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ABSTRACT: Moderate loadings of cellulase enzyme supple-
mented with b-glucosidase were applied to solids produced
by ammonia fiber expansion (AFEX), ammonia recycle
(ARP), controlled pH, dilute sulfuric acid, lime, and sulfur
dioxide pretreatments to better understand factors that con-
trol glucose and xylose release following 24, 48, and 72 h of
hydrolysis and define promising routes to reducing enzyme
demands. Glucose removal was higher from all pretreatments
than from Avicel cellulose at lower enzyme loadings, but
sugar release was a bit lower for solids prepared by dilute
sulfuric acid in the Sunds system and by controlled pH
pretreatment than from Avicel at higher protein loadings.
Inhibition by cellobiose was observed to depend on the type of
substrate and pretreatment and hydrolysis times, with a
corresponding impact of b-glucosidase supplementation.
Furthermore, for the first time, xylobiose and higher xyloo-
ligomers were shown to inhibit enzymatic hydrolysis of pure
glucan, pure xylan, and pretreated corn stover, and xylose,
xylobiose, and xylotriose were shown to have progressively
greater effects on hydrolysis rates. Consistent with this,
addition of xylanase andb-xylosidase improved performance
significantly. For a combined mass loading of cellulase and
b-glucosidase of 16.1 mg/g original glucan (about 7.5 FPU/g),
glucose release from pretreated solids ranged from 50%
to75% of the theoretical maximum and was greater for all
pretreatments at all protein loadings compared to pure Avicel
cellulose except for solids from controlled pH pretreatment
and from dilute acid pretreatment by the Sunds pilot unit.
The fraction of xylose released from pretreated solids was
always less than for glucose, with the upper limit being about

60% of the maximum for ARP and the Sunds dilute acid
pretreatments at a very high protein mass loading of 116 mg/g
glucan (about 60 FPU).

Biotechnol. Bioeng. 2009;102: 457--467.

� 2008 Wiley Periodicals, Inc.

KEYWORDS: corn stover; pretreatment; enzymatic hydro-
lysis; cellulase; b-xylosidase; celloligomers; xylooligomers;
inhibition

Introduction

For corn stover, pretreatments by ammonia fiber expansion
(AFEX), ammonia recycled percolation (ARP), controlled
pH, dilute acid (DA), and lime were previously shown to
achieve similarly high glucose and xylose yields for the
combined operations of pretreatment and enzymatic hydro-
lysis at high cellulase mass loadings of about 55 and 220 mg of
protein/g glucan in the original corn stover (corresponding to
about 15 FPU and 60 FPU/g glucan, respectively; the Spezyme
CP used in these studies had a protein content of about
100 mg/mL and activity of 30 FPU/mL) (Mosier et al., 2005;
Wyman et al., 2005). Furthermore, the majority of results
available in the literature for pretreated solids report
high saccharification yields using uneconomically high
enzyme loadings. However, because lower enzyme loadings
that still achieve high sugar yields are essential to economic
success, better knowledge is needed of factors that govern
sugar release at more moderate enzyme loadings (Merino
Sandra and Cherry, 2007; Saha and Bothast, 1997; Wingren
et al., 2005; Wyman, 2007). Nonproductive binding of cellu-
lase and other enzymes with lignin and other portions of the
solid (Excoffier et al., 1991; Yang and Wyman, 2006; Yue
et al., 2004; Zheng et al., 2007), inhibition by sugar and their
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degradation compounds (Garcia-Aparicio et al., 2006; Ku-
mar and Wyman, 2008a; Kumar and Wyman, 2008c), and
their inactivation over time (Desai and Converse, 1997;
Vlasenko et al., 1997; Wang et al., 2006) are thought to
be at least partly responsible for high enzyme loading require-
ments, but the complexity of the substrate and enzymes has
confounded developing a clear picture of the mechanism.
Furthermore, it has not been determined whether carbohy-
drate oligomers other than cellobiose inhibit cellulase action
because these higher oligomers are almost nonexistent at the
higher enzyme loadings typically used.

In this study, we sought to develop a new perspective on
short term sugar release patterns for corn stover solids
prepared by different pretreatments when subjected to mod-
erate enzyme loadings. Thus, glucose and xylose release from
corn stover solids pretreated by leading technologies of
ammonia fiber expansion (AFEX), ammonia recycle
(ARP), controlled pH, dilute sulfuric acid (DA), lime, and
sulfur dioxide (SO2) as well as pure cellulose and xylan were
followed for up to 72 h of hydrolysis over a range of cellulase
enzyme loadings. In addition, the effect of corn stover
deacetylation on 24 h release of glucose and xylose was
determined. Data is also presented on the impact of xyloo-
ligomers on sugar release and the benefits of supplementation
with b-glucosidase, xylanase, and b-xylosidase.

