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ABSTRACT: The bacteriumClostridium thermocellum offers a AIETRG A
distinct and integrated approach to ethanol production NI B
through consolidated bioprocessing (CBP). The Simons _',:'.' BLPLE Y
stain technique, which assays the accessibility of lignocellulosic iR g
biomass, has been traditionally applied to fungal cellulase TR e
systems; however, its application to CBP has not been fully SN G R s

explored. For this reason, the structural properties of eight
Populus trichocarpa with either high or low biomass densities X
were compared to determine bioconversion differences during e 2T -
separate hydrolysis and fermentation (SHF) and CBP with C. L
thermocellumSimons staining generally identifies low density
poplar as more accessible than high density poplar. Addition-
ally, low density Ptrichocarpa generally contained less Klason
lignin than high density poplar. SHF and CBP treatments consistently identified BESC-7 (high density, low accessibility, low
surface roughness) as a low ethanol yielding biomass and GW-9914 (low density, high accessibility, high surface roughness) as a
high ethanol yielding biomass. Upon further investigation, BESC-7 also contained a high Klason lignin content (25%), while
GW-9914 had a low lignin content (20%). Cellulose degree of polymerization (DP) measurements exhibited a weak linear
correlation with accessibilityr? (=0.17). Therefore, the ethanol yields were correlated with accessibility and lignin content
extremes but not cellulose DP.
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In biomass, pore sizes are purportedly related to the synergism

The Simons’ stain technique assays afiber’s specfic surface
area (SSA) through semiquantitative measurements. The SSA,

between fungal enzymes. Depending on their sizes, certain
pores may filter enzymes that are too large to pass, thereby
separating them from smaller enzymes and reducing the
synergy between these enzymes.' During biomass deconstruc-
tion, synergism has been shown to improve the rate and extent
of solubilization # with fungal cellulases. Hence, reductions in
enzyme synergism have detrimental effects in overcoming
biomass recalcitrance and lowering the production costs for
cellulosic ethanol. Similarly, Clostridium thermocellum, a
consolidated bioprocessing (CBP) microorganism, relies
heavily on enzyme synergism with a certain organelle to
achieve unprecedented hydrolysis rates; however, these
synergistic relationships are not clearly de fined in terms of
accessibility.

which has been linked to enzymatic hydrolysis properties,
estimates the fiber’s exterior and interior surface areas to assess
surface area per mass of cellulose. The exterior surface area
depends on the fiber's width and length, while the interior
surface area is determined by the amount of pores and crevices
in the fiber as well as the size of the lumen.® Certain
pretreatments remove plant cell wall constituents, thereby
altering the cell wall structure and increasing the interior surface
area. Accordingly, the Simons’ stain is routinely used to
determine accessibility following a pretreatment.*~®
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The Simons$ stain technique depends on two dyes, Direct common get of 462 genotypes using Spearmann rank c_orrelation
Blue 1 (DB1) and Direct Orange 15 (DO15), which typically analysis. Eight genotypes representing the extreme tails of the
bind to either small (1 nm) or large£36 nm) diameter pores, phenotypic distribution were selected for accessibility measurements.
respectively.The dye binding patterns are also related to their . Consolidated Bioprocessing and Separate Hydrolysis and

L e . Fermentation. Nonpretreated milled (0.84 mm screen) poplar was
individual cellulose a nities; DO15 has an a nity to cellulose used at 50 g/L on a dry-weight basis for the preparation of sterile

that is greater than that of DB1. The ratio of the DO15 and \Tc media for small scale CBP screening. Media for each poplar
DB1 dyes provides a basis for pore size distribution and natural variant were prepared anaerobically at 50 mL culture volume in
accessibility predictions. independent biological duplicates, as previously desétibed.

