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ABSTRACT 36 

 37 

Extremely thermophilic bacteria of the genus Caldicellulosiruptor utilize carbohydrate 38 

components of plant cell walls, including cellulose and hemicellulose, facilitated by a diverse set 39 

of glycoside hydrolases (GHs). From a biofuels perspective, this capability is crucial for 40 

deconstruction of plant biomass into fermentable sugars. While all species from the genus grow 41 

on xylan and acid pre-treated switchgrass, growth on crystalline cellulose is variable. The basis 42 

for this variability was examined using microbiological, genomic and proteomic analysis of eight 43 

globally-diverse Caldicellulosiruptor species. The open Caldicellulosiruptor pan-genome (4,009 44 

ORFs) encodes 106 GHs, representing 43 GH families, but only 26 GHs from 17 families are 45 

included in the core (non-cellulosic) genome (1,543 ORFs). Differentiating the strongly 46 

cellulolytic Caldicellulosiruptor species from the others is a specific genomic locus that encodes 47 

multi-domain cellulases from GH families 9 and 48, associated with cellulose binding modules. 48 

This locus also encodes a novel adhesin associated with type IV pili, which was identified in the 49 

exo-proteome bound to crystalline cellulose. Taking into account the core, pan and individual 50 

genomes, the ancestral Caldicellulosiruptor was likely cellulolytic, and evolved, in some cases, 51 

into species that lost the ability to degrade crystalline cellulose, while maintaining the capacity to 52 

hydrolyze amorphous cellulose and hemicellulose. 53 

 54 

 55 

 56 

57 
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INTRODUCTION 58 

 59 

Interest in cellulosic biofuels (30) has sparked efforts to isolate microorganisms capable of both 60 

hydrolysis and fermentation of plant biomass, a process referred to as “consolidated 61 

bioprocessing” (CBP) (50, 51). Since plant biomass deconstruction could be accelerated at 62 

elevated temperatures, thermophilic microorganisms have been considered as catalysts for 63 

CBP (8). Of particular note in this regard are members of the extremely thermophilic genus 64 

Caldicellulosiruptor that inhabit globally diverse, terrestrial hot springs (12, 28, 57, 58, 62, 70, 65 

81, 98) and thermally-heated mud flats (32). Caldicellulosiruptor species are gram-positive 66 

bacteria and typically associate with plant debris; consequently, all isolates characterized to 67 

date hydrolyze certain complex carbohydrates characteristic of plant cell walls (8, 97). As such, 68 

members of the genus Caldicellulosiruptor are excellent genetic reservoirs of enzymes for plant 69 

biomass degradation and, pending the development of functional genetics systems, potential 70 

metabolic hosts for CBP (9).  71 

Currently, there are two main paradigms described for microbial degradation of 72 

crystalline cellulose: cellulosomal (3) and non-cellulosomal (49, 55). Enzymatically, both 73 

systems require the concerted efforts of cellobiohydrolases, endo-cellulases and �-glucosidases 74 

(50). Crystalline cellulose deconstruction via cell membrane-bound cellulosomes was first 75 

described in the thermophile Clostridium thermocellum, and has since been described in other 76 

mesophillic Firmicutes, such as Clostridium cellulolyticum, Acetivibrio cellulolyticus and 77 

Ruminococcus flavefaciens (3). Analysis of genome sequence data from biomass-degrading 78 

microorganisms has helped to identify non-cellulosomal bacteria that also lack identifiable 79 

cellobiohydrolases, such as Cytophaga hutchinsonii (96) and Fibrobacter succinogenes (78), 80 

both which require close attachment to cellulose for efficient hydrolysis and Sacharophagus 81 

degradans (95) which uses processive endo-cellulases (94) indicating that there is a great 82 

diversity in strategies used for crystalline cellulose hydrolysis. As members of the phylum 83 
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Firmicutes, Caldicellulosiruptor species are distinct from the thermophilic, anaerobic clostridia in 84 

that they secrete free and S-layer bound cellulases and hemicellulases (9, 24, 25, 44, 45, 59, 85 