Materials and Methods

Materials

Pure cellulose, Avicel PH-101, was purchased from FMC
Corporation, Philadelphia, PA (Cat 11365, Lot 1094627), and
birch wood and beech wood xylans were purchased from
Sigma Chemicals (St. Louis, MO). Amorphous cellulose was
prepared from Avicel PH 101 cellulose using concentrated
phosphoric acid as per the method reported by Zhang and
Lynd (2005). Xylobiose and xylotriose were purchased from

Megazyme International Ireland, Limited (Bray Business
Park, Bray, Co. Wicklow, Republic of Ireland). Unpretreated
Kramer corn stover was generously provided by the National
Renewable Energy Laboratory (NREL) in Golden, CO. Solids
resulting from corn stover pretreatment by various techno-
logies were generously provided by our partners in the
Biomass Refining Consortium for Applied Fundamentals
and Innovation (CAFI): ARP by Auburn University, AFEX
by Michigan State University, dilute acid pretreatment with
the Sunds pilot reactor by NREL, controlled pH by Purdue
University, lime by Texas A&M University, and sulfur diox-
ide by the University of British Columbia. Corn stover was
also pretreated in our laboratories using dilute sulfuric acid in
a one liter Parr reactor following the method described by
Lloyd and Wyman (2005). Reaction conditions and solids
compositions as measured according to NREL Laboratory
Analytical Procedure 02 (NREL, 2004) are reported in Table I
for all of the pretreatments. Corn stover was deacetylated with
potassium hydroxide (KOH) at room temperature using the
approach of Chang and Holtzapple (2000) and Kong et al.
(1992) but for a total solids concentration of 5% (w/w), to
facilitate mixing, on a dry basis instead of the 10% in the
reported methods.

Enzymes

Spezyme� CP cellulase (Lot 301-04075-034; 59� 5 FPU/mL,
123� 10 mg protein/mL), Multifect� Xylanase (Lot 301-
04021-015; 42� 5 mg protein/mL), b-glucosidase (31�
5 mg protein/mL), and b-xylosidase (75� 5 mg protein/
mL) and measurements of their protein content/activities
were generously provided by Genencor Division of Danisco
US, Inc. (Rochester, NY). b-glucosidase (Novozyme188,
140� 5 mg protein/mL; 665 CBU/mL) used in some experi-
ments was purchased from Sigma Chemicals. The enzyme
protein contents were determined by the standard BCA
method (Smith et al., 1985), and the activity for Novo-
zyme188 was based on that by Dien et al. (2008).

Table I. Pretreatment methods, conditions, percent of glucan and xylan left in solids, and solids compositions for solids prepared by leading technologies.

Pretreatment Pretreatment conditions

Percent of original left in

pretreated solids (%)

Composition of

pretreated solids (%)

Glucan Xylan Glucan Xylan Lignin

AFEX 90�C, 220 psi, 1:1 NH3 to Biomass, 5 min----NW 100.0 100.0 34.4 22.8 18.0

ARP 170�C, 325 psi, 3.33:1 NH3:Dry Wt,

20 min, and 3.3 mL/g of corn stover----W

98.6 48.1 61.9 17.9 8.8

Dilute acid Sunds System: 180�C, 0.03H2SO4:Dry wt, 90 s, 25% solids-HW 93.4 27.2 59.3 9.3 22.5

Parr Reactor: 160�C, 0.005 H2SO4:Dry wt, 20 min, 5% solids----NW 94.0 NA 64.4 2.9 26.4

Lime 55�C, 0.5:1 Ca(OH)2 to Biomass (dry wt), 4 weeks,

water loading----10 g/g dry biomass----W1

97.1 NA 56.7 26.4 14.6

Controlled pH 190�C, 15 min (þ 5 min heat up)----NW 94.1 NA 52.7 16.2 25.2

SO2 190�C, 5 min, 3% SO2----steam explosion-W 96.9 NA 56.9 11.6 23.8

Deacetylationa 25�C, 48 h, 1.5 Mmol KOH/gm corn stover (dry wt.)----W ---- ---- 42.1 23.4 19.5

NW, not washed; W, water washed; HW, hot water washed; W1, neutralized and washed; NA, not available.
aComplete deacetylated corn stover. The untreated corn stover contained 38.3 ˘ 2.2% glucan, 21.7 ˘ 1.2% xylan, and 20.5 ˘ 1.1% lignin.

