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Introduction 
The conversion of cellulosic biomass into fuels and chemicals promises to be a major 
revolution for the United States economy, but is dependent on the advancement of low-
cost conversion technology. Of the natural resources available to human societies, 
biomass is one of the most abundant, and is the sole sustainable source of organic fuels, 
chemicals, and materials [1]. Biomass derived fuels and chemicals can achieve net zero 
carbon emissions on a lifecycle basis, provide substantial income to rural communities, 
and eliminate the security issues associated with fossil resources. Cellulosic biomass 
(wood, grass, agricultural residues, etc.) can be produced cheaply and converted by 
chemical or biochemical means into a variety of fuels and chemicals[2]. 
 
Arguably the most important advance to be made for biomass conversion is the development 
of  “Consolidated Bioprocessing” (CBP) [3], which refers to converting pretreated biomass 
into the product of interest in one process step without the addition of cellulase enzymes with 
either a single organism or a consortium of organisms.  Using Saccharomyces cerevisiae as a 
CBP organism requires the expression of a cellulase system at levels high enough to sustain 
growth on pretreated biomass.  Cellulases release glucose from insoluble cellulose—a major 
component of biomass—which is consumed for the production of cell mass, carbon dioxide 
and ethanol by the yeast.  Work funded by the Link Foundation Fellowship was, therefore, 
aimed at the following objectives. 

1) Gain understanding of expression levels of cellulases by recombinant S. cerevisiae 
and the required expression levels for growth on cellulose 
2) Understand requirements for selection-based improvement of cellulase expression in 
liquid culture 
3) Design and build optimized constructs for the expression of heterologous cellulase 
enzymes at the cell surface in S. cerevisiae for use in selection experiments 

 
Results 
β-glucosidase expression and growth on cellobiose by Saccharomyces 
cerevisiae: Sufficiency analysis [4] 
 
One of the cellulase enzymes necessary for converting cellulose to glucose is β-
glucosidase.  This enzyme converts one cellobiose molecule to two glucose molecules. 
Two recombinant strains of Saccharomyces cerevisiae expressing the BGL1 (β-
glucosidase) gene originating from Saccharomycopsis fibuligera were characterized with 
respect to gene expression and growth on cellobiose under air and nitrogen gas phases. 
The ability of these strains to grow on cellobiose, a non-native substrate, was evaluated in 
terms of a dimensionless “sufficiency” parameter, S, consisting of the ratio of the 
maximum cell-specific rate of glucose production from cellobiose to the maximum cell-
specific rate of glucose consumption.  At sufficiency values substantially less than one, 
specific growth rates were found to be limited by heterologous enzyme expression, 



whereas for values of sufficiency near and greater to one, specific growth rates on 
cellobiose approached their values on glucose.  The concept of sufficiency appears to 
have general utility for work aimed at growth enablement on non-native substrates by 
virtue of heterologous enzyme expression. 
 
Towards consolidated bioprocessing: Functional expression of 
cellobiohydrolases in Saccharomyces cerevisiae [5] 
 
Cellobiohydrolases (CBHs) are a major component of the cellulase system of the well-
studied aerobic fungus Trichoderma reesei, being necessary for hydrolysis of 
microcryastalline cellulose and making up 80% of the total cellulase protein by mass [6].  
The low specific activity of these enzymes, coupled with the fact that S. cerevisiae 
secretes relatively little of them—particularly CBH1 from T. reesei—necessitated the 
development of sensitive activity and mass concentration assays.  These assays allowed 
us to understand the total level of CBH1 secretion and to compare that via a sufficiency 
analysis to the amount of CBH1 required.  
 
Four fungal cellobiohydrolase encoding genes (Trichoderma reesei cbh1 & cbh2, 
Aspergillus niger cbhB and Phanerochaete chrysosporium cbh1-4) were expressed in 
Saccharomyces cerevisiae to investigate the possible use of this yeast as a candidate for 
consolidated bioprocessing (CBP).  All four CBHs were successfully expressed and 
extracellular activity was demonstrated on phosphoric acid swollen cellulase (PASC) and 
bacterial microcrystalline cellulose (BMCC) using a novel assay based on affinity 
purification, with strains expressing CBH1 and CBH2 from T. reesei showing the highest 
total activities.  The specific activity of recombinant CBH1 (0.22±0.07 U/mg) on PASC 
was determined employing a sensitive ELISA-based technique and was found not to 
differ significantly from that of the native T. reesei CBH1 (0.14±0.04 U/mg).  
 
Based on the sufficiency analysis [4], the demand for glucose produced from an insoluble 
substrate can be calculated for any given growth rate. The supply needed to balance that 
demand is a function of two quantities, the amount of enzyme present and the specific 
activity of that enzyme. By setting the glucose demand, i.e. choosing a minimum growth 
rate and a cell yield, the amount of cellulase per cell or as a percentage of total cell 
protein can be calculated as a function of cellulase specific activity on a particular 
substrate (Figure 2). The analysis in figure 2 was used to estimate that CBH1 needs to 
make up ~1% of the total cell protein when expressed by recombinant S.cerevisiae. This 
would constitute a ~150-fold increase in CBH1 expression.  Also, a complete cellulase 
system requires the inclusion of other enzymes for growth on a crystalline substrate.  
Although large increases in recombinant CBH production are needed, our results show 
that it is reasonable to pursue CBH expression at levels sufficient to help enable growth 
on crystalline cellulose as required for CBP in S. cerevisiae. 