61, 64, 76, 85, 89, 90) that are not assembled into cellulosomes (85, 89). In this respect, their 86 

strategy for crystalline cellulose deconstruction is similar to non-cellulosomal biomass-degrading 87 

aerobic fungi, such as Trichoderma reesei, (55) thermophillic fungi Myceliophthora thermophila 88 

and Thielavia terrestris (7) or the thermophilic aerobe Thermobifida fusca (49).  89 

The non-cellulosomal strategy used by the genus Caldicellulosiruptor for plant biomass 90 

deconstruction involves novel, multi-domain, carbohydrate-active enzymes (24, 25, 59, 61, 76, 91 

85, 89). However, while all Caldicellulosiruptor species hydrolyze hemicellulose, not all can 92 

degrade crystalline cellulose. This gives rise to significant disparity across the genus with 93 

respect to the capacity to deconstruct plant cell walls. To date, only limited information is 94 

available on the genus Caldicellulosiruptor, especially with respect to the diversity within the 95 

genus and the characteristics of individual species. Given the variability within the genus for 96 

cellulose deconstruction, insights into this important environmental and biotechnological 97 

capability could be obtained by comparative examination of weakly to strongly cellulolytic 98 

Caldicellulosiruptor species. To this end, here we examine the core and pan genome of eight 99 

members of this genus, in conjunction with exo-proteomics analysis, to identify common and 100 

distinctive determinants that drive plant biomass deconstruction. 101 

 102 

MATERIALS AND METHODS 103 

Cultivation of Caldicellulosiruptor spp. Seven Caldicellulosiruptor species were 104 

revived from freeze-dried cultures provided by the German Collection of Microorganisms and 105 

Cell Cultures (DSMZ [http://www.dsmz.de]) in the recommended culture medium, after which 106 

they were transferred to modified DSMZ medium 640 (trypticase, resazurin, cysteine-HCl, and 107 
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FeCl3 x 6 H2O were not added, the reducing agent: 10% [wt/vol] Na2S x 9 H2O was added to a 108 

final concentration of 0.5% in prepared medium)(9). The eighth species examined in this study, 109 

C. obsidiansis, was isolated from the Obsidian Pool, Yellowstone National Park (28). Complex 110 

substrates used as carbon sources for growth included microcrystalline cellulose (Avicel, PH-111 

101, FMC), birchwood xylan (Sigma), and acid pre-treated switchgrass (Panicum virgatum (71)), 112 

all added to growth medium at 5 g/L, and in the case of biomass 5 g/L wet weight. Twenty four-113 

hour cell density measurements were the average of two biological replicates in 50 mL cultures. 114 

Enumeration of cell densities were conducted under epi-fluorescence microscopy using acridine 115 

orange (Kodak) as a fluorescent dye (31). Qualitative rating of cellulose hydrolysis ability was by 116 

the organism’s ability to shred Whatman No.1 filter paper while grown in Hungate tubes, as 117 

described previously (9). Those species capable of shredding filter paper were designated as 118 

cellulolytic. Those that were noted to grow on microcrystalline cellulose (Avicel), but not shred 119 

filter paper, were designated as weakly cellulolytic. 120 

Genomic DNA isolation and quality control. High-molecular-weight genomic DNA 121 

(gDNA) for five Caldicellulosiruptor species was harvested as described before (9). Overall, the 122 

cultures were grown to early stationary on DSMZ culture medium as recommended by DSMZ 123 

(without resazurin): DSMZ medium 671 with cellobiose (C. hydrothermalis, C. kristjanssonii, C. 124 

kronotskyensis and C. lactoaceticus) and DSMZ medium 144 with glucose (C. owensensis). 125 

Cultures were harvested by centrifugation at 5000 rpm for 15 minutes and gDNA was isolated, 126 

as previously described (21), but with an additional step requiring lysozyme (100 mg/ml) and the 127 

final precipitation of gDNA in isopropanol, collected by a flamed glass hook and then gently 128 

washed in 70% [vol/vol] ethanol. Dried gDNA was re-suspended in TE buffer to roughly 1 �g/μl 129 

and checked for quality on a 1% [wt/vol] agarose gel in 1x TAE buffer. Molecular weight 130 

standards and the protocol for assessing gDNA quality using agarose gel electrophoresis were 131 
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both provided by the DOE Joint Genome Institute (JGI) 132 