458 Biotechnology and Bioengineering, Vol. 102, No. 2, February 1, 2009



Enzymatic Hydrolysis

Enzymatic hydrolysis was performed according to NREL
Laboratory Analytical Procedure LAP 009 in at least dupli-
cates at 1% (w/w) glucan concentrations in 0.05 M citrate
buffer (pH¼�4.8) containing antibiotics (400mL/100 mL of
10 mg/mL tetracycline in 70% ethanol and 300 mL/100 mL of
10 mg/mL cyclohexamide in DI water) in 125 mL Erlenmeyer
flasks operated at 48� 3�C using a thermostated water bath
shaker at �200 rpm (NREL, 1996). Substrate blanks without
enzyme and enzyme blanks without substrate were run in
parallel. Unless otherwise stated, digestibility was determin-
ed for Spezyme CP cellulase loadings of 6.5, 16.1, 32.2,
and 129.0 mg of protein/g glucan in the raw biomass
(corresponding to about 3.0, 7.5, 15, and 60 FPU/g of original
glucan) supplemented with b-glucosidase at a protein mass
ratio of 0.034, resulting in a CBU to FPU activity ratio of �2.
Sugar release from Avicel cellulose and birch wood and beech
wood xylan were determined at the same protein loadings for
comparison.

To determine the amount of sugars generated during
hydrolysis, liquid samples of about 700 mL were drawn at
24, 48, and 72 h and then immediately filtered through 0.2mm
nylon filter vials (Alltech Associates, Inc., Deerfield, IL),
pipetted into 500 mL polyethylene HPLC vials (Alltech Asso-
ciates, Inc.), and kept refrigerated at 4�C or frozen at �20�C
for longer times until analysis. Hydrolysis samples along with
calibration standards were run on a Waters Alliance HPLC
system (Model 2695, Waters Corporation, Milford, MA)
employing Aminex HPX-87H and HPX-87P columns
(Bio-Rad Laboratories, Hercules, CA).

Determination of Oligomers

After 72 h of enzymatic hydrolysis, broths were centrifuged
to separate undigested solids and insoluble lignin from the
liquid. Then, the solid free liquid was incubated for 1 h with
4% sulfuric acid at 121�C in an autoclave along with sugar
recovery standards, as described elsewhere (Yang and
Wyman, 2008). Thereafter, liquid was neutralized with
CaCO3, and the total amount of glucose and xylose analyzed
by HPLC.

The percent yield of celloligomers with a degree of poly-
merization> cellobiose, G3þ , was calculated at follows:

G3þ ¼

100�ðglucose after post hydrolysis
�glucose before post hydrolysis

�1:053� 	 cellobiose before post hydrolysisÞ
total potential glucose in pretreated solids

X2þ , the percent yield of xylooligomers containing 2 or
more xylose units, was calculated as:

X2þ ¼

100�ðxylose after post hydrolysis

�xylose before post hydrolysisÞ
total potential xylose in pretreated solids

In which the yields after post hydrolysis were corrected for
sugar degradation using the sugar recovery standard (Yang

and Wyman, 2008) and the factor 1.053 accounts for the mass
gain due to hydration of cellobiose to glucose.

Effect of bb-Glucosidase and bb-Xylosidase
Supplementation

The effect of b-glucosidase supplementation on the digesti-
bility of Avicel cellulose, amorphous cellulose, corn stover
solids following pretreatment with dilute sulfuric acid in the
Parr reactor, and corn stover solids following pretreatment
with SO2 was also studied. A combined loading of 16.1 mg of
cellulase and b-glucosidase protein/g original glucan was
employed for Avicel cellulose and dilute sulfuric acid and
SO2 pretreated corn stover solids, and 10 mg (about 5 FPU) of
cellulase and b-glucosidase together/g glucan was added to
amorphous cellulose. For all, b-glucosidase was added at
activity ratios (CBU to FPU) of 0, 1, 2,5,10, and 15,
unless otherwise stated, in addition to the CBU to FPU ratio
of �2.2 for Spezyme CP itself (Dien et al., 2008). The
concentration of oligomers in the liquid after 4 h of hydrolysis
for amorphous cellulose and 24 h of hydrolysis for Avicel and
corn stover solids was determined as described above.

