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1  Introduction

Cellulosic biofuels may provide a viable low-car-
bon alternative to traditional fossil fuels, but high
cellulose-to-sugar conversion costs and inefficient
fermentation of both hexose and pentose sugars

have made commercial production economically
unattractive. Simultaneous saccharification and
fermentation (SSF) has been proposed as a possi-
ble avenue to improve process economics. In this
one-reactor scenario, cellulase enzymes catalyze
the hydrolysis of cellulose to glucose, which is si-
multaneously fermented into alcohols or other liq-
uid fuels, thus preventing monomeric sugars and
soluble cello-oligosaccharides from inhibiting the
enzymatic polymerization process. Alcohols pro-
duced during SSF have the potential to reduce mi-
crobial contamination that might occur in non-
aseptic saccharification reactors, and the use of one
reactor has been proposed as a possible strategy to
lower equipment costs [1–3].

Yeast strains capable of simultaneous cellodex-
trin and xylose fermentation may be particularly
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advantageous in SSF processes. The plant cell wall
of biofuel-candidate grasses and trees contains xy-
lose and glucose polymers that must be broken
down into their constituent sugars prior to being
metabolized into useful fuels [4]. Xylose is present
primarily as the hemicellulose xylan, which is re-
leased as soluble xylose oligomers during pretreat-
ment of lignocellulosic substrates [5, 6]. Glucose is
present in the β-1,4-linked cellobiose polymer cel-
lulose, which undergoes saccharification through
an enzyme-catalyzed hydrolysis process that takes
place after pretreatment. The cellulase enzymes
responsible for saccharification are inhibited by
cellobiose; β-glucosidase is often added to alleviate
this inhibition by converting cellobiose to glucose
[7]. Ideally, fuel-producing microbes would be ca-
pable of using both xylose and glucose; the addi-
tional ability to consume cellobiose may obviate the
need for the addition of β-glucosidase.

The engineered DA24-16 strain of Saccha-
romyces cerevisiae may improve the economics of
SSF. In this strain, a xylose assimilation pathway, a
Neurospora crassa cellodextrin transporter (CDT),
and an intracellular β-glucosidase were intro-
duced to facilitate rapid consumption of xylose and
cellobiose [8]. Previous attempts to engineer xy-
lose assimilation pathways into S. cerevisiae have
been successful, but DA24-16 is able to grow on xy-
lose at rates nearly equivalent to those of Pichia
stipitis, which natively consumes xylose more rap-
idly than any other wild type yeast strain yet dis-
covered [8–11]. S. cerevisiae strains capable of
growth on cellobiose have also been engineered
previously, but all have relied on secreted β-glu-
cosidase enzymes to hydrolyze cellobiose to glu-
cose [12–14]. The advantage of the CDT-containing
DA24-16 strain relates to its ability to avoid extra-
cellular production of glucose, which inhibits xy-
lose consumption [15]. By obviating the need for
exogenous β-glucosidase and by facilitating the
uninhibited metabolism of xylose, the DA24-16 S.
cerevisiae strain and yeast with similar capabilities
may reduce enzyme costs and increase the sugar
conversion efficiencies associated with SSF
processes.

In the current work, we explore the potential
advantages of cellobiose utilization by employing a
mechanistic kinetic model of cellulase action and a
multi-substrate model of microbial growth to com-
pare the performance of a CDT-containing strain in
SSF to the performance of a non-CDT-containing
strain in SSF and separate hydrolysis and fermen-
tation (SHF). Our analysis places particular em-
phasis on assessing the capacity of cellobiose
transporters acting in concert with an intracellular
β-glucosidase to replace exogenously added β-glu-

cosidase enzymes in the hydrolysis process, and on
evaluating the impact of cellobiose utilization on
the possible advantages of SSF over SHF. Xylose
growth parameters for both strains and cellobiose
growth parameters for the cellodextrin-containing
strain were equated to those of DA24-16; however,
our results are generally applicable to other CDT-
containing S. cerevisiae strains that are able to con-
sume multiple substrates. The sensitivity of our re-
sults to these parameters and the likelihood of al-
tered growth behavior in response to changes in
these parameters are also discussed. This work
marks the first time that an independently validat-
ed mechanistic model of cellulase action capable of
tracking cello-oligosaccharide chain length has
been used alongside a microbial growth model to
assess the potential benefits of cellobiose con-
sumption in yeast.

2  Materials and methods

2.1  Choice of enzymatic hydrolysis conditions

The process economics of commercial-scale cellu-
losic biofuels production are enhanced by high
solids loadings (20% or higher), which lower ener-
gy costs associated with substrate flow and product
separation [16]. In the present work, commercial
operation requirements were accommodated
through the use of cellulose and xylose concentra-
tions of 129 and 71 g/L, respectively. These match
the average cellulose/xylan ratio (15:9) of candi-
date biofuels crops and amount to a 200 g/L (20%)
solids loading in reactions where both substrates
are present [4]. This solids loading refers to the
pretreated slurry where the lignin has been re-
moved [16].

