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Abstract 26 

Heterologous display of enzymes on microbial cell surfaces is an extremely 27 

desirable approach, since it enables the engineered microbe to interact directly with the 28 

plant-wall extracellular polysaccharide matrix. In recent years, attempts have been made 29 

to endow non-cellulolytic microbes with genetically engineered cellulolytic capabilities 30 

for improved hydrolysis of lignocellulosic biomass and for advanced probiotics. Thus far, 31 

however, owing to the hurdles of secreting and assembling large, intricate complexes on 32 

the bacterial cell wall, only free cellulases or relatively simple cellulosome assemblies 33 

have been introduced into live bacteria. Here, we employed the “adaptor scaffoldin” 34 

strategy to overcome the low levels of protein displayed on the bacterial cell surface. The 35 

approach mimics natural cellulosome elaborated architectures, thus exploiting the 36 

exponential features of their Lego-like combinatorics. Using this approach, we produced 37 

several bacterial consortia of Lactobacillus plantarum, a potent gut microbe which 38 

provides a very robust genetic framework for lignocellulosic degradation. We successfully 39 

engineered surface display of large, fully active self-assembling cellulosomal complexes 40 

containing an unprecedented number of catalytic subunits all produced in vivo by the cell-41 

consortia. Our results demonstrate superior enzyme stability and performance of the 42 

cellulosomal machinery, compared to the equivalent secreted free enzyme system and 43 

high cellulase-to-xylanase ratios proved beneficial for efficient degradation of wheat 44 

straw.  45 

 46 

Importance  47 
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The multiple benefits of lactic acid bacteria are well established in health and industry. 48 

Here we present an approach to extensively increase the cell-surface display of proteins 49 

via successive assembly of interactive components. Our findings present a stepping stone 50 

towards proficient engineering of Lactobacillus plantarum, a widespread, 51 

environmentally important bacterium and potent microbiome member, for improved 52 

degradation of lignocellulosic biomass and advanced probiotics. 53 

  54 
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Introduction  55 

 56 

The plant cell wall is a tough and rigid layer that surrounds the cell to withstand internal 57 

osmotic pressure resulting from the difference in solute concentration between the cell 58 

interior and external water (1). It is composed of various polysaccharides (mostly cellulose 59 

and hemicellulose) and the crosslinked, phenolic polymer lignin. Degradation of the plant 60 

cell wall is performed in nature by various microbial systems that have evolved in order 61 

to utilize its sugars as a main carbon source. The cellulosome (2), first characterized in the 62 

thermophilic anaerobe Clostridium thermocellum (3), is a large, highly cellulolytic multi-63 

enzymatic complex that can be either anchored to the bacterial cell surface (4, 5) or 64 

secreted to the extracellular medium. Cellulosomal complex formation is based on a 65 

unique type of intermodular interaction between its components: the enzymes and the 66 

scaffoldins. Multiple cohesin modules on the scaffoldin and individual dockerin modules 67 

on the enzyme subunits interact in a noncovalent manner with very high affinity that 68 

approaches and surpasses that of antigen-antibody binding (6). The close proximity 69 

between the multiple enzymes serves to enhance synergistic activity (7), and the 70 

carbohydrate-binding module (CBM), usually contained in the scaffoldin subunit, targets 71 

the entire complex to the substrate. When anchored to the bacterial surface, the 72 

cellulosome also contributes to minimal diffusion loss of enzymes and degradation 73 

products.  74 

In the past, several studies have reported the fabrication of artificial, chimaeric, 75 

cellulosomal structures, engineered for displayed on the surfaces of various microbial 76 
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strains, notably Saccharomyces cerevisiae (8–11), Bacillus subtilis (12, 13), Clostridium 77 

acetobutylicum (14) and Lactococcus lactis (15). For this purpose, designer cellulosome 78 

technology has been employed to mimic the architecture of cellulosome complexes 79 

and/or specifically control their enzyme composition (16–19). One of the major issues of 80 

cell-surface attachment of chimaeric scaffoldins is the low level of surface display that 81 

leads to slow catalysis and low fermentation efficiency (10, 20). The feasibility of 82 

transferring cellulosomal technologies to a bacterium with potential industrial and clinical 83 

applications has been demonstrated recently in Lactobacillus plantarum (21–23). 84 

Although this bacterium lacks the native capacity both to degrade cellulosic substrates 85 

and to produce biofuels like ethanol, it is highly tolerant to low pH and ethanol (up to 13% 86 

(v/v)) (24) and has been identified as a main contaminant in biofuel refineries (25). 87 

Therefore, it could also represent an attractive candidate vehicle for consolidated 88 

bioprocessing (CBP) (21, 22). L. plantarum is also a member of the human gut microbiome 89 

(26) and additional gut ecosystems  (27) and affects host attributes such as mate selection 90 

and growth (28, 29). Moreover, strains belonging to this species were recently shown to 91 

promote juvenile growth and buffer the effect of chronic undernutrition in germ-free 92 

mice (30).  93 

Previously, the lignocellulolytic capabilities of engineered L. plantarum towards 94 

simple polysaccharides and wheat straw were demonstrated by introducing two key 95 

enzymes, a cellulase and a xylanase, from the thermophilic bacterium Thermobifida fusca, 96 

using the previously developed pSIP vectors (31) for efficient secretion of heterologous 97 

proteins (21, 22). The two enzymes were also shown to be displayed directly on the cell 98 
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surface of cellulosomes, by which the assembly of the enzymes onto a chimaeric 99 

scaffoldin was controlled by specific cohesin-dockerin interactions. The secreted enzymes 100 

were the most active of the three strategies at early times of degradation; but, as 101 

component parts of the surface-attached designer cellulosomes, the enzymes were more 102 

stable in time and achieved similar levels of degradation compared to those of the 103 

secreted enzymes during later times of degradation. In these latter studies, we devised a 104 

novel cell consortium approach in which each engineered L. plantarum strain expressed 105 

and secreted different components of the complex to be assembled on the cell wall of a 106 

scaffoldin-expressing strain (21, 22). The labor of producing and secreting the 107 

cellulosomal components was therefore divided among the bacterial community.  108 

Nevertheless, due to hurdles of anchoring large scaffoldins on the L. plantarum 109 

cell-wall, we were limited in assembling only small numbers of enzymes in the 110 

cellulosomal complex, thus restricting the fiber-degradation capabilities of the 111 

engineered cell consortium. In order to reach superior levels of degradation of the 112 

recalcitrant fiber, and to exploit the potential of the cellulosomal complex, more 113 

enzymatic functions have to be incorporated into the cellulosomal machinery. In order to 114 

overcome these issues, we have, in the current work, mimicked naturally existing 115 

molecular tactics to amplify the inherent enzyme combinatorics and stoichiometric 116 

plasticity used by several cellulosome-producing bacteria (32, 33). This approach allows 117 

the expression of large, stable and active self-assembling protein complexes on the 118 

bacterial cells and may provide an effective strategy to achieve enhanced cell-surface 119 

display of the engineered enzymes thereby expanding the lignocellulolytic potential in L. 120 
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plantarum. 121 

