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Abstract The study of biomass deconstruction by
enzymatic hydrolysis has hitherto not focussed on the
importance of supramolecular structures of cellulose. In lig-
nocellulose fibres, regions with a different organisation of
the microfibrils are present. These regions are called dislo-
cations or slip planes and they are known to be more sus-
ceptible to various forms of degradation such as acid
hydrolysis. Traditionally the cellulose within these regions
has been assumed to be amorphous, but in this study it is
shown by use of polarized light microscopy that disloca-
tions are birefringent. This indicates that they have a crys-
talline organisation. Dislocations may be entry points for
endoglucanases. Using a fluorescent labelled endoglucan-
ase combined with confocal fluorescence microscopy, it is
shown that the enzyme selectively binds to dislocations
during the initial phase of the hydrolysis. Using a commer-
cial cellulase mixture on hydrothermally treated wheat
straw, it was found that the fibres were cut into segments
corresponding to the sections between the dislocations ini-
tially present, as has previously been observed for acid
hydrolysis of softwood pulps. The results indicate that dis-
locations are important during the initial part of enzymatic
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Introduction

The structure of cellulose within secondary plant cell walls
has been studied for decades and native cellulose is pres-
ently considered as being either I, or I, crystals [3]. The
structure of cellulose on the supramolecular level has
received less attention in relation to biomass recalcitrance
and cellulosic bioethanol production. This study focuses on
the role of supramolecular structures known as dislocations
in the enzymatic degradation of lignocellulose.
Supramolecular structures now known as dislocations,
slip planes or nodes [26] have been known for more than
100 years. They have been observed not only in wood [29],
but also in bast fibres, for example in hemp [5, 33-36], flax
[4-7] and nettle [5, 7]. Dislocations may be induced either
by mechanical action on the fibres/tracheids after harvest
(compression in the longitudinal direction of the cell
[9, 32]) or may already be present in the plant at harvest
[34]. The reason for their occurrence in the living plant is
unknown but has also been assumed to be caused by
mechanical action (wind leading to longitudinal compres-
sion within the lee side of the plant). In accordance with
this theory more dislocations have been found in hemp
plants subjected to wind [34]. However, since drought also
induces dislocations, growth stress during biosynthesis of
microfibrils is another possible cause [34]. Since both these
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causes may affect the cellulose microfibrils in the cell walls
of thick-walled cells within supporting tissues of higher
plants regardless of species, it is likely that dislocations are
a generic phenomenon that occurs in many higher plants in
spite of differences in cell wall structure. Furthermore, dis-
locations found in one species are likely to be similar to
those found in other species.

Research concerning dislocations has hitherto been done
within pulp and paper science, and has been directed
towards the detrimental effects of dislocations on paper and
fibre strength properties [9, 32] or on exploring where in
the pulping process dislocations are formed [10, 14, 21, 25,
27]. Since dislocations have been found to reduce paper
strength and to be more susceptible to acid hydrolysis [1],
the cellulose within dislocations has been assumed to be
amorphous in contrast to the crystalline bulk cell wall.
Recently, Kawakubo et al. [20] reported results which seem
to strengthen this hypothesis. They investigated the binding
of two different carbohydrate binding modules (CBMs) to
cedar wood pulps. Clostridium josui CBM28, a CBM
known to target isolated saccharide chains (interpreted as
amorphous cellulose), was found to bind to delignified fibre
surfaces at certain regions. Kawakubo and co-workers
interpreted these regions as amorphous cellulose on the
fibre surface exposed by bending or physical stress during
the delignification process. To the present authors these
regions appear to be identical to dislocations. Clostridium
Jjosui CBM3, a CBM known to bind to flat surfaces of crys-
talline cellulose, did not show this tendency. On the other
hand Filonova etal. [13] found increased amounts of
labelled CBM1 from Hypocrea jecorina (identical to Trich-
oderma reesei) Cel7A in dislocations in spruce pulp fibres
as well as in other sites where the fibres were damaged.
Filonova et al. [13] stated that this CBM binds exclusively
to crystalline cellulose. Perhaps the conflicting results illus-
trate that the microstructure of plant cell walls is more com-
plex than what may be revealed by using probes whose
binding properties have been characterised based on iso-
lated cellulose substrates.