The cellulase enzymes chosen for this study
were Trichoderma sp. Cel7A (TrCel7A), Trichoder-
ma sp. Cel6A (TrCel6A), and Talaromyces emersonii
GH5 (TemGH5). These fungal cellulases are similar
to the main constituents of commercial cellulase
mixtures. The TrCel7A and TrCel6A cellobiohydro-
lases (CBHs) catalyze the hydrolysis of insoluble
cellulose by adsorbing to the substrate, complexing
with reducing ends (TrCl7A) or non-reducing ends
(TrCel6A) of cellulose chains, engaging in proces-
sive catalysis, decomplexing from chains, and re-
complexing or desorbing from the surface. The
TemGH5 endoglucanase enzyme engages in a sim-
ilar manner, but complexes anywhere within
chains and catalyzes only one hydrolysis event be-
fore decomplexing. In solution, all three enzymes
can directly hydrolyze soluble cello-oligosaccha-
rides (DP < 7). The kinetics of these steps are de-
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scribed by Levine et al. [17, 32], and parameter val-
ues are included in Supporting information, Table
S1. Cellulose was assumed to have the properties of
Avicel, as described by Levine et al [17].

In our studies, xylose was used as a surrogate
for the xylan hydrolyzate produced during pre-
treatment of lignocellulosic substrates. Pretreat-
ments such as dilute acid hydrolysis, alkaline hy-
drolysis, steam explosion, liquid hot water pre-
treatment, and ionic liquid pretreatment can re-
move the majority of xylan from cellulosic
substrates, producing xylose and a variety of solu-
ble xylo-oligomers [5, 6, 18, 19]. These xylo-
oligomers, which can make up over 50% of xylan
hydrolyzate, have been shown to inhibit cellulase
activity as strongly as cellobiose, which is about
100-fold more inhibitory than glucose. Xylo-
oligomer concentrations, however, can be signifi-
cantly reduced and converted to xylose by opti-
mized pretreatment processes or through the ad-
dition of β-D-xylosidase to hydrolysis reactions
[20–22]. Accordingly, xylan hydrolyzate is repre-
sented as xylose in the present work. Xylose is
thought to be a competitive inhibitor of cellulase
enzymes [5, 23]; however, there are no directly
measured xylose inhibition parameters available
in the literature. In the present work, these param-
eters were equated with the glucose inhibition pa-
rameters for each enzyme (Ki–EG–G = Ki–EG–Xy). Pre-
treatments that incompletely hydrolyze xylan, cre-
ating a requirement for significant xylanase action
during the cellulose hydrolysis step, are not ad-
dressed here.

Pretreatments that hydrolyze the majority of
the hemicellulose produce xylose feed streams that
that can be routed either to glucose/xylose co-fer-
mentation reactors or to separate xylose fermenta-
tion units [18, 24]. Process scenarios in which xy-
lose undergoes a separate fermentation step are
not addressed in the present work. In our model,
xylan hydrolyzate is included in the combined hy-
drolysis and fermentation of SSF, whereas in SHF,
it is included in the fermentation but not necessar-
ily in the hydrolysis reaction.

Cellulase loadings of 25 mg enzyme/g glucan
were used in each simulation. This loading is simi-
lar to that reported for proposed commercial oper-
ations and to those employed in recently-published
SSF studies [25–28]. The cellulase mixture con-
tained cellobiohydrolase I (CBHI), cellobiohydro-
lase II (CBHII), and endoglucanase (EGI) in a 1:3:1
molar ratio, which is close to the optimal composi-
tion reported for these enzymes [29]. When β-glu-
cosidase was present, it represented 10% of the to-
tal enzyme concentration (by mass), a commonly
reported β-glucosidase concentration [21].

The optimal conditions for the fungal enzymes
considered are pH of 4.85 and a temperature of
50°C. The growth and ethanol production rates of 
S. cerevisiae are highest at a pH of 5.5 and a tem-
perature of 30°C. Previous studies have shown the
activity of Trichoderma sp. enzymes to be 50% low-
er at 30°C than at 50°C [30]. We therefore account-
ed for the reduction in enzyme activity at 30°C by
reducing the cellulase enzyme kcat values by 50%.
The effect of pH 5.5 on optimal enzyme activity is
small (<5% reduction in activity) [30], and was
 ignored in this work. The kinetic parameters for 
β-glucosidase activity at 30 and 50°C were taken di-
rectly from Chauve et al [31]. All other parameters
were obtained from the literature and were as-
sumed to be independent of temperature in the
30–50°C range (Supporting information, Table S1).

2.2  Hydrolysis model development

Cellulose saccharification was modeled with the
mechanistic kinetic model of cellulase-catalyzed
hydrolysis recently developed by Levine et al [32].
Cellulase action on insoluble cellulosic substrates
is modeled as a heterogeneous biocatalytic reaction
involving endo- and exocellulases that either inter-
act directly with soluble cello-oligosaccharides
(DP < 7) or form complexes with insoluble cellulose
chains after first adsorbing to available sites on the
substrate surface. Unlike previously developed
models of cellulase catalysis, this model tracks all
chain lengths and products, and it does not assume
equilibrium for CBH-substrate complexes [32–36].
This model also explicitly accommodates the re-
duced activity by endoglucanase enzymes at chain
ends, and processive catalysis by CBH enzymes
along chains.

The action of beta-glucosidase on cellobiose
was modeled with Michaelis–Menten kinetics mod-
ified to include competitive inhibition by glucose:

(1)

where BG is the concentration of β-glucosidase and
is the equilibrium constant for competi-

tive inhibition by glucose.
For SSF, the additional influences of ethanol and

xylose on enzyme behavior were incorporated
through the addition of non-competitive and com-
petitive inhibition terms, which were obtained from
reports on the effect of these compounds on cellu-
lose hydrolysis rates [5, 37]. These terms appear in
equations for the site and enzyme balances. Inhibi-
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tion effects of ethanol and xylose were described by
the following relationships:

(2)

(3)

where kcat represents an arbitrary kinetic constant,
and Ki–Eth represents the noncompetitive equilibri-
um constant between ethanol and a given enzyme.
The other parameters are defined as in Levine et al.
[17, 32]; their values are reported in Supporting in-
formation, Table S1.

