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ABSTRACT: Cellulase enzymes contribute a major fraction of
the total cost for biological conversion of lignocellulosic
biomass to fuels and chemicals. Although a several fold
reduction in cellulase production costs and enhancement of
cellulase activity and stability have been reported in recent
years, sugar yields are still lower at low enzyme doses than
desired commercially. We recently reported that hemicellulose xylan and its oligomers strongly inhibit cellulase and that
supplementation of cellulase with xylanase and b-xylosidase
would signiﬁcantly reduce such inhibition. In this study,
mannan polysaccharides and their enzymatically prepared
hydrolyzates were discovered to be strongly inhibitory to
fungal cellulase in cellulose conversion (>50% drop in %
relative conversion), even at a small concentration of 0.1 g/L,
and inhibition was much greater than experienced by other
known inhibitors such as cellobiose, xylooligomers, and
furfural. Furthermore, cellulase inhibition dramatically
increased with heteromannan loading and mannan substitution with galactose side units. In general, enzymatically
prepared hydrolyzates were less inhibitory than their
respective mannan polysaccharides except highly substituted
ones. Supplementation of cellulase with commercial accessory enzymes such as xylanase, pectinase, and b-glucosidase
was effective in greatly relieving inhibition but only for less
substituted heteromannans. However, cellulase supplementation with puriﬁed heteromannan speciﬁc enzymes relieved
inhibition by these more substituted heteromannans as well,
suggesting that commercial preparations need to have higher
amounts of such activities to realize high sugar yields at the
low enzyme protein loadings needed for low cost fuels
production.
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Introduction
Lignocellulosic biomass comprised of three major components—cellulose, hemicellulose, and lignin- can sustainably
be converted into biofuels to help meet world needs for
transportation fuels and address global climate change and
other mounting environmental concerns (Lynd et al., 1991;
Wyman, 1994). However, its recalcitrant nature poses
challenges to biological conversion to fuels at high yields
for the low enzymes protein loadings needed to keep
commercial costs low (Lynd et al., 1999, 2008). In addition,
many of the end-products of enzyme action severely inhibit
enzyme action and result in low sugar yields. For example,
Mandels, Reese, and coworkers pointed out inhibition by
glucose in the 1950s (Mandels and Reese, 1957; Reese, 1957),
Halliwell and Grifﬁn reported substantial inhibition by
cellobiose in the 1970s (Halliwell and Grifﬁn, 1973), and our
team recently showed severe inhibition by xylan oligomers
(Kumar and Wyman, 2009b,c).
The most frequently studied cellulase from the ﬁlamentous
fungi Trichoderma reesei is comprised of several activities
including two cellobiohydrolases (CBH I/Cel 7A; CBH II/Cel
6A), ﬁve endoglucanases (EG I/Cel 7B, EG II/Cel 5A, EG III/
Cel 12A, EG IV/Cel 61 A, and EG V/Cel 45A), and at least two
b-glucosidases (bGL 1/Cel 3A; bGL 2/Cel 1A) (Bayer
et al., 1998; Henrissat et al., 1985). Most of these components
contain two domains—a catalytic domain and a cellulose
binding domain (CBD)—that are connected by o-glycosylated peptide linkers. Through a heterogeneous reaction,
cellobiohydrolases I and II aided by endoglucanases
processively deconstruct insoluble cellulose chain from
reducing and non-reducing ends, respectively, to produce
mostly cellobiose and small amounts of glucose and
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cellotriose (Stahlberg et al., 1991, 1993). The reaction endproducts cellobiose and glucose in turn inhibit cellulase
catalytic activity (Gong et al., 1977; Gusakov et al., 1985;
Holtzapple et al., 1990; Hong et al., 1981) as well as
adsorption (Kumar and Wyman, 2008). The negative effect of
sugars on cellulase adsorption as pointed out by (Kumar and
Wyman, 2008) was later conﬁrmed by (Kristensen et al.,
2009), and is believed to be one of the main causes for drop in
conversion at high solids loading. However, b-glucosidases
hydrolyze cellobiose and higher soluble cellooligomers via a
homogenous reaction into glucose, thereby reducing inhibition of cellobiohydrolases and endoglucanases (Gong et al.,
1977; Hong et al., 1981; Kadam et al., 2004).
Although recent advances have been reported to enhance
cellulase speciﬁc activity and stability and dramatically
reduce production costs (Zhang et al., 2006, 2012), the
enzyme loadings required to achieve high sugar yields are still
high and expensive, particularly at the high biomass solids
loadings favored commercially (Di Risio et al., 2011). For
example, Klein-Marcuschamer et al. (2012) recently reported
that the cost contribution of enzymes to ethanol production
from corn stover can be $0.68/gallon even at theoretical
maximum sugar yields. One of the reasons for such high
enzyme costs is their strong inhibition by plant derived
inhibitors. For instance, as pointed out earlier, we recently
showed that xylan, a major hemicellulose constituent that
comprises up to 90 wt% of total hemicellulose in most
hardwood species, energy crops, and agricultural residues,
and its shorter chain fragments commonly called xylooligomers (XOs) strongly inhibit enzyme activities (Kumar
and Wyman, 2009b,c). In another study, Qing et al. (2010)
showed that XOs were stronger inhibitors than cellobiose at
equal molar concentrations. Kont et al. (2013) also showed
that the oligosaccharides of xylan and mixed linkages
b-glucan released in hydrothermal pretreatment of wheat
straw were stronger inhibitors (100 times) of Cel7A than
cellobiose. Furthermore, Ladisch and co-workers recently
showed that in addition to starch and pectin, lignin derived
phenols generated during biomass pretreatment can also
deactivate enzymes (Kim et al., 2011; Ximenes et al., 2011).
Consistent with our previous ﬁndings, their study also
showed the strong inhibitory nature of xylooligomers to
cellulase.
To reduce inhibition by plant derived inhibitors and
increase sugars yields, cellulase preparations can be supplemented with high doses of accessory enzymes such as
xylanase, pectinase, and b-glucosidase, or additives such as
bovine serum albumin (BSA; Kumar and Wyman, 2009a,d;
Yang and Wyman, 2006). However, studies are still limited on
the effect of other plants derived compounds on cellulase
activity. Herein, we report on our investigation of the effects
of the non-xylan containing hemicellulose components
heteromannans and their enzymatically prepared hydrolyzates (referred to as oligomers from here on) on cellulase
activity.
Mannan polysaccharides are found in most lignocellulosic
biomass feedstocks including softwoods, legumes, hard-
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woods, agricultural residues, dried distillers grain with
solubles (DDGS), palm residues, and coffee residue waste,
and yeast cell walls (Choi et al., 2012; Jørgensen et al., 2010;
Kumar et al., 2010; Tucker et al., 2004). As shown in Figure 1,
the mannan backbone is made up of b-1,4-linked Dmannose with almost no branching; glucomannan is a
straight chain polymer of D-mannose and D-glucose
randomly distributed units with a typical mass ratio of
1.6:1; and galactoglucomannan is basically a glucomannan
with a-1,6 linked D-galactose side unit attached on the
mannose residue. In galactoglucomannans, mannose can
also be substituted with acetate at O-2 and O-3 positions
(Shallom and Shoham, 2003).
Although a few studies reported the synergistic effects of
supplementing endo-mannanase with cellulase on cellulose
conversion (Banerjee et al. 2010a,b; Beukes et al., 2008;
Sinner et al., 1979; Varnai et al., 2011), cellulase inhibition by
mannan polysaccharides and their oligomers has never been
reported. In this study, use of pure Avicel cellulose and
commercial heteromannans revealed that heteromannans
were highly inhibitory to cellulase activity and inhibition
increased substantially with mannan substitution. We also
found that mannan polysaccharides were stronger inhibitors
than their respective oligomers and that even a high cellulase
loading of 60 mg protein/g glucan and cellulase supplementation with commercial accessory enzymes (xylanase,
pectinase, and b-glucosidase) was not effective in relieving
inhibition for highly substituted mannan polysaccharides
and their oligomers. However, further experiments showed
that inhibition can be completely relieved by supplementing
cellulase with puriﬁed accessory enzymes, suggesting that
cellulase enzyme preparations would beneﬁt substantially by
including appropriate levels of such enzyme activities.