Results 122 

Engineering of fully active mesophilic enzymes for assembly of cellulosomal structures 123 

on the L. plantarum cell wall.  Since the host ‘vehicle’ for our study, L. plantarum, is a 124 

mesophile, we searched for appropriate enzymes derived from mesophilic bacteria to be 125 

used as designer cellulosome components for surface display.  Our recent involvement in 126 

genomic sequencing of the mesophilic cellulolytic bacterium, C. papyrosolvens (34), 127 

provided a wealth of potentially compatible enzymes for our study.  128 

The C. papyrosolvens enzymes, selected for heterologous secretion in L. plantarum 129 

destined for self-assembly into active designer cellulosomes on the L. plantarum cell 130 

surface, are shown schematically in Fig. 1A.  C. papyrosolvens exhibits strong genome 131 

homology with the closely related mesophile, Clostridium cellulolyticum, which was 132 

demonstrated previously to possess highly efficient polysaccharide-degrading enzymes, 133 

both in the context of in vitro designer cellulosomes (17, 35) and for yeast- or bacterial-134 

based CBP (14, 36). Two putative C. papyrosolvens cellulases, GH5 and GH9, were selected 135 

on the basis of their homology with the two known synergistic cellulases from C. 136 

cellulolyticum, i.e., the processive endoglucanase Cel9G and the Cel5A endoglucanase 137 

(17). Two putative xylanases were also selected: one from the GH11 family, homologous 138 

to C. cellulolyticum Xyn11A, and another from the GH10 family, homologous to C. 139 

cellulolyticum Xyn10A. Both of the C. cellulolyticum enzymes were characterized as 140 

efficient xylanases (37, 38).  141 

The cohesin-dockerin assembly is species-specific (39, 40). Therefore, in order to 142 
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control the composition and architecture of the desired designer cellulosomes, each 143 

enzyme was designed to contain a dockerin derived from a distinct bacterial species that 144 

will match a specific cohesin on the chimaeric scaffoldin (16). The chimaeric enzymes 145 

were thus modified by replacing the original C. papyrosolvens dockerin module (that 146 

share the same binding specificity) with dockerins from other bacterial species, resulting 147 

in enzymes with different cohesin-binding specificities.  148 

The hydrolytic activity of each of the five purified recombinant chimaeric enzymes 149 

from C. papyrosolvens was compared to that of the corresponding recombinant wild-type 150 

enzyme, all produced in Escherichia coli (Supplementary materials: Fig. S1). The wild-type 151 

enzymes and their respective recombinant chimaeras were fully active on all cellulosic 152 

substrates or on xylan. 153 

 154 

Newly designed recombinant synthetic scaffoldins. In order to increase the 155 

combinatorics of the synthetic cellulosomal machinery, we have mimicked the existing 156 

natural microbial “adaptor-scaffoldin” approach into heterogeneous bacterial cells  (36, 157 

41, 42). In this approach, several scaffoldins are assembled together through mediation 158 

via adaptor scaffoldin(s) thereby increasing the number of enzymatic components in the 159 

cellulosomal complex (Fig. 1D). We designed two types of adaptor scaffoldins for enzyme 160 

integration (Fig. 1B): one type, Adaptor·1, contains the two cohesin modules that bind the 161 

two dockerin-containing cellulases, and the second, Adaptor·2, contains two cohesin 162 

modules that incorporate the two dockerin-containing xylanases. In addition to the 2 163 

enzyme-integrating cohesins, each adaptor scaffoldin contains a substrate-targeting CBM 164 
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and a type II or type III dockerin, respectively, for interaction with the cell surface-165 

anchoring scaffoldin (42).  166 

 As mentioned above, one of the advantages of using the adaptor-scaffoldin 167 

approach is that it amplifies the combinatoric and stoichiometric possibilities for enzyme 168 

integration. In order to explore the combinatorical possibilities and to increment 169 

methodically the number of enzymes integrated into the complex, we created 5 different 170 

types of anchoring scaffoldins, as represented in Fig. 1C, that enable the insertion of up 171 

to 8 enzymes into the displayed designer cellulosomes. All of the anchoring scaffoldins 172 

contain a sortase signal motif for covalent attachment to the cell-surface via a resident L. 173 

plantarum sortase (43). While Anc·1 is composed of four different type I cohesin modules 174 

that directly interact with the four dockerin-bearing enzymes (the two cellulases and the 175 

two xylanases); Anc·2, Anc·3 and Anc·4 possess several copies of type II and III cohesins 176 

with different specificities. This setup of divergent specificities also allows us to analyze 177 

the influence of stoichiometry of the xylanases versus the cellulases on plant fiber 178 

degradation by enabling the attachment of either one or two copies of the cellulase-179 

bearing adaptor scaffoldin (Adaptor·1) or one or two copies of the xylanase-bearing 180 

adaptor scaffoldin (Adaptor·2). An example of the various cell-surface-displayed 181 

cellulosome assemblies produced by the different cell consortia is shown in Fig. 1D. 182 

In order to examine the binding abilities of our engineered complexes, the two 183 

adaptor scaffoldins and five anchoring scaffoldins were initially purified recombinantly in 184 

E. coli. The respective binding specificities of the cohesin and dockerin modules of both 185 

the purified adaptor scaffoldins and anchoring scaffoldins were examined by performing 186 
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native gel electrophoresis, and each recombinant protein was shown to interact 187 

selectively with its expected partner (see example in Fig. S2). 188 

 189 

Secretion of active recombinant C. papyrosolvens mesophilic enzymes by L. plantarum 190 

The secretion and functionality of enzymes by L. plantarum were analyzed by comparing 191 

the enzymatic activity of concentrated culture supernatant fluids from transformed 192 

lactobacilli with that of the pure recombinant proteins from E. coli (Fig. S3). The two 193 

xylanases actively degraded xylan, and their concentration was thus estimated (Fig. S3A 194 

and B, Table 1). The two cellulases were not properly secreted using leader peptide 195 

Lp3050 (data not shown). We therefore selected an alternative leader peptide (Lp2588), 196 

which was also reported as an efficient candidate for secretion of foreign proteins in L. 197 

plantarum (31). The cellulase activities observed in Figs. S3C and D served to estimate the 198 

concentrations of the respective proteins (Table 1) (21). In parallel, we verified the 199 

presence of full-length recombinant enzymes and their ability to properly bind their 200 

respective cohesin modules by Far Western blot analysis (Supplementary materials: Fig. 201 

S4).  202 

 203 

L. plantarum secretes and anchors active chimaeric scaffoldins After examining the 204 

proper functionality and integrity of the enzymes to function within the cellulosomal 205 

complex, we examined the expression of anchoring and adaptor scaffoldins in L. 206 

plantarum, which will integrate the enzymes to form the desired elaborate cellulosomal 207 

structures. 208 
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 The secretion of the adaptor scaffoldins and their functionality were analyzed 209 

using an ELISA-based binding assay by comparing the binding properties of the pure 210 

recombinant proteins (produced in E. coli) to culture supernatants from transformed 211 

lactobacilli. We found that the adaptor scaffoldins were properly secreted into the 212 

extracellular medium and exhibited the expected cohesin-dockerin binding capacities 213 

(Supplementary materials Fig. S5). In addition, in Fig. 2 we can observe that the binding 214 

properties of the adaptor scaffodins attached to the anchoring scaffoldins are functional. 215 

The presence of full-length adaptor scaffoldins was also verified by Western blot analysis 216 

(Supplementary materials Fig. S4). The anchoring and functionality of the chimaeric 217 

scaffoldins were also analyzed by ELISA-based binding assay by comparing the binding 218 

properties of pure proteins (xylanase tag fused to the different dockerins) to washed 219 

whole bacterial cells from transformed lactobacilli (Supplementary materials Fig. S6). We 220 

observed that anchoring scaffoldins composed of two and three cohesins (Anc·2, Anc·3a 221 

and Anc·3b) were attached and fully functional on the L. plantarum cell surface. Both 222 

cohesin/dockerin pairs, appeared to enable comparably high interaction events 223 