The diameter of a representative cellulase is 5.1 nm, butthermocelluTCC 27405, grown in freshly prepared cultures, was
cellulases may range between 4 to 7 nm insize.Thee i s also used at 10% v/v as inoculum of CBP bottles. Aqueous samples were
evidence that hemicellulose mayfliance accessibility collected from each bottle immediately after inoculation and following

measurements, as determined by other Sifataining 96 h ofincubation at 60C with constant shaking. Ethanol content
studied® ' was quanfied against known standards by HPLC according to

; . . . . standard procedure NREL/TP-510-426253.
During consolidated bioprocessing, the bacteriim Replicate samples of nonpretreated milled poplar were also

thermocellumieconstructs biomass using cell-bound and cell-¢jjected to an SHF bioconversion process according to previously
free cellulosomes and utilizes cellulose-derived degradatioBescribed methodolody.In short, poplar samples werfirst
products to generate ethanol among other fermentatiornzymatically hydrolyzed at %0 for 5 days with a mixture of Cellic
products. The cell-bound cellulosome is anchored to theCtec2 cellulases (Novozymes North America, Franklinton, NC,
bacterial surface via a saddin, whereas the cell-free United States), Htec2 hemicellulases (Novozymes North America,
cellulosome is secreted. The carbohydrate-active enzymes ofranklinton, NC, United States), and the Novozymes 183

the cellulosome are anchored to theffetdin through g'”co-")idasz (EOVOZY:“_GS North America, Franklirr:ton% NC, Un(ijted 3
hydrophobic mediated cohesitockerin interactions. The  >tates) and the resulting aqueous sugars were then fermented at 35
cellulosome is 18 nm in diameter, much larger than the C for 3 days withSaccharomyces cerevidigh ATCC 200062

timated 5.1 lul di ter. Th d d éAmerican Type Culture Collection, Manassas, VA, United States). At
estimate -1 hm cellulase diameter. € pore-dependenty,, end-point, fermentation ethanol yield was determined by HPLC

filteringeffect, and therefore accessibility, may exert much less,yith the same procedure utilized for the CBP process.

of an impact during consolidated bioprocessing, as many of the simons’ Stain. The Simons$ stain procedure was based on
enzymes involved in deconstruction are cellulosomal b6und. published methodology, and no rficaions were madé. The
thermocellulikely peels cellulose midiorils from the biomass  DO15 and DB1 dyes, which were supplied by the Pylam Products,
surface as opposed to fungal enzyme systems, which causesorp. (Garden City, NY), were prepared in Milli-Q water (10 mg/
pitting in biomass. This mode of action may also make pore mL). The DB1 dye solution was used as prepared. The DO15 dye was

size (and accessibility) irrelevant, @s thermocellumay not filtered through a 100 K membrane on an Amicon filttetion
require entrance into pores to carry out CBP; however, apparatus (EMD Millipore Corp., Billerica, MA) under 200 kPa of

- - . e . nitrogen gas to remove low molecular mass components from the dye
Dumitrache et al. ideffiltd accessibility differences with the (<100 kDa). Followindfiltration, 1 mL of the concentrated DO15 dye

Simons stain bgfore and a_fter .CBE' which Wer_e possibly linked was weighed and dried for 3 d in a 1@Q5oven. After the 3 d drying

to structuraldifferences in lignin as contributors to the period, the mass of DO15 was recorded, and the concentrated solution

observed ethanol yiele. was diluted to 10 mg/mL. Standard curves were constructed
The negative correlation between biomass porosity andndividually for the orange and blue dyes and were measured at 455

density”'® provides a starting point for the selection and and 624 nm. Each tube contained 0.1 mL of phosphate ere saline

comparison of wood for Simdntaining. Wood density and  solution (aqueous 0.3 M sodium phosphate and 1.4 mM sodium

surface roughness also appear to be interconn&ctekich is chloride at pH 6). DO15 or DB1 were added to test tubes in their

possibly due to their relationship to the number of pores‘respective volumes for a total of 7 test tubes (0, 0.1, 0.2, 0.3, 0.4, 0.6,

Therefore, these variables may provide useful information foﬁ/r::e?'s mL). The test tubes were diluted to volume (1 mL) with
the proposed surface degonstructlon Of, biomass  @ith UntreatedP. trichocarp410 mg) was weighed into 7 centrifuge
thermocellunBecause density has been linked to surface types. D015 and DB1 were added in a 1:1 ratio in increasing

roughness' and porosity;'* either of these parameters may concentrations. Phosphateffaned saline solution was added to each
provide indications of accessibility with Sirhstagning even if  test tube (0.1 mL), and water was added to dilute the mixture to
the cellulosome does not need to enter the pores. volume (1 mL). The mixture incubated at 70 for 6 h in a shaking

This investigation examines Simbastaining relevance to  incubator and subsequently centrifuged at 10252 g for 5 min to
CBP to assess biomass susceptibility to microbial solubilizationseparate the remaining dye from the biomass. The supernatant was
Biomass porosity, Klason lignin content, surface roughness, andecovereq and diluted, and its absorbance was measured ona Lambda
cellulose degree of polymerization were all considered as factogs UY~Vis spectrophotometer at 455 and 624 nm (PerkinElmer,

that may ffect deconstruction during separate hydrolysis and altham, MA). The absorbance was transformed intoQtg ratio
! g sep yaroly according to calculations from Chandra éf al.
fermentation (SHF) and CBP.