Hydrolysis of birchwood xylan was conducted at two
different Multifect xylanase loadings of 7.0 and 14.0 mg/g
xylan augmented with up to 10.0 mg of b-xylosidase
protein per mg of xylanase protein. Furthermore, hydrolysis
of AFEX pretreated corn stover was conducted at a combin-
ed mass loading of cellulase and b-glucosidase of 16.1 mg/g
original glucan augmented with up to 10.0 mg ofb-xylosidase
protein per mg of cellulase protein. The impact of
b-xylosidase supplementation on sugar yields for SO2

pretreated corn stover was only determined with a
b-xylosidase to cellulase protein ratio of about 0.25.
The release of sugar monomers and oligomers into the
liquid was measured after 72 h of hydrolysis, as described
earlier.

Impact of Xylooligomers on Cellulase Activity

Hydrolysis of 1% (w/w) Avicel cellulose with an equal mass
of birch wood xylan [�86% xylan (Gray et al., 2007)]
was performed in triplicate at a combined cellulase and
b-glucosidase loading of 16.1 mg/glucan. Hydrolysis was also
performed at a similar cellulase loading but supplemented
with b-xylosidase at a loading of 14 mg/g glucan. To evaluate
the effect of xylose alone on cellulose hydrolysis, cellulose
containing an equivalent amount of xylose (1.053*	 amount
of xylan) was enzymatically hydrolyzed in parallel. Con-
trolled experiments for cellulose hydrolysis without xylan,
cellulose with b-xylosidase only, and a substrate blank con-
taining cellulose to which xylan was added were run in
parallel. Samples were collected 4, 24, 48, and 72 h after
initiation of hydrolysis and analyzed for sugars. Liquids
produced by 72 h of hydrolysis of samples containing xylan
were post hydrolyzed to determine the amount of xylo-
oligomers (see Materials and Methods).
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Results

Glucose and Xylose Yields Versus Cellulase Loadings

Figures 1 and 2 show the effects of combined cellulase and
b-glucosidase protein mass on glucose and xylose yields,
respectively, after 72 h of enzymatic hydrolysis expressed as
a percent of the glucan and xylan in the pretreated solids.
Glucose release was very low for unpretreated corn stover
(<20%) at a protein loading of cellulase together with
b-glucosidase of 32.2 mg of /g original glucan, and generally,
all pretreatments resulted in higher glucose removal than

possible from Avicel cellulose at lower enzyme loadings.
However, at higher protein loadings, sugar release was a bit
lower for solids prepared by dilute sulfuric acid in the Sunds
system and by controlled pH pretreatment than from
Avicel. On the other hand, solids resulting from dilute
sulfuric acid pretreatment in the Parr reactor (severity
[log R0]¼ 3.06¼ log (t exp(T� 100)/14.75) in which t is
time in minutes and T is temperature in �C) showed much
higher digestibility than solids from the Sunds system
(severity [log R0]¼ 2.53) at all protein loadings. The frac-
tional release of xylose (Fig. 2) was much lower from pre-
treated solids than for glucose (Fig. 1) for all pretreatments.
Yet, xylose yields at a high protein loading of 129 mg/g
original glucan ranged from 60% to nearly complete
saccharification.

Although release of sugars was lower with removal of acetyl
groups in Figures 1 and 2 than for any of the pretreatments,
there was a nearly linear relationship between glucose yields
and acetyl removal as shown in Figure 3a for a protein mass
loading of 32.2 mg/g glucan. Furthermore, glucose yields

Figure 1. Equivalent glucose yields versus mass protein loadings after 72 h of

digestion for Avicel PH 101, unpretreated and deacetylated corn stover, and corn stover

solids following pretreatment by leading technologies. Equivalent glucose yield¼ g of

glucose þ 1.053	 cellobiose/g glucan in the solids before hydrolysis. [Color figure can

be seen in the online version of this article, available at www.interscience.wiley.com.]

Figure 2. Xylose yields versus mass protein loadings after 72 h of digestion for

pure xylan, unpretreated and deacetylated corn stover, and corn stover solids prepared

by leading pretreatment technologies. [Color figure can be seen in the online version of

this article, available at www.interscience.wiley.com.]

Figure 3. a: Effect of deacetylation on glucan and xylan removal after 24 h of

enzymatic hydrolysis for an enzyme loading of 32.2 mg/g glucan. b: Twenty four hours

enzymatic glucose yields versus xylose yields for untreated and deacetylated corn

stover. [Color figure can be seen in the online version of this article, available at

www.interscience.wiley.com.]
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approximately doubled over the range of modest acetyl
removal achieved, and xylose removal was significantly
enhanced as well. In addition, a linear relation was observed
between xylose and glucose removal for untreated and
deacetylated corn stover (Fig. 3b).

