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 X-ray microtomography reveals the 3D enzymatic deconstruction 1 

pathway of raw lignocellulosic biomass 2 

 3 

S. Blosse1,2, A. Bouchoux2, C.Y. Montanier2✉, P. Duru1✉ 4 

      5 

In the context of the development of a circular bioeconomy, plant biomass constitutes a vast 6 

potential source of renewable molecules of interest. The industrial process essentially consists 7 

in using enzymes for its deconstruction. However, we are still lacking a precise understanding 8 

of the enzymes' action on such a complex, multiscale porous material. Here, we demonstrate 9 

that X-ray microtomography tackles this question in a unique way, making it possible to follow 10 

precisely the enzymatic degradation of a model biomass, wheat straw. We perform a thorough 11 

analysis of the imaging results over the full length scale of the sample and as a function of 12 

degradation time. In particular, we observe the progressive disappearance of specific 13 

cellulose-rich cell walls, with distinct 3D heterogeneities in the enzymatic action at different 14 

times and length scales. Those 3D pieces of information about the degradation process 15 

contrast clearly with those obtained from classical 2D imaging techniques. 16 
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1. Introduction 77 

Lignocellulosic biomass, i.e., the cell walls of plants (PCWs), is the largest reservoir of organic carbon 78 

on Earth. One huge source of PCW biomass is the by-products of agriculture, which can possibly be 79 

used for producing quantities of renewable and sustainable molecules and materials for our daily lives 80 

(Cherubini, 2010) For such a valorisation to be performed, lignocellulosic biomass must be 81 

decomposed into small elementary pieces, i.e., (macro-)molecules or synthons. This ‘deconstruction’ 82 

process is, however, not an easy task as plants have constantly evolved for protecting themselves from 83 

external aggressions (Morris et al., 2018 ; Zhang et al. 2021). This led to PCWs having structures and 84 

compositions that are always very complex, even if they obviously vary from one species to another. 85 

The average PCW consists in an intricate composite matrix of cellulose, hemicelluloses, proteins 86 

and lignin; all components being - covalently or not - linked to each other (Amos and Mohnen, 2019). 87 

As we just stressed, this material is highly recalcitrant to chemical or biological degradation. However, 88 

cellulolytic microorganisms such as bacteria and fungi also evolved on their side for being able to use 89 

the PCW biomass as carbon feedstock. In that case, the attack is performed by lignocellulolytic 90 

enzymes that are produced by the microorganisms (Lopes et al., 2018). The enzymes involved are 91 

mainly glycoside hydrolases (GHs), a large and diverse group of enzymes that hydrolyse the glycosidic 92 

linkages between carbohydrates. GHs include cellulases, hemicellulases and pectinases, as a function 93 

of their specificity for a given substrate (Gilbert, 2010). 94 

Extensive research has been carried out in the past years with the aim of achieving the enzymatic 95 

deconstruction on an industrial scale and designing processes that are economically viable. Studies 96 

focus mainly on the research and design of better GHs and on the description of their enzymatic action 97 

at the molecular scale. For practical reasons, most of those works are performed using synthetic 98 

chromogenic substrates and/or purified polysaccharides (Liberato et al., 2016 ; Gilmore et al., 2020 ; 99 

Badruna et al., 2021) . However, this leads to a characterization of the enzymes in conditions that are 100 

far from the ‘real-life’ conditions where enzymes face a raw natural substrate. One first disadvantage 101 

of such an approach has to do with the specific recognition interactions that exist between the enzyme 102 

and its real substrate and that triggers the catalysis. When using artificial and/or isolated substrates, 103 

the conditions for this recognition are not satisfied which can lead to a wrong 104 

estimation/understanding of the enzymatic activity towards a real substrate (Montanier et al., 2009). 105 

The second downside has to do with the accessibility of the enzyme to its substrate, which is 106 

dramatically facilitated using purified polysaccharides as opposed to polysaccharides that are 107 

embedded in a PCW. 108 



Of course, there have been attempts for tracking and following enzymes’ action on a real, natural 109 

substrate. Those are mainly microscopy-based studies which, indeed, make it possible to visualize the 110 

enzymes and/or the degraded material in conditions that are very close to the real ones (Hervé et al., 111 

2009 ; Zeng et al., 2016 ; Devaux et al., 2018 ; Zoghlami and Paës, 2019 ; Herbaut et al., 2018) . However, 112 

there are still some limitations in those works.  The substrate, e.g., corn or tobacco, is often prepared 113 

as quasi-2D slices, making it greatly overexposed to the enzymatic attack as compared to the reality. 114 

Such 2D-limited approaches do not allow to tackle important questions related to the diffusion and 115 

propagation of the enzymes in the material that they degrade. Furthermore, while some microscopy 116 

techniques such as confocal microscopy may lead to 3D images of samples with minimal preparation, 117 

the true extent of the observation range along the optical axis is always limited, and typically smaller 118 

than the characteristic size of the structure in that direction (e.g. cell size). It is therefore not 119 

straightforward to conclude about the crucial question of the heterogeneity of the degradation in real 120 

conditions and at all relevant length scales in the three space directions. 121 

Clearly, a major step in the understanding of the enzymatic degradation of PCW biomass would be 122 

to visualize the degradation of a raw, natural, material in its three dimensions and using a technique 123 

that is less invasive as possible. In this article, we demonstrate that X-ray Computed microTomography 124 