Materials and Methods
Substrates and Reagents
Avicel1 PH 101 cellulose (>98% purity, Lot No.
BCBD6923V, Fluka), beechwood xylan (BWX, >70% purity,
Lot No. BCBS8393V), locust bean gum galactomannan
(LBG-GalM, mannose to galactose weight ratio 4:1, Lot No.
120M0032V), and guar gum galactomannan (GG-GalM,
mannose to galactose weight ratio 2:1, Lot No.
041M0058V) were purchased from Sigma–Aldrich (St. Louis,
MO). Fenugreek gum galactomannan (FGG-GalM, mannose
to galactose weight ratio 1:1, Sample No. 31474) and Tara
gum galactomannan (TG-GalM, mannose to galactose
weight ratio 3:1, Sample No. 31474) samples were kindly
provided by Gum Technology Co., Tucson, AZ. Konjac roots
derived glucomannan powder, a product of Konjac Foods,
Sunnyvale, CA, and arabinogalactan, a product of Premier
Research Labs, Austin TX (Lot No. 121011-2224), were
purchased through Amazon.com. Ivory mannan (>98%
purity, Lot No.10601b), high viscosity GG-GalM (Viscosity
17 dL/g; mannose to galactose ratio 1.63:1, Lot No.
100301a), medium viscosity GG-GalM (Viscosity 8 dL/g;

Figure 1.

Schematic representation of mannan polysaccharides.

mannose to galactose ratio 1.63:1, Lot No. 006079), and
galactose depleted GG-GalM (mannose to galactose ratio
3.76:1, Lot No. 105029, Viscosity 11 dL/g) were purchased
from Megazyme International (Wicklow, Ireland). Sulfuric
acid (72 wt %; Ricca) and other reagent grade chemicals were
purchased from either Fisher Scientiﬁc (Pittsburgh, PA) or
Sigma–Aldrich (St. Louis, MO).
Enzymes
Accellerase11500 cellulase (Protein content 82  5 mg/mL),
Multifect1 xylanase (Protein content 42  5 mg/mL), and
Multifect1 pectinase (Protein content 82  7 mg/mL)
were generously provided by DuPontTM Industrial Biosciences (formerly Genencor International), Palo Alto, CA.
b-glucosidase Novozyme1 188, protein content 140 
10 mg/mL, a product of Novozymes, Inc., was purchased
from Sigma–Aldrich. Enzymes protein contents were
determined by applying the standard BCA protein assay
(Smith et al., 1985). Puriﬁed Aspergillus niger endo-1, 4 bmannanase (Protein content 11.8 mg/mL, Lot No. 120601a),
Cellulomonas ﬁmi b-mannosidase (Protein content 6.0 mg/
mL, Lot No. 80501b), and Guar seed derived a-galactosidase
(Protein content 6.15 mg/mL, Lot No. 70405b) were
purchased from Megazyme International (Wicklow,
Ireland). Substrate speciﬁcities of these puriﬁed enzyme