Using only Spezyme CP cellulase that is low in xylanase
activity is expected to result in the incomplete removal of
xylan, as confirmed by Figures 1 and 2. The low xylanase
activity of cellulase could also explain why xylooligomer
yields as determined by post hydrolysis were as high as
45% following 72 h of hydrolysis, as shown in Figure 4 for
a protein loading of 16.1 mg/g original glucan. However,
to our surprise, substantial amounts of cellobiose and
particularly higher degree of polymerization cellodextrins
(>cellobiose) were also found in the hydrolyzates, with yields
of up to 20% after 72 h of hydrolysis, depending upon the
substrate and pretreatment. The cause of this substantial
cellooligomers accumulation could be adsorption/inactiva-
tion of cellulase components and/or b-glucosidase on lignin
or lower crystallinity. Although several studies have reported
the beneficial effect of b-glucosidase supplementation on
glucan digestibility, no universally effective loading of
b-glucosidase has been defined, perhaps due to variations
in b-glucosidase activity in cellulase and the effects of the
substrates used. Therefore, more detailed investigations ap-
pear warranted on whether the effectiveness of b-glucosidase
supplementation is influenced by pretreatment choice and
the type of substrate as well as enzymatic hydrolysis con-
ditions such as the duration of hydrolysis, temperature, and
substrate loading.

Effect of Xylooligomers on Cellulase Activity

Although several studies reported inhibition of cellulase
activity by monomeric sugars and cellobiose (Holtzapple

et al., 1990; Todorovic et al., 1987; Xiao et al., 2004), limited
information is available on the effect of higher cellooligomers
and xylooligomers. For example, Kim et al. (2006) reported
that effluent exiting from low liquid ammonia recycled
percolation (LLARP) pretreatment strongly inhibited cellu-
lase and microbial activities, but it was unclear whether high
amounts of xylooligomers or solubilized lignin in the liquid
were responsible (Kim and Lee, 2005; Wu and Lee, 1997).
Therefore, we added Spezyme CP supplemented with
b-glucosidase at a 1:2 ratio, respectively, to equal concen-
trations of 10 g/L for both xylan and Avicel and found that the
72 h glucose yield was about half that of the control, as shown
in Figure 5. We also measured the concentration of xylose in
the hydrolyzate to be 5.5 g/L. However, supplementing
cellulase with b-xylosidase at a protein mass loading of
14 mg/g glucan improved yields by �34%, resulting in about
the same performance as realized when an amount of xylose
equivalent to the xylan concentration originally employed,
12.5 mg/mL, was added initially. Yet, only about 6.7 mg/mL
of xylose was released by hydrolysis of the mixture with
b-xylosidase supplementation at a protein loading of 14 mg/
g glucan. Furthermore, in the initial period of cellulose
hydrolysis in the presence of xylan, cellobiose appeared in
higher amounts than for the control, suggesting inhibition of
b-glucosidase activity by xylooligomers and/or xylan. How-
ever, cellobiose virtually disappeared after 24 h of hydrolysis,
and b-xylosidase had very low cellulase activity (data not
shown). Thus, these observations strongly suggest that xylo-
oligomers inhibit cellulase action, and glucose and xylose
release could be significantly enhanced by b-xylosidase sup-
plementation. However, the benefits of adding b-xylosidase
are expected to vary with the amount of xylan left in the solids
which is in turn affected by the type of pretreatment and
substrate. In addition, the choice of enzyme and enzyme
loadings are also expected to be important.

Figure 4. Yields of cellobiose, cellooligomers with degrees of polymerization

greater than cellobiose, and xylooligomers as determined by post hydrolysis following

enzymatic hydrolysis for 72 h at a combined cellulase andb-glucosidase protein loading

of 16.1 mg/g original glucan. [Color figure can be seen in the online version of this article,

available at www.interscience.wiley.com.]

Figure 5. Effect of adding xylan (10 g/L), xylose (12 g/L), and b-xylosidase on

hydrolysis of Avicel glucan for a combined cellulase and b-glucosidase protein loading

of 16.1 mg/g glucan. [Color figure can be seen in the online version of this article,

available at www.interscience.wiley.com.]
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Effect of bb-Glucosidase Loading

Cellobiose produced by the action of cellobiohydrolases on
cellulose is well recognized to strongly inhibit cellulase action
(Ghosh et al., 1982; Gusakov et al., 1985; Oh et al., 2000), and
several studies reported the effects of addingb-glucosidase on
cellulose hydrolysis (Breuil et al., 1992; Ghosh et al., 1982;
Spindler et al., 1989; Stockton et al., 1991; Sun and Cheng,
2004).