Klason Lignin Content Determinations. Klason lignin contents

were determined using a mfeetl version of NRELs Determination
EXPERIMENTAL SECTION of Structural Carbohydrates and Lignin in Biomass. Dry, milled (0.84

Wood Density Characterization. Wood density analyses were  mm screen) poplar (0.17% 0.005 g) were weighed flat-bottomed
performed on wood cores collected fréield grown 4-year-old  tubes, and 1.5 mL of 72% v/v sulfuric acid (VWR North America,
Populus trichocarprees in Clatskanie, OR and 3-year olé. Radnor, PA) was subsequently added. The tubes were placed into the
trichocarpatrees in Corvallis, OR. AlIP. trichocarpaused in this Digiblock digital block heater (Sigma-Aldrich, St. Louis, MO) to
study were natural variants. Field establishment, growth conditiongnaintain the temperature at°¥Dand stirred every 3 to 5 min for 1 h.
harvesting, and processing were previously described by Muchero dtach sample was diluted to 42 mL while minimizing Klason lignin
al."® Density was determined using the water displacement method absses. The diluted samples were autoclaved for 1 h afdZind
described by Chave with no mfiditions.® Reproducibility of the cooled to room temperature. Following the secondary acid hydrolysis,
density phenotype across the two sites was assessed based on the samples were diluted to volume (50 mL). The hydrolysate was


http://dx.doi.org/10.1021/acssuschemeng.7b00449

filtered through G8 glafilters to separate sugars from the Klason Table 1. Densities (g/cm3) of the Eight Biomasses

||gn|n The remaining solids (Klason |Ign|n) were heated at°1{05 Determined by the Water Displacement Values
and weighed 24 h later to determine Klason lignin content. The

Klason lignin content was calculated by determining the mass (g) of low density biomass
lignin that remains after 24 h as a percentage of the initial mass of th Clatskanie (g/cr) Corvallis (g/cr?)
biomass. GW-9585 0.32 0.33

The sugars were diluted accordingly and analyzed on a high-

performance anion exchange chromatography with pulsed ampero- BESC-316 033 035
metric detection (Dionex 1CS-3000, Dionex Corp., United States). GW-9914 034 035
The instrument was equipped with a PC10 pneumatic controller, ~ GW-9588 o034 0.35
CarboPac PA1 guard column (% 50 mm, Dionex, Dionex Corp., high density biomass
United States), a CarboPac PAT column (2 250 mm, Dionex), a Clatskanie (g/cm) Corvallis (g/crm?)
conductivity detector, and an AS40 automate.d sampler. The elgent KLNA-20-4 0.50 053
(0.2 and 0.4 M NaOH) flow rate was 0.4 mL/min, and the analysis
- . - YALE-27-3 0.50 0.50

duration was 70 min per sample. The sugar contents were fipthnti

. BESC-251 0.47 0.53
with five standard curves constructed from known glucose, mannose, BESC. 0.50 0.50

galactose, xylose, and arabinose concentrations. Fucose (1 mg/mL)
was used as an internal standard. . . . . . o
Surface Roughness Measurements. The logs for the surface Simons’ Stain. During Simon’ staining, accessibility
roughness measurements were cut to form slices that were further culifferences are quarfied with the ratio of the orange and
to yield 100 mm-thick slices. The surfaces of the logs were sanded wittblue dyes bound to the biomass, where high@rratios are
109 um sandpapef to mitigate irregularities on the log surface from associated with higher accessibilitégure 1 describes the
cutting with the band saw. The logs were held at 65% relative humidity.
until the moisture content of the wood was approximateRf Teg.
surface roughness measurements were carried out at room tempel
ature with a stylus type fitometer (Alpha Step D-600 Stylus Hiler, GW-9585
KLA Tencor, Milpitas, CA, United States) with a{3m diameter stylus
tip and a 90 pin angle. The force of stylus tip was 5 mN, and the
tracing length spanned 2 mm at a scanningris. The data were WALES2ES
acquired in 2D. GW-3530 I
Cellulose Degree of Polymerization. Cellulose degrees of
polymerization (DP) were obtained following defication ofP.
trichocarpawith peracetic acid (3.5 g/g biomas$)Cellulose and BESC-251 |
hemicellulose were subsequgntleparated from the resulting
holocellulose using two successive sodium hydroxide treatments
During théfirst treatment, 17.5% v/v sodium hydroxide was added to 0 0.2 0.4 0.6 0.8 1 12 14
the holocellulose and stirred for 2 h. The NaOH was then diluted to O:B ratio
8.75% v/v and stirred for an additional 2 h. Cellulose, which was F
insoluble in solution, was separated from hemicellulose througll
filtration through a 0.45m polyamidéilter. The cellulose was washed