components can be found elsewhere (Shallom and
Shoham, 2003).
Preparation of Hemicellulose Oligomers
Oligomers of insoluble ivory mannan, water soluble konjac
glucomannan (GluM), LBG-GalM, GG-GalM, TG-GalM,
FGG-GalM, and arabinogalactan were prepared by 120 h
enzymatic hydrolysis of a 5 wt% solids loading of the
appropriate materials with a cellulase protein loading of
30 mg/g dry solids in a 50 mM sodium citrate buffer
containing 1 g/L sodium azide to prevent microbial growth
followed by enzyme deactivation at 121 C for 20 min.
Oligomers of beechwood xylan were prepared by hydrothermal pretreatment of 10 wt% beechwood xylan solids at 200 C
for 15 min (Lloyd and Wyman, 2003). To separate unhydrolyzed solids from the liquid, the oligomer slurry was
repeatedly centrifuged in a Beckman ﬂoor centrifuge (Model
No. J2-21, Beckman Coulter, Inc., Brea, CA) at 10,000 rpm
for 15 min followed by collection of virtually solids free
supernatant. Then, the standard NREL method was applied
to determine the monomeric equivalent concentration of
dissolved sugar oligomers by post-hydrolysis in 4 wt%
sulfuric acid at 121 C for 1 h followed by taking the
difference in sugar concentrations before and after posthydrolysis with adjustments made for any sugar loss in post-
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hydrolysis by the appropriate sugar recovery standards (SRS)
(Sluiter et al., 2008).
Composition Analysis
Substrates compositions were determined by the NREL
standard method (Sluiter et al., 2008). In brief, primary
hydrolysis was performed in triplicate in glass test tubes
containing 300 mg samples dry basis (<10 wt% moisture
content) in 3 mL of 72 wt% sulfuric acid at 30  1 C for 1 h
followed by secondary hydrolysis in Wheaton serum bottles
(Cat No. 06–06 J, Fisher Scientiﬁc, Pittsburgh, PA) in 4 wt%
sulfuric acid at 121 C for 1 h. The appropriate SRS were run
along in the secondary hydrolysis to provide a correction for
sugar losses. National Institute of Standards and Technology
(NIST) wheat straw (RM 8493) or an Eastern cottonwood
(RM 8492) standard of known composition was also run to
validate the accuracy of the method.
Enzymatic Hydrolysis
Following the NREL standard protocol, enzymatic hydrolysis
of Avicel cellulose alone (control) and Avicel mixed with the
different hemicelluloses added over a range of concentrations
to 10 g/L glucan before enzymes addition was carried out
in 125 mL Erlenmeyer ﬂasks (Fisher Scientiﬁc) to which
was also added 50 mM sodium citrate buffer (pH 5.0;
50 C, 150 rpm, total reaction weight 50 g) along with an
Accellerase1 1500 cellulase protein loading of 15 mg/g glucan,
unless noted otherwise (Selig et al., 2008). Sodium azide at a
concentration of 1 g/L was also added to the hydrolysis slurry
to prevent microbial growth. These reactions were carried out
for 120 h with Multitron shakers (Model AJ125; Infors-HT,
Laurel, MD) used to keep the materials mixed. GluM alone
was also hydrolyzed in parallel at the same conditions
to determine glucose released from GluM. To determine
the effect of accessory enzymes on cellulose hydrolysis,
Accellerase1 1500 cellulase at 15 mg protein/g glucan was
supplemented with xylanase at 10 mg protein/g glucan,
pectinase at 10 mg/g glucan, and b-glucosidase at 5 mg/
g glucan. To determine the amount of sugars released and
hydrolysis progress, about 1 mL of homogenous sample was
withdrawn into a 2 mL micro-centrifuge tube (Catalog No. 05402-95, Fisher Scientiﬁc) at various times over the 120 h
hydrolysis followed by addition of about 15 mL of 10 wt%
sulfuric acid and then centrifuged at 14, 6,000 rpm for 5 min in
an Eppendorf centrifuge (Model No. 5424, Fisher Scientiﬁc).
Sulfuric acid was added to stop hydrolysis, avoid the acid
negative peak on HPLC for the Aminex1 HPX 87-H column,
and smooth integration of chromatograms. About 475 mL of
solids free supernatant was then transferred into a 500 mL
polypropylene snap ring vial (Vendor No. 98842; Grace
Davision, Deerﬁeld, IL) and run on HPLC for sugars analysis.
Hydrolysis experiments to determine the effect of
supplementation of cellulase with puriﬁed accessory enzymes
were run in 2 mL micro-centrifuge tubes (Catalog No. 05402-95, Fisher Scientiﬁc) with a total reaction weight of 1.5 g.
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Avicel cellulose at 10 g/L glucan alone and mixed with GGGalM at 2.5 g/L were hydrolyzed at 50 C for 24 h with
Accellerase1 1500 cellulase at a protein loading of 15 mg/
glucan. Cellulase (C) was supplemented with 10 mg protein/g
glucan of any one of the following: endo-mannanase (E-M),
b-mannosidase (Beta-M), a-galactosidase (Alfa-G), or their
combinations (E-M plus Beta-M, Beta-M plus Alfa-G, E-M
plus Alfa-G, and E-M plus Beta-M and Alfa-G). Other
hydrolysis conditions were as above except samples were
hydrolyzed by mounting on an end-over-end rugged rotator
(Glass-Col, LLC, Terre Haute, IN) controlled by a DC motor
at 20 rpm. Cellulose conversion was calculated as:
Cellulose conversion ð%Þ ¼ 100 ½0:90 ðGlucose ðg=lÞ
þ 1:053 Cellobiose ðg=lÞÞ=Initial cellulose ðg=lÞ
where 0.90 and 1.053 are the mass conversion factors based
on the stoichiometry for conversion of glucose to cellulose
and cellobiose to glucose, respectively.
The reduction in cellulose conversion due to added
components was calculated as:
% Relative drop ¼ 100
2
3
% Cellulose conversion for Avicel control
%
Cellulose
conversion
for
Avicel
mixed
with
heteromannans;
6
7
6
7
their oligomers; or other inhibitors
7
6
6
7
%
Cellulose
conversion
for
Avicel
control
4
5

Analysis
Liquid samples from composition analysis and enzymatic
hydrolysis were analyzed for sugars on a Waters Alliance
HPLC (Model e2695) equipped with an auto sampler (Waters
2695) and a 2414 refractive index (RI; Waters Co., Milford,
MA) detector. A Bio-Rad Aminex1 HPX-87H (Polystyrenedivinylbenzene sulfonic acid resin packing; 300 mm  7.8
mm; Catalog No.125–140) column along with a micro-guard
cation cartridge (Catalog No.125–129; 30 mm  4.6 mm;
Bio-Rad Laboratories, Hercules, CA) were used. The column
was heated to 65 C, with 5 mM sulfuric acid at a ﬂow rate of
0.6 mL/min as the carrier solvent. Since galactose, mannose,
and xylose co-elute together on a Bio-Rad Aminex1 HPX87H column, concentration of these individual sugars was
determined by running the samples on a Bio-Rad Aminex1
HPX-87P as well. Samples collected for compositional
analysis were neutralized ﬁrst to about pH 5.0 with
CaCO3.The column was heated to 80 C, with double
deionized water at a ﬂow rate of 0.6 mL/min as the carrier
solvent. The chromatograms were integrated, and data was
imported to Microsoft Excel ﬁles using Empower 2 software
(Waters Co., Milford, MA).

Results
Compositional analyses of commercial hemicelluloses
showed that all of them contained negligible amounts of

Table I. Composition of heteromannans used in the study.
Avg. wt%, dry basis
Substrate

Glu

Xyl

Mannan
Glucomannan
Locust bean gum galactomannan
Tara gum galactomannan
Guar gum galactomannan
Fenugreek gum galactomannan

41.2
2.4
1.70
4.7
1.96

0.0
0.5
0.0
1.4
0.0

Gal

Ara

Man

Lignin

Total mass, %

Man:Gal

0.0
19.1
21.2
31.0
40.8

0.0
0.0
0.0
0.0
0.0

>98
59.9
68.4
67.6
54.0
47.1

ND
0.1
1.8
0.8
1.5
0.2

100.0
101.0
92.2
91.3
92.5
90.1

NA
NA
3.6:1
3.2:1
1.8:1
1.2:1

ND

Glu, glucan; Xyl, xylan; Gal, galactan; Ara, Arabinan; Man, mannan; NA, not applicable; ND, not determined.