(µCT) is the technique of choice. µCT is a non-destructive technique that provides 3D images of a 125 

sample without any specific preparation, notably without cutting which would lead to exposure of 126 

some internal regions of the sample. Laboratory tomography devices (by opposition to synchrotron-127 

based tomography) allow to analyse millimetre-sized samples with a resolution of ~1 µm3 in voxel size 128 

(Withers, 2007), which is clearly compatible with the dimensions of the PCW features (Hervé et al., 129 

2009). Therefore, µCT allows to image samples over the 3 directions of space, with a field of view larger 130 

than the extent of the typical biomass anatomical feature (the extent of the plant cell in the straw 131 

longitudinal direction can be larger than 100 µm). This is made possible because biomass is transparent 132 

to X-ray. Imaging using visible-light sources, such as those used in conventional or confocal microscopy, 133 

is typically limited by the limited penetration depth of the light. The literature reports the use of µCT 134 

for exploring plant and wood microstructures (Matsushima et al. 2013; Mathers et al., 2018; Jones et 135 

al. 2021; Trtik et al., 2007; Strullu-Derrien et al. 2014; Mayo et al., 2010; Brereton et al. 2015), 136 

measuring the swelling properties of wood (Derome et al., 2011), analysing the water content of 137 

individual plant cells (Suuronen et al., 2013; Torres-Ruiz et al., 2016), or even localizing mineral 138 

particles in sugar cane bagasse (Yancy-Caballero et al., 2017). However, and to the best of our 139 

knowledge, µCT has never been used for investigating the enzymatic deconstruction of a PCW biomass 140 

sample. 141 

In the present work, wheat straw (WS) is used as a model of both lignocellulosic biomass and 142 

agricultural by-product. We first show µCT 3D images of the raw, native samples, i.e., before any 143 



degradation. The general structure of those control samples is briefly discussed, with an emphasis on 144 

some specific and little-known features that µCT is able to detect. We then present the µCT 3D images 145 

of WS samples that have been degraded using a commercial cocktail of lignocellulolytic enzymes at 146 

different times. We perform a careful analysis of these images using a procedure that increases in 147 

complexity with (i) a first qualitative human-driven analysis of the data, (ii) a computer-driven 148 

statistical analysis of the enzymatic degradation curse, (iii) a focus on the 3D heterogeneity of the 149 

attack as only µCT can characterize. Our results clearly demonstrate that µCT is particularly well-suited 150 

to reveal the modification of the PCWs within our sample at different stages of the enzymatic 151 

deconstruction and that its 3D character is of importance to take into account the complexity of the 152 

bioconversion. 153 

 154 

 155 

2. Materials & Methods 156 

Sample preparation 157 

Samples consist in wheat straw (Triticum aestivum, cv. Apache, France) intermodal section of 1 cm 158 

height, approximately 2 mm diameter and 0.4 mm thickness, harvested in summer 2010 and dried on 159 

site. Before using any strands of wheat straw, samples were washed in three successive baths of 160 

deionised water for 5 minutes, 10 minutes and one hour, and then dried for 6 hours in a ventilated 161 

oven at 45°C. 162 

Then, to degrade the wheat straw, a commercial enzymatic cocktail, Novozymes Cellic HTEC2 163 

(VHN00003, Luna No. 2010-01668-01), was used at a loading amount of 120 µg of proteins (~500 µg 164 

of HTEC2 solution) per mg of wheat straw. This cocktail was favored in order to provide an enzymatic 165 

activity compatible with an observation of the early stages of the parenchyma cell walls 166 

deconstruction. The enzymatic reaction was performed at 45°C under constant agitation at 1000 rpm 167 

(ThermoMixer C, Eppendorf) in 2 mL centrifuge tube (1800 µl of a 50 mM citrate buffer at pH 5.4 168 

supplemented with 0.1 mg/mL BSA and 200 µl of HTEC2 diluted 500 times), during a controlled amount 169 

of time (from 30 to 120 minutes).  Finally, the samples were dried in a ventilated oven at 45°C for 6 170 

hours.  171 

The enzymatic activity of the cocktail was determined by dinitrosalicylic acid (DNSA) assays, performed 172 

on native samples, to estimate the concentration of reduction sugar equivalent to xylose (Appendix C). 173 

Samples were first scanned before enzymatic degradation and then after exposure to the enzymatic 174 

cocktail. Preliminary results have shown that exposing twice a given sample to an enzymatic digestion 175 

may lead to significant deformation of the sample, certainly provoked by the imbibition and drying 176 



procedures involved in the protocol. This precludes the image analysis, which requires to be able to 177 

find and follow the same 3D locations in the sample before and after digestion. Consequently, we used 178 

multiple native samples, each being subjected to one single enzymatic attack of controlled duration. 179 

 180 

X-ray micro-CT 181 

Samples were 3D-scanned using a Phoenix Nanotom tomograph, at high spatial resolution, with an 182 

isotropic voxel size of 1.25 µm. The distance between the sample axis of rotation and the exit window 183 

of the X-ray source was 4 mm. The sample bottom part was partially inserted in a capillary tube with 2 184 

mm inner diameter, held by a three-jaw chuck. The top part of the sample was directly exposed to the 185 