(http://my.jgi.doe.gov/general/protocols/20100809-Genomic-DNA-QC.doc). 133 

Genome sequencing. The finished genome sequences of C. bescii (61, 98), C. 134 

obsidiansis (18), and C. saccharolyticus (89) were completed prior to this project. For C. 135 

hydrothermalis, C. kristjanssonii, C. kronotskyensis, C. lactoaceticus and C. owensensis, a 136 

combination of 454 Titanium (52) and Illumina (5) technologies was used (10), similar to the 137 

sequencing strategy of C. obsidiansis. Detailed protocols explaining these methods can be 138 

found at http://www.jgi.doe.gov/.  139 

Genome assembly and annotation. For the five genome sequences that were 140 

completed for this project, assembly has been previously described (10). Genes were identified 141 

using Prodigal (34) as part of the Oak Ridge National Laboratory genome annotation pipeline, 142 

followed by a round of manual curation using the JGI GenePRIMP pipeline (65). The predicted 143 

open reading frames (ORFs) were translated and used to search the National Center for 144 

Biotechnology Information (NCBI) nr database (6), UniProt (15), TIGRFAM (27), Pfam (69), 145 

PRIAM (14), KEGG (35), COG (84), and InterPro (100) databases. These data sources were 146 

combined to assert a product description for each predicted protein. Non-coding genes and 147 

miscellaneous features were predicted using tRNAscan-SE (47), RNAmmer (40), Rfam (26), 148 

TMHMM (37), and SignalP (v3.0, 4). The C. saccharolyticus annotation was updated using the 149 

same pipeline except that manual curation was done without GenePRIMP. Further annotation of 150 

selected proteins included molecular weight and isoelectric point (pI) prediction (20), signal 151 

peptide (SignalP v4.0, 68) and transmembrane (TMHMM, 37) prediction. 152 

Phylogenetic analysis. All three copies of 16S ribosomal RNA genes were used in 153 

construction of a phylogenetic tree. ClustalW (87) was used to align 16S sequences from all 154 

sequenced Caldicellulosiruptor species, plus one copy of a 16S rRNA gene from three distantly 155 
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related species. Pairwise distance calculations were done using the MEGA 4 software package 156 

(83), with the Tajima-Nei substitution model. These distance calculations were then used to 157 

construct dendrograms, based on neighbor joining and assessed with 1000 bootstraps. Average 158 

nucleotide identity was used to assess relatedness of species taking their whole genome 159 

sequence into consideration. All eight sequenced Caldicellulosiruptor species and the same 160 

three outliers mentioned above were uploaded into the Jspecies package using the ANIb 161 

BLASTn option (72). ANI, reported as percent identity, was represented using the cellplot 162 

feature of JMP (v9, SAS) to create a heat plot. ANIb percentages can be found in Table S1. 163 

Prediction of orthologous and functional groups of proteins. Using all eight finished 164 

genomes, orthologous groups of proteins were predicted by OrthoMCL (43). Parameters 165 

selected were a p-value of 1xe-5, a percent identity cutoff of 0, a percent match cutoff of 0, MCL 166 

inflation of 1.5 and weight of 316. OrthoMCL output (Dataset S1), based on protein-protein 167 

homology, was used to then compute the core- and pan-genome according to Tettelin (86). Top 168 

ranked similarity searches against genomes in the KEGG database (35) used BLASTp (1). 169 

Functional classification of proteins was determined based on searched against databases from 170 

NCBI (COG) (84), CAZy (13), integrated microbial genomes (IMG) (54) and InterProScan 171 

sequence search (100). Prediction of carbohydrate transporters were done as previously 172 

described (91) and also utilized the ‘Find Functions’ database of the IMG portal (54). 173 

Fractionation of substrate-bound, extra-, and intra-cellular proteins. Seven 174 

Caldicellulosiruptor species, four cellulolytic and three weakly cellulolytic were selected for 175 

proteomic analysis. Samples were transferred on Avicel PH-101 three times prior to inoculation 176 

of two independent 500 mL cultures each in 1000-ml 45-mm-diameter screw-top pyrex bottles. 177 