lignin, and the mannose to galactose weight ratio in the
galactomannans varied from about 3.6:1 in LBG-GalM to
1.2:1 in FGG-GalM (Table I). Glucomannan contained about
59 wt% glucan and 41 wt% mannan (glucan to mannan ratio:
1.44), whereas BWX was 71% pure. Mannan and Megazyme
GG-GalMs, as per the manufacturer’s speciﬁcations, were
>98% pure, and their compositions were as speciﬁed by the
manufacturer.
Effect of Heteromannan Types on Cellulase Activity
Enzymatic hydrolysis of Avicel cellulose was performed at a
10 g/L glucan loading with and without (control) various
hemicellulose heteromannans including mannan, GluM,
LBG-GalM, TG-GalM, GG-GalM, and FGG-GalM, and
mannose added to the hydrolysis slurry before cellulase
addition. The heteromannan loading was 2.5 g/L (heteromannan to cellulose wt ratio ¼ 0.25:1) consistent with its
ratio to cellulose in typical biomass, and mannose was loaded
at 10 g/L, as a lower loading of 2.5 g/L had no inhibitory effect
on cellulase activity. Figure 2a illustrates the effects of various
heteromannan types and mannose monomer on cellulose

initial hydrolysis rates and ﬁnal 120 h conversions at a
cellulase loading of 15 mg protein/g glucan. As summarized
in Table II, Avicel cellulose conversions at 4 h and 120 h were
24.3 and 91%, respectively, but adding heteromannans or
mannose to Avicel dropped conversions signiﬁcantly. At the
extreme, highly substituted heteromannan, that is, FGGGalM, resulted in the lowest Avicel conversion of only 11.5%
after 120 h followed by a 120 h cellulose conversion of just
29.3% when GG-GalM was added to Avicel. On the other
hand, 10 g/L of mannose was the least inhibitory to Avicel
conversion, with a 4.6% relative drop in 120 h conversion.
Both mannan and glucomannan had similar relative drops of
22% at 120 h, but GluM more strongly inhibited initial
(4 h) rates than mannan (76.5% relative drop vs. 43.6% for
mannan). Cellulase inhibition dramatically increased with
mannose backbone substitution of the galactose residue, with
the relative drop in 4 h Avicel hydrolysis rates being somewhat
greater when mixed with less substituted mannan (79.4%
drop by LBG-GalM and 79.8% by TG-GalM) than when
mixed with highly substituted mannan (66.3% for GG-GalM
and 73.3% by FGG-GalM). However, Table II shows that the
relative drop in cellulose conversion for Avicel mixed with

Figure 2. a: Effect of 2.5 g/L of various heteromannans and 10 g/L of mannose on initial 4 h and final 120 h conversions of Avicel cellulose (10 g/L) at an Accellearse11500
cellulase protein loading of 15 mg/g glucan. b: Effect of concentrations of the heteromannans mannan, glucomannan (GluM), guar gum (GG) galactomannan (GalM), and fenugreek
gum (FGG) GalM (g/L) on 120 h Avicel cellulose conversion at an Accellearse11500 cellulase protein loading of 15 mg/g glucan. Note: Enzymatic hydrolysis was performed in a 50 mM
sodium citrate buffer (pH 5.0) at 50 C and 150 rpm for 120 h. Heteromannans were added to the hydrolysis slurry before cellulase addition. LBG, locust bean gum.
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Table II. Summary of the effect of various heteromannans and mannose on Avicel cellulose conversion and percent relative drop in conversion at a
cellulase protein loading of 15 mg/g glucan.
Cellulose conversion, %

% Relative drop in conversion over control

Substrate

4h

24 h

72 h

96 h

120 h

4h

24 h

72 h

Avicel cellulose alone (10 g/L; control)
þ Mannose (10 g/L)
þ Mannan (2.5 g/L)
þ GluM (2.5 g/L)
þ LBG-GalM (2.5 g/L)
þ TG-GalM (2.5 g/L)
þ GG-GalM (2.5 g/L)
þ FGG-GalM (2.5 g/L)

24.3
21.2
13.7
5.7
5.0
4.9
8.2
6.5

58.1
46.6
41.0
34.3
26.5
26.8
16.8
9.5

81.7
75.5
63.0
59.2
48.1
43.6
25.1
10.8

87.2
81.5
68.2
66.6
52.9
46.3
27.2
11.2

91.3
87.1
71.6
71.6
56.9
47.9
29.3
11.5

12.8
43.6
76.5
79.4
79.8
66.3
73.3

15.3
25.5
37.6
51.8
51.3
69.5
82.7

7.6
22.9
27.5
41.1
46.6
69.3
86.8

96 h

120 h

6.5
21.8
23.6
39.3
46.9
68.8
87.2

4.6
21.6
21.6
37.7
47.5
67.9
87.4

NA

NA, not applicable; GluM, glucomannan; LBG, locust bean gum; TG, tara gum; GG, guar gum; FGG, fenugreek gum; GalM, galactomannan.