X-ray beam. Image acquisition was performed at a 45 kV voltage and 250 µA amperage, 1700 186 

radiographies were taken with an exposure time of 1250 ms and 4 frames averaging for a total scanning 187 

time of around 3 hours. Correction of ring artefacts and reconstruction was performed using the 188 

Phoenix Datos|X software. The image analysis detailed in the present paper was performed over a 3D 189 

reconstructed volume of 1.25 mm in height, equivalent to 1000 transverse tomographic slices. 190 

 191 

 192 

 193 

Image Processing 194 

The reconstructed 3D volume of the sample was imported into the commercial software Avizo 195 

(ThermoFischer Scientific, Waltham, Ma, USA). The first stage of image processing was noise removal 196 

using the non-local mean filtering (NLMF) function implemented in Avizo. Filtered tomographic slices 197 

were then exported and further processed using Matlab, by performing basic operations over sets of 198 

regions of interests located within the 3D image. Volume rendering required a few supplementary 199 

steps using Avizo. Segmentation of the image (i.e. separation between the two constitutive materials 200 

-air and plant cell walls-) was made using a hysteresis thresholding algorithm and led to a binary image. 201 

To remove all the air background, we used the mask function that overlaps the binary image (the mask) 202 

and the original grey level (GL) image. Voxels belonging to both the mask and the GL image were 203 

retained, together with their GL values, the other being set to zero.  Finally, the volume rendering tool 204 

was used to obtain the 3D-representation shown in this paper. The image processing workflow, details 205 

about the procedures and validation tests are given In Appendix A.  206 

 207 

 208 

3. Results and Discussion 209 

Native wheat straw 210 



All the images showed in this article are obtained using a µCT Phoenix/GE Nanotom system 211 

following a protocol detailed in the Methods section. In Fig. 1, we give the results for one native wheat 212 

straw sample, i.e., before any enzymatic treatment. The figure is divided in sub-pictures that together 213 

provide a summary of our approach and its performance. Fig. 1a shows the 3D volume rendering of 214 

the sample as reconstructed from the µCT data. Details about the image processing steps are given in 215 

the Methods section. The voxel size is 1.25 µm3, which is clearly in the high-resolution range of µCT 216 

(Jones et al., 2021; Mayo et al., 2010). The colours of the images correspond to different contrasts 217 

between the material and its environment (air). This contrast is roughly proportional to the electron 218 

density in the voxels which in turn is related to the average mass density for such biomass samples 219 

(Trtik et al., 2007). However, the technique does not allow to exactly quantify the mass density and 220 

the colour scale is in arbitrary units. The 3D image of Fig.1a therefore represents the semi-quantitative 221 

distribution of the mass density in the material.  222 

 223 

Fig. 1 µCT images of native wheat straw. a) 3D volume rendering (for sake of clarity, only one third of the full 224 
reconstructed volume is shown). b) 3D close-up (the front side in the inside wall of the straw, see the dashed red 225 
box in a). c) Tomographic transverse slice (taken in the middle of the 3D volume shown in a). d) Close-up of the 226 
transverse slice over the dashed white square shown in c). Several anatomical features are indicated: pith cavity 227 
lining -PCL- (i), epidermis (ii), large vascular bundles (iii), parenchyma cells (iv). The correspondence between the 228 
grey levels of the 2D images and the colormap of the 3D volumes is given on the right. 229 



 230 

The straw has a tubular structure with an inner circular surface that appears smooth at the micron 231 

scale. The outer surface is more rugged and presents ~30-50 μm high corrugations that can be 232 

associated with a radial elementary pattern of the structure that repeats to form the ring. A 3D close-233 

up that englobes this pattern is given in Fig. 1b. One less impressive but more convenient way to look 234 

at these results is to focus on a tomographic transverse slice of the sample (Fig. 1c and the 235 

corresponding close-up in Fig. 1d). To facilitate the visualization, such 2D images are given as grayscale 236 

images where black has the lowest mass density and white the highest. The main anatomical features 237 

of WS are clearly discernible on all these images, especially on Fig. 1d where they are annotated 238 

specifically. Different types of cells constitute the structure, with sizes ranging from ~70 μm next to 239 

the inner surface, to smaller cells of ~10 μm next to the outer surface. We will not go into a detailed 240 

description of the anatomy of WS here as it is already well documented (Nassar et al., 2020; Esau, 241 

1960), and we refer the reader to Appendix B (§B2.1) for additional details on that point. 242 

There are however some interesting aspects that are worth mentioning here and - to the best of 243 

our knowledge - are still not reported in the literature. The first one is the fact that the ~7-8 μm width 244 

pith cavity lining (PCL) that delimitates the inner surface of the WS particularly stands out with brighter 245 

voxels. This higher density of matter in the PCL is not clearly documented in the literature. Additional 246 

confocal microscopy images suggest that the PCL is made of a densely packed fibrous structure, which 247 

could explain such a high mass density (Appendix B, §B.2). This structure would originate from the 248 

formation of the central cavity of the stem when parenchyma cells that form the pith collapse during 249 

the maturation of the plant (Kirby, January 2023 from https://www.fao.org/3/Y4011e/y4011e05.htm), 250 

thus accumulating cellulose-based material and other carbohydrates at this very position. The second 251 

striking feature is the mesh-like pattern that we discern on the surface of the PCL on the 3D images of 252 

