cellulase induction.  

Similar to the results described in Chapter 2, the wild-type strain exhibited a 
strong transcriptional response for both cbh-1 and gh5-1 in the presence of Avicel, but 
not in the no carbon or 100 μM cellobiose cultures (Fig 3-9, 3-10) (16-, 22-, and 12,000-
fold for cbh-1 in no carbon, 100 μM cellobiose and Avicel conditions, respectively). The 
Δ3βG strain showed induction of both cbh-1 and gh5-1 in response to either Avicel or 
100 μM cellobiose, but only minimal induction under conditions of starvation (30-, 
2,800-, and 16,000-fold for cbh-1 in no carbon, 100 μM cellobiose and Avicel conditions, 
respectively). As predicted, the Δ3βGΔ3T and Δ3βGΔ2T strains showed no significant 
induction above glucose de-repression in the no carbon, 100 μM cellobiose and Avicel 
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culture conditions (Δ3βGΔ3T: 4-, 18-, and 10-fold for cbh-1 in no carbon, 100 μM 
cellobiose and Avicel, respectively; Δ3βGΔ2T: 4-, 54-, and 18-fold for cbh-1 in no 
carbon, 100 μM cellobiose and Avicel conditions, respectively). These results confirm 
the hypothesis that cellulase induction by cellobiose is concentration-dependent and that, 
when examined under conditions closer to those found in nature, the presence of CDT-1 
or CDT-2 is required for cellobiose to act as an inducer of cellulase gene expression in 
the β-glucosidase deletion strain.  

To examine if either CDT-1 or CDT-2 was sufficient for cellulose recognition, 
Iutilized the same transcriptional response assay on strains where either one or two of the 
transporters was still present. The strains with only one transporter deleted, (Δ3βG Δcdt-
1, Δ3βG Δcdt-2, or Δ3βG Δncu05853) and strains with both cdt-1 and NCU05853 (Δ3βG 
Δcdt-1; Δncu05853) or cdt-2 and NCU05853 (Δ3βG Δcdt-2; Δncu05853) deleted showed 
full induction of both cbh-1 and gh5-1 in response to 100 μM cellobiose or 1% Avicel 
(Fig 3-9 and 3-10). On the other hand, the strain with both cdt-1 and cdt-2 deleted 
(Δ3βGΔ2T) was unable to respond to either 100 μM cellobiose or 1% Avicel.  The 
expression of cbh-1 and gh5-1 more closely matched the response to starvation, 
indicating that either CDT-1 or CDT-2 is necessary and sufficient for low-concentrations 
of cellobiose to induce cellulase expression in the triple β-glucosidase deletion 
background.  

Taken altogether, the results from the triple β-glucosidase deletion strain 
combined with the single, double, and triple transporter deletion strains allowed us to 
conclude that NCU05853 is not required for either the transport or recognition of 
cellobiose as a signal for crystalline cellulose. In addition, while the presence of CDT-1 
or CDT-2 is required for the recognition of cellobiose as a signal for crystalline cellulose, 
the growth assays indicated that the presence of CDT-2 allows for more growth on 
cellobiose in the absence of β-glucosidase activity. Whether this is simply due to the 
abundance of transporters present on the cell or its innate ability to transport cellobiose 
more efficiently than CDT-1 needs to be determined.  
 
3.4 Transport of [3H]-cellobiose in the Δ3βG deletion strain 
While the above data and previous studies in S. cerevisiae (32, 101) imply that cellobiose 
is transported into the cell via the transporters, Iwanted to show this directly using [3H]-
cellobiose. This method measures the accumulation of [3H]-cellobiose in or on cells. 
Since the transcription assays were performed using 100 μM cellobiose, Idecided to use 
the same concentration for the transport assays resulting in a rate of 0.0181±0.0044 
picomoles of cellobiose per second per milligram of biomass in the Δ3βG strain (Fig 3-
13). In contrast, when Imeasured the rate of cellobiose uptake in the Δ3βGΔ3T strain, 
only 0.00047±0.00024 picomoles of cellobiose per second per milligram of biomass 
accumulated in the cells (Fig 3-14). Because Isee almost no [3H]-cellobiose transport in 
the Δ3βGΔ3T strain, these results confirm that the vast majority of the cellobiose 
transport occurs via the CDT-1 and CDT-2 transporters analyzed above. 
 
3.5 Discussion 
In this study, Iexamined the role of predicted cellodextrin transporters in the induction of 
plant cell wall degrading enzymes and their involvement in growth on crystalline 
cellulose in N. crassa. Our results indicate that two transporters (CDT-1 and CDT-2) are 
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equally involved in sensing crystalline cellulose, but CDT-2 is most important for growth 
on crystalline cellulose. In addition, while a third predicted cellodextrin transporter, 
NCU05853, is transcriptionally induced when exposed to crystalline cellulose, it does not 
appear to be required for either cellulose sensing or growth on crystalline cellulose.  