LBG-GalM or TG-GalM decreased with hydrolysis, whereas
it remained the same or increased for Avicel mixed with
GG-GalM or FGG-GalM with the relative drop in 120 h
conversion increasing in the following order: LBG-GalM
(37.8%) < TG-GalM (47.5%) < GG-GalM (68.0%) <
FGG-GalM (87.4%). The 120 h hemicellulose mannan
conversion (data not shown; accounting only monomers) for
mixtures with mannan and GluM at a cellulase loading
of 15 mg protein/g glucan was about 11% and 24.4%,
respectively, whereas mannan plus galactan conversions
for mixtures with LBG-GalM, TG-GalM, GG-GalM, and
FGG-GalM were 11.8%, 10.7%, 7.4%, and 4.2%, respectively
(data not shown).
Effect of Heteromannan Concentration on Cellulase
Activity
Initial screening of heteromannan types above showed that
cellulase was strongly inhibited by heteromannans, even at a
moderate loading of 2.5 g/L. We further explored the effect of
heteromannan concentration on cellulase activity for cellulose hydrolysis at a constant glucan loading of 10 g/L and by
varying the heteromannan concentration from 0.1 to 20 g/L.
Figure 2b and Table S1 (Supporting Information) summarize
the effects of heteromannan concentrations ranging from
0.1 to 20 g/L on the relative drops in cellulose conversion.
Although concentrations of mannan and GluM below 2.5 g/L
were less inhibitory (<8% drop in conversion), inhibition
rapidly increased with higher loadings, with the result that the
drop in 120 h cellulose conversion was 64.4% and 74.9% at
mannan and GluM concentrations of 20 g/L, respectively. On
the other hand, the presence of GG or FGG-GalM drastically
increased the relative drop in cellulose conversion and
resulted in much greater effects on hydrolysis rates than
unsubstituted mannan or GluM at similar concentrations.
For example, at an enzyme loading of 15 mg cellulase protein/
g glucan, a 1 g/L concentration of GG and FGG-GalM
decreased Avicel cellulose conversion by >60% and >80%,
respectively, while mannan and GluM had an insigniﬁcant
drop of 6–8% at the same concentration. Furthermore,
surprisingly, even a concentration of 0.1 g/L (i.e., cellulose to
GalM wt ratio ¼ 100:1; GalM to cellulase mass ratio ¼ 0.67:1)
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of GG-GalM (a highly substituted mannan with mannose
to galactose weight ratio of 1.6:1) and FGG-GalM (a highly
substituted mannan with mannose to galactose weight ratio
of 1.2:1) dropped cellulose conversion by 32 and 54.1%,
respectively. Figure 2b and Table S1 (Supporting Information)
also show that at all concentrations, FGG-GalM inhibited
cellulase more than GG-GalM.
Comparison of Cellulase Inhibition by Hemicellulose
Polymers Versus Oligomers
To compare the effects of unhydrolyzed mannan polysaccharides and their respective enzymatically prepared
oligomers (see Materials and Methods) on cellulase,
enzymatic hydrolysis of Avicel cellulose alone and mixed
with 2.5 and 10 g/L of heteromannan polymers and their
respective enzymatically derived oligomers was performed at
a cellulase protein loading of 15 mg/g glucan for 120 h. For
comparison, hydrolysis was also performed on Avicel
cellulose mixed with BWX and its hydrothermally derived
XOs. Data shown in Figure 3a and b for hemicellulose
polymers and their oligomers at concentrations of 2.5 and
10 g/L, respectively, illustrate that unhydrolyzed polysaccharides in general were more inhibitory than their respective
oligomers except BWX. Cellulase inhibition by 2.5 g/L of
mannan, GluM, LBG-GalM, or TG-GalM oligomers was
marginal (<12% relative drop), while increasing the
concentration of these same species to 10 g/L almost doubled
the relative drop, with the GluM oligomers having the
greatest effect of an 28% relative drop. However, although
only 2.5 g/L was highly inhibitory for GG and FGG-GalM
oligomers, with relative drops of 45.3% and 81%, respectively, their effect on cellulose conversion increased only
marginally at 10 g/L. It is important to note here that the
oligomers used in this study were prepared by a prolonged
enzymatic hydrolysis with a relatively high loading of
cellulase (30 mg protein/g glucan). However, the structure
of oligomers generated in enzymatic hydrolysis at low
enzyme loadings and in pretreatment (Kang et al., 2012; Kont
et al., 2013; Kumar et al., 2010) might be different in terms of
their composition, backbone substitution, and chain length
etc., and may prove to be more inhibitory than the inhibition

Figure 3. Effect of hemicellulose polymers and their oligomers at concentrations of (a) 2.5 g/L and (b) 10 g/L on 120 h Avicel cellulose conversion for an Accellerase11500
cellulase loading of 15 mg protein/g glucan. Note: Number noted on the graph is the percent relative drop in cellulose conversion by the respective hemicellulose and their oligomers
compared to the control. Cellulose enzymatic hydrolysis was performed at a 10 g/L glucan loading in a 50 mM sodium citrate buffer (pH 5.0) at 50 C and 150 rpm. Polymers or their
respective oligomers were added to the hydrolysis slurry before cellulase addition. Heteromannan oligomers were prepared enzymatically, whereas beechwood xylan (BWX)
oligomers were prepared by hydrothermal pretreatment at 200 C for 15 min. GluM, glucomannan; GalM, galactomannan; LBG, locust bean gum; TG, tara gum; FGG, fenugreek gum;
GG, guar gum.

reported here for extensively hydrolyzed mannan polysaccharides. However, further work is in progress to conﬁrm this
hypothesis. As also shown in Figure 3, 2.5 g/L of BWX was less
inhibitory, with only a 18.2% relative drop in conversion,
than any of the heteromannans. However, 10 g/L of BWX
resulted in a 72.2% relative drop in cellulose conversion while
unsubstituted mannan and GluM reduced it by 43% and
47.6%, respectively. Furthermore, 10 g/L of XOs were more
inhibitory (74% relative drop in 120 h conversion) than the
oligomers of heteromannans at equal concentration (with
less than 54% relative drop), except FGG-GalM oligomers,
which produced a 85% relative drop in 120 h cellulose
conversion.

30 and 60 mg cellulase protein/g glucan were almost able to
give the same 120 h conversions of 10 g/L of cellulose mixed
with 1 g/L of GG-GalM to those for the control at 5 and 10 mg
protein/g glucan, respectively. Figure 4 also shows the effect of
cellulase loading on yields of glucose from Avicel in the
presence of 10 g/L of GG-GalM. In contrast to hydrolysis
results at lower GG-GalM concentrations, increasing cellulase
loadings did not have much effect on the relative drop in
cellulose conversion. For example, at a 5 mg/g glucan

Effect of Cellulase Loading on Cellulase Inhibition by
GG-GalM
To evaluate whether high cellulase loadings can overcome
the drastic inhibition by GalM, Avicel cellulose alone and
mixed with GG-GalM at concentrations from 1 to 20 g/L was
enzymatically hydrolyzed at cellulase protein loadings of 5,
10, 15, 30, and 60 mg/g glucan, as shown in Figure 4 for GGGalM concentrations of 1 and 10 g/L and in Figure S1
(Supporting Information) for the rest of the conditions.
Figure 4 shows that inhibition by GalM present in the
hydrolysis slurry at 1 g/L can be removed to some extent by
increasing the cellulase loading; however, about a 24%
relative drop in 120 h cellulose conversion still was evident
even at the very high cellulase loading of 60 mg protein/
g glucan. Furthermore, it appears that the hydrolysis slurry
with GG-GalM present at 1 g/L required about six times as
much cellulase protein was needed to achieve conversions
similar to those for the control. For instance, loadings of

Cellulose conversion vs. Accellerase11500 cellulase protein loadings
for Avicel cellulose alone (control; 10 g/L) and Avicel cellulose mixed with guar gum
(GG) galactomannan (GalM) at 1.0 and 10 g/L. Note- Enzymatic hydrolysis was
performed in a 50 mM sodium citrate buffer (pH 5.0) at 50 C and 150 rpm for 120 h. GGGalM was added to the hydrolysis slurry before cellulase addition.