Figs. 1a and 1b. It seems that this structural feature has never been explicitly described before, even if 253 

unannotated SEM images previously published suggest similar patterns with WS (Hansen et al., 2011). 254 

This pattern, with a mesh size of about the transverse size of a WS cell (~70 μm), is not associated with 255 

a rugosity of the inner surface of the wheat straw at the resolution of μCT: it is the presence of voxels 256 

with higher mass densities within the PCL that draw this pattern. It does not systematically match with 257 

the walls of the cells that are found immediately behind the PCL as is revealed by careful inspection of 258 

SEM images and tomographic slices (Appendix B, §B.3). Based on SEM experiments, we show that the 259 

mesh results from the presence of a dense, fibrous, mesh-like cellulosic structure within the PCL, that 260 

can be revealed when removing the thin external pellicle material that covers the PCL. Again, such a 261 

structure is certainly reminiscent of the complex mechanisms that take place during the plant growth, 262 

especially during the hollow stem formation, including the probable stacking and squeezing of the cells 263 

that eventually form the PCL. 264 



 265 

Enzymatic degradation of WS as imaged by μCT 266 

Our approach is an ex-situ approach where the enzymatic treated samples are dried before imaging. 267 

As mechanical damage and/or deformation potentially occurs when a same sample is submitted to 268 

successive cycles of enzymatic treatment/imaging, we use multiple native samples (see Methods for 269 

details). Each one is submitted to the enzymatic cocktail for a given duration and then imaged after 270 

drying. The cocktail is a commercial mixture of enzymes (Novozymes A/S) that have complementary 271 

activities for the saccharification of generic lignocellulosic substrates, combining enzymes actives on 272 

cellulose and on hemicelluloses (Marjamaa and Kruus, 2018) . The different durations of the enzymatic 273 

treatment are chosen according to the measurement of the cocktail activity using a chemical 274 

procedure detailed in Appendix C. In total, we have six different conditions: five being in a time range 275 

where the enzymatic action is clearly measurable and evolves continuously with time (30 min to 2 276 

hours), and one ‘limiting’ case where the WS is exposed to the cocktail for 72 h (see Appendix B, §B.4 277 

for details about the preparation of this sample). The analysis then consists in comparing the images 278 

obtained for the same sample before and after the enzymatic treatment. 279 

Figs. 2-4 provide some significant results of this comparison, with images obtained after 30 min, 1 280 

h, and 72 h of enzymatic treatment, respectively. The complete set of images for all the exposure times 281 

is given in Appendix B, §B.5. 282 

 283 



 284 

Fig. 2 µCT images of wheat straw before and after 30 min of enzymatic degradation. a) 3D volume rendering 285 
before treatment. b) 3D volume rendering after treatment at the same location of the sample. c) Tomographic 286 
transverse slice before treatment. d) Tomographic transverse slice after treatment at the same location of the 287 
sample.  The top and bottom images come from different 3D scans but can be compared thanks to the histogram 288 
matching procedure detailed in Appendix A, §A.2.1. As a result, the colormap shown in the right is the same for 289 
the top and bottom images. The procedure for spatial adjustment of the native and digested images is given in 290 
Appendix A, §A.2.2. 291 

 292 



 293 

Fig. 3 µCT images of wheat straw before and after 1 hour of enzymatic degradation. a) 3D volume rendering 294 
before treatment. b) 3D volume rendering after treatment at the same location of the sample. c) Tomographic 295 
transverse slice before treatment. d) Tomographic transverse slice after treatment at the same location of the 296 
sample. 297 



 298 

Fig. 4 µCT images of wheat straw before and after 72 hours of enzymatic degradation.   a) 3D volume rendering 299 
before treatment.  b) 3D volume rendering after treatment at the same location of the sample. c) Tomographic 300 
transverse slice before treatment. d) Tomographic transverse slice after treatment at the same location of the 301 
sample. 302 

 303 

General features 304 

A first qualitative and human-driven analysis of these images already gives an interesting picture of 305 

how the deconstruction occurs. After 30 min of enzymatic digestion (Fig. 2), one clearly observes a 306 

decrease in the average voxel intensity, i.e., grey level (GL) value, in the PCL for the digested wheat 307 

straw. On the tomographic slices (Figs. 2c and 2d), the PCL is still present after the enzymatic attack, 308 

but its GL values are now close to those of the internal cell walls. The corresponding volume rendering 309 

confirms this observation (Figs. 2a and 2b), with the PCL that appears blueish over the entire height of 310 

the sample after the enzymatic treatment. However, we still distinguish the mesh pattern of the PCL, 311 

showing that there remain some heterogeneities in mass density. At 1 h of degradation (Fig. 3), the 312 

decrease in GL at the PCL is even more marked. In some places, the PCL is not visible anymore, as 313 

clearly seen in Fig. 3d. This results in the appearance of some 'holes' in the inner structure of the WS, 314 