While several studies have examined the induction of cellulases using various 
inducing molecules, only one study has been published which examines cellodextrin 
uptake in T. reesei (31). In contrast to the prior work, Iwas able to show that not only 
does N. crassa possess a mechanism for the uptake of cellobiose (32, 101), but that this 
uptake mechanism is required for the induction of lignocellulose degrading enzymes. 
Iidentified two specific N. crassa cellodextrin transporters (CDT-1 and CDT-2) which 
when deleted result in a strain of N. crassa that grows similar to wild-type on sucrose, but 
is unable to grow on crystalline cellulose. Using this strain I was able to show that 
mycelia lacking both cdt-1 and cdt-2 are unable to induce cellulase expression in 
response to crystalline cellulose, but the presence of either cdt-1 or cdt-2 is sufficient for 
cellulase induction. Previously, Iidentified that in the absence of β-glucosidase activity 
cellobiose is sufficient to induce the full repertoire of cellulases. By combining the β-
glucosidase deletions with the transporter deletions, Ishowed that deletion of both cdt-1 
and cdt-2 result in a strain of N. crassa that grows similarly to wild-type on sucrose, but 
is unable to grow on cellobiose and is unable to induce cellulases in response to 
cellobiose. This result leads us to conclude that CDT-1 and/or CDT-2 are required for N. 
crassa to identify cellobiose as a signal for cellulose and, without identification of this 
signal, N. crassa will not strongly induce cellulase gene expression. While this study was 
unable to show if the transport of cellobiose is required for cellulase induction, Iexpect 
that non-transporting point mutants in the transporters could clarify whether cellobiose 
uptake is required for cellulose sensing.  

Mechanistic studies of CDT-1 and CDT-2 in S. cerevisiae indicate that both act as 
high affinity (3-4 μM) transporters (32), while studies of fungal β-glucosidases indicate 
affinities in the low millimolar range, with GH3-3 (NCU08755) having a Km of 4 mM 
(71). The results from our study show that concentrations of cellobiose as low as 100 nM 
provide for the induction of cellulases, allowing us to hypothesize that low concentrations 
of cellobiose in the environment are used by N. crassa to sense and adjust enzyme 
production. In addition, because CDT-1 uses the plasma membrane proton gradient to act 
as a symporter while CDT-2 functions as a permease, Ialso hypothesize that in very low 
concentrations of cellobiose, CDT-1 is able to effectively concentrate cellobiose inside 
the cell, while CDT-2 is most sensitive to rapidly changing extracellular concentrations 
of cellobiose allowing for a greater sensitivity to changing environmental conditions. In 
an environment where resources are scarce and competition is plentiful, one can easily 
imagine the evolutionary advantage provided by the ability to rapidly adapt to a changing 
environment of scare carbohydrate availability. 
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3.6 Methods 
 
3.6.1 Strains 
All strains were obtained from the Fungal Genetics Stock Center (FGSC) (90, 91). 
Multiple deletion strains were made by performing sequential crosses as described on the 
FGSC website (92). The mating type was determined using the mating type tester strains 
fl(OR) A (FGSC 4317) and fl(OR) a (FGSC 4347) (92).  
 
3.6.2 Mating 
Conidia from the parent strain of one mating type were plated on a Westergaard’s plate 
and the conidia from the other parent of the opposite mating type were inoculated onto a 
minimal media slant. Both the plate and the slant were incubated in the dark at 30°C for 
2-3 days to allow for sufficient hyphal growth. They were then placed at room 
temperature in the light for an additional 5-7 days to allow for the development of 
protoperithecia (on the plate) and conidia (on the slant). After visual confirmation of 
protoperithecial production, the conidia were resuspended in 2 mL of sterile water and 
diluted 1:100. Approximately 100 µL of this dilution was added to the protoperithecial 
plate of the opposite mating type and gently spread using a pipette tip. The plates were 
then allowed to undergo sexual reproduction for approximately 2 weeks, with the result 
being the production of ascospores, which are ejected from the perithecium and adhere to 
the lid of the petri plate. The ascospores were collected by pipetting 1 mL of water onto 
the lid and then collecting in a 1.5-ml microfuge tube. The ascospores were stored at 4°C 
 
3.6.3 germination and selection of ascospores 
The ascospores were counted using a hemocytometer and diluted to approximately 500 
ascospores per 100 µL water. This dilution underwent a 60°C heat shock for 30 minutes 
and the entire volume was plated on a minimal media plate supplemented with 200 
µg/mL hygromycin as a selection for the deletion genotype. The ascospores were allowed 
to germinate for 16 hours, right side up at room temperature. Using a dissecting 
microscope the germinated ascospores were carefully cut out of the plate and transferred 
to a minimal media slant. This slant was grown for 2 days in the dark at 30°C and then 
transferred to room temperature for an additional 3 days. Each slant was sub-cultured, 
and genomic DNA was extracted for genotyping via PCR. 
 
3.6.4 Genomic DNA extraction  
Conidia were isolated by adding 2 mL water to each slant and vortexing for 5-10 seconds. 
The resulting slurry was transferred to a 2-mL screw cap tube and conidia were pelleted 
at 4000 rpm for 4 minutes. The supernatant and floating mycelia were removed and ~0.3 
g of 0.5-mm silica beads and 400 μL of lysis solution (0.05 M NaOH, 1 mM EDTA, 1% 
Triton-X 100) was added to the pelleted conidia. The sample was shaken in a bead beater 
for 2 minutes and placed in a 65°C water bath for 30 minutes, vortexing 2-3 times during 
the incubation to mix. After the addition of 80 μL of 1M Tris pH 7.5, samples were 
centrifuged at max speed in a bench top centrifuge (5 minutes) and the supernatant was 
removed. An equal volume of phenol-chloroform was added; samples were again 
vortexed briefly to mix and then centrifuged again for 10 minutes at max speed. The 
aqueous phase was transferred to a new tube with 600 μL ice-cold ethanol and placed at -
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20°C for at least one hour, but typically overnight to precipitate the genomic DNA. After 
precipitation, the sample was centrifuged for 15 minutes at 4°C and the pellet was 
washed with 75% ethanol. The resulting pellet was dried in a speedvac for 10 minutes at 
30°C and resuspended in 100 μL water. The concentration was examined using a 
Nanodrop and volume adjusted to produce 300 ng/μL final concentration. 
 