(Supplementary materials Fig. S6). On the other hand, anchoring scaffoldins composed of 224 

4 cohesins (Anc·1 and Anc·4) did not exhibit full binding abilities, as they showed 225 

insufficient binding for two of their cohesins (Fig. 2 and Supplementary materials Fig. S6). 226 

In both cases, the cohesins adjacent to the anchoring signal motif were not functional. 227 

This result emphasizes the importance of using the adaptor scaffoldin strategy in this 228 

system, since incorporation of four different dockerin-bearing enzymes extends the 229 

number of catalytic subunits, and this would not be achieved by using a single scaffoldin 230 
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directly anchored onto the L. plantarum cell surface.  231 

ELISA-based binding assays both for adaptor and anchoring scaffoldins also served 232 

to evaluate the quantity of secreted or anchored proteins of the different transformed 233 

strains of L. plantarum by using standard curves of known concentrations of pure proteins 234 

(Table 1).  235 

 236 

L. plantarum cells displaying synthetic elaborate cellulosomal machinery show 237 

superior performance over secreted enzymes and simple synthetic cellulosome 238 

strategies. As we reported previously (22), the cell consortia approach is a highly efficient 239 

way for assembling large complexes on bacterial cell walls. In this approach, the effort of 240 

producing and secreting the cellulosomal complex is divided among several strains – each 241 

secreting a different cellulosomal component of the cellulosome, thereby enabling its 242 

combined assembly on the cell wall of the anchored scaffoldin-containing strain. In 243 

addition, since we obtained relatively large differences in the quantity of 244 

secreted/anchored proteins, the flexibility provided by the cell consortium approach is 245 

essential to control the production of cellulosomal complexes, which stoichiometric 246 

amounts of the relevant components.  247 

Here, we examined the ability of the elaborate cellulosomal machineries to degrade 248 

natural plant fiber material (pre-treated wheat straw) as well as to compare their action 249 

to that of the free secreted enzyme approach. To this end, six different types of microbial 250 

consortia were examined as detailed in Fig. 3B. Using these consortia, we experimented 251 

with different stoichiometries of the cellulosomal and secreted enzyme components (Fig. 252 
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3A).  253 

Microbial consortia examined in this work produce either the free enzymes or the 254 

surface-displayed designer cellulosomes, and the bacterial cells would directly consume 255 

the sugars produced by their different enzymatic arrangements. Hence, in order to 256 

elucidate the portion of sugars that is consumed by our microbial consortia we performed 257 

in vitro enzymatic hydrolysis with enzymes or assembled designer cellulosomes produced 258 

and purified from E. coli (Fig. 3C), in order to determine the level of soluble sugar 259 

production in the absence of L. plantarum cells. Indeed, as presented in Fig. 3C, we 260 

observed higher amounts of sugars produced by the enzymatic mixtures as opposed to 261 

the residual sugars measured after incubation with the microbial  consortia (Fig. 3A). In 262 

addition, we could see from both Figs. 3A and C that the designer cellulosomes 263 

consistently outperformed their respective free enzyme counterparts (bars 1, 2 and 3 264 

compared to 4, 5 and 6).  265 

In Fig. 3C, the comparative degradation of pre-treated wheat straw by the in vitro-266 

applied enzymes and designer cellulosomes revealed that designer cellulosomes 267 

comprising two copies of the cellulases (bar 2) was the best-performing enzymatic 268 

complex. By comparison, in Fig. 3A, the soluble (residual) sugar measurements reflected 269 

the amount of sugars that were not consumed by the L. plantarum consortia.  We then 270 

further evaluated the kinetics of the reaction were also evaluated using microbial 271 

consortia, which revealed the continued activity of the anchored designer cellulosomes 272 

until 96 h, whereas the free enzymes failed to produce additional soluble sugars after 48h 273 

(Fig. S7). Further analysis of unconsumed released sugars from pre-treated wheat straw 274 
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degradation using high performance anionic exchange chromatographic (Table S1), 275 

revealed high amounts of xylan degradation products (mainly xylobiose and xylotriose), 276 

suggesting that L. plantarum could not assimilate these carbon sources.  277 

 278 

Discussion 279 

 In this study, we used the adaptor scaffoldin strategy for assembly of elaborate 280 

cellulosomal structures (36, 41, 42) on the cell surface of L. plantarum for both 281 

augmenting cell-surface display and improving its fiber-degrading potential. For this 282 

purpose, the use of potent enzymes originating from a mesophilic cellulosome-producing 283 

species, Clostridium papyrosolvens, is well-suited for expression in the gut ecosystem (a 284 

common L. plantarum habitat). Here, all the cellulosomal components were produced in 285 

vivo by the cell-consortia and not supplemented ex vivo as previously reported (36, 41). 286 

Cellulosomal complexes have attracted increased interest in recent years, since 287 

lignocellulosic biomass represents a particularly abundant resource for conversion into 288 

fermentable sugars, suitable for production of biofuels (44). We recently reported the 289 

successful incorporation of simple divalent designer cellulosome components onto the 290 

cell wall of Lactobacillus plantarum (22), an attractive candidate for consolidated 291 

bioprocessing (22, 45, 46). Here, the adaptor scaffoldin strategy was demonstrated to be 292 

an effective approach (i) for increasing the number of catalytic units in the cellulosome 293 

complex displayed on the cell-surface, thereby bypassing the relatively low cell-surface 294 

display of scaffoldins, and (ii) for achieving high binding capacities of the bacterial cell to 295 

the substrate.  296 
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In this work, we produced elaborate cellulosomal complexes by employing a cell-297 

consortium approach, whereby each recombinant strain of L. plantarum expresses an 298 

individual cellulosomal component (secreted to the extracellular medium or anchored to 299 

the bacterial cell surface). A total of four chimaeric cellulosomal enzymes (cellulases and 300 

xylanases derived from C. papyrosolvens) and two adaptor scaffoldins were functionally 301 

secreted into the extracellular media. In addition, five different types of anchoring 302 

scaffoldins were tested for their ability to properly interact subsequently with the 303 

secreted cellulosomal elements. By composing various co-cultures of recombinant 304 

bacteria expressing the heterologous proteins separately, we were able to attach up to 305 

three adaptor scaffoldins to the anchoring scaffoldins for potential display of up to six 306 

catalytic subunits on the cell surface. Using co-cultures offers the advantage that the 307 

composition of the surface-anchored designer cellulosome, produced by an appropriate 308 

cell consortium, can be easily controlled by adjusting the ratio of each cell type during 309 

inoculation. It was also demonstrated that co-cultures of recombinant bacteria expressing 310 

heterologous proteins did not affect the initial ratio of the strains and therefore did not 311 

affect the ratio of proteins expressed (21). The cell-consortium approach decreases 312 

considerably the burden of the cellular machinery of each strain, thereby maximizing their 313 

ability to grow and to express the various cellulosomal components. In nature, this type 314 

of spatial differentiation strategy is commonly employed by prokaryotic species in a given 315 

ecosystem, which results in a collaboration among the different cell types to achieve a 316 

unique objective from which they will all benefit (47).  317 

The variety of anchoring and adaptor scaffoldins allowed us to examine the 318 
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importance of ratios among the different enzymatic components in order to obtain 319 

efficient substrate degradation. The highest levels of degradation in the present studies 320 

were obtained when a trivalent anchoring scaffoldin enabled attachment to the cell 321 

surface of three adaptor scaffoldins incorporating a total of four cellulases (2 copies of 322 