as shown in Fig. 3b. On the other hand, the initial mesh pattern of the PCL is still identifiable on this 315 



picture, meaning that the denser parts of the PCL still resist to the attack at 1 h of degradation. Finally, 316 

at 72 h of degradation (Fig. 4), the PCL is totally digested, and the parenchyma cells originally located 317 

at the immediate vicinity of the PCL are also attacked. As those cells are now 'opened', this leads to an 318 

inner structure that appears hilly and rugged, with a roughness that corresponds to the size of the 319 

cells. In the meantime, no enzymatic degradation of the epidermis is evidenced. Overall, these naked-320 

eye observations suggest that the enzymes of the cocktail attack the WS structure from its inner 321 

surface, first weaken and then dissolve the PCL, and finally progress into the inner WS structure and 322 

degrade it. Apart from that, the human eye is not capable of finding other obvious changes in the μCT 323 

images as the degradation occurs.  324 

 325 

Quantitative markers of enzymatic degradation 326 

For taking a step further in the analysis, a computer-driven examination of the μCT images is 327 

necessary. There are many possible ways to perform such an analysis. Here we focus on a 'coarse-328 

grained' statistical approach aiming at giving a semi-quantitative evaluation of the enzymatic action. 329 

The approach consists in defining parallelepiped regions of interest (ROIs) in the samples, based on the 330 

changes observed with a naked eye. Three types of ROIs are defined in this way (see the inset in Fig. 331 

5a for a schematic representation, full details of the procedure are given in Appendix A, §A.2.3). They 332 

correspond to (1) the outer epidermis part (blue), (2) the inner parenchyma part (green), (3) the PCL 333 

region (red), with ROI volumes of 1500, 25000 and 1500 μm3, respectively. For statistical significance, 334 

1000 ROIs are defined for a given sample, each ROI being randomly located along the sample height 335 

and circumference.     336 

In Fig. 5a, we show the distributions of GLs for all the voxels within a given type of ROI, before and 337 

after enzymatic attack. As we are only interested in the mass distribution in the PCW material, the GL 338 

values are obtained by subtracting to the raw data the GL value chosen as a threshold to separate the 339 

PCW material from air (Appendix A, §A.2.4). The GLs are then divided into classes of equal sizes (200). 340 

For visibility, the distributions are not plotted as histograms but as curves where the x-axis values give 341 

the centre of each class, and the y-axis the number of voxels in each class. 342 

Clearly, the distributions in the epidermis region of the sample (blue curves) are identical before 343 

and after the action of the enzymes. In other words, μCT does not measure any change in mass 344 

distribution at those locations in the sample. A similar conclusion can be drawn for the inner 345 

parenchyma for which the distributions are also similar before and after treatment (green curves). On 346 

the other hand, the results obtained for the PCL regions (red curves) show a strong shift of the 347 

distribution towards lower GL values after the enzymatic attack: the GL values in the range [2000-348 

6000], representative of the bright voxels of the PCL in the native image (red crosses in Fig. 5a), are no 349 

longer present in the digested sample (red dots). Importantly, such an effect is not found for a control 350 



sample that has experienced the same protocol of preparation than the sample of Fig. 5a but in 351 

absence of the enzymatic cocktail (Appendix A, §A.6). This confirms that the evolution of the GLs 352 

distribution observed for the PCL in Fig.5a (from red crosses to red points) is the signature of the 353 

hydrolysis that occurred in the PCL region, for a 90 min treatment in this very case. In Fig. 5b, we focus 354 

on the kinetics of this shift, with results obtained in the PCL regions for different durations of enzymatic 355 

treatment. The obtained distributions are clearly different from one to another, with a progressive 356 

deformation of the distributions towards lower GL values and a significant decrease in the number of 357 

PCW material voxels as deconstruction occurs. 358 

 359 
Fig. 5 Mass density distribution analysis a) Grey level distributions before (dots) and after enzymatic attack 360 
(crosses), for a 90 minutes long enzymatic attack. Each colour refers to a given type of ROI, as illustrated in the 361 
inset: across the PCL (red), 125 µm away from the PCL within the parenchyma (green), and across the epidermis 362 
(blue), see Appendix A, §A.2.3 for details. The left y-axis scale is for the PCL (red) and sclerenchyma ROIs (blue), 363 
while the right y-axis scale is for the larger parenchyma ROIs (green). b) Grey level distributions, within the ROIs 364 
located across the PCL (red in Figure 5a), for different duration of the enzymatic attack (see legend). A typical 365 
distribution for a native sample is also shown. The y-axis values are the absolute number of voxels in each class, 366 
meaning that the area below the curve is roughly equal to the total number of voxels belonging to the PCW 367 
material.  368 
 369 