Ander et al. [1] developed a method for quantification of
the amount of dislocations within pulp. The method is
based on acid hydrolysis of pulp fibres under standardized
conditions (i.e. acidity, time span, temperature and stirring)
followed by a measurement of the length distribution of the
fibre segments using automatic image analysis. The pre-
mise is that the pulp fibres will break in dislocations during
the hydrolysis step, i.e. the more ‘short’ fibre segments and
the fewer ‘long’ fibre segments present after hydrolysis, the
more dislocations were present from the beginning. Thygesen
[33] proved the premise to be correct and also confirmed
that strict standardisation of the method is necessary as
many dislocations are still present in the fibre segments
after the acid hydrolysis step.
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A few studies have suggested that dislocations are more
susceptible than the surrounding bulk cell wall not only to
acid hydrolysis but also to enzymatic hydrolysis. It is not
obvious that this should be the case, as the small acid mole-
cules presumably more easily penetrate into the cell wall.
Hildén et al. [15] labelled the CBM from Phanerochaete
chrysosporium cellulase Cel7D, and found that it bound
more to ‘hot spots located at fibre kinks or damaged areas’,
i.e. to the supramolecular structures denoted dislocations.
Ander et al. [2] compared acid (HCI) and enzymatic hydro-
lysis of pulp fibres using a variety of monocomponent cel-
lulases and cellulase mixtures (EGII and CBHI from
Trichoderma reesei, Novozym 476, Novozym 342, N342
and Celluclast). The focus of these studies was to identify
hydrolysis systems that gave different results for pulps
based on different sources of wood and prepared in different
ways. The results were compared based on an estimate of
the average number of cleavages per fibre during hydroly-
sis. Segmentation of fibres was seen for all enzyme treat-
ments reported, but results may not be compared between
enzymes due to differences in treatment times and enzyme
doses. Also, to the present authors the results presented by
Ander et al. [2] indicate that the estimate of the number of
cleavages per fibre to some extent depends on the average
fibre length prior to hydrolysis, which prohibits comparison
between results based on different pulps. In another study,
Suchy et al. [31] measured the zero-span wet strength of
bleached hardwood kraft pulp after treatment with a com-
mercial enzyme product based on a family Cel7A CBH
from Thermoascus aurantiacus. They observed straighter
and cleaner fractures and more cracks in the fibre surfaces
after enzyme treatment and interpreted this as the result of
the localized action of the enzyme at dislocations.

In the present study the objective was to explore the
structure of dislocations and their role in enzymatic hydro-
lysis of hydrothermally treated wheat straw under indus-
trial-like conditions. In particular, we wished to employ
automatic image analysis of fibre length and width in order
to follow the development in fibre dimensions during
hydrolysis and liquefaction of lignocellulose.

Materials and methods
Hydrothermally treated wheat straw

Wheat straw (Triticum aestivum) was pretreated by using
the IBUS cellulosic ethanol facility [23]. The straw is cut
into 50-mm segments, soaked for 5 min at 80°C and run
through a hydrothermal reactor at 190°C for 12 min. After
pretreatment the straw contains 59% cellulose, 5% hemicel-
lulose and 25% lignin. The dry matter of the pretreated
straw is approximately 25% and pH 4.5. Fibres are the
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dominant cell type of the pretreated straw. The treated
straw was a gift from the company Inbicon (Kalundborg,
Denmark, http://www.inbicon.com). Further data on the
structure and composition of the straw can be found in [22].