A starting inoculum of 1 x 106 cells/mL was used for all cultures, and growth proceeded in batch 178 

for 24 hours. After 24 hours, biological repeats were combined for processing. Spent Avicel with 179 

substrate-bound (SB) proteins was isolated by decanting the supernatant (SN) and cells (WC), 180 
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and washing the SB fraction twice with ice-cold DSMZ medium 640, following which the medium 181 

was decanted and combined with the SN plus WC fraction. Further washing of the SB fraction 182 

was done, as described previously (73), with TBS-Ca-T buffer (25 mM Tris-HCl, pH 7.0, 150 183 

mM NaCl, 1 mM CaCl2, and 0.05% [vol/vol] Tween-20). Cell-free SN fraction was obtained by 184 

centrifugation at 4oC and 5,000 rpm for 15 min, followed by bottle-top filtration through a 0.22-185 

μm-pore-size filter (Millipore). The resulting WC pellet after centrifugation was washed once with 186 

ice-cold DSMZ medium 640 and collected by centrifugation, as described above. 187 

Proteomic measurements of Avicel-induced protein fractions. Each fraction for 188 

proteomic analysis (WC, SN, and SB) was independently prepared for bottom-up, two-189 

dimensional liquid chromatography tandem mass spectrometry (2D-LC-MS/MS) in order to 190 

retain fractional protein localization. Proteins in each fraction were first isolated and denatured 191 

by one of several related methodologies: A - Cells in the WC fraction were lysed by a 192 

combination of boiling and sonication (Branson Sonifier) in SDS lysis buffer (4% SDS, 100 mM 193 

Tris-HCl, 50 mM DTT). Released proteins (2 mg of crude lysate, as measured by BCA assay) 194 

were then isolated via 20% TCA and re-suspended in 250 μl 8 M urea, as previously described 195 

(22). B - SN proteins were concentrated to 1 ml by centrifugal membrane filtration (Vivaspin 20 196 

PES, 5 kDa MW cutoff, GE Healthcare), TCA-precipitated, acetone-washed and re-suspended 197 

in 250 μl of 8 M urea. C - Proteins bound to Avicel (SB) were first stripped from the spent 198 

substrate (~10 ml) with 10 ml SDS lysis buffer plus boiling and sonication. Samples were then 199 

centrifuged at 4500 x g and supernatant collected. Proteins in this crude SB fraction were then 200 

concentrated, precipitated, washed, and re-suspended, as described in B above. Following 201 

isolation and denaturation, proteins obtained from each fraction, now in 250 μl of 8 M urea, were 202 

reduced (dithiothreitol), alkylated (iodoacetamide), digested (two additions of trypsin), and 203 

prepared for 2D-LC-MS/MS analysis, as previously described (22). Peptide concentrations were 204 

measured by BCA assay.  205 
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To reveal the protein complement of each fraction, 25-, 50-, or 100-μg peptides (SB, SN, 206 

WC respectively) were bomb-loaded onto a biphasic MudPIT back column (56, 93) packed with 207 

~5 cm strong cation exchange (SCX) resin, followed by ~3 cm reversed phase (RP) resin (Luna 208 

and Aqua resins, respectively; Phenomenex). Loaded peptides were then washed/desalted 209 

offline, placed in-line with an in-house pulled nanospray emitter packed with 15 cm RP resin and 210 

analyzed via MudPIT 2D-LC-MS/MS analysis, as previously described (22). Briefly, for WC 211 

analysis, a full 24-hr MudPIT was employed (eleven salt cuts at 5, 7.5, 10, 12.5, 15, 17.5, 20, 212 