3.6.5 Genotyping multiple deletion strains  
The genotype of each deletion strain was confirmed by performing two different PCR 
reactions. The first used a gene-specific primer and a common primer for the hygromycin 
(hph) cassette to confirm the presence of the cassette. The primer for hph was 5'-CGA 
CAG ACG TCG CGG TGA GTT CAG-3'. Reverse primers were:  
NCU00130: 5'-TAG TGT ACA AAC CCC AAG C-3'  
NCU004952: 5'-AAC ACA CAC ACA CAC ACT GG-3'  
NCU08755: 5'-ACA GTG GAG GTG AGA AAG G-3'  
NCU08807: 5'-GTA CTT ACG CAG TAG CGT GG-3'  
NCU00801: 5'-TTA GGG TTG TAG ACA CCT GC-3' 
NCU08114: 5'-GAC GAC CAG AAC TAG GTA GG-3' 
NCU05853: 5'-GAG CAA GGT TAT AGG ACT GC-3' 
 
The second reaction used both a gene specific forward primer and a gene specific reverse 
primer. The presence of a product in this reaction indicates a wild-type copy of the 
specific gene. The forward primers were:  
NCU00130: 5'-ACA TCA AGC ACA AGA AGG GCG TC-3'  
NCU04952: 5'-CCT CAA AAT ATG CAG CCT ACA CGA-3'  
NCU08755: 5'-ACG ACA TCA TGT ACA CTG TTA CGG-3'  
NCU08807 5'-CAC TCA AAG GAA ACT TCC TGT GCC-3'  
NCU00801: 5'-GGC CGC TTA CTT CCT CTT CAA CG-3' 
NCU08114: 5'-GCT CAA TAC TTA TGC GAA CCC TGT-3' 
NCU05853: 5'-ATA ACA TGG GTT ATA ACG CCC TGA-3' 
and the reverse primers were the same as above. In each reaction the presence of a 1500 
bp product indicated proper amplification for the reaction. 
 
3.6.6 Phenotyping multiple deletion strains  
Conidia from strains were inoculated at a concentration equal to 2x106 conidia per 
milliliter 100 mL Vogel’s salts (93) with 2% w/v sucrose, cellobiose or Avicel in a 250-
ml Erlenmeyer flask and grown under constant light at 200 rpm for 2 days (sucrose), 5 
days (cellobiose) and 7 days (Avicel). Photos were taken daily. 
 
3.6.6 4-Methylumbelliferyl β-D-cellobioside (MuLac) assay 
Cellobiohydrolase I activity was measured using 4-Methylumbelliferyl β-D-cellobioside 
(MuLac) (Sigma). Each assay was run in triplicate by mixing 20 µL filtered culture 
supernatant combined with 80 µL MuLac reagent (1.0 mM MuLac and 50 mM NaAc 
pH5) in a black 96 well, clear bottom plate and read in a plate reader using an assay to 
measure the MuLac kinetics. Time points were read every 15 seconds for 10 minutes 
using 360 nm excitation and 465 nm emission. The slope of the resulting line represents 
the relative amount of cellobiohydrolase I activity as a function of time. 
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3.6.8 Transcriptional studies  
Conidia from strains were inoculated at a concentration equal to 2x106 conidia per 
milliliter 50 mL Vogel’s salts (93) with 2% w/v sucrose in a 250-mL Erlenmeyer flask 
and grown under constant light at 200 rpm for 16 hours. Biomass was then spun at 4000 
rpm for 10 minutes and washed in Vogel’s salts (without carbon) twice to remove any 
excess sucrose. The biomass was then added to a new flask containing 50 mL Vogel’s 
salts supplemented with 1% w/v sucrose, 0.2% w/v cellobiose (Sigma) or 1% w/v Avicel 
PH 101 (Sigma). Cultures were induced for 4 hours under constant light at 200 rpm. The 
culture biomass was then harvested by filtration over a Whatman glass microfiber filter 
(GF/F) on a Buchner funnel and washed with 50 mL Vogel’s salts. The biomass was 
flash frozen in liquid nitrogen and stored at -80°C. Three independent biological 
duplicates (flasks) were evaluated for each time point. 
 
3.6.9 RNA isolation  
RNA was prepared as previously described (10). Total RNA from frozen samples was 
isolated using Zirconia/Silica beads (0.5-mm diameter; Biospec) and a Mini-Beadbeater-
96 (Biospec) with 1 mL TRIzol reagent (Invitrogen) according to the manufacturer’s 
instructions. The total RNA was further purified by digestion with TURBO DNA-free 
(Ambion) and an RNeasy kit (Qiagen). RNA concentration and integrity was checked by 
Nanodrop and agarose gel electrophoresis. 
 
3.6.10 Quantitative RT-PCR  
Quantitative RT-PCR was performed using the EXPRESS One-Step SYBR GreenER Kit 
(Invitrogen) and the StepOnePlus Real-Time PCR System (Applied Biosystems). 
Reactions were performed in triplicate with a total reaction volume of 10 uL including 
300 nM each forward and reverse primers and 75 ng template RNA. Data analysis was 
performed by the StepOne Software (Applied Biosystems) using the Relative 
Quantitation/Comparative CT (ΔΔCT) setting. Data was normalized to the endogenous 
control actin with expression on sucrose as the reference sample.  
 