However, the impacts of b-glucosidase supplementation
on cellodextrin release after enzymatic hydrolysis and inhi-
bition by cellodextrins with degrees of polymerization greater
than for cellobiose have seldom been studied. For example,
despite adding amounts of b-glucosidase consistent with
literature recommendations (Lloyd and Wyman, 2005; Mur-
nen et al., 2007; Yang et al., 2006; Yang and Wyman, 2006),
yields of higher DP cellooligomers were high for pure cellu-
lose and lignin containing substrates, as shown in Figure 4,
even though the yield of cellobiose was lower. This is consis-
tent with reports that the effectiveness of b-glucosidase drops
with increasing chain lengths of soluble celloligomers
(Wilson et al., 1994). Furthermore, b-glucosidase is well

known to lose activity by exposure to heat and agitation
(Aguado et al., 1995; Gunjikar et al., 2001; Mukataka et al.,
1983), nonproductive binding with lignin (Shawky et al.,
1984; Sutcliffe and Saddler, 1986; Tatsumoto et al., 1988; Xu
et al., 2008; Yang and Wyman, 2006), and the effect of lignin
degradation compounds (Garcia-Aparicio et al., 2006; Kaya
et al., 1999; Vohra et al., 1980). In addition, the effectiveness
of a given b-glucosidase loading may vary with the type of
substrate, pretreatment method, substrate loading, and time
of hydrolysis (Breuil et al., 1992; Gruno et al., 2004; Stockton
et al., 1991; Tengborg et al., 2001).

Figure 6 shows the effect ofb-glucosidase supplementation
at a fixed cellulase mass loading on glucose release from
amorphous cellulose, highly crystalline cellulose, and cellu-
lose in corn stover solids left after SO2 and dilute sulfuric acid
pretreatment in the Parr reactor. Contradictory to expect-
ations, increasing b-glucosidase activity did not significantly
enhance cellulose hydrolysis to glucose and cellobiose for
amorphous cellulose, even though it did increase cellobiose
conversion to glucose up to a CBU to FPU activity ratio of
2, as shown in Figure 6a. Furthermore, b-glucosidase
supplementation beyond that ratio reduced cellobiose

Figure 6. Effect of b-glucosidase supplementation on sugar release and oligomer yields at a combined cellulase and b-glucosidase mass loading of 10.0 mg/g glucan for (a)

amorphous cellulose after 4 h hydrolysis with cellulase and b-glucosidase combined at a mass loading of 16.1 mg/g glucan; (b) Avicel PH101 after 2 and 24 h; (c) dilute acid pretreated

corn stover after 72 h; and (d) SO2 pretreated corn stover after 24 h. [Color figure can be seen in the online version of this article, available at www.interscience.wiley.com.]
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concentrations to virtually zero, but the yield of higher
celloligomers remained at about 0.5%, even at a very
high ratio of b-glucosidase to cellulase activity. Although
b-glucosidase supplementation did not have much effect on
the initial rate of hydrolysis for Avicel PH101, as shown in
Figure 6b, it had a major impact on the 24 h glucose yield, and
surprisingly, the yield of higher celloligomers (>G2) was
around 1--2% even with very high b-glucosidase supplemen-
tations (CBU to FPU ratio �15). b-glucosidase supplemen-
tation had a small effect on the initial rate of glucose release
and a major effect on initial xylose release for dilute sulfuric
acid pretreated corn stover, as shown in Figure 6c, but had a
significant impact on 24 h yields of both glucose and xylose
(increase in total sugar yield�39%). However, b-glucosidase
supplementation had a noticeable effect on total sugar yields
in the first 24 h but only increased glucose and xylose yields by
2.8% and 15%, respectively, after 72 h. Therefore, for dilute
acid pretreated corn stover prepared with the Parr reactor, a
CBU to FPU activity ratio of 1 appears adequate for achieving
nearly theoretical glucose yields even at a low cellulase loading
of 16.1 mg/g glucan. Supplemental b-glucosidase had little
effect on glucose release at a cellulase loading of 32.2 mg/g
glucan (15 FPU) with a substrate loading of 1% (w/v) glucan
(data not shown). For SO2 pretreated corn stover, 24 h
glucose yields increased with increasing b-glucosidase sup-
plementation up to a ratio of 5 (by 10%) and then remained
constant, as shown in Figure 6d, and the overall increase
in total glucose plus xylose yields was about 50% at a CBU
to FPU activity ratio of 5. It is interesting to note that
b-glucosidase supplementation resulted in a 30% decrease
in yield of xylooligomers to about 25% of the total xylan
available in the pretreated solids, and the yield of celloligo-

mers was around 2%, even with a very high b-glucosidase
supplementation. Therefore, b-glucosidase does not hydro-
lyze all of the higher cellodextrins, and cellulose crystallinity,
type of pretreatment, and hydrolysis duration may influence
the effectiveness of b-glucosidase supplementation, as sug-
gested in the literature (Tengborg et al., 2001; Todorovic
et al., 1987). The increase in xylose yields with b-glucosidase
supplementation may result from xylanase activity in Novo-
zyme188 (Dien et al., 2008).