Enzymatic hydrolysis

Hydrolysis of the pretreated straw was carried out by using
a 5:1 mixture of Celluclast and Novozym 188 at 5 FPU
(fibre paper units) per gram dry matter. The enzymes were a
gift from the company Novozymes A/S (Bagsverd, Den-
mark, http://www.novozymes.com). The enzymes were
added to the pretreated straw together with a pH 4.8 sodium
citrate buffer. Each sample contained 12.5 g pretreated
straw (dry matter). The dry matter content of the mixture
(pretreated straw + buffer + enzymes) was 25%, and the
temperature during the hydrolysis was 50°C. The high dry
matter content implies that at the onset of hydrolysis, all
liquid was adsorbed by the substrate [12]. The samples
were subjected to free fall mixing during the hydrolysis.
Free fall mixing is done by using a rotating horizontal
mixer [18]. In the present experiment free fall mixing
implied that hydrolysis was carried out in 100-ml plastic
bottles placed in an 800-mm-diameter horizontal drum
rotating at 60 rpm. The drum was equipped with two pad-
dles that lifted and dropped the bottles during rotation.
Samples (duplicates) were taken out after 0, 1, 2, 3, 4, 6 and
24 h of hydrolysis. Two different controls were also run in
duplicates: (1) free fall mixing only, i.e. the same condi-
tions during hydrolysis as for the time series, but only
buffer was added to the pretreated straw (i.e. no enzymes
added); and (2) enzymes only, i.e. the samples were identi-
cal to the samples used for the time series, but in contrast to
these they were not subjected to any mixing. Both types of
controls were run for 24 h at 50°C. Hydrolysis was stopped
by boiling the samples in water for 10 min. Samples were
then stored in a refrigerator at +4°C for a few days before
fibre length and width analysis.

Polarized light microscopy (PLM)

PLM was carried out by using a Zeiss Axioplan microscope
equipped with two polarisers, a rotating stage and a Pixe-
link digital camera.

Fluorescent labelling, confocal laser scanning microscopy
(CLSM) and pseudo PLM

The fluorescence labelling procedure was a slightly modi-
fied version of the one recommended by the manufacturer.
An endoglucanase (family GH45 from Humicola insolens,
here denoted enzyme A) was obtained in a chromatographi-
cally pure form from Novozymes, Bagsvard, Denmark.

More information on this enzyme and details of its prepara-
tion can be found in [11]. After incubation of the enzyme
with DyLight 633™ (Thermo Scientific, Rockford, IL,
USA) for 1 h (standing) in 0.05 M pH 8.5 borate buffer at
room temperature, excess fluorophore was removed by cen-
trifugation (4,700 rpm, 15 min, multiple times, until a clear
supernatant solution was obtained) using a Vivaspin ultra-
filtration spin column (5 K MWCO, Sartorius Stedim
GmbH, Goettingen, Germany). A fluorophore to protein
ratio (in mol basis) of 1.4:1 was obtained.

Samples for CLSM were prepared by spotting 40 ul
labelled enzyme solution (107> M) onto Filtrak filter paper
fibres (Munktell and Filtrak GmbH, Bérenstein, Germany),
which had been isolated by hand using precision tweezers
and placed on a glass slide. After 10 min a cover slip was
applied and the slide was observed by using a confocal
microscope [Leica TCS SP2, Leica Microsystems using a
x63 objective (NA 1.2)]. Excitation was performed by
using a 633-nm laser at 20% laser power and emission was
collected for the 650-800-nm range. Images were colour-
coded according to the intensity of the light emission within
this interval, going from black (no emission) over brown-
ish-reddish to yellow and white (maximum emission). Blue
coding signalled detector overload.

In order to acquire pseudo PLM images of the exact
same scene as the one captured by using CLSM, the trans-
mission detector of the confocal microscope was used. A
488-nm laser was employed as light source, and crossed
polars were inserted in the pathway of the laser beam
before and after the sample (polarization of laser light
ought to be redundant, but nevertheless a better image qual-
ity was experienced).

The images were not subjected to any image processing
except for the pseudo PLM images, for which the distribu-
tion of grey-scale values occurring in the image was
expanded to the full interval (0-255). This procedure
increased contrast.

Environmental scanning electron microscopy (ESEM)

ESEM was carried out by using a FEI Quanta 200. Images
were obtained for uncoated samples in low vacuum mode
using an X-ray cone (voltage 20 kV, pressure 110-130 Pa).
The images were not subjected to any image processing.