3.6.11 RT-PCR primers  
The primers for actin (NCU4173) were: forward 5'-TGA TCT TAC CGA CTA CCT-3' 
and reverse 5'-CAG AGC TTC TCC TTG ATG-3'. The primers for cbh-1 (NCU07340) 
were: forward 5'-ATC TGG GAA GCG AAC AAA G-3' and reverse 5'-TAG CGG TCG 
TCG GAA TAG-3'. The primers for gh6-2 (NCU09680) were: forward 5'-CCC ATC 
ACC ACT ACT ACC-3' and reverse 5'-CCA GCC CTG AAC ACC AAG-3'. The 
primers for gh5-1 (NCU00762) were:  forward 5'- GAG TTC ACA TTC CCT GAC A-3' 
and reverse 5'-CGA AGC CAA CAC GGA AGA-3'. RT-PCR primers were previously 
identified and optimized in Tian, et al. (10) and Dementhon, et al. (96). 
 
3.6.12 [3H]-cellobiose transport assay 
Conidia from strains were inoculated at a concentration equal to 2x106 conidia per 
milliliter into 100 mL Vogel’s salts with 2% w/v sucrose in a 250-mL Erlenmeyer flask 
and grown under constant light at 200 rpm for 16 hours. Biomass was then gently filtered 
by vacuum filtration and washed twice in Vogel’s salts (without carbon) to remove any 
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excess sucrose. Biomass was then resuspended in 50 mL Vogel’s salts (without carbon) 
and 5 mL were aliquoted to five separate 50 mL-flasks and 5 mL of 200 μM cellobiose 
containing 20 μCi/μmol [3H]-cellobiose was added. The flasks were allowed to shake at 
200 rpm for 2, 4, 6, 8, and 10 minutes at which point 10 mL of ice cold Vogel’s salts was 
added directly to the flask and then immediately filtered by vacuum filtration onto a 
cellulose nitrate membrane filter (Whatman 7184-002) and washed with an additional 
two volumes of ice cold Vogel’s salts. The filter was then dried at 100°C for 20 minutes 
and the weighted for biomass determination. The filter was then added to 5 mL of Ultima 
Gold scintillation fluid, and CPM determined in a Tri-Carb 2900TR scintillation counter. 
[3H]-cellobiose was purchased from Moravek Biochemicals, Inc. and had a specific 
activity of 4 Ci/mmol and a purity of >99%. The rates were calculated as picomoles 
cellobiose transported per milligram biomass. Transport assays were performed in 
triplicate and the resulting rates were averaged. 
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Figures 
 
 

 
 
Figure 1-1 Model of plant cell wall induction in N. crassa.  
Extracellular enzymes expressed at low levels generate metabolites that signal N. crassa 
to dramatically increase the expression level of genes encoding plant cell wall degrading 
enzymes.  
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Figure 1-2 De-repression and induction of genes encoding lignocellulose degrading 
enzymes. 
Cellulase and hemicellulase gene expression requires both low glucose (de-repression) 
and the presence of a specific inducer (induction).  
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Figure 2-1 The life cycle of Neurospora.  
Neurospora undergoes both an asexual (inner) and sexual (outer) reproduction (69).  
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Figure 2-2 Protein production and enzyme activity are not induced by starvation. 
(A) SDS-PAGE of secreted proteins in culture filtrates from WT grown on sucrose for 
3.5 days and (B) supernatant activity (from A) towards Avicel. (C) SDS-PAGE of 
secreted proteins in culture filtrates from WT grown on cellobiose for 3.5 days and (D) 
supernatant activity (from C) towards Avicel. Error bars are 1 standard deviation. 

C 

70 
100 

50 

20 
30 

160 

1 2 2.5 3 3.5 
Sucrose  (days) 

Avi 

70 
100 

50 

20 
30 

160 

1 2 2.5 3 3.5 
Cellobiose (days) 

Avi 

A 

1,000 

2,000 

3,000 

4,000 

0 

5 

10 

15 

20 

μg
 g

lu
co

se
 e

qu
iv

al
en

ts
 re

le
as

ed
 

pe
r m

L 
cu

ltu
re

 su
pe

rn
at

an
t 

Sucrose  
(days) 

2.5 3.5 2 Avi 

1,000 

2,000 

3,000 

4,000 

0 

5 

10 

15 

20 

μg
 g

lu
co

se
 e

qu
iv

al
en

ts
 re

le
as

ed
 

pe
r m

L 
cu

ltu
re

 su
pe

rn
at

an
t 

Cellobiose 
(days) 

2.5 3.5 2 Avi 3 

D 

B 



 50

 
 
Figure 2-3 Model for transcriptional regulation of cellulases in β-glucosidase 
deletion strains of N. crassa.  
Both transcriptional derepression and specific induction are required to achieve maximal 
transcriptional activation of cellulase expression. Arrows indicate possible pathways for 
cellulose metabolites. Blue lines and red lines indicate pathways hypothesized to be 
minimized and to be most active, respectively, in the Δ3βG and Δ3βGΔcre deletion 
strains. 
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Figure 2-4 Expression of predicted β-glucosidase genes. 
The expression of predicted β-Glucosidase genes in wild type N. crassa when exposed to 
Sucrose, No Carbon (Starvation), Cellobiose, Avicel, and Xylan.  