Adaptor 1) and two xylanases (single copy of Adaptor 2) (see Fig. 3C, Bar 2). This enzymatic 323 

combination was also optimal among purified free enzymes (Fig. 3C, Bar 5). Since the 324 

kinetics of xylan removal by the employed xylanases is much more higher than the slower 325 

cellulose degradation by cellulases used in this study (Fig. S1), it would be therefore logical 326 

that a higher cellulase/xylanase ratio would be required for optimized wheat straw 327 

deconstruction.  328 

We observed here that the cellulosome paradigm was more efficient than the 329 

secreted free-enzyme approach and that elaborate cellulosome structures (consortia 2 330 

and 3) conferred high stability to the catalytic subunits (Table 2) and high cellulose-331 

binding abilities to the bacterial cells (Table 3). The stability of the enzymes seems to be 332 

a key parameter in terms of enzymatic efficiency. At later cultivation times (above 48 h) 333 

the anchoring paradigm appears more advantageous than the secreted free enzyme 334 

paradigm for the same enzymatic composition (Fig. S7). This corresponds to the decrease 335 

in stability of the secreted cellulases (Table 2), whereas the anchored enzymes remain 336 

fully active. While the cellulosomal machinery is considered to induce synergistic activity 337 

among the catalytic modules by their close proximity within the complex (5, 7), the 338 

present study as well as others (48, 49) strongly support the importance of the stability 339 

conferred upon the enzymes by the scaffoldin subunit. 340 
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The ability of the bacteria to utilize the wheat straw substrate as the sole carbon 341 

source was assessed on a chemically defined medium. However, wheat straw failed to 342 

sustain growth of either the wild-type bacteria or the consortium 2 that produces the 343 

highest amount of sugars (data not shown).  We further examined the minimal amount 344 

of sugar required to sustain growth by growing wild-type L. plantarum cells on either 345 

glucose, cellobiose, xylose or xylobiose. No growth was observed on pure xylose and 346 

xylobiose while the minimal concentration that sustained growth was 0.2% glucose (~11 347 

mM) or 0.2% cellobiose (~5.5 mM) on chemically defined medium (CDM) (Fig. S8). The 348 

sugars produced by the best-performing cellulosomal machinery (Fig.3C, bar 2) was about 349 

17 mM of a mixture of soluble sugar products, some of which are not utilizable, and about 350 

4 mM of unconsumed sugars (Fig.3A, bar 2). The lack of growth suggests that the amount 351 

and type of sugars produced by the consortia are the limiting factor for growth 352 

sustainability. To bridge this gap in future studies, we will screen for additional highly 353 

expressed cellulases, in order to generate higher production of sugars that can be 354 

assimilated. In addition, it is important to fine-tune the amount and/or types of xylanases, 355 

which, on the one hand, serve to remove the embedded xylan that prevents physical 356 

access of the cellulases to the cellulose, but, on the other, will produce sugars that are 357 

not consumed by the L. plantarum cells. The data in Table S2 suggests that xylose may be 358 

assimilated by the cells, since low concentrations of xylose were detected in the presence 359 

of L. plantarum. The complete genome sequence of L. plantarum WCFS1 indeed suggests 360 

the presence of genes involved in xylose transport but genes for D-xylose isomerase and 361 

D-xylose kinase were not detected (50), indicating that xylose cannot be fermented. 362 
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Indeed, effective xylose transport was also demonstrated for strain 3NSH, but xylose was 363 

not metabolized in these studies (51). Therefore, further research should consider the 364 

implementation of xylose assimilation genes in strain WCSF1 as for strain NCIMB 8826 365 

(52). Alternative explanations for the lack of bacterial growth by the cell consortia should 366 

be examined in future studies, such as the potential release of cellulase inhibitors by 367 

xylanase action (53).  368 

Within the context of gut microbiome ecosystems, the xylan degradation products 369 

produced by the cell consortia developed in this work could also benefit the overall 370 

microbial community. As a potent gut microbe, the engineering of L. plantarum towards 371 

fiber degradation could be highly beneficial for clinical applications, such as probiotics 372 

(26). Indeed, by enabling this bacterium to degrade plant fiber, we potentially increase its 373 

fitness in the gut by extending its status in the ecosystem, which will allow it to better 374 

persist as a probiotic organism. Furthermore, the augmented cell-surface display 375 

conferred by the adaptor scaffoldin strategy could serve to promote higher efficiency of 376 

mucosal vaccines, based on bacteria as delivery vehicles (54).  377 

 378 

Material and Methods 379 

All the experiments have been replicated three times in triplicate, and the data served to 380 

perform the statistical calculations in the relevant figures and tables. 381 

Cloning. All recombinant proteins employed in this study (see representation in 382 

Figure 1) were first cloned into pET28a plasmids and designed to contain a His-tag for 383 

subsequent purification by standard restriction-based cloning procedures (55). The 384 
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recombinant enzymes from C. papyrosolvens were produced by replacing their native 385 

dockerins with  dockerins of different specificities using respective genomic DNA: 5-g was 386 

obtained by fusing the catalytic module of C. papyrosolvens GH5 (GenBank: EPR12097.1) 387 

to a dockerin from Archeoglobus fulgidus (Orf2375), 9-b was obtained by fusing the 388 

catalytic module of C. papyrosolvens GH9 (GenBank: EPR13542.1) to a dockerin of 389 

Bacteroides cellulosolvens (ScaA), 10-t was obtained by fusing the catalytic module of C. 390 

papyrosolvens GH10 (GenBank: EPR14039.1) to a dockerin of C. thermocellum (Cel48S) 391 

and 11-a was obtained by fusing the catalytic module of C. papyrosolvens GH11 (GenBank: 392 

EPR13563.1) to a dockerin of Acetivibrio cellulolyticus (ScaB). 393 

The adaptor scaffoldins Adaptor·1 and Adaptor·2 were obtained by fusing 394 

previously employed bivalent scaffoldins (19) to a type II dockerin from C. thermocellum 395 

(CipA) for Adaptor·1 and to a type III dockerin from Ruminococcus flavefaciens 17 (ScaB) 396 

for Adaptor·2. 397 

The anchoring scaffoldins Anc·2, Anc·3a, Anc·3b and Anc·4 were obtained by fusing 398 

one or two type II cohesins from C. thermocellum (OlpB) to one or two type III cohesins 399 

from R. flavefaciens 17 (ScaE), as designated in Figure 1. 400 

The enzymes and the genes coding for the two adaptor scaffoldins were introduced 401 

into L. plantarum using the previously employed pSIP vectors for efficient 402 

secretion/attachment of heterologous proteins (21, 22) using the leader peptide (Lp) 403 

Lp3050 via pLp_3050sAmy, by replacing the amylase gene in these plasmids by an 404 

appropriately amplified gene fragment (31). As the five different anchoring scaffoldins 405 

(Anc·1, Anc·2, Anc·3a, Anc·3b and Anc·4) are to be integrated into the bacterial cell wall, 406 
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we fused them into the potent cell wall anchor (cwa) anchoring signal cwa2 (22) via the 407 

modular pLp_0373sOFA anchoring plasmids (56). 408 

To amplify DNA fragments by PCR for cloning, T-Gradient device (Biometra, 409 

Germany) was used. The PCR was performed in 50 µl reaction mixtures. 410 

For short PCR products (up to 500 base pairs), PCR ready mix (Abgen, Epsom, Surrey, 411 