Fibre length and width analysis

Automatic image analysis of fibre dimensions based on the
FiberTester system was carried out by the company Innven-
tia (Stockholm, Sweden, http://www.innventia.se). The
FiberTester is a new version of the FiberMaster instrument.
The instrument was developed for the pulp and paper
industry, and has to the best of the authors’ knowledge not
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been tested earlier for monitoring enzymatic hydrolyses of
wheat straw. The FiberTester gives information on fibres
and fibre segments regarding length, width and form factor
(a number between 0 and 100 indicating how straight or
curled a fibre is). The method is based on automatic image
analysis of micrographs of fibres and/or fibre segments sus-
pended in water and run in a closed loop. A sample consists
of 0.5 g dry matter suspended in 500 ml of water. For each
sample, analysis stops when about 100,000 objects have
been measured. The standard output from the FiberTester
analysis is only based on particles that fulfil certain fibre
criteria [19, 33]. In the present case the fibre criteria were
not employed. Results reported here are based on all parti-
cles with a length equal to at least 13 um (the detection
limit), and a positive form factor not larger than 100
(aform factor outside this interval signals an erroneous
measurement).

Results and discussion
Crystallinity of bulk cell wall and dislocations

Crystalline cellulose is birefringent. This implies that
when a cellulose microfibril is placed under crossed
polars and the microscope stage is rotated, the fibril will
disappear, i.e. it will appear black when the longitudinal
direction of the microfibril is parallel to the polarization
direction of one of the two filters. This phenomenon is
denoted extinction. At the four positions shifted 45° rel-
ative to the extinction positions, the fibril lights up, i.e.
maximal brightness is obtained. A plant cell wall which
contains an S2 layer is also birefrigent, and because
birefringence is additive, a plant fibre will behave just
like a single fibril no matter which microfibril angle
(MFA) the microfibrils in the S2 layer have, as the MFA
of the microfibrils in the upper wall is cancelled out by
the mirrored MFA of the microfibrils in the lower wall,
so that the average MFA is 0°. The four positions corre-
sponding to extinction and the four positions corre-
sponding to maximum brightness are shown for the bulk
cell wall of a filter paper fibre (softwood tracheid) in
Fig. 1. The fibre contains dislocations, and for the four
extinction images they are visible (oblong bright areas
across the fibre), as their MFA is not cancelled out by
opposite orientations in the lower side of the fibre. How-
ever, Fig. 2 shows that a dislocation behaves exactly like
the bulk cell wall; extinction and maximum brightness
just appear for different positions of the fibre. This
implies that dislocations are birefringent and thus appear
to be crystalline. In other words Figs. 1 and 2 indicate
that dislocations are not amorphous contrary to what has
hitherto been assumed.
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Fig. 1 Bulk cell wall: PLM images of a filter paper fibre (softwood
tracheid) rotated to different angles relative to the vibrational direction
of the two polarization filters. When the longitudinal direction of the
fibre is parallel to one of the two filters (green arrows), the light is
extinct. At the four positions rotated 45° away from the extinction
positions (red arrows), maximum brightness is seen

Cellulase adsorption to dislocations

Figures 3 and 4 show the corresponding pseudo PLM and
CLSM images of two different plant cells spotted with
enzyme A. Figure 3 shows a filter paper tracheid, and Fig. 4
shows a pretreated wheat straw fibre cell; in both cases the
endoglucanase is seen to have a preference for dislocations.
This is the first time CLSM and PLM has been combined
and in situ shown preference for dislocations of an endoglu-
canase. Earlier results have indicated preference for dislo-
cations of CBMs [13, 15, 20] or different glucanases [2],
but without direct in situ PLM visualisation of the disloca-
tions. That the same pattern is seen for both cell types
strengthens the hypothesis given in the “Introduction” that
dislocations are a generic phenomenon present in different
plant species in spite of differences in cell wall structure.
The reason for the observed preference of enzyme A for
dislocations is not known. Figure 2 shows that it is not rea-
sonable to claim that the susceptibility of dislocations to
hydrolysis is due to the presence of amorphous cellulose. In
addition, a recent study led to the conclusion that cellulose
digestibility cannot be explained solely by its crystallinity
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Fig. 2 Dislocation: PLM images of a filter paper fibre (softwood tra-
cheid) rotated to different angles relative to the vibrational direction of
the two polarization filters. When the longitudinal direction of the
microfibrils within the dislocation (white arrows) is parallel to one of
the two filters (green arrows), the light is extinct. At the four positions
rotated 45° away from the extinction positions (red arrows), maximum
brightness is seen