FPKM 
(fragments per kilobase of exon per million fragments mapped) 
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Figure 2-5 Maximum likelihood phylogenetic analysis of the deleted β-glucosidases 
in various filamentous fungi. 
(A) NCU08755, (B) NCU04952 and (C) NCU00130. Accession numbers for each gene 
are listed in the Methods 2.6.5.  
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Figure 2-6 Cellulase induction in WT and single β-glucosidase deletion strains after 
induction with cellobiose or Avicel. 
(A) Gene expression of select cellulases after 4 hour induction with 0.2% cellobiose or 
1% Avicel in WT, Δcre-1, ΔNCU08755, Δ NCU04952, and Δ NCU00130. Gene 
expression levels of cbh-1, gh6-2 and gh5-1 were normalized to 1 when switched to 1% 
sucrose. Actin was used as an endogenous control in all samples. Each strain was grown 
in triplicate and error bars indicate 1 standard deviation. 
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Figure 2-7 Phenotypes for the β-glucosidase deletion strains. 
The growth phenotypes for the single β-glucosidase deletion strains after growth on either 
sucrose, cellobiose or Avicel. Conidia from strains were inoculated at a concentration 
equal to 2x106 conidia per milliliter 100ml Vogel’s salts (93) with 2% w/v sucrose, 
cellobiose or Avicel in a 250ml Erlenmeyer flask and grown under constant light at 200 
rpm for 2 days (sucrose), 2 days (cellobiose) and 4 days (Avicel). Photos were taken 
daily. 
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Figure 2-8 PCR genotyping for the multiple β-glucosidase deletion strains.  
Each cross was genotyped using two different sets of PCR Primers: (Top) The 
hygromycin specific forward and gene specific reverse primer (outside of the deletion 
cassette) only produces a product in the presence of the knockout cassette, and (Bottom) 
a forward primer specifically designed to be within the gene and gene specific reverse 
primer (outside of the deletion cassette) only produces a product in an intact gene. 
  

Δ
3β

G
 #

1 
Δ

3β
G

 #
2 

Δ
3β

G
Δ

cr
e 

#1
 

Δ
3β

G
Δ

cr
e 

#2
 

Δ
13

0Δ
49

52
 

Δ
49

52
Δ

87
55

 

H
yg

 fw
d 

+ 
3R

 re
v 

M
id

dl
e 

fw
d 

+ 
3R

 re
v 

Δ
87

55
Δ

01
30

 



 56

 
 
Figure 2-9 Cellulase induction in WT and double β-glucosidase deletion strains after 
induction with cellobiose or Avicel. 
Gene expression of select cellulases after 4 hour induction with 0.2% cellobiose or 1% 
Avicel in WT, Δ3βG and Δ3βGΔcre. Gene expression levels of cbh-1, gh6-2, and gh5-1 
were normalized to 1 when induced with 1% sucrose. Actin was used as an endogenous 
control in all samples. Each strain was grown in triplicate and error bars indicate 1 
standard deviation.  
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Figure 2-10 Phenotypes for the multiple β-glucosidase deletion strains. 
The growth phenotypes for the multiple β-glucosidase deletion strains after growth on 
either sucrose, cellobiose or Avicel. Conidia from strains were inoculated at a 
concentration equal to 2x106 conidia per milliliter 100ml Vogel’s salts (93) with 2% w/v 
sucrose, cellobiose or Avicel in a 250ml Erlenmeyer flask and grown under constant light 
at 200 rpm for 2 days (sucrose), 2 days (cellobiose) and 4 days (Avicel). Photos were 
taken daily. 
 
  

48
 h

ou
rs

 
S

uc
ro

se
 

48
 h

ou
rs

 
C

el
lo

bi
os

e 

96
 h

ou
rs

 
Av

ic
el

 

W
ild

 T
yp

e 
Δ

49
52
Δ

01
30

 Δ
49

52
Δ

87
55

 
Δ

87
55
Δ

01
30

 