Figure 4.
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cellulase protein loading, 120 h cellulose conversion was less
than 10%, about a 85% relative drop from the 54% yield for
the control, but increasing the cellulase loading to 60 mg/g
glucan increased the yield to about 38%, about a 60% relative
drop compared to the virtually complete hydrolysis for the
control at the higher loading. Furthermore, in the presence of
10 g/L of GG-GalM, even the highest cellulase loading of
60 mg/g glucan was not able to match cellulose conversion to
results with the control at a cellulase loading of only 5 mg/g
glucan. Figure S1 (Supporting Information) shows that
20 g/L of GG-GalM resulted in a relative drop in cellulose
conversion of 90% at 5 mg and 70% at 60 mg protein/g
glucan loading.
Effect of Accessory Enzymes on Cellulase Inhibition by
Heteromannans
To reduce inhibition and enhance cellulose accessibility in
pretreated biomass to cellulase, cellulase is often supplemented with accessory enzymes (Berlin et al., 2007; Penttilä
et al., 2013; Varnai et al., 2011; Zhang et al., 2011). Therefore,
to determine whether the strong inhibition of cellulase by
heteromannans could be alleviated by supplementation of
cellulase with accessory enzymes, hydrolysis of cellulose alone
(10 g/L) and mixed with mannan, GluM, LBG-GalM, or GGGalM (at 2.5 g/L concentration) was performed with cellulase
alone (15 mg protein/g glucan) and cellulase supplemented
with Multifect1 xylanase (Mxy; 10 mg protein/g glucan),
Multifect1 pectinase (Mpe; 10 mg protein/g glucan), and bglucosidase (Beta-g; 5 mg protein/g glucan). Here it is
important to note that the aim of this set of experiments was
not to optimize the mass ratios of these various enzymes but
rather to determine whether typical loadings of these
commercial enzymes would alleviate cellulase inhibition by
heteromannans. For hydrolysis of Avicel mixed with mannan
and GluM, Figure 5a shows that supplementation with
accessory enzymes alleviated cellulose inhibition virtually
completely, and the 120 h conversions for both Avicel mixed
with mannan and GluM were almost equal to the control. For
the LBG-GalM data in Figure 5b, although supplementation
of cellulase with commercial enzymes, even at such high
loadings, was not very effective in removing inhibition in the
initial phase of hydrolysis (>50% relative drop after 4 h), it
virtually eliminated cellulase inhibition after 120 h (<8%
relative drop compared to the control), suggesting that
accessory enzymes hydrolyzed LBG-GalM sufﬁciently so that
it was no longer inhibitory to cellulase. On the other hand, for
hydrolysis of Avicel mixed with 2.5 g/L of GG-GalM (a highly
substituted mannan), Figure 5c shows that supplementation
of cellulase with accessory enzymes only increased 120 h
cellulose conversion marginally from 24.6% to 38.1%.
Furthermore, applying twice the loading of accessory
enzymes used in Figure 5a, that is, 20 mg protein/g glucan
of Mxy and Mpe, each, and 10 mg protein/g glucan of Beta-g
to 15 mg protein/g glucan of cellulase only increased cellulose
conversion to 47.8% (data not shown). Although cellulase
inhibition by GG-GalM oligomers was comparatively less
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than by unhydrolyzed GG-GalM polymer (shown in Fig. 3),
supplementation of cellulase with accessory enzymes did not
improve yields much for even hydrolysis of Avicel cellulose
mixed with GG-GalM oligomers (Fig. S2). This data indicate
that for highly substituted mannans, merely supplementing
cellulase with commercial accessory enzymes does not
remove inhibition if the enzyme preparations used lack the
activities required to hydrolyze highly substituted mannan.
Further, experiments were carried out with puriﬁed
commercial enzymes to investigate their effect on cellulase
inhibition by GG-GalM. Accellerase11500 cellulase at 15 mg
protein/g glucan was supplemented with E-M at 10 mg
protein/g glucan, Beta-M at 10 mg protein/g glucan, Alfa-G at
10 mg protein/g glucan, or the following combinations: EM þ Beta-M, each at 10 mg protein/g glucan; Beta-M þ AlfaG, each at 10 mg protein/g glucan; E-M þ Alfa-G, each at
10 mg protein/g glucan, and E-M þ Beta-M þ Alfa-G, each at
10 mg protein/g glucan. Figure 5d shows the 24 h hydrolysis
data for the effect of supplementation of cellulase with
puriﬁed accessory enzymes on hydrolysis of Avicel cellulose at
10 g/L mixed with GG-GalM (2.5 g/L). The numbers shown
on the graph are the percent relative drop in cellulose
conversion. Consistent with previous sections, GG-GalM
resulted in a 70.6% relative drop in cellulose conversion.
Although supplementation with just E-M or Alfa-G removed
inhibition to some extent, the percent relative drop in
cellulose conversion was still >50%. However, when used
together, E-M and Alfa-G removed cellulase inhibition
almost completely and reduced the percent relative drop in
cellulose conversion from 70.6% to only 18%, strongly
suggesting the importance of these two enzymes in
overcoming cellulase inhibition by GG-GalM. Consistent
with this, Clarke et al. (2000) also reported synergism
between E-M and Alfa-G as the supplementation of Alfa-G
with E-M enhanced the activity of the former in removing
galactose from softwood pulp. However, supplementation of
cellulase with Beta-M, a key enzyme to hydrolyze mannan
oligomers, by itself or in combination with other enzymes,
did not have much effect on cellulose conversion.

Discussion
Because enzymes are expensive and yields must be high to
spread costs, realizing a high sugar yield at low enzyme
loadings is vital to converting lignocellulosic biomass to fuels
and chemicals at costs competitive with fossil fuels. Prior to
biological conversion, most forms of lignocellulosic biomass
must be pretreated to realize high yields by enhancing its
accessibility to enzymes and microorganisms (Karimi
et al., 2013; Kumar et al., 2009; Yang and Wyman, 2008).
However, as discussed elsewhere in detail (Kumar and
Wyman, 2010, 2013), lignocellulosic biomass hydrolysis with
cell free enzymes can be considered to be controlled by two
main factors: (1) biomass accessibility to enzymes; and (2)
enzyme effectiveness. Biomass accessibility can further be
categorized according to macro and micro-accessibility
(Kumar and Wyman, 2013). Although most thermo-