UK) was employed. For longer PCR fragments, PCRs were performed using Phusion high-412 

fidelity DNA polymerase F530-S (New England BioLabs, Inc.). Primers were added to a 413 

final concentration of 0.5 µM. PCR was programmed according to each manufacturer’s 414 

instructions. Primers are listed in Table S2 of the supplementary materials. 415 

Protein expression and purification from Escherichia coli. Recombinant proteins 416 

were expressed in E. coli BL21 (DE3) and purified as described earlier (18, 42).  417 

Protein expression in L. plantarum. The methodology described in Moraïs et al was 418 

followed (22). For the consortia experiments, strains producing either cellulase, xylanase, 419 

adaptor or anchoring scaffoldins, were mixed at stoichiometric molar ratios for the 420 

enzyme/scaffoldin, and scaffoldin/scaffoldin interactions and then grown on MRS (as 421 

prepared by BD Difco™ without protease peptone) supplemented with 40 mM CaCl2. 422 

Western and Far-Western blotting of L. plantarum secreted proteins. The 423 

methodology described in Moraïs et al was followed (22) for Western Blot experiments 424 

(Fig. S4, E and F). In Far-Western Blot (Fig. S4, A, B, C and D), an interaction step was 425 

included after blocking. Binding interactions with the blotted proteins were assayed with 426 

tagged fusions of specific cohesins fused to the CBM3a module (from the C. thermocellum 427 

scaffoldin) (CBM-Coh) (57, 58). Specific rabbit antibody against the fused tag (CBM) 428 
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diluted at 1:3000 (58, 59) was used as the primary antibody. The Far Western Blot 429 

experiments served here to verify both the presence of the full-length dockerin-bearing 430 

enzymes and their ability to bind their respective cohesins. 431 

ELISA binding assay. The methodology described in Barak et al was followed (57) 432 

with the following modification. MaxiSorp ELISA plates (Nunc A/S, Roskilde, Denmark) 433 

were coated overnight at 4°C with 1 µg/ml of either the specific dockerin fused to 434 

xylanase T6 from Geobacillus stearothermophilus (Xyn-Doc) or the CBM-Coh (100 µl/well) 435 

in 0.1 M sodium carbonate (pH 9). After the blocking step, incremental dilutions of either 436 

L. plantarum washed whole cells, concentrated supernatant fluids (OD600= 1) or 100 ng/ml 437 

of purified recombinant proteins in blocking buffer were added. Specific rabbit antibody, 438 

raised against either the CBM diluted at 1:3000 in blocking buffer or the type II cohesin 439 

from C. thermocellum (1:10000 dilution), was used as primary antibody. 440 

 Enzymatic activity on pre-treated wheat straw degradation. Prior to enzymatic 441 

assay, culture supernatant fluids (for secreted proteins) were concentrated using Amicon 442 

centrifugal filters with a 30-kDa cut-off (Millipore, Molsheim, France) and washed with 443 

Tris Buffer Saline (TBS x10: 80 g  NaCl, 2 g KCl, 30 g Tris, ddw to 1L, adjust pH to 7.4 with 444 

HCl 32%) containing 40 mM CaCl2; cells (for anchored designer cellulosomes) were 445 

washed with TBS containing 1% Triton X-100 by centrifugation and resuspension to 446 

eliminate the sugars present in the MRS medium. Hatched wheat straw, pre-treated with 447 

12% sodium hypochlorite, was prepared as described before (18). This type of 448 

pretreatment selectively removes lignin from the biomass, leaving the hemicellulose 449 

fraction largely intact.  A typical assay mixture consisted of either washed whole cells or 450 
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concentrated supernatant fluids from L. plantarum at specified concentrations, applied 451 

to a suspension of 40 g/liter pre-treated wheat straw in the relevant specified reaction 452 

volume (50 mM citrate buffer [pH 6.0], 12 mM CaCl2, 2 mM EDTA). Reactions were 453 

incubated at 37°C under shaking. The total amount of sugars released was determined 454 

using the dinitrosalicylic acid (DNS) assay as described previously (42, 60). 455 

When pure proteins or designer cellulosomes were employed (Fig. 3C), similar 456 

conditions were used with a stoichiometric concentration of enzymes (and scaffoldins), 457 

whereby the anchoring scaffoldin was set at 12 nM. The designer cellulosomes were 458 

allowed to assemble for 3 h at room temperature with all the enzymatic assay 459 

components except the wheat straw substrate. Upon addition of the wheat straw, the 460 

enzymatic reaction mixture was incubated for 96 h at 37°C under shaking. 461 

Sugar analysis. Sugar content was analyzed using a high-performance anion-462 

exchange chromatography (HPAEC) system equipped with a PA1 column (Dionex, 463 

Sunnyvale, CA). Supernatants of the reaction mixtures obtained after centrifugation were 464 

loaded onto the PA1 column, and eluted with 200 mM NaOH (flow rate of 1 ml/min). At 465 

first, standards consisting of pure arabinose, xylose, xylobiose, xylotriose, glucose, 466 

cellobiose, and cellotriose were loaded separately to determine elution time and peak 467 

areas as a function of the sugar concentration. Sugars present in blank were deducted in 468 

all the samples.  469 

Stability assay. The stability of the enzymatic combination at 37°C was 470 

determined by incubating the described consortia (at 3 nM for each enzyme) without 471 

substrate over a 48-h period at 37°C. The residual enzymatic activity was calculated as the 472 
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relative activity of the consortium incubated at 37°C compared to that of the anchored 473 

consortium (washed whole cells) or secreted consortium (concentrated supernatant 474 

fluids) that was directly introduced to the substrate (with no incubation period), on 475 

carboxymethyl cellulose (CMC) or beechwood xylan for a period of 2 hours at 37°C.  476 

Adherence/turbidity assay. Wild-type L. plantarum bacteria or consortia of 477 

transformed strains were grown with inducer until OD600=1. A volume of 1 mL of the 478 

cultures was then subjected to interaction with 30 mg of Avicel for 1h at 4°C in TBS 479 

supplemented with 40 mM CaCl2. Gentle centrifugation (about 1 min at 1000 rpm) was 480 

then performed to separate the Avicel substrate. The absorbance at OD600 was then 481 

verified, using MRS medium supplemented with Avicel under the same conditions as a 482 

blank without bacterial cells. The difference in absorbance at OD600 reflects the adhesion 483 

of the cells to cellulose.  484 

Bacterial growth. A chemically defined medium (CDM) as developed by Wegkamp 485 

et al (61) was prepared with 20 g/l pre-treated wheat straw. In parallel, consortium 2 or 486 

the wild-type bacteria were cultured in MRS without protease peptone as described 487 

above. Cells were harvested, washed twice in 10 ml 0.85% NaCl and 10 mM CaCl2, and the 488 

washed cells served as an inoculum of the CDM containing wheat straw as carbon source. 489 

The medium was supplemented with pSIP inducer, 10 mM CaCl2, and erythromycin in the 490 

case of consortium 2. Growth at 37°C under agitation (200 rpm) was followed for a week 491 

by measuring the OD at 600 nm of the supernatant culture after the wheat straw 492 

precipitated (5 min). Growth of the wild-type bacteria was assessed on CDM 493 

supplemented with 0 to 1% of either cellobiose, glucose, xylose or xylobiose. 494 
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FIGURES 678 