2.3  Choice of SSF and SHF conditions

Our comparisons of SSF and SHF processes are
based on the total residence times required to
reach particular ethanol concentrations. Estimates
of the combined residence time for hydrolysis and
fermentation processes range from 3 to 6 days, but
2–3 day targets have been proposed for commercial
operations [38]. For SHF, we considered three dif-
ferent hydrolysis times spanning the period over
which the hydrolysis rate varied significantly 
(Fig. 1): 12, 24, and 36 h.

Fermentations were simulated at the optimal
pH and temperature for growth and ethanol pro-
duction by S. cerevisiae (pH = 5.5; T = 30°C). When
fermentation and hydrolysis were conducted sepa-
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rately, they were done so under pH and tempera-
ture conditions that were optimal for each step: pH
4.85 and 50°C for saccharification and pH 5.5 and
30°C for fermentation. Fermentations were mod-
eled with and without xylose to assess the impact of
this sugar on the results.

All fermentations had an inoculum of 0.252 g
cells/L (OD600 ∼ 1.0) so that growth could be com-
pared with published batch fermentation process-
es. The impact of larger inocula on residence times
is addressed below.

2.4  Model development for SSF and SHF

Yeast growth was modeled using Monod kinetics
with growth-associated ethanol production and
threshold-based ethanol inhibition. Simultaneous
utilization of multiple carbon sources (glucose, cel-
lobiose, and xylose) was incorporated through ad-
ditive growth kinetics modified to include catabol-
ic repression of cellobiose and xylose utilization by
glucose. Previous reports on the DA24-16 strain
showed no evidence that xylose inhibits cellobiose
uptake or vice versa. The resulting equation for
batch growth in the absence of cellulases is identi-
cal in form to that proposed for the glucose, cel-
lobiose, and xylose fermenting yeast Candida lusi-
taniae [39]:

(4)

Ethanol production by each substrate was modeled
in an analogous fashion:

(5)

Uptake equations for each carbon source were
based on Monod kinetics:

(6)
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Figure 1. Profiles of cellulose conversion during saccharification reac-
tions. Runs were carried out for 144 h at 50°C with a combined total
 enzyme loading of 2.5 g/L and substrate concentrations of 128.57 g/L
 cellulose with or without 71.43 g/L xylose. Cellulases were present in a
1:3:1 EG2/CBH1/CBH2 (molar) enzyme ratio; β-glucosidase made up
10% of the enzyme mixture by mass. Solid black line (cellulose present);
dashed black line (cellulose and xylose present).
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(7)

(8)

where Y, μmax, and K represent the specific yield co-
efficient, maximum specific growth rate, and Mon-
od constant for growth on each substrate; Bi–C1

and
Ki–Eth represent parameters describing glucose in-
hibition of substrate uptake and ethanol inhibition
of cell growth.

Equations (6) and (7) were included in the ma-
terial balance for glucose and cellobiose, effective-
ly linking the fermentation model to the cellulose
hydrolysis model. Equation (8) was included in the
xylose material balance.

2.5  Model parameters

To estimate values of KC2
, μmax–C2

, KXy, and μmax–Xy
for the DA24-16 strain, the IMSL nonlinear opti-
mizer NNLPF was used to fit batch reactor materi-
al balance equations consistent with the conditions
employed by Ha et al. [8]:

(9)

(10)

Initial cellobiose and xylose concentrations were
set at their reported experimental values of 40 g/L.
Inhibition of S. cerevisiae growth by ethanol was
assumed to be independent of substrate, so the pre-
viously measured value of Ki–Eth–X = 87 g/L was em-
ployed [37]; the Monod constants (KC1

and KC2
) and

maximum specific growth rates (μmax–C1
and

μmax–C2
) were treated as adjustable parameters and

optimized. The number of available data points was
low (7 total), which increased the uncertainty asso-
ciated with the fitted values.

After μmax–Xy was determined, the xylose yield
coefficient was estimated from the qmax–Xy value re-
ported for the DA24-16 strain according to the fol-
lowing equation [8]:
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2.6  Model assembly and solution

The model was constructed in Fortran 95 using the
Absoft Pro Fortran v11 compiler. The model used
the IMSL function DASPG differential and alge-
braic equation solver, which employs the Petzold-
Gear method. To capture hydrolysis and fermenta-
tion, 5365 differential equations and 15 algebraic
equations from the original hydrolysis model, mod-
ified to include xylose and ethanol inhibition, were
supplemented with three differential equations to
track cell density, ethanol concentration, and xylose
concentration.

3  Results and discussion

3.1  The potential of CDT yeast strains to reduce 
β-glucosidase requirements

Previous reports on cellobiose-consuming yeast
have asserted that such strains may be able to alle-
viate cellobiose inhibition of cellulase and thereby
obviate the need for exogenously added β-glucosi-
dase enzymes, which account for up to 10% of the
total enzyme cost [8, 40]. The capacity of the CDT to
remove cellobiose as quickly as extracellular β-glu-
cosidase hydrolyzes it to glucose was investigated
in separate SSF reactions (Table 1; reactions 1–4).
Time-course profiles of cellulose conversion into
products for each of these conditions are plotted in
Fig. 2A. With cellulose alone, SSF with the CDT-
containing strain resulted in 10% conversion of cel-
lulose in 140 h. In contrast, SSF with the non-CDT-
containing strain supplemented with β-glucosidase
achieved nearly 100% conversion in 90 h. Interest-
ingly, when xylose was added, the CDT-containing
strain achieved 25% cellulose conversion in 140 h;
growth on xylose led to higher concentrations of
yeast, which facilitated faster overall cellobiose up-
take (see Eq. 6), reducing its inhibitory effect. The
DA24-16 strain does not remove cellobiose as
quickly as a non-CDT-containing strain that is sup-
plemented with β-glucosidase, and is therefore less
effective in alleviating cellobiose inhibition of cel-
lulase-catalyzed hydrolysis.