25, 35, 50, 100% of 500 mM ammonium acetate followed by 100-min organic gradient). For 213 

both SN and SB peptide fractions, a mini-MudPIT was utilized (four salt cuts at 10, 20, 35, 100% 214 

of 500 mM ammonium acetate followed by 100-min organic gradient). Peptide fragmentation 215 

data was collected via a hybrid LTQ XL-Orbitrap mass spectrometer (Thermo Fisher Scientific) 216 

operating in data-dependent mode. Full MS1 scans (2 μscans; 5 MS/MS per MS1) were 217 

obtained using the Orbitrap mass analyzer set to 15K resolution, while MS/MS scans (2 μscans) 218 

were obtained/performed in the LTQ. 219 

Resultant peptide fragmentation data (MS/MS) obtained from each fraction/organism 220 

were scored against their respective annotated proteomes downloaded from NCBI (Table 1) 221 

using the SEQUEST database searching algorithm (19). Peptide-sequenced MS/MS spectra 222 

were filtered (XCorr: +1= 1.8, +2 = 2.5, +3= 3.5, DeltCN 0.08) and assembled into protein loci by 223 

DTASelect (82). Peptide spectral counts (SpC) resulting from intraspecies, non-unique peptides 224 

were balanced across their shared protein source (22) to prevent overestimation of protein 225 

abundance that could occur between proteins with high degrees of homology, i.e. glycoside 226 

hydrolases. Once balanced, SpC for each fraction (SB, SN, and WC) were converted to 227 

normalized spectral abundance factors (NSAF) (101) applying a fractional SpC shift (0.33) to all 228 

proteins as described in (44). Normalized data from each species and fraction were grouped 229 

together based on OrthoMCL in order to identify trending by orthologous proteins. Using the 230 
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NSAF values, enrichment scores for both SB (SBE=NSAFSB/[NSAFWC+NSAFSN]) and EC 231 

(ECE=[NSAFSB+NSAFSN]/NSAFWC) fractions were calculated. Subcellular and extracellular 232 

partitioning was calculated (50% equals equal partitioning) to visualize in Excel how the NSAF 233 

was split between fractions. 234 

 235 

RESULTS AND DISCUSSION 236 

General genome characteristics. Eight closed Caldicellulosiurptor genome sequences 237 

were examined to seek out determinants for the capacity to degrade plant biomass, defined by 238 

the ability to hydrolyze the various polysaccharide components of biomass, including crystalline 239 

cellulose (Table 1). These species represent globally diverse, terrestrial isolation sites (North 240 

America, Iceland, Russia, and New Zealand) (Fig.1A). Genome sizes for the Caldicellulosiruptor 241 

species range from 2.43 to 2.97 Mb, with an average genome size of 2.74 Mb and average G+C 242 

content of 35.5% across the genus (Table 1). Previous work has demonstrated a range in 243 

cellulolytic capacity for this closely-related genus (9). No one feature of the Caldicellulosiruptor 244 

genomes appears to correlate with location or phenotype; however, the two North American 245 

strains have the smallest genomes, both by nucleotide number and ORF count (Table 1). 246 

Phylogenetic analysis based on the three 16S rRNA loci found in each genome (Fig.1B) 247 

confirms previous reports that the genera are closely related to each other, with C. 248 

saccharolyticus, an isolate from New Zealand, the most divergent among this group. Building a 249 

dendrogram based on 16S ribosomal RNA (rRNA) phylogeny, species sharing common 250 

biogeography form location-specific clades, regardless of phenotype, such as the isolates from 251 

North America, Iceland and Russia (Fig.1A and 1B). Using members from the orders 252 

Clostridiales, Thermoanaerobacterales and Dictyoglomales as outgroups, C. saccharolyticus 253 
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appears to be the oldest member of its genus, due to greater divergence from the other species, 254 

having branched off earliest in the Caldicellulosiruptor clade (Fig.1A).  255 

The ancestral nature of C. saccharolyticus is reinforced by considering the whole 256 

genome using average nucleotide identity (ANI, Fig.1C) (72). Considering location-specific 257 

clades formed using 16S rRNA sequences, we explored whether or not this same trend would 258 

hold true once entire genomes were considered. This proved to be the case, with the Icelandic 259 

species, which are highly related (shared ~98% identity) and the North American species 260 

(shared ~92% identity) (Fig.1C and Table S1). Interestingly, one species isolated from Russia, 261 