Generally speaking, two important informative quantities can be extracted from GL distributions 370 

such as those shown in Figure 5: (1) the total number of voxels in the ROIs, which gives a good estimate 371 

of the average volume of PCW material in the boxes, (2) the average GL value in these boxes. In Fig. 6, 372 

we provide the evolution of those two indicators as a function of time for all the samples investigated 373 

and for each type of ROI. Each indicator is normalized by its value before enzymatic degradation, to 374 

get rid of the natural variation between different WS samples. 375 

 376 



 377 

Fig. 6 Quantifying the enzymatic deconstruction as a function of time. a) Mean value of the grey levels for the 378 
voxels belonging to the PCW material, < 𝐺𝐿 > ,  b) total number of voxels belonging to the PCW material, <379 
# 𝑣𝑜𝑥𝑒𝑙𝑠 >,  as a function of the duration of enzymatic attack.  The averaging is performed over 1000 ROIs. PCL 380 
ROIs: red data points, epidermis/parenchyma ROIs: respectively blue and green data points. The latter are slightly 381 
shifted along the x-axis for sake of clarity. For each sample, the data point are rescaled by the value measured 382 
on the native sample (< 𝐺𝐿𝑖 > and < # 𝑣𝑜𝑥𝑒𝑙𝑠𝑖 >). The errors bars come from the uncertainty on the 383 
segmentation threshold (Appendix A, §A.2.4). 384 
 385 
The results of Fig. 6 directly quantify the efficiency of the enzymatic attack and its kinetics and thus 386 

nicely complement the visual inspection of the raw CT images. The markers of Fig. 6a also embed the 387 

main findings of Fig. 5 regarding the PCL: the evolution of the GLs distribution resulting from the 388 

hydrolysis leads to a decrease of the mean value and of the number of voxels belonging to the PCW 389 

material. This is respectively associated with a shift of the GLs distribution towards lower GLs values 390 

and a decrease in the area below the distribution (see Fig. 5.a and 5.b). This is because initially bright 391 

voxels (high GLs) of the PCW material located in the PCL become fainter following the hydrolysis (their 392 

GLs decrease, as also observed in the 3D volume rendering of Fig. 2 to 4) and eventually disappear (this 393 

evolution and its physical interpretation are further discussed in the following). As the contrast 394 

between these voxels and the air background decreases, they are harder to detect on the 3D images 395 

against the air background. Consequently, the uncertainty associated with the choice of the 396 

segmentation threshold is higher than for the others ROIs considered (epidermis and parenchyma), as 397 

shown by the larger errors bars for the total number of PCW material at PCL in Figure 6.b (see Appendix 398 

A, §A.2.4). Two important conclusions regarding the underlying physics of the enzymatic degradation 399 

can be drawn at this stage: 400 

. First, regarding the location of the enzymatic attack, the data of Fig. 6 confirm that the enzymatic 401 

degradation essentially proceeds from the PCL, as observed qualitatively on the images. The markers 402 

of the degradation do not exhibit any significant evolution in the epidermis and parenchyma (Fig. 6a 403 

and 6b). Only the PCL is affected by the enzymes both in terms of voxel numbers (total volume) and 404 

average intensity (density). However, we know that the parenchyma cells at the immediate vicinity of 405 



the PCL start to be degraded after 1 h of enzymatic treatment (Fig. 4 and S2.5). This is not visible in Fig. 406 

6 as those cells do not belong to the parenchyma ROIs that we defined 125 µm away from the PCL. All 407 

these findings are in accordance with the results of the literature. For instance, Bertrand et al. analysed 408 

the decomposition of WS in soil based on biochemical features and histology (Bertrand et al., 2006). 409 

As in the present work, only the PCL and parenchyma cells disappear after exposing raw samples to 410 

soil microorganisms for 119 days. A similar effect was observed after 8 weeks of composting by 411 

Dresbøll et al. (2006). In addition, Hansen et al. (2013)confirmed that enzymes from commercial 412 

cocktails adhere mostly to the PCL and parenchyma cells, making them the most important factor 413 

determining WS digestibility. In our case, the rather short durations of enzymatic treatment as 414 

compared to the cited studies makes it possible to observe that the PCL is quickly and strongly attacked 415 

in the first place, while the parenchyma degrades much more slowly with time. Besides the fact the 416 

PCL is obviously the first material that the enzymes encounter during the attack, it therefore seems 417 

very likely that the parenchyma material itself if more resistant to the enzyme action than the PCL. 418 

This in turn would be due to some - still not so well documented - differences in the structure and 419 

chemical composition of both materials. The presence and/or arrangement of lignin in the PCL and 420 

parenchyma cell walls is probably one explanation. Lignin, a complex heterogeneous alkyl-aromatic 421 

polymer, is embedded in the cellulose/hemicellulose matrix of the plant cell walls, and is indeed known 422 

to play a crucial role in the recalcitrance of plants to enzymatic deconstruction (Kim K. H. and Kim C. S. 423 

2018). Regarding the epidermis, the absence of observable degradation is due to the high recalcitrance 424 

of this anatomical feature, notably due to layers of cutin which is the main component of the 425 

epidermis, also named cuticle. This high molecular weight biopolyester is known to embed wax and 426 

fats, forming a shield that protects the epidermis from external aggressions as enzymatic attacks 427 

(Hansen et al., 2013). 428 

. Second, regarding the way the enzymatic attack proceeds at the PCL, the following observations can 429 

be made. At the voxel scale, the GL is related to the effective mass density of the PCW material. 430 