Both xylose and cellobiose transporters are in-
hibited by glucose [8, 39]. To address the inhibitory
effect of glucose on the cellobiose consumption
rates in SSF, we examined a situation in which glu-
cose inhibition of cellobiose and xylose uptake by
the CDT-containing yeast was removed (runs 5 and

q
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Table 1. Total residence times to achieve target ethanol concentrations within various process scenarios

Run Process scenarios τres (h) 40 g/L ethanol τres (h) 75 g/L ethanol

1 SSF with CDT-containing yeast; cellulose present >144 >144
2 SSF with CDT-containing yeast; cellulose and xylose present >144 >144
2′ SSF with CDT-containing yeast with KC1

= 0.14 mM; cellulose and xylose present >144 >144
3 SSF with non-CDT-containing yeast supplemented with β-glucosidase; 21.25 89

cellulose present
4 SSF with non-CDT-containing yeast supplemented with β-glucosidase; 37.5 71

cellulose and xylose present
4′ SSF with non-CDT-containing yeast supplemented with β-glucosidase; 26.5 56.75

KC1
= 0.14 mM; cellulose and xylose present

5 SSF with CDT-containing yeast with no glucose inhibition of xylose and cellobiose >144 >144
transport; cellulose present

6 SSF with CDT-containing yeast with no glucose inhibition of xylose and cellobiose >144 >144
transport; cellulose and xylose present

7 SSF with CDT-containing yeast where KC1
= KC2

; cellulose present 70.5 >144
8 SSF with CDT-containing yeast where KC1

= KC2
; cellulose and xylose present 35.5 102.75

9 SSF CDT-containing yeast where μmax–C2
= μmax–C1

; cellulose present >144 >144
10 SSF CDT-containing yeast where μmax–C2

= μmax–C1
; cellulose and xylose present >144 >144

11 SSF CDT-containing yeast where KC2
= KC1

and μmax–C2
= μmax–C1

; cellulose present 63.5 >144
12 SSF CDT-containing yeast where KC2

= KC1
and μmax–C2

= μmax–C1
; cellulose and xylose 34.5 96.75

present
13 SHF with 12 h hydrolysis step; xylose added in fermentation 31.5 59.5
13′ SHF with 12 h hydrolysis step; KC1

= 0.14 mM; xylose added in fermentation 28 54.75
14 SHF with 12 h hydrolysis step; KC1

= 0.14 mM; xylose added in hydrolysis 32.75 61.25
15 SHF with 24 h hydrolysis step; xylose added in fermentation 40.5 67.25
16 SHF with 24 h hydrolysis step; xylose added in hydrolysis 41.5 68.5
17 SHF with 36 h hydrolysis step; xylose added in fermentation 50.75 76.5
18 SHF with 36 h hydrolysis step; xylose added in hydrolysis 51.5 77.75
19 SSF CDT-containing yeast where KC2

= 0 mM, μmax–C2
= μmax–C1

, 28.5 62.25
and BC1

= 0; cellulose and xylose
19′ SSF CDT-containing yeast where KC2

= 0 mM, μmax–C2
= μmax–C1

,  25 58
and BC1–C2

= 0; KC1
= 0.14 mM; cellulose and xylose

Figure 2. Profiles of cellulose hydrolysis and ethanol pro-
duction in SSF scenarios. Runs were carried out for 144 h at
30°C with a 1:3:1 EG2/CBH1/CBH2 (molar) enzyme ratio, a
combined total enzyme loading of 2.5 g/L, and substrate
concentrations of 129 g/L cellulose with or without 71 g/L
xylose. When β-glucosidase was present, it comprised 10%
of the total enzyme mass. Cultures were started with a yeast
inoculum of 0.252 g/L, corresponding to an OD600 of ap-
proximately 1. Runs are annotated with the following abbre-
viations: SSF; CDT and intracellular β-glucosidase present
(CDT); cellulose present (C); xylose present (X). Lines show
time course profiles of (A) cellulose conversion to products
and (B) ethanol production for the following conditions:
SSF CDT C (dashed red line, run 1); SSF CDT C X (solid yel-
low line, run 2); SSF CDT w/KC2

= KC1
C X (dotted green line,

run 8); SSF CDT w/KC2
= KC1

, μmax–C2
= μmax–C1

C X (solid
blue line, run 12); SSF C X BG (solid black line, run 4).
Note: lines for runs 9 and 10 are coincident with those from
runs 1 and 2, respectively.

A

B
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6, Table 1). These scenarios brought about only a
slight increase in cellulose conversion rates. After
144 h, SSF with CDT strains uninhibited by glucose
inhibition of cellobiose uptake allowed cellulose
conversion to reach 11.4 and 25.9% for runs 5 and
6, respectively; this is a 5 and 3% increase over runs
1 and 2. Clearly, in these hydrolysis scenarios, glu-
cose was consumed nearly as rapidly as it was gen-
erated, failing to reach strongly inhibitory levels.