C. hydrothermalis, is slightly more related to an Icelandic species, C. lactoaceticus, when ANI is 262 

considered (Fig.1C and Table S1). Furthermore, when the closed genome sequences are 263 

aligned, based on geographical location, areas of macrosynteny are apparent, again regardless 264 

of cellulolytic phenotype (see Fig.S1), these areas of macrosynteny are not apparent when all 265 

eight genomes are aligned, due to genetic rearrangement during evolution of the genus (data 266 

not shown).  While 16S phylogeny and ANI are widely used for taxonomic classification of 267 

species, they are not appropriate metrics to assign phenotype within the genus 268 

Caldicellulosiruptor, especially with respect to cellulolytic capability. 269 

Growth on plant biomass and complex carbohydrates differentiates between 270 

weakly and strongly cellulolytic Caldicellulosiruptor species. To explore the relationship 271 

between genome content and growth on complex carbohydrates, the eight Caldicellulosiruptor 272 

species were cultured on crystalline cellulose (Avicel), xylan, acid-treated switchgrass and filter 273 

paper (Fig.2). While all species grew well on acid-pretreated switchgrass (SWG), which contains 274 

hemicellullose, cellulose and pectin (71), more variability was noted for growth on Avicel 275 

(Fig.2A). All species also grew well on xylan, as expected, based on the core genome (Fig.2). 276 

However, growth on Avicel (Fig.2A) and filter paper (Fig.2B) differentiated the strongly from 277 

weakly celluloytic species across the genus. In general, C. bescii, C. kronotskyensis, C. 278 
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saccharolyticus, and C. obsidiansis grew best on Avicel and filter paper, with C. lactoaceticus 279 

growth at a somewhat lower level. C hydrothermalis, C. kristjanssonii, and C. owensensis, 280 

however, grew less on these substrates, and did not break down filter paper to any visible 281 

extent (Fig.2B). These growth experiments provided a perspective for comparative genomic 282 

analysis with respect to crystalline cellulose hydrolyzing capability. 283 

Caldicellulosiruptor core- and pan-genomes. In order to identify specific determinants 284 

between the Caldicellulosiruptor genomes that would enable some species and not others to 285 

hydrolyze crystalline cellulose, a baseline view of the genomes is required. The 286 

Caldicellulosiruptor core and pan genomes (Fig. S1, also see Dataset 1), based on these eight 287 

sequenced species, contain 1580 and 4009 genes, respectively (43, 86). The pan genome was 288 

found to be open, such that the projected number of orthologous genes discovered with each 289 

new species sequenced reaches an asymptote of 125 genes. This result is not surprising, given 290 

that these species are isolated from dynamic environments, specifically environments with 291 

variable nutrient types for organotrophic growth (28). Functional characterization of the core 292 

Caldicellulosiruptor genome using COG analysis indicated that, while translation and amino acid 293 

transport families are enriched in the core versus pan-genome, carbohydrate metabolism and 294 

transport remain the major features of the genus Caldicellulosiruptor (Fig.S2 and Table S2). For 295 

the core genome, approximately 120 genes are involved in carbohydrate transport and 296 

metabolism according to COG classification (Table S2), which includes the main glycolysis 297 

pathway, six ABC transporters and 30 CAZy-related proteins (Fig.S3). This suggests that the 298 

core Caldicellulosiruptor genome is capable of extracellular xylan, glucan and starch hydrolysis, 299 

xylan de-acetylation, as well as import of the resulting oligosaccharides and their catabolism 300 

through central metabolism (Fig.3 and Fig.S4). Interestingly, all six of the core ABC transporters 301 

are from the CUT1 group (Table S4) (91), which forms the basis for Caldicellulosiruptor 302 

organotrophic import of oligosaccharides (75, 77) that are then further processed to their 303 
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respective monosaccharides. Of additional interest is the co-localization of glycoside hydrolases 304 

and carbohydrate ABC transporters, especially among those included in the Caldicellulosiruptor 305 

core genome (Fig.S3). A previous study (91) also observed this phenomenon in C. 306 

saccharolyticus, and may be indicative of synergy between centralized carbohydrate 307 

hydrolyzing and import systems. However, the core genome suggests that not all 308 