Figure 5. Effect of supplementation of cellulase with accessory enzymes on cellulose conversion for 10 g/L of Avicel cellulose alone (control) and Avicel cellulose mixed with
2.5 g/L of (a) mannan and glucomannan (GluM), (b) locust bean gum (LBG) galactomannan (GalM), and (c) guar gum (GG)-GalM. (d) Effect of supplementation of cellulase with
purified accessory enzymes on cellulose 24 h conversion for Avicel cellulose alone (control; 10 g/L) and Avicel cellulose mixed with 2.5 g/L GG-GalM. Note: In Figure 4a–c,
Accellerase11500 cellulase (C) at a loading of 15 mg protein/g glucan was supplemented with Multifect1 xylanase (Mxy) at 10 mg protein/g glucan, Multifect1 pectinase (Mpe) at
10 mg protein/g glucan, and Novozyme1188 b-glucosidase (Beta-g) at 5 mg protein/g glucan. In Figure 5d, Accellerase1 cellulase (C) at a loading of 15 mg/g glucan was
supplemented with purified endo-mannanase (E-M; 10 mg protein/g glucan), b-mannosidase (Beta-M; 10 mg protein/g glucan), a-galactosidase (Alfa-G; 10 mg protein/g glucan),
or their combinations. Number noted on the graph 5d is the percent relative drop in cellulose conversion by the respective GalM compared to the control.

chemical pretreatments improve biomass macro-accessibility
by removing/dislocating lignin and/or hemicellulose, microaccessibility of carbohydrates and enzyme effectiveness in the
hydrolysis system are still big challenges to realizing high
sugar yields at low protein loadings (Kumar and Wyman,
2013).
Glucose and cellobiose, end-products of cellulose hydrolysis, lower enzyme effectiveness by inhibiting enzymes in a
competitive/non-competitive manner (Andric et al., 2010).
However, we recently showed that hemicellulose xylan and its
oligomers released during hemicellulose breakdown are also
strong inhibitors of cellulase action and retard its effectiveness even more than glucose and cellobiose, whose effects
have been traditionally recognized (Kumar and Wyman,
2009b,c; Teugjas and Valjamae, 2013). Although heteromannans also comprise a signiﬁcant fraction of the

hemicellulose in biomass, possible inhibition of cellulase
activity by these breakdown products has never been
considered. In this study, we have shown that heteromannans
at a concentration as low as 0.1 g/L can greatly affect cellulase
effectiveness (Fig. 2b) and that effectiveness was further
suffered when the mannan backbone was substituted with
galactose residues. Since all the heteromannans used in this
study did not contain a signiﬁcant amount of lignin/pseudolignin (Table I), enzymes unproductive binding to lignin and/
or pseudo-lignin (Kumar et al., 2013; Li et al., 2014) can be
ruled out as the cause for the drop in cellulose conversion.
Although heteromannans, mainly in the form of glucomannan, only comprise 5–7 wt% of the total mass of
agricultural residues, energy crops, and hardwoods, the
hydrolysis system can contain up to 10–15 g/L of GluM for
enzymatic hydrolysis of the high solids (30–50 wt%)
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concentrations required for commercial success, thus
signiﬁcantly reducing cellulase effectiveness (Fig. 2b and
Table S1). For softwoods, on the other hand, heteromannans
(15–20 wt%) are in the form of galactoglucomannan
(GGM) with average weight ratios of mannose, glucose, and
galactose varying from 3:1:1 to 3:1:0.1 (Wyman et al., 2005).
Accordingly, the hydrolysis system for softwoods can contain
more than 40 g/L of mannan polysaccharides for enzymatic
hydrolysis at high solids (Kang et al., 2012). Herein, by using
commercial galactomannans (GalMs), we showed that
GalMs even at an extremely low concentration of 0.1 g/L
were highly inhibitory to cellulose conversion and reduced
cellulase effectiveness up to 90%. In addition, when
compared to other inhibitors, Figure S3 (Supporting
Information) shows that GalMs were stronger inhibitors
than cellobiose at 2.5 g/L, furfural at 2.5 g/L, and XOs/xylan
(as shown in Fig. 3) at much lower or equal concentrations.
However, to evaluate whether substituted mannan polysaccharides are stronger inhibitors than cellobiose and XOs,
and establish inhibition mechanism, further research with
puriﬁed enzymes is needed.
As shown in Figure 2a, LBG-GalM caused a greater drop in
initial rates than GG-GalM, possibly due to higher molecular
weight (MW) of the former resulting in a more viscous
slurry that limited enzymes mobility. Therefore, to further
investigate the effect of molecular weight on cellulase
inhibition, hydrolysis was performed with Avicel mixed
with a high viscosity (17 dL/g; Megazyme GG-GalM-1) and a
medium viscosity (8 dL/g; Megazyme GG-GalM-2) guar gum

Figure 6. Effect of galactomannan (GalM) molecular weight and galactose
substitution on cellulase effectiveness for Avicel cellulose (10 g/L) conversion. Note:
Enzymatic hydrolysis on Avicel cellulose alone and Avicel cellulose mixed with 2.5 g/L
of high viscosity guar gum (Megazyme GG-GalM-1; viscosity 17 dL/g; mannose to
galactose ratio 1.63:1), medium viscosity guar gum (Megazyme GG-GalM-2; viscosity
8 dL/g; mannose to galactose ratio 1.63:1), and galactose depleted guar gum
(Megazyme GG-GalM-3; viscosity 11 dL/g; mannose to galactose ratio 3.76:1) from
Megazyme, and guar gum (Sigma-GG-GalM; mannose to galactose ratio 1.8:1) and
locust bean gum (Sigma-LBG-GalM; mannose to galactose ratio 3.6:1) GalM from
Sigma was performed in 50 mM (pH 5.0) sodium citrate buffer at 50 C and 150 rpm at an
Accellerase11500 cellulase protein loading of 15 mg/g glucan.
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purchased from Megazyme. Figure 6 shows that higher
viscosity did not have a signiﬁcant effect on either the initial
rate or ﬁnal conversion of Avicel cellulose. Further experiments were carried out to conﬁrm the observations made in
Figure 2a and b that cellulase inhibition increased with
mannose backbone substitution with galactose. In this case,
enzymatic hydrolysis was applied to Avicel alone and Avicel
mixed with regular GG-GalM (Megazyme GG-GalM-1;
mannose to galactose ratio 1.63:1) and galactose depleted
GG-GalM (Megazyme GG-GalM-3; mannose to galactose
ratio 3.76:1), and the results compared to those for hydrolysis
of Avicel mixed with Sigma GG-GalM (mannose to galactose
ratio 1.8:1) and Sigma LBG-GalM (mannose to galactose
ratio 3.6:1). Figure 6 shows that the percent relative drop in
cellulose conversion for galactose depleted GG-GalM was
much lower than for regular GG-GalM and nearly equal to
that for LBG-GalM that had a similar mannose to galactose
ratio as Megazyme galactose depleted GalM. These results
conﬁrmed that galactose substitution in heteromannans
increased cellulase inhibition.
Although further research is needed to pinpoint an
inhibition mechanism, based on literature, it appears that
mannan strongly adsorbs onto cellulose surface by forming
hydrogen bonds with cellulose hydroxyl groups as a result of
their similar structures (Hansson, 1970; Mishima et al., 1998;
Newman and Hemmingson, 1998; Whitney et al., 1998). The
resulting cellulose surface coverage with mannan may affect
cellulase effectiveness and/or cellulose accessibility resulting
in a dramatic drop in cellulose conversion. For example,
Clayton and Phelps (1965) compared adsorption of xylan and
glucomannan on a-cellulose wood ﬁbers and reported that
twice as much GluM was adsorbed as xylan. Hannuksela et al.
showed that soluble O-acetyl galactoglucomannans isolated
from pulp and guar gum galactomannan strongly adsorbed
on kraft pulp, and deacetylation of GGMs enhanced their
adsorption (Hannuksela et al., 2002; Hannuksela et al., 2003).
Eronen et al. by applying quartz crystal microbalance with
dissipation (QCM-D) quantiﬁed the amount and strength of
hemicelluloses adsorption on nanoﬁbrillar cellulose, and
concluded that GGMs had a tighter association with cellulose
ﬁbrils than arabinoxylan, but xyloglucan had the strongest
attachment (Eronen et al., 2011). In another recent study,
Parikka et al. quantiﬁed the adsorption of spruce GGM on
cellulose to be about 1 mg/m2, and only 13% desorbed when
rinsed with Milli-Q water, suggesting a strong association of
GGMs with cellulose (Parikka et al., 2012). Furthermore,
although the GluM and GalM used in this study were soluble,
cellulase may also bind to insoluble mannan, resulting in
reduced enzyme availability and effectiveness (Tenkanen
et al., 1995). Cellulase inhibition was also seen to drastically
increase with mannan substitution and was very high even at
a miniscule concentration of 0.1 g/L (>30%, Fig. 2b, Table S1,
and Fig. 6), suggesting that galactose substitution of the
mannan backbone possibly resulted in greater and/or
stronger adsorption onto cellulose. In Figure 7, lower
inhibition by GG and FGG-GalM at higher cellulose to
GalM weight ratios of 200 and 500, while keeping constant