 58

 
Figure 2-11 Phenotype for the triple β-glucosidase deletion strains. 
The growth phenotypes for the triple β-glucosidase deletion strains after growth on either 
sucrose, cellobiose or Avicel. Two individual ascospores were followed throughout the 
study to confirm all results. Conidia from strains were inoculated at a concentration equal 
to 2x106 conidia per milliliter 100ml Vogel’s salts (93) with 2% w/v sucrose, cellobiose 
or Avicel in a 250ml Erlenmeyer flask and grown under constant light at 200 rpm for 2 
days (sucrose), 2 days (cellobiose) and 4 days (Avicel). Photos were taken daily. 
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Figure 2-12 Cellulase induction in WT, Δcre-1, and Δ3βG after 4 hours response to 
sucrose, no carbon (starvation), cellobiose and Avicel.  
(A) cbh-1 and (B) expression in WT, Δcre, and Δ3βG after a 4 hour induction with 1% 
sucrose, no carbon (Vogel’s salt solution only), 0.2% cellobiose, or 1% Avicel. 
Expression levels for all genes were normalized to 1 when induced with 1% sucrose. 
Actin (NCU04173) gene expression levels were used as an endogenous control in all 
samples. Each reaction was done in triplicate and error bars indicate 1 standard deviation.  
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Figure 2-13 Cellulase induction by cellobiose, cellotriose and cellotetraose. 
Gene expression of select cellulases after 4 hour induction with 0.2% cellobiose, 0.02% 
cellobiose, 0.02% cellotriose, or 0.02% cellotetraose, in (A) WT and (B) Δ3βG. Gene 
expression levels of cbh-1, gh6-2 and gh5-1 were normalized to 1 when switched to 1% 
sucrose. Actin was used as an endogenous control in all samples. Each strain was grown 
in triplicate and error bars indicate 1 standard deviation. 
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Figure 2-14 Cellulase induction in WT and Δ3βG after induction with common T. 
reesei inducers. 
cbh-1 expression in (A) WT and (B) Δ3βG and gh6-2 expression in (C) WT and (D) 
Δ3βG after a 4 hour induction with 1mM sophorose, 1mM lactose or 1mM D-(+)-
galactose. Gene expression levels of cbh-1 and gh6-2 were normalized to 1 when induced 
with 1% sucrose. Actin (NCU04173) gene expression levels were used as an endogenous 
control in all samples. Error bars indicate 1 standard deviation. 
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Figure 2-15 RNA sequencing overview. 
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Figure 2-16 RNA sequencing of the WT and Δ3βG strains.  
Scatter plots comparing the full genomic pattern of gene expression change in (A) WT 
induced with Avicel, (B) WT induced with cellobiose, (C) Δ3βG induced with Avicel, 
and (D) Δ3βG induced with Cellobiose as compared to WT under conditions of 
starvation. All strains were grown for 16 hours on 2% sucrose, followed by a transfer to 
no carbon source (Vogels salt solution only), 0.2% cellobiose or 1% Avicel for 4 hours. 
Colored dots represent the cellulose regulon. Red dots indicate genes induced by 
cellobiose in the Δ3βG strain, blue dots indicate genes not induced by cellobiose in the 
Δ3βG strain and green dots indicate genes not induced by either cellobiose or Avicel in 
the Δ3βG deletion strain. 
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Figure 2-17 RNA sequencing of the WT and Δ3βG strains. 
(A) Hierarchical clustering analysis of 318 genes differentially induced in WT N. crassa 
by Avicel, compared to induction by cellobiose. Yellow indicates higher relative 
expression and blue indicates lower relative expression.  
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Figure 2-18 Cellulase expression in FPKMs. 
FPKMs (fragments per kilobase of exon per million fragments mapped) for the WT 
exposed to sucrose, no carbon, cellobiose or Avicel compared to Δ3βG exposed to 
sucrose or cellobiose. All strains were grown for 16 hours on 2% sucrose, followed by a 
transfer to no carbon source (Vogels salt solution only), 0.2% cellobiose or 1% Avicel for 
4 hours.  
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Figure 2-19 Hemicellulase expression in FPKMs. 
FPKMs (fragments per kilobase of exon per million fragments mapped) for the WT 
exposed to sucrose, no carbon, cellobiose or Avicel compared to Δ3βG exposed to 
sucrose or cellobiose. All strains were grown for 16 hours on 2% sucrose, followed by a 
transfer to no carbon source (Vogels salt solution only), 0.2% cellobiose or 1% Avicel for 
4 hours.  
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Figure 2-20 Cellulase induction in WT, Δ3βG, and Δ3βGΔcre-1 in response to 
cellobiose or Avicel.  
cbh-1, gh5-1, and gh6-2 expression in WT, Δ3βG, and Δ3βGΔcre after a 4 hour induction 
with 1% sucrose, 0.2% cellobiose, or 1% Avicel. Expression levels for all genes were 
normalized to 1 when induced with 1% sucrose. Actin (NCU04173) gene expression 
levels were used as an endogenous control in all samples. Each reaction was done in 
triplicate and error bars indicate 1 standard deviation. 
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Figure 2-21 Cellulase expression in WT and β-glucosidase deletion strains after 
exposure to sucrose, cellobiose or Avicel. 
 (A) SDS-PAGE of secreted proteins in culture filtrates from WT, Δ3βG and Δ3βGΔcre. 
Growth and induction conditions are described in the Methods 2.6.14-2.6.15. Protein 
bands representing CBH-1, GH6-2, and GH5-1 are marked. In addition, the absence of 
the extracellular β‐glucosidase (NCU04952) is marked in the triple knockout. The 
presence of glucoamylase I (NCU01517) correlates with the deletion of the cre gene. (B) 
Activity of supernatant from (A) towards Avicel. Glucose (dark grey) and cellobiose 
(light grey) were measured after 24 hours of incubation with 1% Avicel at 50 °C. Error 
bars are 1 standard deviation. 
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Figure 2-22 Production of cellulases in a bioreactor.  
(A) Δ3βG induced with cellobiose, (B) Δ3βGΔcre induced with cellobiose, (C) WT 
induced with cellobiose and (D) WT grown 5 days on Avicel. Cellobiose-induced strains 
were pre-grown in minimal media with 1% sucrose for 24 hours before induction with 
0.2% cellobiose for 36 hours. The concentration of sucrose, glucose, fructose (in glucose 
equivalents; triangle) cellobiose (circle), protein production (square), and biomass 
accumulation (diamond) were measured.  
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Figure 2-23 Enzyme activity from bioreactor produced culture supernatant. 
(A) 24-hour induced supernatant activity from Figure 17 A, B, and D towards Avicel 
expressed as mg glucose (equivalents) released per L supernatant and (B) 24-hour 
induced supernatant activity from Figure 17 A, B, and D towards Avicel expressed as mg 
glucose (equivalents) released per grams protein. Cellulase activity of culture supernatant 
from Δ3βG (squares) and Δ3βGΔcre (triangle) induced with cellobiose for 24 hours 
compared to culture supernatants from WT grown on Avicel for 5 days (diamond). Error 
bars are 1 standard deviation. (C) Breakdown of cellobiose (light grey) and glucose (dark 
grey) produced in the Avicel hydrolysis assay (from A) after 36 hours. Error bars are 1 
standard deviation. (D) Azo-CMC (endoglucanase) activity time course from bioreactor 
culture supernatants in Figure 17 A and B. Azo-CMC activity is expressed as a 
percentage of activity from WT culture supernatant grown on 2% Avicel for 5 days.  
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Table 2-1 Data from RNA sequencing. 
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Table 2-1 Data from RNA sequencing.  
Page 2 of 5  
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Table 2-1 Data from RNA sequencing.  
Page 5 of 5  
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Table 2-2 Mass spectrometry of the most abundant secreted proteins in wild type 
(Avicel), Δ3βG (cellobiose), and Δ3βGΔcre-1 (cellobiose) Neurospora crassa. 
 