Effect of bb-Xylosidase Supplementation

Enzymatic hydrolysis requires synergy between endo-xyla-
nase and b-xylosidase for unsubstituted xylan (Kumar and
Wyman, 2008a; Robert, 1983; Suh and Choi, 1996; Tenkanen
et al., 1996) and among xylanase components and accessory
enzymes for substituted xylan (de Vries et al., 2000; Korme-
link and Voragen, 1992). However, although the role of
b-xylosidase has some similarities to that for b-glucosidase,
it is more effective in hydrolyzing higher DP soluble xylans
than b-glucosidase is in hydrolyzing higher DP celloligomers
(Anand and Vithayathil, 1996; Basaran and Ozcan, 2008;
Belkacemi and Hamoudi, 2003; Ghose and Bisaria, 1987;
Silveira et al., 1999). As shown previously in Figure 4, the yield
of xylooligomers after enzymatic hydrolysis with just cellulase
and b-glucosidase can be as high as 45%, as observed for
solids containing 1% (w/w) glucan and depend on type of
pretreatment, possibly due to limited b-xylosidase activity in
Spezyme CP. Therefore, birch wood xylan was hydrolyzed at
two xylanase mass protein loadings of 7 mg and 14 mg/g xylan
with b-xylosidase supplementation up to 10 mg/mg of
xylanase protein, and xylose monomer yields are summarized

Figure 7. Effect ofb-xylosidase supplementation on xylose release from birchwood xylan at fixed xylanase mass loadings of (a) 7 mg protein/g xylan and (b) 14 mg/g xylan. [Color

figure can be seen in the online version of this article, available at www.interscience.wiley.com.]
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in Figure 7 for samples collected after 4, 24, 48, and 72 h. This
data showed that b-xylosidase supplementation did not
increase longer time xylose yields significantly beyond a
protein mass ratio of 1, possibly due to the high activity of
b-xylosidase in Multifect xylanase. However, b-xylosidase
supplementation had a substantial effect on the initial rate of
xylose release for each xylanase mass loading, with about a
55% and 20% increase for 7 mg and 14 mg of xylanase protein,
respectively, in the first 4 h. Furthermore, b-xylosidase
supplementation dropped xylooligomers yields to essentially
0% (data not shown) from 5% with a xylanase mass loading of
7 and to 0% from 1.7% with a xylanase mass loading of 14 mg/
g xylan. Although higher xylanase loadings and b-xylosidase

supplementation both increased initial xylose yields signifi-
cantly, 72 h yields were quite similar at both xylanase mass
loadings with b-xylosidase supplementation.

To better understand how b-xylosidase supplementation
impacts glucan and xylan hydrolysis for substrates containing
appreciable amounts of xylan and lignin, AFEX pretreated
corn stover was hydrolyzed at a cellulase mass loading of
16.1 mg including b-glucosidase/g original glucan with up to
10 mg of b-xylosidase supplementation per mg of cellulase.
Similarly, SO2 pretreated corn stover was hydrolyzed at a
combined cellulase and b-glucosidase loading of 16.1 mg/g
with 0.25 mg of b-xylosidase/mg of cellulase and with an
equal amount of xylanase protein as the combined amount of

Figure 8. Effect of b-xylosidase supplementation on glucose, xylose, and xylooligomer release at a combined cellulase and b-glucosidase mass loading of 16.1 mg/g original