Therefore, a decrease in the voxel GL can have two different origins: (i) a loss in material (i.e. cellulose 431 

and/or hemicellulose), (ii) a local swelling of the microstructure without any loss of material. As 432 

evidenced in the images of Figs. 3-4, and quantified in Fig. 6b, the PCL clearly loses some material at 433 

time > 60 min and eventually disappears. However, at shorter times (< 60 min), it is possible that the 434 

stacked microfibril structure of the cellulose in the PCL (Appendix B, §B.2) may disorganize and then 435 

swells under the enzymatic action, occupying a larger space, and thus leading to a less dense -and thus 436 

less attenuating- equivalent material at the voxel resolution. This would explain why the average GL of 437 

the PCL (Fig. 6a) seems to decrease faster than the number of voxels in the corresponding ROIs (Fig. 438 

6b). The evolution of the GLs distribution shown in Fig. 5 would then result from a combination of 439 



these two mechanisms: bright pixels that become attenuated induce a shift of the distributions 440 

towards lower values, while the loss of material induces a decrease in the number of PCW voxels 441 

(decrease of the area below the distribution). 442 

The data of Fig. 6b are too noisy to strictly conclude on that point, essentially because of the spatial 443 

resolution of the present µCT images is still not sufficient. However, it seems reasonable to hypothesize 444 

that the swelling of the PCL is the first step of the enzymatic degradation, or at least plays an important 445 

role at the very beginning of the enzymatic attack. The commercial cocktail used in our study contains 446 

hemicellulases, but also a mixture of cellulases (probably endoglucanases (EG), cellobiohydrolases 447 

(CBH) and glucosidases), but the precise composition is not provided. EG and CBH are known to 448 

penetrate cellulose fibres and pry apart the microfibrils, thus disrupting the fibres surface (Lee et al., 449 

2000). Also, several non-catalytic proteins - that may also compose the commercial cocktail that we 450 

used - are involved in changes in the cellulose microfibril structure, such as peeling and disorganization, 451 

thus favouring cellulose deconstruction (Arantes and Saddler, 2010).  452 

 453 

A focus on the 3D heterogeneity of the enzymatic attack 454 

We now go beyond the average, statistical analysis of the µCT images that we just presented and 455 

focus on the structural changes occurring at the PCL at the local scale. To that end, we produce 2D 456 

images by 'unrolling' the PCL after paving it with neighbouring parallelepiped-shaped boxes (Appendix 457 

A, §A.2.5). A spatial adjustment procedure allows to position the 2D images obtained before and after 458 

digestion in the same spatial reference frame (Appendix A, §A.2.2).  As we focus on the PCL, this analysis 459 

can be performed only if the PCL is not heavily deconstructed, e.g., with missing cellular walls. It is 460 

therefore restricted to short durations of exposure to the enzymatic cocktail (≤ 45 min). 461 

 462 

 463 
 464 



Fig. 7 PCL degradation at local scale a) 2D visualizations of the internal surface of a sample before (top) and after 465 
(bottom) 45 min of enzymatic attack. The correspondence between the grey levels and the colormap is shown 466 
on the right. b) Grey level profiles along the leftmost box, averaged over the box height: native sample (solid line) 467 
and digested sample (dashed line).  c) Grey level profile along the rightmost box, averaged over the box width: 468 
native sample (solid line) and digested sample (dashed line). 469 
 470 

Figure 7a,top is the 2D visualization of the PCL of a native wheat straw, while its digested 471 

counterpart is in Figure 7a,bottom. Heterogeneities in mass density can be seen at several scales. At 472 

large scale, some darker strips that are roughly aligned with the sample longitudinal axis, and 473 

sometimes with varying width, are discernible. A GL profile along the  direction (leftmost white box) 474 

is shown as a solid line in Figure 7b and gives an example of such a large-scale heterogeneity (blue strip 475 

position). At smaller scale, the mesh-like network of brighter voxels that we already discussed (see also 476 

Appendix B, §B.3) is clearly visible on the images. A profile along the z direction of the rightmost white 477 

box displays peaks that correspond to this pattern (solid line in Figure 7c). The main effect observed in 478 

the digested image (Figure 7a,bottom) and the profiles extracted from this image (dashed lines in 479 

Figure 7b,c) is a global lowering of the GL values. A more careful inspection reveals that the large scale 480 

heterogeneities are attenuated after digestion, with a 'smoothing' of the profile in Fig. 7b as if the 481 

darker regions were less affected by the enzymatic attack. Another striking feature is that the mesh 482 

pattern still remains discernible on the digested sample, but with lower GL values.  483 

 484 

Fig. 7 notably shows that, despite the effect of a 45 min enzymatic treatment, some spatial 485 

correlation remains between the 2D images of the PCL before and after the attack. In other words, 486 

some of the original heterogeneities in mass density in the PCL appear to be conserved after the attack. 487 

We can investigate this more precisely by analysing the change in the GL values as a function of the 488 

initial mass density at different positions in the PCL. This is done by dividing the GL distribution in 489 

several bins, and then comparing the native (<GLi>) and final (<GL>) GL values averaged over the PCL 490 

voxels that initially belongs to each bin. In Fig. 8a, we plot the ratio <GL>/ <GLi> as a function of <GLi> 491 

for two enzymatic treatments, i.e., 30 and 45 min (respectively black and red data points). While in Fig. 492 