via filtration with Milli-Q water, frozen, and freeze-dried. The dry . . . .
cellulose was vacuum-dried overnight and derivatized with phenjtatural variants and their associa® ratios. Although the

isocyanate (0.5 mL) in pyridine (4 mL). The derivatization took place O:B ratios are not optimally grouped into four high and four
over 3 d at 55C, and the derivatized cellulose was recovered throughlow extremes, the data illustrate that highér ratios and
precipitation in 7:3 methanol:water. The derivatized cellulose wastherefore higher accessibilities? (= 0.53) were generally
separated from the solution with centrifugation at 8228 g for 10 minassociated with lower density poplar. Theoretically, lower
washed with 7:3 methanol:water once, and rinsed two additional timedensity wood has more void space as density and porosity are
with Millli-Q water. The solid was air-dried and vacuum-dried prior tojnversely correlated. Although the Simohstain is commonly
dissolution (+2 mg/mL) in the mobile phase (THF). ' applied to pretreated substratds* *° this study demon-
Statistical Anﬁlyms. Outlier detecFlon was gssessed using the strates that accessibility fidiences can be observed in
modfied z-score. Any dgtum possessing a mbell z-score of+1.5 __ponpretreated biomass with Sirricstaining.
was considered an outlier and removed from the data set. Statistical . . . .
Cellulose DP. Scanning electron microscopy imaging data

analyses for the Sim&nstain were conducted on the orange and blue .
dyes individually for the calculation of 1B ratio. One-way has suggested that cellulose structural changes (i.e., fragmenta-

ANOVA and Tukey's tests were used at 95% dafence to determine  tion and deformation) result from pretreatméhtaccord-

GW-9914

e et e B A SN ]
BESC-310 e e e e O R R |
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KLNA-20-4 I

BESC-7 I

igure 1. Association between Simdnstain O:B ratios andP.
richocarpgharvested in Clatskanie, OR) densities (g/¢m

signficant dfferences between means. ingly, these changes maylirence the cellulosbers interior
and exterior surface areas, which are assessed during Simons
RESULTS AND DISCUSSION staining. Though th®. trichocarpan this study were not

pretreated, we assessed cellulose DP in the natural variants to

Wood Density. Signficant phenotypic variation was establish its relationship to accessibility on this basis. Although
observed for the 462. trichocarpajenotypes at botheld the cellulose DPs varied by as much as 4000 units between
sites. At Clatskanie, wood densities ranged from 0.22 to 0.72 g/natural variantsTable 2, it appears to be unrelated @B
cn?, while ranges of 0.29 to 0.55 g/tmwere observed at the  ratio (2 = 0.17). Furthermore, it appears that cellulose DP are
Corvallisfield site. Furthermore, the wood density phenotypesnot grouped into high and low extremes as densities are, which
exhibited sigficant levels of reproducibility across the field further supports the lack of relationship.
sites (> = 0.35,p = 0.0). On the basis of these data, eight Klason Lignin. The Klason lignin contents of the 8 natural
genotypes that exhibited consistently high and low density atariants, which varied between 20.3 and 25.1%, are displayed in
both sites were selected for accessibility assessriabte( 1). Figure 2 Klason lignin contents mayfinence the progression
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Table 2. Cellulose DP and Polydispersity Indices (PDI) 251, assuming the threshold for sugar inhibition was not
from the Low and High DensityP. trichocarpa reachedsS. cerevisiapossesses impressive ethanol tolerahce
and achieves high ethanol productivitieshich may also