S. cerevisiae strains capable of cellobiose assim-
ilation could be engineered to have faster rates of
cellobiose uptake through improvements to the
transporter protein or through modifications to the
assimilation pathway. Enhancements in cellobiose
uptake rates likely to result from such efforts were
investigated by varying the kinetic parameters as-
sociated with growth of S. cerevisiae on cellobiose.

For the DA24-16 strain, the Monod constant 
for cellobiose (KC2

= 350 mM) is about 200-fold
 larger than the analogous constant for glucose
(KC1

= 1.7 mM). The influence of KC2
on the ability

of cellobiose-utilizing S. cerevisiae to alleviate cel-
lobiose inhibition of cellulase enzymes was inves-
tigated with SSF runs in which it was set equal to
KC1

(runs 7 and 8, Table 1). This lower value of KC2
enabled cellobiose consumption to increase rates
of cellulose hydrolysis almost as effectively as the
addition of β-glucosidase (Fig. 2A).

The impact of increasing the specific growth
rate of the CDT-containing yeast in SSF was as-
sessed with simulations where μmax–C2

was in-
creased to μmax–C1

(runs 9 and 10, Table 1). This
change did not allow for faster conversion rates in
SSF; conversion profiles for runs 9 and 10 were co-
incident with those of runs 1 and 2. This maximum
specific growth rate is the highest measured for 
S. cerevisiae; it is likely limited by the maximal rate
of rRNA synthesis in this yeast, not glucose uptake
capacity, and is therefore independent of the na-
ture of the substrate [41–44]. Higher values of
μmax–C2

were not investigated. As illustrated in Fig.
2A and B, cellulose conversion and ethanol pro-
duction results for the DA24-16 strain were insen-
sitive to the increase in μmax–C2

.
The influence of a faster specific growth rate

was also investigated in simulations where KC2
and

μmax–C2
were set equal to KC1

and μmax–C1
(runs 11

and 12, Table 1). At 72 h, when compared to run 8
(with the CDT-containing yeast with KC2

= KC1
), 

run 12 showed a 4.6% improvement in conversion
(Fig. 2A) and a 3% improvement in ethanol concen-
tration (Fig. 2B). Thus, only when KC2

was set to KC1
did an increase in the maximum specific growth
rate lead to slight increases in hydrolysis rates and
ethanol titers.

In practice, it may be possible to reduce KC2
by

enhancing the affinity of the transporter for cel-
lobiose, by increasing the number of transporters
per cell, or by raising Vmax for the transporter en-
zyme [45, 46]. The N. crassa transporter incorpo-
rated into the DA24-16 strain has high affinity for
cellobiose (apparent KM equal to ∼3 μM), which is
low compared to other substrate transporters;
hence, improving affinity of the transporter for cel-
lobiose is not likely to lower KC2

[8]. Transporter
abundance in the membrane or activity are more
likely to be effective targets for improvement.

Improvements to downstream enzymes may
also lower KC2

. After an intracellular hydrolysis
step, the cellobiose assimilation pathway is identi-
cal to that of glucose assimilation. Thus, the activi-
ty of intracellular β-glucosidase could also be a lim-
iting factor in cellobiose consumption.

3.2  Impact of co-utilizing cellobiose, xylose, 
and glucose on SSF versus SHF

The impact of cellobiose utilization on SSF and
SHF was explored by comparing residence times
required to achieve 40 and 75 g/L ethanol titers
(Table 1). Kinetic parameters for xylose utilization
were held constant in all runs (Kxyl and μmax–xyl of
the DA24-16 strain) and growth parameters for
CDT-containing and non-CDT-containing yeast
were identical. For all SHF runs, the residence
times included in Table 1 represent the sum of the
times required for hydrolysis and fermentation.

Regardless of ethanol titer, the SHF process
with the 12 h hydrolysis step led to the shortest res-
idence times: 31.5 h for 40 g/L and 59.5 h for 75 g/L.
These times are 8 and 18% shorter than the short-
est SSF residence times for the processes consid-
ered in Table 1.

The rankings of total residence times for the
SSF scenarios depended on the ethanol titers that
were targeted (Table 1). For 40 g/L ethanol, the
shortest SSF residence time (34.5 h) corresponded
to the scenario with the best-case CDT-containing
strain (KC2

= KC1
and μmax–C2

= μmax–C1
). For 75 g/L,

however, the SSF process where the non-CDT con-
taining strain was supplemented with β-glucosi-
dase resulted in a residence time of 71 h compared
to 96.75 h for the best-case CDT-containing strain.
These results indicate that the introduction of a
CDT transporter into SSF scenarios provides no
advantage over SHF.

The residence time required for a fermentation
to achieve a particular ethanol titer depends on 
the concentration of cells used for inoculation
(0.252 g/L in this study). We studied the influence of

Biotechnol. J. 2012, 7, 361–373 www.biotechnology-journal.com
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this dependence on the relative performance of dif-
ferent SSF and SHF processes by plotting the resi-
dence time required to reach 75 g/L ethanol against
inoculant concentration for several scenarios (Fig.
3): SSF with the non-CDT yeast supplemented with
β-glucosidase (run 4), SSF with the best-case CDT
yeast (run 012), and SHF with the 12 h hydrolysis
step. The relative performance of the SSF runs was
not affected by the inoculum size. This is consistent
with the kinetics of the fermentation reaction; the
rate of ethanol production is first order in yeast con-
centration. Thus, rate enhancements resulting from
higher inoculant concentrations are identical with-
in different SSF scenarios.