 679 

Fig. 1. Schematic representation of the wild-type and chimaeric proteins used in this study. The 680 
bacterial species from which the representative modules are derived are shown color-coded in 681 
the pictograms.  (A) Wild-type and chimaeric C. papyrosolvens enzymes. In the shorthand notation 682 
for the recombinant enzymes, the numbers 5, 9, 10 and 11 correspond to the GH family of the 683 
respective catalytic modules; the origin of a given dockerin module is also indicated by lowercase 684 
italic characters, found in the Key to symbols. (B) Modular architectures of the two different 685 
adaptor scaffoldins designed for this work. Each adaptor scaffolding contains two divergent 686 
cohesins for selective integration of different dockerin-containing enzymes and a type II or type 687 
III dockerin for attachment to the appropriate cohesin-containing anchoring scaffoldin. (C) 688 
Modular architectures of the various types of anchoring scaffoldins designed in this study. Each 689 
contains a C-terminal sortase signal motif for covalent attachment to the cell surface. Anc·1 690 
contains 4 divergent cohesins for selective integration of 4 different dockerin-bearing enzymes. 691 
Anc·2 through Anc·4 are anchoring scaffoldins differing in numbers (2–4) or positions (3a, 3b) of 692 
cohesins that integrate the two adaptor scaffoldins and their resident enzymes.  (D) Example of 693 
designer cellulosome assembly, resulting from a consortium of different strains of transformed L. 694 
plantarum.  695 
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 696 

Fig. 2. ELISA-based binding assay demonstrating the presence of active cohesin modules on the L. 697 
plantarum cell surface.  (A) The three different consortia of individually transformed L. plantarum 698 
cells (see panel B for description) and the individual L. plantarum strain transformed with the gene 699 
for anchoring scaffoldin Anc·1 were examined for their capacity to interact with specific dockerin-700 
bearing fusion proteins. Microtiter plates were coated with 1 µg/ml of the specified dockerins 701 
fused to the carrier protein (xylanase T6 from G. stearothermophilus). Washed whole bacterial 702 
cells from transformed lactobacilli of the different consortia and the Anc·1-bearing strain were 703 
then allowed to interact. The primary antibody used was prepared against the CBM module of the 704 
scaffoldins. Washed bacterial cells (wild-type L. plantarum) served as a control. (B) Description of 705 
the incorporated chimaeric scaffoldins for the indicated cellulosome complex. The different cell 706 
consortia comprised the following: (1) consortium of anchoring scaffoldin Anc·2 with Adaptor·1 707 
and Adaptor·2 (one copy each); (2) consortium of anchoring scaffoldin Anc·3a with 2 copies of 708 
Adaptor·1 and one copy of Adaptor·2; (3) consortium of anchoring scaffoldin Anc·3b with 1 copy 709 
of Adaptor·1 and two copies of Adaptor·2; (4) anchoring scaffoldin Anc·1. 710 
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 711 

Consortium 1  2 3 4 5 6 

Chimaeric enzymes – 1 unit of each enzyme = 3 nM 

Xylanases  

  11-a, 10-t 
1 unit  1 unit  2 units 1 unit  1 unit  2 units 

Cellulases  

   9-b, 5-g 
1 unit  2 units 1 unit 1 unit  2 units 1 unit 

Total enzymatic 
concentration 12 nM 18 nM 18 nM 12 nM 18 nM 18 nM 

Chimaeric scaffoldins – 1 unit of each scaffoldin = 3 nM 

Anc·2 1 unit     

Anc·3a   1 unit   

Anc·3b     1 unit 

Adaptor·1  1 unit 2 units 1 unit 

Adaptor·2 1 unit 1 unit 2 units 
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Fig. 3. Comparative analysis of the hydrolysis of hypochlorite-pretreated wheat straw by free 712 
enzymes versus cell-associated and cell-free designer cellullosomes. (A) Soluble sugars produced 713 
in the extracellular medium by different transformed L. plantarum consortia versus the wild-type 714 
(WT) strain. Reactions were incubated for 96 h at 37°C. For consortia 1, 2, 3 and WT cells, washed 715 
cells were used in the enzymatic reaction, whereas for Consortia 4, 5, 6 and WT secretion cells, 716 
concentrated supernatant fluids were used. Hypochlorite-pretreated wheat straw was used at a 717 
concentration of 40 g/l, and enzymatic activities are represented by the concentration of total 718 
reducing sugars (mM). Experiments were conducted three times with triplicate samples, and 719 
standard deviations are indicated. (B) The recombinant enzymes and chimaeric scaffoldins that 720 
were introduced in the different L. plantarum consortia are indicated, and correspond for the 721 
respective bars in the chart. The molar ratios between the proteins, the number of units and total 722 
enzyme concentration are stipulated. (C)  Soluble sugars produced by recombinant cell-free 723 
designer cellulosome assemblies and free enzyme mixtures parallel to the ones used in (A), 724 
assembled from purified proteins produced by E. coli. The cellulosomal components were 725 
assembled stoichiometrically, where the concentration of the anchoring scaffoldin was set at 12 726 
nM. The designer cellulosomes were allowed to assemble for 3 h at room temperature with all 727 
components of the enzymatic assay except the wheat straw substrate. The enzymatic reaction 728 
was incubated for 96 h at 37°C under shaking. Experiments were conducted three times with 729 
triplicate samples, and standard deviations are indicated.  730 
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Supplementary Table Legends 731 

Table S1. Carbohydrate analysis of remaining sugars after enzymatic degradation of pre-732 

treated hatched wheat straw by various L. plantarum consortia over a 96-h incubation. 733 

 734 

Enzyme 
combination 

µM of released sugar ± SD 

Arabinose Glucose Xylose Xylobiose Cellobiose Xylotriose Cellotriose 

Anchoring 1 198 ±10 441 ±21 159 ±11 1794 ±122 4 ±0 503 ±17 150 ±14 

Anchoring 2 102 ±7 336 ±27 58 ±4 592 ±42 42 ±1 243 ±5 81 ±18 

Anchoring 3 27 ±1 672 ±39 94 ±8 5034 ±145 4 ±0 1870 ±126 32 ±2 

Secreting 4 60 ±9 75 ±1 29 ±2 1861 ±17 7 ±0 1134 ±102 257 ±13 

Secreting 5 101 ±17 109 ±5 142 ±30 1926 ±184 ND 1164 ±131 182 ±28 

Secreting 6 100 ±8 162 ±9 25 ±6 2520 ±222 ND 1773 ±154 207 ±11 

 735 

ND, not detected 736 

 737 

  738 
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Table S2: Primer tables 739 

 740 

Chimearas 
(plasmid) Modules Primers Sequence Restriction 

enzyme 
 

C. papyrosolvens chimaeric enzymes 
 

9-b 
(pET-28a) Catalytic subunit 

GH9 

Forward 5’GCATTATCATGAGCGCAGGAA
CATATAATTATGGAG 3’ BspHI 

Reverse 5’CCATTAGCTAGCATCAGGGTT
TTCCGGTCCACC 3’ NheI 

Dockerin b 
Forward 5’ATACAAGCTAGCCCAAAAGGC

ACAGCTACAGTAT 3’ NheI 

Reverse 5’AGGCTACTCGAGCGCTTTTTG
TTCTGCTGGGAAC 3’ XhoI 

9-b 
pLp_2588s Signal peptide 2588 

Forward 5’CAAGGTCATATGCGCAAAAAA
TGGCGATGGTTATT 3’ NdeI 

Reverse 5’AATCCAGTCGACGTTGCGGGC
CTGACTAACTAAG 3’ SalI 

Enzymatic subunit   
9-b 

Forward 5’AATGCAGTCGACGCAGGAACA
TATAATTATGGAG 3’ SalI 

Reverse 5’GACCTAAAGCTTTTACGCTTTT
TG TTCTGCTGGGAAC 3’ HindIII 

5-g 
(pET-28a) Catalytic subunit 

GH5 

Forward 5’CCTAATCCATGGGTTATGATG
CTTCACTTATTCCG 3’ NcoI 

Reverse 5’AGGCATGGTACCTTATCAGTC
TGCGCTTCGAAAGC 3’ KpnI 

Dockerin g 
Forward 5’TGGACAGGTACCAGAAGAAG

CA AACAAGGGAGATG 3’ KpnI 

Reverse 5’AATATACTCGAGCTTACCCAG
TAAGCCATTCTGG 3’ XhoI 

5-g 
pLp_2588s Signal peptide 2588 see above (5-g) 