aliesa B2 g PRI B¢ account for the higher ethanol yields during SHF than during

high density ~ YALE-27-3 2939 56 418 020  (CBP.
BESC-251 5452 28 4n 0.13 Surface irregularities, wdhi are likely associated with
KLNA-20-4 5966 20 665 003 porosity in this study, appear to be relevant to CBP @ith
BESC-7 3207 4 311 049 thermocellurSurface roughness values idéatd GW-9914 and

low density  GW-9914 7250 68 359 0N BESC-7 with the roughest and smoothest surfaces, respectively.
GW-9585 5436 64 446 010 Hence, Simon's staining porosity measurements can provide
GW-9588 5870 418 397 030 useful information about the biomass surface.
BESC-316 3932 4 307 00

Klason lignin content may hold importance in the observed
2SD: standard deviation. CBP trends. Total lignin content alone, when above 20% (w/
w), has not been strongly correlated with improved enzymatic
of CBP, as C. thermocellsncellulases have been found to hydrolysis of poplar. In this study, however, Klason lignin
adsorb to ligniff. Signficant dfferences in Klason lignin content and accessibility may be indirectly related to hydrolysis
contents existed between several poplars, including GW-9914Y fermentation yields. The best and poorest ethanol yielding
and BESC-7. GW-9914 and BESC-316, and GW-9914 and Piomass demonstrated noticeablein Klason lignin

YALE 27-3 (P < 0.05). Interestingly, Klason lignin contents content and accessibility. GW-9914 possessed the lowest

exhibited a weak linear relationship w@ith ratio (2 = 0.33). Klason lignin content, whereas BESC-7 possessed the highest.
A linear plot between Klason lignin contents &nBl ratio Furthermore, GW-9914 was predicted to be most. accessible,
revealed two relatively wellided groupings of high Klason whereas BE_SC—? was predicted to bg I.e.ast accessible. Hence,
lignin contents and low accessibilities and vice veisare 3. the Klason lignin contents_and accessibility appear to be related
Hemicellulose contents did not demonstrate fsignt dffer- to the extent offermentation.
ences between BESC-251, GW-9914, and BESC-P (& 0.05).

Surface Roughness. Surface roughness measurements DISCUSSION
were expected to identify whether the porosity extremes arBew studies have suggested that lignin content and/or structure
manifested at the biomass surface wHerd¢hermocelluris play a role in effieciency of CBP;'~>* however, there is only
believed to carry out CBP. Surface roughness measurementsone known study that establishes a relationship between the
were designed to determine if these irregularitleeieC. Simon$ stain and CBP.' Neither the SHF nor the CBP
thermocellusrinteractions with the wood surface and promoteethanol yields clearly pointed toward a dominating
the hydrolytic activity of a CBP microorganismEigure 4 the either variable; however, the two may be related, as higher

low density biomasses generally possessed higher averag€ason lignin contents may limit enzyme or cellulosomal
roughness (Ra), reduced valley depth (Rv), and reduced peak accessibilities. Regardless, studies suggest that lignin content
depth (Rp) values compared to those of the high densitycontributions among other factors impact ethanol produc-
biomasses. The surface roughness measurements, similar to théon>**> For example, Grabber et al. reported that lignin

density data, were grouped into two extreffrigsife 4, which content, in addition to ligniferulate cross-linking, was more
verify that the porosityfiirences are manifested at the surface influential than lignin composition during fermentation. In
of the wood. Grabbefs study, elevated Klason lignin contents (128 mg/g

Ethanol Yields from SHF and CBP. Although SHF biomass) were linked to 12-fold increases in hydrolysis lag
generated ethanol yields better than those of CBP, BESC-7 times compared to the nonliged counterparts (5 mg/g
consistently produced low ethanol yields, whereas GW-9914biomass) when fungal cellulases were empl&yiedthis study,
consistently produced one of the highest ethanol yiedtbe( we observed much lower ethanol yields during CBP compared
3). While the dfferences in ethanol production were not to those of SHF, which may be attributed to a more potent or
signficantlydifferent between BESC-251 and GW-9914 during confounded effect oflignin onC. thermocelldsrcellulases and
CBP (P > 0.05), the two means were found to beedint in cellulosome.