index, also accessibility plays a role [28]. Minute cracks
and/or a ‘loosening’ of the structure in dislocations might in
this way be a factor contributing to the observations in
Figs. 3 and 4, i.e. the increased presence of enzymes in the
dislocations may perhaps to some extent be caused by cap-
illary forces. Another hypothesis could be that it has to do
with possible differences in cellulose crystal structure.
Recently, Santa-Maria and Jeoh [30] observed untwisting
of cellulose microfibrils during hydrolysis of never-dried
Cellulose 1 using a purified cellobiohydrolase. One can
speculate that microfibrils are less twisted within disloca-
tions, making the microfibrils more accessible to hydrolysis
while retaining the birefringence of the cell wall.

Fibres are cut into segments at the dislocations
during enzymatic hydrolysis

Figure 5 shows the total length and width of about 100,000
particles measured for each of the samples taken out during
the enzymatic hydrolysis experiment for hydrothermally
treated wheat straw. Figure 5 shows that the total length of
the first 100,000 particles encountered during FiberTester
analysis gradually decreases to about 50% of the original
value, while the total width of the same particles only is
reduced by about 10%. This shows that fibres are cut into
segments during hydrolysis. None of the two control

100 micro m

Fig. 3 Pseudo PLM and CLSM images of a filter paper fibre (soft-
wood tracheid) spotted with fluorescent labelled enzyme A (an endo-
glucanase). The enzyme is seen to bind strongly to the two dislocations

Y l’?ﬂ/g‘-..-
(AR L7 & N

Fig. 4 Pseudo PLM and CLSM images of a pretreated wheat straw
fibre spotted with fluorescent labelled enzyme A (an endoglucanase).
The enzyme is seen to bind to the two dislocations and to loosened
fibrils

treatments had any significant effects compared to the length
and width data at the onset of hydrolysis. A more detailed
account of the development in particle dimensions during
enzymatic hydrolysis is given in Fig. 6. Figure 6a shows
the amount of particles within different length ranges given
as percentages of the total length of all 100,000 particles mea-
sured within that sample (i.e. as percentages of the lengths
shown in Fig. 5). Since the number of short fibres increased
dramatically during hydrolysis compared to the corresponding
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Fig. S FiberTester results for

hydrothermally treated wheat
straw during hydrolysis, shown
as total lengths and total widths.
Results are shown in duplicates.
The four last columns are the
two controls, e24 is ‘enzyme
only’, m24 is ‘mixing only’

Total lengths and widths of about 100.000 segments per sample [m]

00h 01h

decrease in the number of long fibres, these length-
weighted distributions are shown instead of distributions
based on the number of particles within the various length
classes. Figure 6a shows that during the first hours of
hydrolysis most of the long fibre segments (longer than
2-300 pm) are broken into medium length segments, while
further segmentation into the final 2040 pm segments con-
tinues into the later stages of the hydrolysis. The amount of
particles in the 80-200 pm range increased up to 6 h,
thereafter a slight (80-100 pm) or a more substantial
(100-200 pm) decrease was seen. The amount of particles
shorter than 60 um increased throughout the experiment,
especially for the particles with lengths in the 20—40 pum
range. Regarding length to width ratios, Fig. 6b shows that
during hydrolysis, particles longer than four times their
width were cut into pieces with ratios only slightly over
one. The amount of particles with intermediate ratios
remained low and more or less constant throughout the
hydrolysis experiment. The overall picture shows that
oblong particles with aspect ratios above four are cut into
almost square particles during hydrolysis. Also, it appears
that the liquefaction process (i.e. the first 6 h of enzymatic
hydrolysis) is characterized by a decrease in the amount of
particles above 200-300 pm length and a corresponding
increase in the amount of particles shorter than 80 pm
length, especially the 2040 pum range, while a decrease in the
amount of particles with intermediate lengths (80—200 pum)
mainly sets in after the substrate has become liquefied.

The results presented in Figs. 5 and 6 show the potential
of FiberTester analysis for monitoring enzymatic hydroly-
sis of biomass. For example, detailed knowledge of the
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development in particle dimensions during the liquefaction
step can be obtained and used within design and develop-
ment of more energy efficient mixing regimes for industrial
production of cellulosic biofuels.