Enzymatic unit   5-g 
Forward 5’AATGCAGTCGACTATGATGCT

TCACTTATTCCG 3’ SalI 

Reverse 5’GAACTAAAGCTTTTACTTACC
CAGTAAGCCATTCTG 3’ HindIII 

11-a 
(pET-21a) 
 Catalytic subunit 

GH11 

Forward 
5’CTGGATGCTAGCATGCACCAT
CACCATCACCACGCAACAACGA
TTACTGAAAATC 3’ 

NheI 

Reverse 5’ATCATCGAGCTCAGGCTGAGT
TCCGCCGCCAAC 3’ SacI 

Dockerin a 
Forward 5’ATTAGCGAGCTCACAGCAACT

ACAACACCAACTACA 3’ SacI 

Reverse 5’CAACGTCTCGAGTTATTCTTCT
TTCTCTTCAAC 3’ XhoI 
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11-a 
pLp_3050s Signal peptide 3050 from previous publication [1] 

Enzymatic unit  11-a 
Forward 5’CAGAACGTCGACGCAACAACG

ATTACTGAAAATC 3’ SalI 

Reverse 5’AACTTAAAGCTTTTATTCTTCT
TTCTCTTCAACAGG 3’ HindIII 

10-t 
(pET-28a) 
 

Catalytic subunit 
GH10 

Forward 5’GAATTCCCATGGGCGCTACTC
CAACAGGTACAAGG 3’ NcoI 

Reverse 5’AGACTAAAGCTTTGTAGGAGC
TGTAGCGAGAGC 3’ HindIII 

Dockerin t 
Forward 5’AATAGCAAGCTTGAAAGCAGT

TCCACAGGTCTG 3’ HindIII 

Reverse 5’CCATCACTCGAGTCCGGGGAA
CTCTGTAATAATG 3’ XhoI 

10-t 
pLp_3050s Signal peptide 3050 from previous publication [1] 

Enzymatic unit  10-t 
Forward 5’ATTCCAGTCGACGCTACTCCA

ACAGGTACAAGG 3’ SalI 

Reverse 5’AAGCGACCCGGGTTATCCGGG
GAACTCTGTAATAATG 3’ SmaI 

 
Chimaeric scaffoldins 

 
Adaptor·1 

(pET-28a) 
Cohesin B, CBM3a, 
cohesin G* 

Forward 5’GCAATCCCATGGGCGGGAAAA
GTTCACCAGGAAATAA3’ NcoI 

Reverse 5’GATCAAAGATCTGGCTTCTTC
CTGAGAGACAATC3’ BglII 

Dockerin type II 
(C. thermocellum) 

Forward 5’TGCACCGGATCCAACTAATAA
ACC TGTAATAGAAG 3’ 

BamHI 

Reverse 5’AAAGTCCTCGAGCTGTGCGTC
GTAATCACTTG 3’ XhoI 

Adaptor·1 

(pLp_3050s) 
Cohesin B, CBM3a, 
cohesin G, dockerin 
type II 
(C. thermocellum) 

Forward 5’GCATAAGTCGACGGGAAAAGT
TCACCAGGAAATAA3’      SalI 

Reverse 5’AAGATCCCCGGGTCACTGTGC
GTCGTAATCACTTGATG3’  SmaI 

Adaptor·2 

(pET-28a) 
Cohesin A, CBM3a, 
cohesin T* 

Forward 5’CTAACGCCATGGGCTTACAGG
TTGACATTGGAAGTAC3’ NcoI 

Reverse 5’GATCAGGCTAGCAACATTTAC
TCCACCGTCAAAG3’ NheI 

Dockerin type III 
(R. flavefaciens 17) 

Forward 5’CAATGCGCTAGCGCTAACTAC
GATCACTCCTACG3’ NheI 

Reverse 5’ACCTGGCTCGAGTTTACCGAA
TCTTGCGTCTCCG3’ XhoI 

Adaptor·2 

(pLp_3050s) 
Cohesin A, CBM3a, 
cohesin F, dockerin 
type III 
(R. flavefaciens 17) 

Forward 5’ACTGTAGTCGACTTACAGGTT
GACATTGGAAGTAC3’ SalI 

Reverse 5’TCAGAACCCGGGTCATTTACC
GAATCTTGCGTCTCCG3’ SmaI 

ScAnc·1 

(pET-28a) 
Cohesin A, CBM3a, 
cohesins T, G, B** 

Forward  5’CAATTGCCATGGGCCGGCCGC
ATTTACAGGTTGAC3’ NcoI 
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Reverse 5’ATTGGCCTCGAGTCAAATTGG
CTTATTAGTTACAGTAATG3’ XhoI 

ScAnc·1 

(pLp_0373sOF
A) 

Cohesin A, CBM3a, 
Cohesins T, G, B** 

Forward  5’AACGCTGTCGACCGGCCGCAT
TTACAGGTTGAC3’ SalI 

Reverse 5’GATTCAACGCGTAATTGGCTT
ATTAGTTACAGTAATG3’ MluI 

ScAnc·2 

(pET-28a) 
Cohesin T2 

(OlpB) 
Forward 5’GTTAAACCATGGGCGAAGCAA

CTCCAAGTATTGAAATG 3’ NcoI 

Reverse 5’CAAATCGAATTCGCTGGCGTC
TTTTAACGGTTCTG 3’ EcoRI 

Cohesin F3 

(ScaE) 
Forward 5’GTTACAGAATTCGGCCCCGCT

GCTGGTCAGGC 3’ EcoRI 

Reverse 5’CTTAGTCTCGAGAGATGTAGT
ACTCTCAACCTGG 3’ XhoI 

ScAnc·2 

(pLp_0373sOF
A) 

Cohesins T2, F3 

 
Forward 5’CATGAAGTCGACGAAGCAACT

CCAAGTATTGAAATG 3’ SalI 

Reverse 5’ATAGCAACGCGTAGATGTAGT
ACTCTCAACCTGG 3’ MluI 

ScAnc·3a 

(pET-28a) 
Cohesins 2T2 

(OlpB) 
Forward 5’GTTAAACCATGGGCGAAGCAA

CTCCAAGTATTGAAATG 3’ NcoI 

Reverse 5’CAAATCGAATTCCGGTACAGG
CTCTTCTGTCGG 3’ EcoRI 

Cohesin F3 

(ScaE) see above (ScAnc·T2F3) 

ScAnc·3a 

(pLp_0373sOF
A) 