SHF (P < 0.05). During SHF, the higher porosities may have  Although accessibility and density were related in this
facilitated cellulase entry during hydrolysis. The higherinvestigation, their relationship with ethanol vyields, lignin
concentrations of glucose may account for t20 mg/g content, and cellulose DP are less welfitkd. There was no

discrepancy in ethanol yields between GW-9914 and BESC- signficant correlation between wood density and lignin content
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in the 462 genotypes evaluatetl= 0.004,p = 0.92); however, Shao et al. formed similar conclusions, arguing that hemi-
this observation suggests that the two phenotypes may hawellulose ifluences accessibility during CBPHigher Klason
synergist but independerfteets on cell wall deconstruction. lignin contents may indicate a similar trend in lignin on
During SHF and CBP, low and high density biomasses hemicellulose accessibility and the binding of orange and blue
regularly produced ethanol yields that were notfisigrily dyes to cellulose.

different from one anotheP (> 0.05). The observed trends in The predicted least and most accessible poplar generated
BESC-7 and GW-9914 suggest that Klason lignin contents play some of the worst and best ethanol yields, respectively. Klason
a role in O:B Simons stain measurements. Meng et al. lignin contents and accessibilities of the aforementioned poplar
proposed that lignin exerts a minimal impact on cellulosemay work together in restricting ethanol yields. To further
accessibility; however, lignin likely limits xylan accessibility,understand this occurrence, future studies can assess the CBP
which negatively finences cellulase accessibility to cellufose. ethanol yields when lignin contents are not fiigntly
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Table 3. Ethanol Yields from SHF withS. cerevisiaand CBP Department of Energy will provide public access to these
with C. thermocellum results offederally sponsored research in accordance with the
DOE Public Access Plan fittp://energy.gov/downloads/doe-

Sl Qg public-access-plan
ethanol yield ethanol yield
mg/g biomass) SO mg/g biomass) SO
(9 ) ' ’ ABBREVIATIONS
BESC-7 24.24 024 BESC-7 0.17 0.04 o
KLNA- 3044 112 BESC- 0.34 0.03 C. thermocellurtlostridium thermocellum
20-4 316 CBP: consolidated bioprocessing
GW-9585 33.41 0.57 GW-9588 0.35 0.01 DP: degree of polymerization
BESC- 35.96 036 GW-9585 0.50 0.08 O:B: direct orange to direct blue ratio
316 SHF: separate hydrolysis and fermentation
GW-9588 37.34 1.29 Y2A7I:?I§— 1.69 0.16 SSA: specﬁc surface area
YALE- 39.23 0.68  KLNA- 1.81 0.33
27-3 20-4 REFERENCES
BEZSSC1 39.52 011 GW-9914 268 0.59 (1) Esteghlalian, A. R.; Bilodeau, M.; Mansfield, S. D.; Saddler, J. N.
GW-9914 61.83 261  BESC- 277 . !Do Enzymatlg Hydrolygablllty and §|mét5$a|n Reflect the Changes
251 in the Accessibility of Lignocellulosic Substrates to Cellulase Enzymes?

Biotechnol. Prog001, 17 (6), 1049—1054.

(2) Kostylev, M.; Wilson, D. Synergistic interactions in cellulose
hydrolysis.Biofuel2012, 3 (1), 61-70.

different from one another and accessibility varies or when (3) Gupta, R. B.; Demirbas, A.Gasoline, Diesel, and Ethanol Biofuels
accessibilities remain constant while lignin contents vary. In thifrom Grasses and PlantSambridge University Press: Cambridge,
study, Simon's staining successfully idefi#s accessibility ~ 2010.

differences that are present in top- and poor-performing (4) Meng, X; Wells, T.; Sun, Q; Huang, F.; Ragauskas, A. Insights
poplar, but Klason lignin content appears to be an importanjcnto the effect of dilute acid, hot water or alkaline pretreatment on the

factor in ethanol yields. Accessibility alone, as predicted b)éi!:f?h:;;%'c‘fisu%S‘(Lé;fzczgiefzjgd the overall porosiypafus
Simons$ staining, does not appear to be a sole predictor of 5) K L: Arantes. V- Chandra. R: Saddler. J. The liani

bi tibility to CBP (5) umar, L; Arantes, V,; Chandra, R; Saddler, J. The lignin
Iomass suscep Yy : present in steam pretreated softwood binds enzymes and limits

cellulose accessibilitBioresour. Techn@012, 103, 201.

2SD: standard deviation.
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