Caldicellulosiruptor species are capable of crystalline cellulose hydrolysis, given that GHs 309 

belonging to families known to exhibit these biocatalytic capabilities are not identifiable in 310 

several genomes. 311 

The convergence of the number of orthologs in the core genome and the open nature of 312 

the Caldicellulosiruptor pan genome indicates that each species is endowed with a set of 313 

specific genes beyond the core that relate to the types of carbohydrates present in their 314 

environment. Comparisons between the frequencies of the Caldicellulosiruptor-unique KEGG 315 

BLASTp hits in the core versus pan Caldicellulosiruptor genome showed an increase in unique 316 

proteins in the pan versus core genome, with C. bescii possessing the largest number and 317 

frequency of Caldicellulosiruptor-unique proteins (Table S3).  Analysis of the top ranked 318 

BLASTp hits from strongly cellulolytic versus weakly cellulolytic species did not exhibit any 319 

trends based on cellulolytic capability. Top ranked KEGG BLASTp hits do highlight the major 320 

phyla with homologs to proteins from the genus Caldicellulosiruptor, including Firmicutes, 321 

Dictyoglomi, Thermotogae, Proteobacteria and Euryarchaeota. Since the genus 322 

Calidcellulosiruptor is classified under the phylum Firmicutes, identifying the majority of best 323 

BLASTp hits from Firmicutes was expected (48). Members of the phyla Dictyoglomi, 324 

Thermotogae, Proteobacteria and Euryarchaeota are often isolated or identified from the same 325 

locations as the genus Caldicellulosiruptor (33, 38). As such, Caldicellulosiruptor proteins that 326 

are direct homologs to proteins from the above mentioned phyla are likely the result of historical 327 

horizontal gene transfer (HGT) in their environment (53). Common biogeography influencing 328 
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16S rRNA and ANI-based phylogenetic analyses was not necessarily observed in context with 329 

the number of distinct phyla from KEGG best BLASTp hits, indicative of HGT that is not 330 

otherwise detected by phylogenetic analyses. For example, the highly related species C. 331 

kristjanssonii and C. lactoaceticus (ANI = 98 to 98.1%, Table S1), share similar frequencies of 332 

best BLASTp hits from the major related phyla (Table S3), however C. kristjanssonii has 333 

BLASTp best hits to a total of 31 phyla compared to C. lactoaceticus with 22 phyla.  Due to the 334 

open nature of the Caldicellulosiruptor pan genome, HGT events are important for the evolution 335 

of Caldicellulosiruptor species capable of succeeding in their dynamic environments. Increasing 336 

the number of Caldicellulosiruptor genome sequences available would also further identify 337 

unique genes acquired through HGT, a fraction of which map back to specific aspects of 338 

carbohydrate hydrolysis, transport and metabolism. 339 

Relationship between ABC carbohydrate transporter inventory and growth 340 

substrate range. Since non-core genes appear to be involved in a species’ ability to hydrolyze 341 

crystalline cellulose, the inventory of carbohydrate transporters was first considered. Overall, the 342 

genus Caldicellulosiruptor has six core ATP-binding cassette (ABC) transporters out of 45 in the 343 

pan-genome (Table S4). Substrate preferences for five of these core transporters have 344 

previously been assigned based on transcriptomic analysis of C. saccharolyticus (91). Only C. 345 

hydrothermalis, C. kronotskyensis and C. saccharolyticus contain unique transporters not found 346 

in the other sequenced Caldicellulosiruptor species. As mentioned above, all of the core ABC 347 

transporters are of the CUT1 type, which are typically involved in oligosaccharide import (75, 348 