By comparison, for an SHF process with a hy-
drolysis step of predetermined length (e.g., 12 h), a
larger inoculum size shortens only the duration of
the fermentation step; the resulting reduction in
overall residence time is less significant than it is
within SSF. This effect is apparent in Fig. 3. As in-
oculum size is increased, the residence times re-
quired to reach 75 g/L ethanol decrease more rap-

idly in the SSF processes than in the SHF alterna-
tive. In fact, at inoculant concentrations of 12.6 g/L
cells (OD600 ∼ 50), the residence time for the SSF
process conducted with a non-CDT yeast supple-
mented with β-glucosidase was shorter than that
required by SHF with a 12 h hydrolysis step: 42.25 h
compared to 45.5 h. At this high inoculum size,
however, shorter residence times can likely be
achieved within SHF if the hydrolysis step is short-
ened; the duration of this step was not optimized in
the present work. Thus, while the relative perform-
ance of particular SHF and SSF scenarios is sensi-
tive to the inoculum size, the general result re-
mains: cellobiose-consuming yeast are unlikely to
make SSF more efficient than SHF.

3.3  The influence of the cellodextrin transporter 
on xylose uptake rates

The CDT’s role in enhancing xylose uptake by pre-
venting glucose inhibition of xylose transport was
investigated through a comparison of the times re-
quired for yeast to fully consume xylose in three
scenarios: SSF with the best-case CDT-containing
strain, SSF with the non-CDT-containing strain
supplemented with β-glucosidase, and SHF with a
12 h hydrolysis step (Table 2). For the SHF process,
the xylose consumption time was calculated by
adding the time required for complete xylose con-
sumption in the fermentation step to the 12 h re-
quired for hydrolysis. In SSF with the best CDT-
containing strain, xylose was completely consumed
in 27.25 h; this was significantly shorter than the
38 h required for SSF with the non-CDT-contain-
ing strain supplemented with β-glucosidase and
the 37.5 h required for SHF with a 12 h hydrolysis
step. As discussed above, however, the production
of 75 g/L ethanol titers required residence times
longer than 50 h, and all processes allowed for com-
plete xylose utilization within this time. Moreover,
we found no correlation between rapid xylose up-

Figure 3. Sensitivity of time required to reach 75 g/L ethanol to inocula-
tion size. The influence of inoculation size on the residence time required
to produce 75 g/L ethanol was explored with scenarios where the fermen-
tation inoculum was varied from 0.252 g/L (OD600 ∼ 1) to 12.6 g/L
(OD600 ∼ 50). The following scenarios were investigated: SSF CDT
w/KC2

= KC1
, μmax–C2

= μmax–C1
C X (open squares, run 12); SSF C X BG

(open circles, run 4); SHF with a 12 h hydrolysis step (open triangles, 
run 13).

Table 2. Time taken to consume xylose

Run Conditions Bi–G–Xy tcons. for xylose τres (h) 75 g/L ethanol

13 SHF with 12 h hydrolysis step; xylose added in fermentation 9 mM 37.5 59.5
4 SSF with non-CDT-containing yeast supplemented with β-glucosidase; 9 mM 38 71

cellulose and xylose present
12 SSF CDT-containing yeast where KC1

= KC2
and μmax–C2

= μmax–C1
; 9 mM 27.25 96.75

cellulose and xylose present
13 SHF with 12 h hydrolysis step; xylose added in fermentation 90 mM 93.5 94.5
4 SSF with non-CDT-containing yeast supplemented with β-glucosidase; 90 mM 98.75 122

cellulose and xylose present
12 SSF CDT-containing yeast where KC1

= KC2
and μmax–C2

= μmax–C1
; 90 mM 50 119

cellulose and xylose present
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take and shortest residence time. Thus, the en-
hanced xylose consumption rates of the best-case
CDT-containing strain are not beneficial when
high concentrations of ethanol are desired.

Parameters describing glucose inhibition of xy-
lose uptake by the DA24-16 strain have yet to be
measured experimentally. The present work em-
ploys experimental parameters describing glucose
inhibition of xylose transport in the yeast Candida
lusitaniae, which exhibits glucose growth kinetics
similar to those of S. cerevisiae [39]. These param-
eters may be incorrect for the DA24-16 strain. Thus,
the cellodextrin transporter’s ability to increase xy-
lose uptake rates was further investigated with
simulations where the glucose inhibition parame-
ter (BC1–Xy) was increased 10-fold. In such a sce-
nario, glucose inhibition of xylose uptake is
stronger than reported in most yeast strains capa-
ble of xylose assimilation [39, 47, 48]. In the SSF run
with this stronger inhibition, the optimized CDT-
containing strain consumed all xylose within 50 h,
a much shorter time than the 93.5 and 98.75 h re-
quired for the SHF and SSF alternative processes,
respectively. Within SSF, strong glucose inhibition
of xylose transport led to conditions where rapid
xylose uptake correlated with short residence
times; SSF with the best-case CDT yeast allowed
for 75 g/L ethanol to be produced more quickly
than with the non-CDT yeast. However, this correl-
ative relationship did not hold when SHF and SSF
were compared. The SHF scenario with the 12 h hy-
drolysis step still had the shortest residence time
for a 75 g/L ethanol titer despite the longer time for
complete xylose consumption.