Cohesins 2T2, F3 

 
Forward 5’CATGAAGTCGACGAAGCAACT

CCAAGTATTGAAATG 3’ SalI 

Reverse 5’ATAGCAACGCGTAGATGTAGT
ACTCTCAACCTGG 3’ MluI 

ScAnc·3b 

(pET-28a) 
Cohesins T2, F3 

 
Forward 5’GTTAAACCATGGGCGAAGCAA

CTCCAAGTATTGAAATG 3’ NcoI 

Reverse 5’CAAATCGCTAGCAGATGTAGT
ACTCTCAACCTGG 3’ NheI 

Linker Ct-CipA, 
Cohesin F3 (ScaE) 

Forward 5’AACGCTGCTAGCGGTAGTTCC
GTACCGACAACACAGCCAAATG
TTCCGTCAGACGGCCCCGCTGCT
GGTCAGGC 3’ 

NheI 

Reverse 5’CTTAGTCTCGAGAGATGTAGT
ACTCTCAACCTGG 3’ XhoI 

ScAnc·3b 

(pLp_0373sOF
A) 

Cohesins T2, 2F3 

 
Forward 5’CATGAAGTCGACGAAGCAACT

CCAAGTATTGAAATG 3’ SalI 

Reverse 5’ATAGCAACGCGTAGATGTAGT
ACTCTCAACCTGG 3’ MluI 

ScAnc·4 

(pET-28a) 
Cohesins 2T2, F3 

 

Forward 5’GTTAAACCATGGGCGAAGCAA
CTCCAAGTATTGAAATG 3’ NcoI 

Reverse 5’CAAATCGCTAGCAGATGTAGT
ACTCTCAACCTGG 3’ NheI 

Linker Ct-CipA, 
Cohesin F3 (ScaE) 

see above (ScAnc·T22F3) 

ScAnc·4 Cohesins 2T2, 2F3 

 
Forward 5’CATGAAGTCGACGAAGCAACT

CCAAGTATTGAAATG 3’ SalI 
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(pLp_0373sOF
A) 

Reverse 5’ACCTACACGCGTGTGCTCGAG
AGATGTAGTAC 3’ MluI 

 741 

 742 

 743 

The different modules were obtained by PCR amplification from relevant genomic DNA unless 744 

otherwise specified. 745 

 746 

* The indicated fragments were obtained by PCR amplification from the plasmid of Scaf·CATGB 747 

from our previous report [2] 748 

** The indicated fragments were obtained by PCR amplification from the plasmid of 749 

Scaf·CATGB from our previous report [3] 750 

 751 

 752 

  753 
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Supplementary Figures 754 

 755 
 756 
 757 
Fig S1. Hydrolytic activity profiles of the four recombinant C. papyrosolvens enzymes in 758 
comparison with the wild-type forms. The indicated enzymes were incubated 2 h at 37°C for xylan 759 
and CMC or 24 h for Avicel. Enzyme notation is given in Figure 1 of the article. Scaf·B refers to a 760 
monovalent scaffoldin, comprising the C. thermocellum scaffoldin-borne CBM3a and the B. 761 
cellulosolvens cohesin. 762 
  763 
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 764 

 765 
 766 
 767 
Fig. S2. Non-denaturating gel electrophoresis of the complex of pure recombinant Adaptor 1 with 768 
Anc·3a produced in E. coli. Lane 1: Anc·3a; Lane 2: Adaptor 1; Lanes 3 to 9: ratios of Adaptor 1/ 769 
Anc·3a (i.e. Lane 3, 2.4:1). 770 
  771 
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 772 
 773 
 774 
Fig. S3. Quantification of the secreted L plantarum enzymes by assessing comparative activity with 775 
known concentrations of pure recombinant proteins produced in E. coli. (A) and (B): enzymatic 776 
activity on xylan. Reactions were conducted with either increasing concentrations of purified C. 777 
papyrosolvens xylanases 10-t and 11-a, respectively, or with 30 µl of concentrated culture 778 
supernatant fluids, following a 2-h reaction period at 37°C. (C) and (D): enzymatic activity on 779 
carboxymethyl cellulose (CMC). Reactions were conducted with either increasing concentrations 780 
of purified C. papyrosolvens cellulases 5-g and 9-b, respectively, or with 30 µl of concentrated 781 
culture supernatant fluids following a 2-h reaction period at 37°C. 782 
  783 



 

 45 

 784 
 785 
 786 
 787 
Fig. S4. Far-Western blot analysis (A, B, C and D) and Western blot analysis (E and F) of 788 
concentrated culture supernatant fluids from transformed lactobacilli versus respective pure 789 
recombinant proteins produced in E. coli. (A) Secreted 10-t (calculated mass 44.5 kDa), (B) 790 
secreted 11-a (calculated mass 33 kDa), (C) secreted 5-g (calculated mass 51.3 kDa), (D) secreted 791 
9-b (calculated mass 77.6 kDa). (E) and (F): The lanes in the two panels (E) Adaptor·1 (calculated 792 
mass 79.3 kDa) and (F) Adaptor·2 (calculated mass 72.8 kDa) are as follows: Lanes 1-3: secreted 793 
Adaptor by L. plantarum; Lane 4-6: secreted fraction of wild-type L. plantarum; Lane 7-9: pure 794 
Adaptor produced by E. coli.  795 
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 796 
 797 
Fig. S5. ELISA-based binding assay of pure recombinant proteins produced in E. coli versus 798 
concentrated secreted proteins from transformed L. plantarum. Microtiter plates were coated 799 
with 1 µg/ml the purified proteins as specified in the X axis and subjected to interaction with 800 
either 100 ng/ml of pure adaptor scaffoldin (blue bars) or L. plantarum secreted adaptor scaffoldin 801 
(green bars). The primary antibody used here was elicited against the CBM of the scaffoldins (i.e., 802 
CBM3a of the C. thermocellum CipA scaffoldin). Concentrated secreted proteins from L. 803 
plantarum wild-type strain were used as a blank. 804 
  805 
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 806 

 807 
 808 
 809 
Fig. S6. ELISA binding assay of pure recombinant proteins produced in E. coli versus anchored 810 
proteins produced by L. plantarum. Microtiter plates were coated with 1 µg/ml of pure proteins 811 
produced in E. coli as specified in the x axis and subjected to interaction with either 100 ng/ml of 812 
pure chimaeric scaffoldin produced in E. coli (blue bars) or L. plantarum cells displaying the 813 
anchored scaffoldin (green bars). The primary antibody used for panels A, B, C and D was elicited 814 
against the type II cohesin from C. thermocellum, present on Anc·T2F3 (Anc 2), Anc·2T2F3 (Anc 3a), 815 
Anc·T22F3 (Anc 3b) and Anc·2T22F3 (Anc 4), where T2 represents the type II C. thermocellum 816 
cohesin and F3 represents the type III R. flavefaciens cohesin; for panel E, the primary antibody 817 
was elicited against the CBM of Anc·1. Washed bacterial cells (wild-type strain) served as a control. 818 
  819 



 

 48 

 820 
 821 
 822 
Fig.S7. Kinetics studies of hypochlorite-treated wheat straw hydrolysis up to 120-h incubation at 823 
37°C by the different types of consortia. The composition of the consortia is as specified in Figure 824 
3 panel B. Enzymatic activity is defined as total reducing sugars released (µM). Error bars show 825 
standard deviations.  826 
  827 
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 828 

 829 
 830 
Fig. S8. Bacterial growth on incremental concentrations of sugars with chemically defined medium 831 
CDM supplemented with (A) cellobiose, and (B) glucose. Xylose and xylobiose as sole carbon 832 
sources could not sustain growth. 833 
 834 
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