6a we were looking at the evolution of <GL>/ <GLi> over all the PCW material, here we are investigating 493 

the evolution of this parameter at the local scale, based on the initial mass density at distinct regions 494 

in the PCL, e.g., the dense mesh-like structure vs the less dense regions (for instance those responsible 495 

for the large scale heterogeneities of Fig. 7a,top). In Fig. 8a, the values of the ratio obtained after a 496 

random re-ordering of the voxels of the final images are also shown (dashed lines).  The observed 497 

deviations from the random case indicate a positive correlation between the highest, respectively 498 

lowest, GLs on the initial and on the final images. The correlation is clearly marked at 30 min. At 45 499 

min, the differences are only significant for the highest and lowest <GLi> and the data clearly tend 500 



towards the random case. This suggests a loss of correlation over a large part of the sample, which 501 

corresponds to the disappearance of most of the distinctive structural features of the PCL. 502 

 503 

Fig. 8 Analysis of the enzymatic attack heterogeneity  a) Ratio of the GL  values after and  before enzymatic 504 
attack, < 𝐺𝐿 >/< 𝐺𝐿𝑖 >, as a function of the GLs of the native sample. b) Absolute value of the difference 505 
between the GL values after and  before enzymatic attack, |< 𝐺𝐿 > −< 𝐺𝐿𝑖 >| as a function of the GLs of the 506 
native sample. Each data point is obtained by averaging over all the voxels whose initial GL value belongs to the 507 
corresponding bin, highlighted by the vertical dotted lines.  The dashed lines show the result obtained with a 508 
random re-ordering of the image obtained after enzymatic attack. Black, respectively red, lines and data points 509 
are for a 30 min, respectively 45 min, duration of enzymatic attack. 510 

 511 

Another way of looking at these results is to plot the absolute value of the difference between the 512 

initial and final GL values, |<GL>-<GLi>|, as a function of <GLi>. This representation provides a more 513 

direct view of the process as it gives the actual loss in mass density in the PCL during the enzymatic 514 

attack. One first important observation is that the PCL regions that are initially the less dense (~11000 515 

in GL) do not show any loss in mass density as compared to the initial state. This strongly suggests that 516 

the enzymes do not have any activity on those "loose" PCL regions - in the period of time investigated. 517 

The reason for that resistance is less obvious but most probably relies on the fact that the substrate of 518 

the enzymes is absent or is not accessible at these very locations. At higher initial GL values (11000-519 

13000), the enzymatic action becomes visible with a loss in mass density that increases linearly with 520 

<GLi>. It is then clear that the enzymes can work on those denser PCL regions. In addition, the slope of 521 

this linear increase is very close to 1, thus suggesting that the enzymes degrade the PCL until its 522 

structure and composition resemble those of the "loose" regions that we just discussed, at GL  11000. 523 

Furthermore, the loss in density is the same at 30 and 45 min of enzymatic treatment, which indicates 524 

that 30 min (or less) is enough to reach that state. At higher initial GL values (> 13000), the loss in mass 525 

density still increases linearly with the initial density in the PCL after a 45 min attack. On the other 526 

hand, the enzymatic digestion of those regions is clearly not complete at 30 min, with losses in mass 527 



density that are still lower than at 45 min. For clarity, we recall that Fig. 8 and the associated results 528 

are from data obtained before the PCL starts to disappear from the CT images (t < 45 min) - since a 529 

similar local-scale analysis becomes too complicated and risky at higher times. Consequently, the 530 

conclusions that we draw are only for that period time, but still suggest that the PCL is attacked by the 531 

enzymes until it reaches a given state with a GL value of ~11000. After 45 minutes, the deconstruction 532 

mechanism is probably different from a "simple" swelling or loss of material from the structure, with 533 

the possible detachment of small pieces of PCL for instance. 534 

 535 

4. Conclusion 536 

The results of this paper highlight the relevance of X-ray microtomography as a tool to study the 537 

enzymatic deconstruction of a typical lignocellulosic biomass, wheat straw. This imaging technique is 538 

particularly well-suited to reveal the modification of the plant cell walls within the sample, at different 539 

stages of the enzymatic deconstruction, while considering sample heterogeneities in terms of structure 540 

and composition at different length scales.  In the present case, working with a raw wheat straw 541 

sample, enzymatic hydrolysis is shown to proceed progressively from the PCL while the epidermis 542 

remains unaffected (at the spatial resolution of the µCT technique).  Markers of the degradation are 543 

extracted from a thorough 3D image analysis and can be used to track the kinetics of the hydrolysis.  544 

Also, 3D images obtained for a given sample are compared at a local scale, before and after 545 

degradation, revealing the heterogeneity of the enzymatic attack, depending on the location on the 546 

PCL, a highly heterogeneous anatomical feature, in terms of material density. 547 

We believe that this work is a first step in the use of µCT for understanding the action of enzymes 548 

on a real substrate and in real-life conditions. In addition, the analysis that we perform - based on tools 549 

and concepts purposely developed for this study - can clearly serve as a µCT generic workflow for many 550 

further works in the field, like studying the action of one or several specific enzyme(s) rather than 551 

enzymatic cocktails, and/or the degradation of other types of biomass structures. 552 

 553 
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