The CDT facilitates rapid xylose consumption
by alleviating glucose inhibition of xylose trans-
port, but for high ethanol titers, this enhanced xy-
lose utilization rate is only beneficial within SSF if
glucose inhibition of xylose uptake is stronger in
the DA24-16 strain than in other reported xylose-
utilizing strains [39, 47, 49]. Additionally, when SSF
and SHF are compared, the overall residence time
for high ethanol titers is not sensitive to rapid xy-
lose uptake, and the SHF scenario allows for short-
er residence times despite leading to conditions in
which xylose is consumed more slowly.

3.4  Sensitivity of the SSF/SHF comparison 
to values of KC1

and KC2

In the present work, the Monod constant for growth
on glucose (KC1

) was assumed to be the lowest
achievable value of the Monod constant for growth
on cellobiose in an engineered CDT-containing
yeast. However, reported values of KC1

for yeast
growth on glucose range from 0.1 to 3 mM [39, 48,

50, 51]. In our study, we used an intermediate value
of 1.7 mM for KC1

. To more completely explore the
sensitivity of our results to KC2

values that are even
lower than 1.7 mM, we examined the residence
times required to achieve 75 g/L ethanol in SSF
with a CDT-containing strain where KC2

was varied
from 0.035 mM to 3.5 mM (Fig. 4). The lowest esti-
mates of KC1

for yeast are around 0.14 mM; the res-
idence time for this value of KC2

is illustrated in 
Fig. 4 (starred point). SSF with such a dramatically
improved CDT yeast allowed for a shorter resi-
dence time than SSF with a non-CDT yeast sup-
plemented with β-glucosidase (71 h; dashed gray
line in Fig. 4). In all runs, however, the residence
times were longer than the corresponding time for
the SHF process with a 12 h hydrolysis step (59.5 h;
black line in Fig. 4). Reductions in residence time
from improvements to KC2

beyond 1.7 mM were
minimal and appeared to reach a limit near
KC2

= 0.035 mM (65 h). Thus, while performance of
the CDT-containing yeast in SSF scenarios is high-
ly sensitive to KC2

, the result that SHF with a 12 h
hydrolysis step leads to shorter residence times at
high ethanol titers is not.

The possible influence of a lower KC1
on our re-

sults was also explored (Table 1). When this KC1
was

lowered to 0.14 mM in runs 2, 4, and 13, the relative
ordering of residence times was unchanged (2′, 4′,
and 13′ in Table 1). When KC2

was subsequently
lowered (as above), the same result was observed.
The SHF process with a 12 h hydrolysis step still al-
lowed 75 g/L ethanol to be produced more quickly
than all other processes.

Biotechnol. J. 2012, 7, 361–373 www.biotechnology-journal.com

Figure 4. Sensitivity of time required to reach 75 g/L ethanol in SSF to KC2
.

The influence of KC2
values on the residence time required to produce

75 g/L ethanol in SSF with a CDT yeast were explored. Points represent
residence times for various reductions in the Monod constant associ-
ated with growth on cellobiose, which are plotted along the x-axis as
log(KC2

/K'C2
) where KC2

= 350 mM and K'C2
is an improved (lower) value of

KC2
. The lines correspond to the residence times required to reach 75 g/L

of ethanol in SHF with a 12 h hydrolysis step (run 13; solid black line) and
SSF with a non-CDT yeast supplemented with β-glucosidase (dashed gray
line).
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3.5  Sensitivity of the SSF/SHF comparison 
to glucose, cellobiose, and xylose inhibition

The potential advantages of SSF and SHF may be
sensitive to inhibition of cellulase enzymes by glu-
cose, cellobiose, and xylose. Xylose inhibition in
particular is not well studied; there are no directly
measured inhibition parameters describing the im-
pact of this sugar on cellulase enzymes. The influ-
ence of xylose inhibition was explored through a
comparison of cellulose conversion profiles gener-
ated by three processes simulated with low and
high estimates of xylose inhibition parameters: SSF
with the CDT-containing yeast, SSF with the best-
case CDT-containing yeast, and SHF with a 12 h hy-
drolysis step (runs 2, 12, and 13 in Table 1).

Parameter values describing the competitive in-
hibition of cellulase enzymes by xylose (Ki–Xy) were
estimated from published measurements of cellu-
lase inhibition by other sugars. In the simulations
discussed in 3.1–3.5, equilibrium constants for
competitive xylose inhibition were set equal to
measured equilibrium constants for glucose inhibi-
tion, which ranged from 17–31 mM. Reported
measurements of glucose inhibition, however, are
inconsistent. A study by Phillippidis et al. reported
a Ki–C1

value of 295 mM for a similar mixture of Tri-
choderma sp. enzymes [52]. The implications of
such values on the results of this work were inves-
tigated with runs where glucose and xylose inhibi-
tion parameters were set equal to this higher value
(Ki–Xy = Ki–C1

= 295 mM). These runs represent a low
xylose inhibition scenario.

A high xylose inhibition scenario was also sim-
ulated. Xylan hydrolyzate is not necessarily com-
posed entirely of xylose, but can be dominated by
xylo-oligomers that have been shown to be as in-
hibitory of cellulase enzymes as cellobiose [5]. To
investigate the implications of xylan hydrolyzate
that is strongly inhibitory, competitive equilibrium

constants for xylose inhibition were equated with
the analogous constants for cellobiose inhibition
(Ki–Xy = Ki–C2

for each enzyme).
Cellulose conversion profiles over 72 h are re-

ported in Fig. 5. The cellulose conversion profile for
the CDT-containing yeast in the SSF scenario was
not significantly affected by xylose inhibition pa-
rameters. At reduced levels of xylose and glucose
inhibition, the SHF process resulted in 15% higher
conversion at 72 h than the SSF process with the
best CDT-containing yeast; at the higher level of
xylose inhibition, the SHF process led to a 25%
higher conversion. Thus, SHF outperformed SSF at
low and high levels of xylose inhibition, indicating
that the results of this work are insensitive to the
values of the parameters used to describe xylose
inhibition.