Figure 7.

Effect of fixed guar gum (GG) or fenugreek gum (FGG) galactomannan (GalM) loading of 0.1 g/L on cellulose conversion at loading of (a) 10 g/L (cellulose to GalM wt
ratio ¼ 100:1), (b) 20 g/L (cellulose to GalM wt ratio ¼ 200:1), and (c) 50 g/L (cellulose to GalM wt ratio ¼ 500:1). Note: Enzymatic hydrolysis in all cases was performed in 50 mM sodium
citrate buffer at 50 C and 150 rpm at Accellerase11500 cellulase loading of 15 mg/g glucan. Numbers on the graphs are % relative drop in cellulose conversion for Avicel mixed with
GG-GalM or FGG-GalM over control.

cellulase protein loading of 15 mg/g glucan, that is, constant
GalM to cellulase mass ratio, also indicated a stronger
attachment of highly substituted GalM to the cellulose
surface. In addition, the lower inhibition by GalMs oligomers
than by their respective unhydrolyzed polymers except FGGGalM also suggested stronger and higher adsorption of the
polymer onto cellulose, which is consistent with ﬁndings by
(Mishima et al., 1998). However, some studies pointed out
that increased substitution of the mannan backbone reduced
its adsorption onto cellulose (Hannuksela and Holmbom,
2003; Hannuksela et al., 2002; Newman and Hemmingson,
1998). Hannuksela and Holmbom (2003) suggested that
due to galactose side groups, mannan will not lay down
completely ﬂat on the cellulose surface but spread out loops
and tails that could interfere with cellulase action.
From the discussion above, it seems that since heteromannans were mixed with cellulose before cellulase, their
adsorption on cellulose might have reduced the number of
cellulase binding sites and consequently lowered cellulose
conversion. However, Figure 8 shows that adding 2.5 g/L GGGalM to the hydrolysis slurry 4, 24, and 72 h after cellulase
addition was still strongly inhibitory, and conversion did
not seem to increase much after GG-GalM addition. This
data suggest that mere surface adsorption and consequent
restriction of cellulose accessibility may not be the only
reasons for the drop in conversion. However, research is
ongoing in our laboratory to clarify the cause(s) and
mechanism(s) for the drop in conversion. Research is also
in progress to see the effects of mannan polysaccharides on
complexed cellulase system of Clostridium thermocellum. On a
different note, Han et al. showed that the addition of mannan
polysaccharides to cellulose culture repressed cellulase cbpA
expression for Clostridium cellulovorans (Han et al., 2003).
Thus, the effects of mannan polysaccharides and their
oligomers need to be investigated for other clostridia (such as
C.thermocellum) and microbial systems as well.

Cellulase inhibition by unsubstituted and less substituted
heteromannans was largely overcome by supplementing
cellulase with accessory enzymes (Fig. 5a and b). However,
this strategy was not very effective for hydrolysis of Avicel
mixed with highly substituted heteromannan or its oligomers, that is, GG-GalM (Fig. 5c and Fig. S2). Nonetheless,
supplementation of cellulase with puriﬁed E-M and Alfa-Gal
removed cellulase inhibition by GG-GalM almost completely
suggesting that commercial enzyme preparations have
insufﬁcient amounts of these enzyme activities to hydrolyze
highly substituted mannan.

Figure 8. Percentage cellulose conversion versus hydrolysis time (h) for Avicel
cellulose (10 g/L) alone and Avicel cellulose mixed with guar gum (GG) galactomannan
(GalM; 2.5 g/L) added at various hydrolysis time points of 0, 4, 24, and 72 h. Note:
Enzymatic hydrolysis in all cases was performed in a 50 mM sodium citrate buffer
at 50 C and 150 rpm at an Accellerase11500 cellulase loading of 15 mg protein/g
glucan.
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Conclusions
Heteromannans were discovered to be strong inhibitors of
cellulase, and this inhibition increased with loading and
galactose substitution of the mannose backbone. It was also
discovered that highly substituted heteromannans signiﬁcantly dropped cellulose 120 h conversion even at a very low
concentration of 0.1 g/L. At the loadings investigated,
unhydrolyzed mannan polysaccharides were more inhibitory
than their respective enzymatically prepared hydrolyzates
(oligomers) except highly substituted mannans. Supplementation of cellulase with commercial accessory enzymes
signiﬁcantly relieved inhibition but did not prove effective
for hydrolysis of cellulose mixed with highly substituted
mannan such as GG and FGG-GalM. Furthermore,
supplementation of cellulase with puriﬁed accessory enzymes
was shown to completely remove cellulase inhibition by
highly substituted mannan. The ﬁndings reported herein
would greatly help in designing better enzyme cocktails and
pretreatments for biomass conversion at high yields.
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