  

Gene Annotation Wild Type Δ3βG Δ3βGΔcre
Secretome 

Percentage*

Cellulases
NCU07340 CBH-1 + + + 39.5%
NCU09680 GH6-2 + + + 13.4%
NCU07898 GH61-2 + + 6.6%
NCU00762 GH5-1 + + + 5.9%
NCU08760 GH61-5 + + + 4.6%
NCU05057 GH7-1 + + + 4.0%
NCU02240 GH61-1 + + 3.4%
NCU07190 GH6-3 + + + 3.2%

Accessory Proteins
NCU04952 GH3-4 + N/A N/A 3.8%

NCU00206 CDH-1 + + + 2.4%

NCU09764 N/A + + + 1.6%

NCU05137 NCW-1 + + + 1.5%

NCU07143 LAC-2 + + + 1.0%

GH, glycoside hydrolase; N/A, gene knockout

*Avicel induced secretome identified by AQUA Mass Spectrometry, Phillips, et al. 
(13 proteins represent 91% of the total secretome with all other proteins 

representing less than 1% of the secretome.)
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Table 2-3 Mass spectrometry of all secreted proteins in wild type (Avicel), Δ3βG 
(cellobiose), and Δ3βGΔcre-1 (cellobiose) Neurospora crassa. 
  

GH family

Whole 

Supernatant*

PASC 

bound†

PASC 

unbound‡
Whole 

Supernatant
PASC 
bound

PASC 
unbound

Whole 
Supernatant

PASC 
bound

PASC 
unbound

NCU04952 3 + +
NCU00762 5 + + + + + + +
NCU08412 5 + + + + + +
NCU07190 6 + + + + + + + +
NCU09680 6 + + + +
NCU05057 7 + + + + + +
NCU07340 7 + + + + + + + +
NCU05924 10 + + + +
NCU08189 10 + +
NCU02855 11 + +
NCU07225 11 + + + + +
NCU04431 16 + +
NCU05686 16 + +
NCU05974 16 + + + +
NCU01517 17 + + + +
NCU09175 17 + + + + + +
NCU04395 30 + +
NCU04265 32 + + + + +
NCU07326 43 + + + + +
NCU05121 45 +
NCU02343 51 + +
NCU09775 54 +
NCU07523 55 + + +
NCU00836 61 + +
NCU01050 61 + + + + +
NCU02240 61 + + + + +
NCU07898 61 + + + + +
NCU08760 61 + + + + + + +
NCU06781 72 + + +
NCU08909 72 + +
NCU05955 74 + + + + + +
NCU00206 CBM1 + + + +
NCU09764 CBM1 + + + +
NCU05159 CBM1/CE5 + + +
NCU04870 CE1 + +
NCU08785 CE1 + +
NCU09491 CE1 + + + + + +
NCU09664 CE5 + + + +
NCU05852 PL20 + +
NCU08936 GH NC + + + +
NCU05598 PL4 + + + +
NCU00449 + +
NCU00798 + +
NCU01595 + + +
NCU02133 + +
NCU02136 + +
NCU02696 + + +
NCU04202 + +
NCU04205 + +
NCU04482 +
NCU04522 + + +
NCU05134 + +
NCU05137 + + + + + + + +
NCU07143 + + + + + +
NCU07200 + + +
NCU07281 +
NCU07787 + + + + +
NCU08171 + + + +
NCU08398 + +
NCU09024 + + + +
NCU09046 + +
NCU09267 + + +
NCU09992 + +

*Whole Supernatant, peptides detected from a tryptic digest of all extracellular proteins; †PASC bound, peptides detected after
enrichment for proteins that bind to phosphoric acid swollen cellulose; ‡PASC unbound, proteins remaining in solution after removal
of PASC bound proteins. 

GH, glycoside hydrolase; CBM1, carbohydrate binding module; CE, carbohydrate esterase; PL, polysaccharide lyase; NC, Not
Classified; N/A, gene knockout. 