 
Fig 2. Minimum cellulase protein expression requirements as a function of cellulase 
specific activity for growth on a cellulosic substrate. Calculated based on the equation 
(DCW= dry cell weight):  
% cell protein = {(µ/YX/S)/[(U/mg cellulase)*(0.00018g/µmol)*(60 min/hr)]}*(1 g DCW/0.5 g cell protein) 
Where, µ = 0.02 hr-1 and YX/S = 0.45 g DCW/g substrate in the aerobic case and 0.1 g DCW/g substrate in 
the anaerobic case. 
* From [7], Table 2 and Figure 4. Specific activity was measured on Sigmacell, a very crystalline 
substrate.  
** From [8], Figure 7. Specific activity was measured on Avicel. 
 
Theoretical analysis of selection-based strain improvement for 
microorganisms with growth dependent upon extracytoplasmic enzymes [9] 
 
A study was undertaken to analyze selection in continuous culture as a means to improve 
the growth of microorganisms dependent upon the expression of extracytoplasmic 
enzymes, addressing, in part, the lack of fundamental understanding of the ability to 
select under these conditions. A quantitative, theoretical model was developed that 
considers increases in enzyme activity and/or expression due to mutation in conjunction 
with reaction and diffusion at the cell surface and in the surrounding boundary layer. This 
model was applied to a system consisting of a recombinant yeast cell growing on either 
soluble or insoluble substrates by virtue of extracytoplasmic enzymes either with or 
without tethering to the cell surface. Our results indicate that selection of faster-growing 
cells can be effective, arbitrarily defined as a faster-growing mutant representing 1% of 
the population in < three months, but only under some conditions.  For both soluble and 
insoluble substrates, tethering of enzymes to the cell surface is required for selection to 
be effective under the conditions examined. Cells growing on non-native substrates by 
virtue of extracytoplasmic enzyme production are expected to experience selective 
pressure with respect to several factors, including heterologous enzyme expression, kS for 
the soluble substrate derivative, cell shape, distance, properties of the gap, and perhaps 
mutation frequency. 
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Construction of cell surface engineered Saccharomyces cerevisiae strains 
capable of growth on cellulosic substrates 
 
Strains of S. cerevisiae expressing four cellulase enzymes, BGL1 from S. fibuligera, and 
EGI, CBHI, and CBHII from T. reesei, tethered to the cell surface by a fragment of the 
native cwp2 gene were constructed.  The expression vector allowed for integration of the 
constructs into the S. cerevisiae genome in multiple copies, utilizing either of two 
dominant markers.  The cellulase DNA sequences for EGI, CBHI, and CBHII were 
optimized for expression by the host.  Integration of the constructs was screened for by 
PCR and activity of the recombinant BGL1 and EGI were confirmed.  A number of the 
created strains had the ability to grow on PASC.  We plan to use these strains to test our 
hypothesis that selection for enhanced strains can be accomplished in liquid culture. 
 
Significance and Impact 
The definition and testing of the sufficiency parameter as well as the analysis of CBH 
expression by S. cerevisiae has led to a far greater understanding of the cellulase 
expression requirements for growth of S. cerevisiae on cellulose.  The quantitative 
estimate of ~150 fold expression improvement for CBH1, which makes up a large 
fraction of T. reesei cellulase, is a good proxy for the cellulase system as a whole.  This 
indicates that while a substantial effort—likely including both rational and evolutionary 
engineering—will be required, pursuing CBP with S. cerevisiae is feasible.  In a similar 
vein, the modeling effort to understand selection in continuous culture has provided a 
much more quantitative understanding of the potential changes in substrate concentration 
local to the cell during growth on insoluble substrates and provides some evidence for the 
feasibility of selection-based strain improvement.  Finally, the construction of S. 
cerevisiae strains with tethered cellulases that can grow on cellulose represents the first 
step—and a significant one—towards realizing the benefits of selection schemes.   
 
In a broader context, this work has given credence to the notion of CBP based on a S. 
cerevisiae host, a breakthrough which would provide economic incentive for biomass 
conversion processes, and their associated benefits.   
 
Where this might lead? 
The direct consequence of this work is that strains are currently in hand to test our 
hypothesis that selection in liquid culture could lead to much improved cellulose 
utilization because of greater per cell cellulase activity.  If we were to discover this was, 
in fact, possible, then one could imagine a number of paths forward.  First, the strains 
derived from the selection experiments might be useful in an applied sense by reducing or 
eliminating the need for cellulase addition for cellulose conversion.  Second, these new 
strains may have mutations which could be mapped and subsequently rationally 
engineered into other, more industrially relevant, strains to allow them to grow on 
cellulose.  Finally, insights into the process of selection could provide data for 
evolutionary theorists and/or those trying to create new capability via a selective 
approach.   
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