glucan for (a) AFEX pretreated corn stover and (b) SO2 pretreated corn stover. [Color figure can be seen in the online version of this article, available at www.interscience.wiley.com.]
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cellulase and b-xylosidase. As shown in Figure 8a, b-xylosi-
dase supplementation increased 4 h glucose and xylose
releases by up to 46% and 285%, respectively, at high
supplementation ratios. These results for glucan hydrolysis
support earlier evidence that xylooligomers significantly
inhibit cellulase activity. In addition, 72 h glucose and xylose
yields at a protein mass ratio of b-xylosidase to cellulase of
0.25 were enhanced by about 18% and 23%, respectively.
However, although b-xylosidase supplementation enhanced
sugar release, a significant yield of xylooligomers (�10%)
was still found after 72 h of hydrolysis even for very high
b-xylosidase supplementation, as shown in Figure 8a. For
SO2 pretreated corn stover with b-xylosidase supplementa-
tion, glucose and xylose release increased by about 13% and
37%, respectively, as shown in Figure 8b. However, although
supplementation of the enzyme mixture containing cellulase,
b-glucosidase, and xylanase with b-xylosidase enhanced
xylose release by 16%, a negligible increase in glucose release
was observed, suggesting that b-xylosidase supplementation
may not be beneficial with a high xylanase loading. Thus,
b-xylosidase alone does not appear to be sufficient to hydro-
lyze high DP soluble xylooligomers, and supplementation
with both xylanase and b-xylosidase appears desirable to
realize high monomeric xylose yields, as found for pure xylan
and AFEX and SO2 pretreated corn stover. Further study is
underway on the impact of xylanase supplementation on
corn stover hydrolysis.

Effect of Xylose Oligomers Chain Length on
Cellulase Activity

As shown in previous sections, significant amounts of xylo-
oligomers were measured in the hydrolyzates after enzymatic
hydrolysis. Furthermore, these xylooligomers were also
found in the liquor from pretreatment prior to enzymatic
hydrolysis, with the amounts depending upon the type of
pretreatment, substrate, and substrate loading (Kabel et al.,
2007; Kim and Holtzapple, 2005; Kumar and Wyman, 2008b;
Liu and Wyman, 2003; Wyman et al., 2005; Yang and
Wyman, 2008). As shown above, such xylooligomers can
slow glucose and xylose release, but better quantification was
desired on whether oligomers concentration and chain length
affect this inhibition. Therefore, 12.5 mg/mL (80 mM xylose
equivalent) of xylose, 6.6 mg/mL (46 mM xylose equivalent)
and 16.6 mg/mL (117 mM xylose equivalent) of xylobiose,
and 6.6 mg/mL (48 mM xylose equivalent) of xylotriose were
added to 2 mL centrifuge tubes containing 30 mg of Avicel in
1.5 mL of liquid at a cellulase loading of 30 FPU/g glucan, and
initial hydrolysis rates were measured. Xylose alone at this
concentration inhibited yields by about 10%, but about half
as much xylobiose, 46 mM of xylose equivalent, reduced
glucose release by 18%, as shown in Figure 9. Furthermore,
glucose release dropped by about 32% at a higher xylobiose
loading of 117 mM of xylose equivalent. Adding almost half of
the xylose concentration and about the same as the lower
concentration of xylobiose, xylotriose (48 mM xylose
equivalent) reduced glucose release even more, by about

24%. These results show that enzyme inhibition increases
with chain length and concentration for these three species,
but more work is needed to determine whether these trends
continue to build for longer xylooligomer chain lengths.
Further study with purified cellulase components could
clarify which activities xylooligomers particularly affect.

Conclusions

Glucose and xylose release data were developed for solids
prepared by leading pretreatment options that span a range of
pH values to better understand what factors drive the need for
high enzyme doses to realize high yields. It was observed that
about 70--80% of the glucan was digestible at a combined
cellulase and b-glucosidase mass loading of 16.1 mg/g glucan
and that glucose release was better from all pretreatments
than from Avicel at these lower enzyme loadings. However,
xylose yields were much lower and remained lower even
with very high cellulase mass loadings. Analysis of the hy-
drolyzate following pretreatment and in the liquid after 72 h
of enzymatic hydrolysis showed an appreciable amount
of oligomers, with the former containing large amounts of
xylooligomers. Furthermore, enzymatic hydrolysis was
slower when xylooligomers were present, suggesting that
they strongly inhibited cellulase activity and possibly endo-
xylanase activity as well (Suh and Choi, 1996). Supplemen-
tation of cellulase with b-xylosidase and xylanase improved
sugar release significantly, with their effectiveness depending
on the type of substrate and pretreatment and the length of
time for hydrolysis. In addition, xylose, xylobiose, and xylo-
triose were shown to inhibit enzymatic hydrolysis, and the
degree of inhibition was found to increase with chain length
and concentration for these three compounds. However,
further study is needed to determine if inhibition continues
to increase with degree of polymerization for longer chained

Figure 9. Effect of xylose oligomer chain length on Avicel glucan initial hydrolysis

rate at a cellulase loading of 30 FPU/g glucan and CBU to FPU activity ration of 2.

[Color figure can be seen in the online version of this article, available at www.

interscience.wiley.com.]
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oligomers and assess how these species impact the activity of
individual cellulase components.
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