Previous studies of the enzymatic hydrolysis of plant
fibres have shown that the hydrolysis starts at the surface of
the wall when no mixing is applied [8]. The surface erosion
model for the action of one of the most important enzymes
in the Celluclast product, the cellobiohydrolase Cel7A, is
well established [16, 17, 24] but the FiberTester results pre-
sented here show that on the whole cell scale, initial enzy-
matic hydrolysis is transversal rather than longitudinal.

Figure 7 shows ESEM images of the hydrothermally
treated wheat straw after 24 h of hydrolysis and free fall
mixing, and after 24 h of free fall mixing only. The images
show that the particles seen after hydrolysis are short and
have smooth, sharp ends (‘scissor-cut’ ends), while the par-
ticles seen after mixing only are long and have torn ends.
These differences show that while the combination of cellu-
lolytic enzymes and free fall mixing results in a cutting of
fibres into particles, the mechanical process of free fall mix-
ing only results in fibrillation at the ends of the fibres.
Together with Figs. 5 and 6 this shows that it is not the mix-
ing per se that gives fibre shortening, and that only the com-
bined action of enzymatic hydrolysis and free fall mixing
results in clean-cut fibre segments.

Figure 8 shows PLM images of hydrothermally pre-
treated wheat straw fibres before and after 24 h of enzy-
matic hydrolysis and free fall mixing. The image in Fig. 8a
shows a typical fibre cell prior to hydrolysis. Dislocations
are seen to be present, and the image indicates that the
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Fig. 6 FiberTester results for
hydrothermally treated wheat
straw during hydrolysis. Results
are shown in duplicates. a Total
length of all particles encoun-
tered within the specified length
intervals in per cent of the total
length of all particles measured
for the sample. b Distribution of
particles into ranges of length to
width ratios (aka aspect ratios).
Percentages given are percent-
ages of the total length of all par-
ticles measured for the samples

(a)

Length in per cent of total length [%]

(b)

Per cent of total length [%]

45

Fibre segment length distributions during enzymatic hydrolysis
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35

30
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I 24h enzymes only
I 24h mixing only
I 24h mixing only  []
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Fibre segment length:width ratios during enzymatic hydrolysis
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1.5-2 2-3 3-4
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typical minimum distance between large dislocations is  Figs. 7 and 8 thus indicate that fibres are cut into segments
about 20 pm, i.e. about the same distance as the dominant  at dislocations during hydrolysis. It should be noted that no
fibre segments after 24 h of hydrolysis (Fig. 5a). After 24 h  quantitative analysis of distances between dislocations was
of hydrolysis (Fig. 7b) only few and small dislocations are ~ carried out, but the typical distances between dislocations
seen, as exemplified by this typical fibre segment. Together, = were as shown in Fig. 8.
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Fig. 7 ESEM images of hydro-
thermally treated wheat straw af-
ter 24 h of hydrolysis (a and b),
and after 24 h of free fall mixing
without enzymes added (¢ and
d). Hydrolysis gave short seg-
ments with sharp, ‘scissor-cut’
ends; mixing resulted in long
segments with torn ends. The ar-
rows point to ‘scissor-cut’ ends
(in b) and to torn ends (in d)

20 micrd m

Fig. 8 PLM images of dislocations in hydrothermally treated wheat
straw fibres before (a) and after (b) 24 h of hydrolysis. The arrows
point to dislocations

@ Springer

Conclusions

This study concerned enzymatic hydrolysis carried out at
high dry matter contents and using free fall mixing. Under
these industrial-like conditions, degradation of cellulose
present inside secondary plant cell walls started at disloca-
tions and fibres broke into segments at these locations. The
substrate was liquefied at the same time as the amount of
segments longer than 3—400 um was markedly reduced.

It was shown that an endocellulase preferred binding to
dislocations over binding to the bulk cell wall. The reason
for this is not known, but it indicates that cellulose in dislo-
cations is more easily accessible and/or more easily degrad-
able. However, a simple PLM experiment (Figs. 1, 2)
indicated that the cellulose within dislocations is not amor-
phous, contrary to what has become an established assump-
tion.

The results of the present study indicate that dislocations
play an important role during the initial stages of enzymatic
hydrolysis of lignocellulose under industrial conditions.
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