Δ3βGΔcre cellobioseΔ3βG cellobioseWild type Avicel
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Figure 3-1 Expression of predicted cellodextrin transporter genes. 
The expression of predicted cellodextrin transporter genes in wild type N. crassa when 
exposed to Sucrose, No Carbon (Starvation), Cellobiose, Avicel, and Xylan.  
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Figure 3-2 Phenotypes for the predicted cellodextrin transporter deletion strains. 
The growth phenotypes for the single cellodextrin transporter deletion strains after 
growth on either sucrose or Avicel. Conidia from strains were inoculated at a 
concentration equal to 2x106 conidia per milliliter into 100ml Vogel’s salts (93) with 2% 
w/v sucrose or Avicel in a 250ml Erlenmeyer flask and grown under constant light at 200 
rpm for 36 hours (sucrose), 2 days (Avicel) and 4 days (Avicel).  
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Figure 3-3 PCR genotyping for the multiple transporter deletion strains.  
Each cross was genotyped using two different sets of PCR Primers: (Top) The 
hygromycin specific forward and gene specific reverse primer (outside of the deletion 
cassette) only produces a product in the presence of the knockout cassette, and (Bottom) 
a forward primer specifically designed to be within the gene and gene specific reverse 
primer (outside of the deletion cassette) only produces a product in an intact gene. 
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Figure 3-4 Phenotypes for the multiple cellodextrin transporter deletion strains. 
The growth phenotypes for the multiple cellodextrin transporter deletion strains after 
growth on either sucrose or Avicel. Conidia from strains were inoculated at a 
concentration equal to 2x106 conidia per milliliter into 100ml Vogel’s salts (93) with 2% 
w/v sucrose or Avicel in a 250ml Erlenmeyer flask and grown under constant light at 200 
rpm for 36 hours (sucrose) and 4 days (Avicel).  
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Figure 3-5 PCR genotyping for the Δ3βG multiple transporter deletion strains.  
Each cross was genotyped using two different sets of PCR Primers: (Top) The 
hygromycin specific forward and gene specific reverse primer (outside of the deletion 
cassette) only produces a product in the presence of the knockout cassette, and (Bottom) 
a forward primer specifically designed to be within the gene and gene specific reverse 
primer (outside of the deletion cassette) only produces a product in an intact gene. 
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Figure 3-6 Phenotypes for the Δ3βG multiple transporter deletion strains. 
The growth phenotypes for the Δ3βG multiple cellodextrin transporter deletion strains 
after growth on either cellobiose or Avicel. Conidia from strains were inoculated at a 
concentration equal to 2x106 conidia per milliliter into 100ml Vogel’s salts (93) with 2% 
w/v cellobiose or Avicel in a 250ml Erlenmeyer flask and grown under constant light at 
200 rpm for 72 hours (cellobiose) and 4 days (Avicel).  
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Figure 3-7 Cellulase production in the Δ3βG transporter deletion strains. 
The amount of 4-Methylumbelliferyl β-D-cellobioside (MuLac) activity from the 
cellobiose grown cultures in Figure 3-6 for the WT, Δ3βG, Δ3βGΔ3T, Δ3βGΔ2T(5853), 
Δ3βGΔ2T(801), and Δ3βGΔ2T(8114) 
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Figure 3-8 Cellulase induction by Avicel in the transporter deletion strains. 
Gene expression of select cellulases after 4 hour induction with 1% Avicel in WT, 
ΔNCU05853, ΔNCU00801, ΔNCU08114, ΔNCU00801ΔNCU08114, 
ΔNCU08114ΔNCU05853, ΔNCU00801ΔNCU05853 and Δ3T (NCU00801ΔNCU08114 
ΔNCU05853). Gene expression levels of cbh-1 (green), gh6-2 (blue), and gh5-1 (yellow) 
were normalized to 1 when induced with 1% sucrose. Actin was used as an endogenous 
control in all samples. Each strain was grown in triplicate and error bars indicate 1 
standard deviation.  
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Figure 3-9 Cellulase induction in the Δ3βG transporter deletion strains. 
Gene expression of cbh-1 after 4 hour induction with no carbon (blue), .2% cellobiose 
(purple) or 1% Avicel (orange) in WT, Δ3βG, , Δ3βGΔNCU00801, Δ3βGΔNCU08114, 
Δ3βGΔNCU05853,Δ3βGΔNCU00801ΔNCU08114, Δ3βGΔNCU00801ΔNCU05853, 
Δ3βGΔNCU08114ΔNCU05853, and Δ3βGΔ3T (NCU00801ΔNCU08114 ΔNCU05853). 
Gene expression levels of, cbh-1 were normalized to 1 when induced with 1% sucrose. 
Actin was used as an endogenous control in all samples. Each strain was grown in 
triplicate and error bars indicate 1 standard deviation.  
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Figure 3-10 Cellulase induction in the Δ3βG transporter deletion strains. 
Gene expression of gh5-1 after 4 hour induction with no carbon (blue), .2% cellobiose 
(purple) or 1% Avicel (orange) in WT, Δ3βG, Δ3βGΔNCU00801, Δ3βGΔNCU08114, 
Δ3βGΔNCU05853,Δ3βGΔNCU00801ΔNCU08114, Δ3βGΔNCU00801ΔNCU05853, 
Δ3βGΔNCU08114ΔNCU05853, and Δ3βGΔ3T (NCU00801ΔNCU08114 ΔNCU05853). 
Gene expression levels of, gh5-1 were normalized to 1 when induced with 1% sucrose. 
Actin was used as an endogenous control in all samples. Each strain was grown in 
triplicate and error bars indicate 1 standard deviation.  
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Figure 3-11 Concentration of glucose and cellobiose in Avicel grown cultures. 
Conidia from WT was inoculated at a concentration equal to 2x106 conidia per milliliter 
into 100ml Vogel’s salts (93) with 2% w/v Avicel in a 250ml Erlenmeyer flask and 
grown under constant light at 200 rpm for 5 days (Avicel). Each day supernatant samples 
were removed and at the end of the experiment all samples were analyzed via HPLC for 
the concentration of glucose and cellobiose. 
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Figure 3-12 Cellulase induction with varied concentrations of cellobiose.  
Gene expression of cbh-1 after 4 hour induction with concentrations of cellobiose ranging 
from 5nM to 5.8mM in the Δ3βG and Δ3βGΔ3T strains. 
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Figure 3-13 Transport of 3H-cellobiose in the Δ3βG strain. 
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Figure 3-14 Transport of 3H-cellobiose in the Δ3βGΔ3T strain. 
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 NCU00130 NCU04952 NCU08755 NCU08114 NCU00801 NCU05853 

Δ3βGΔ8114 - - - - + + 
Δ3βGΔ801 - - - + - + 
Δ3βGΔ5853 - - - + + - 
Δ3βGΔ801Δ8114 - - - - - + 
Δ3βGΔ801Δ5853 - - - + - - 
Δ3βGΔ8114Δ5853 - - - - + - 
Δ3βGΔ801Δ8114 Δ5853 - - - - - - 
Table 3-1 Strains used in Chapter 3 
 