3.6  A Best-case scenario for cellobiose consumption

To assess the ability of a CDT-containing yeast to
achieve high ethanol titers, we ran the model with
KC2

= 0, BC1–C2
= 0, and μmax–C2

= 0.5 h–1 (run 19 in
Table 1). Under such circumstances, cellobiose up-
take can be represented by the following equation:

(12)

Here, uptake of cellobiose (and growth on cel-
lobiose) is governed only by the maximum specific
growth rate of S. cerevisiae and inhibition by
ethanol, and is zeroth order in cellobiose. For such
a strain, the residence time required to achieve
75 g/L of ethanol was 62.25 h, which is still 4.6%
higher than the residence time for SHF with a 12 h
hydrolysis step. The same result was obtained in
the set of runs where KC1

= 0.14 mM (run 19′ in
Table 1). Accordingly, improvements to the cel-
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Figure 5. Sensitivity of the SSF versus SHF comparison to product inhibition. The influence of higher or lower levels of xylose inhibition was explored
through a comparison of SSF with the CDT-containing yeast (run 2), SSF with the best-case CDT-containing yeast (run 12), and SHF with a 12 h hydrolysis
step (run 13). Low inhibition (low Xi) corresponds to runs in which KI = xyl = Ki–C1

= 295 mM. High inhibition (high Xi) corresponds to runs in which
Ki–Xy = Ki–C2

for each enzyme. Lines correspond to conversion profiles for the following conditions: SSF CDT C X high Xi (solid yellow line); SSF CDT
w/KC2

= KC1
, μmax–C2

= μmax–C1
high Xi (solid blue line); 12-H SHF C high Xi (solid black line); SSF CDT C X low Xi (dotted yellow line); SSF CDT w/KC2

= KC1
,

μmax–C2
= μmax–C1

low Xi (dotted blue line); 12-H SHF C low Xi (dotted black line).
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lobiose assimilation pathway are not likely to lead
to a strain of yeast that allows high ethanol titers to
be reached more quickly in SSF than in SHF.

3.7  Collection of parameter values

Some of the parameter values for the microbial
growth model employed in the present analysis
were not available in the literature and had to be
estimated from limited datasets and non-Saccha-
romyces yeast strains. As discussed above, the con-
clusions of the present work are not sensitive to
these parameters, but the model-predicted per-
formance of any particular strain is. Future work to
engineer yeast strains capable of xylose and cel-
lobiose assimilation should involve attempts to ac-
curately measure kinetic parameters for growth on
these substrates (Ksubstrate, μmax-substrate, BC1-substrate).

4  Concluding remarks

We combined a detailed mechanistic kinetic model
of cellulase-catalyzed hydrolysis with a multi-sub-
strate model of microbial growth to investigate the
ability of cellobiose utilizing S. cerevisiae to facili-
tate cellulase hydrolysis and improve ethanol titers
using SSF. The model showed that an existing strain
with this capability (DA24-16) is not as effective at
enhancing rates of cellulose hydrolysis or ethanol
production as a non-cellobiose-utilizing alterna-
tive supplemented with β-glucosidase. However,
lowering the Monod constant for growth on cel-
lobiose would enable DA24-16 to produce ethanol
from cellulose and xylose nearly as rapidly as the
non-cellobiose-utilizing alternative. Strategies to
lower the Monod constant include increasing
transporter expression and/or increasing the rate
of intracellular cellobiose hydrolysis. Such a best-
case CDT strain would likely reduce, but not elimi-
nate, the β-glucosidase requirement.

By relieving glucose inhibition of xylose uptake,
the CDT allowed xylose to be consumed more
quickly in CDT yeast than in non-CDT yeast with
the same xylose assimilation pathway machinery.
Rapid xylose uptake, however, did not result in
short residence times for producing 75 g/L ethanol
unless glucose inhibition of xylose uptake was as-
sumed to be higher in the DA24-16 strain than for
most other xylose-consuming yeast strains; and,
under such circumstances, this correlation existed
only in SSF scenarios. The SHF scenario with the
12 h hydrolysis step required more time for com-
plete xylose utilization but allowed high ethanol
titers to be reached more quickly than in SSF

processes, regardless of the level of glucose inhibi-
tion of xylose uptake.

Improvements to the cellobiose utilization sys-
tem of the DA24-16 strain are unlikely to result in
SSF residence times that are shorter than those of
SHF processes. Our simulations showed that SHF
with a 12 h hydrolysis step allowed 75 g/L ethanol
titers to be reached more quickly than all SSF
processes addressed in this work. A technoeco-
nomic analysis is necessary to determine whether
or not the longer residence times required in SSF
with optimized CDT-containing strains of S. cere-
visiae could allow for a net cost savings resulting
from the elimination or reduction in β-glucosidase
requirements.

In an SHF process, improved cellobiose-utiliz-
ing strains could still be useful. If cellulases that are
insensitive to cellobiose are developed, there would
be no need for β-glucosidase in the hydrolysis step;
and enzyme cost would be reduced. In this sce-
nario, any organism capable of rapid cellobiose
consumption would be advantageous in the fer-
mentation step, which would contain a high con-
centration of cellobiose.
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