77), although some of these CUT1 transporters from C. saccharolyticus will respond to 349 

monosaccharides (91). These transporters appear to import some, but not all, oligosaccharides 350 

that are generated by plant biomass hydrolysis. As there is a wide variety of CAZy-related 351 

genes found in the Caldicellulosiruptor genomes, there are also particular ABC transporters 352 

used by individual species to support growth on various types of plant biomass.  353 
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A connection between ABC transporter number and diversity and substrate range was 354 

evident in examining the genomes. C. lactoaceticus has the most restricted carbohydrate 355 

preferences (9, 58) and also has the fewest carbohydrate-related ABC transporters, in fact one-356 

third of those found in C. hydrothermalis. This further supports the point that C. lactoaceticus 357 

has evolved as a specialist on higher-chain plant polysaccharides and cannot use glucose to 358 

support growth due to a lack of a transporter for glucose. The next closest related species to C. 359 

lactoaceticus, C. kristjanssonii, has only three more transporters than C. lactoaceticus, and is 360 

capable of growth on glucose (9, 12), strongly implicating one of those three additional 361 

transporters in glucose uptake. Two of these transporters have previously been implicated in 362 

glucose import for C. saccharolyticus, and this finding further confirms that result (91).  363 

C. hydrothermalis contains the most transporters of any member of the genus, with 39 364 

ABC transporters predicted to be involved in carbohydrate transport. On a whole, the G+C 365 

content of C. hydrothermalis is higher than the rest of the genus (Table 1), implying that it has 366 

obtained genes through HGT. Indeed, seven ABC transporters from C. hydrothermalis are 367 

unique to the genus and could potentially be the result of HGT. Interestingly, C. hydrothermalis 368 

grows weakly on Avicel (Fig.2A), and does not visibly deconstruct filter paper (Fig.2B), 369 

indicating that transporter inventory does not correlate to the ability to hydrolyze crystalline 370 

cellulose. Instead, it appears that C. hydrothermalis may have evolved by either importing 371 

diverse types of carbohydrates into the cell or using multiple transporters to maximize uptake of 372 

specific carbohydrates. 373 

Overall, no common transporter set could be identified that was only present in 374 

cellulolytic, but not weakly cellulolytic Caldicellulosiruptor species (Table S4). This finding 375 

seems reasonable, given that all isolated species have been described as having the ability to 376 

grow on cellobiose (12, 28, 32, 62, 70, 81, 98). Since these bacteria are assumed to live in plant 377 

biomass degrading communities, even if a species is lacking strong cellulolytic machinery, it 378 

would be beneficial to maintain the ability to import cellulose hydrolysis products. In addition, no 379 
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correlation between the number of transporters and cellulolytic ability was evident (Table 2). 380 

However, the diversity of carbohydrate transporters in weakly cellulolytic species merits further 381 

consideration, when considering the design of a biocatalyst for CBP. By incorporating a large 382 

number of diverse carbohydrate transporters, flux through many different catabolic pathways 383 

could be maintained, supported by the fact that the genus does not exhibit carbon catabolite 384 

repression (CCR) (89, 91). 385 

Similarities and subtle differences in core metabolism influence carbohydrate 386 

preferences. Since carbohydrate transporter diversity did not appear to correlate with specific 387 

determinants for cellulolytic ability, an examination of the metabolic capacity should be 388 

considered. However, based on the information reported here and for the previously sequenced 389 

Caldicellulosiruptor genomes (16, 89), the core metabolic pathways across the genus appear to 390 

be highly conserved. All species are capable of glycolysis through the Embden-Meyerhof-391 

Parnas (EMP) pathway, fermentation of xylose through a non-oxidative pentose phosphate 392 

pathway (PPP), uronic acid metabolism and oxidation of acetate-CoA/ reduce pyruvate through 393 

an incomplete citric acid cycle (TCA) (Fig.S4). The highly conserved EMP pathway would be 394 

responsible for oxidation of glucose liberated from cellulose or starch, and highlights the 395 

importance of both �-D- and �-D-glucose as an energy source. 396 

Outside of metabolism of cellulose and pectin, there are some differences between 397 

Caldicellulosiruptor species with respect to various monosaccharide metabolic pathways 398 

involved in hemicellulose metabolism. One subtle difference concentrates on the xylose 399 

isomerase (XI) of C. saccharolyticus, which is a class I XI, in contrast to the other species which 400 

use a class II XI (29, 41). The significance of this is currently unknown; however, all 401 

Caldicellulosiruptor species grow well on xylose (9) and the analgous complex polysaccharide 402 

xylan (Fig.2A), indicating that both types of XI are able to catalyze efficient xylose metabolism 403 

for the genus Caldicellulosiruptor.   404 
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Three other alternative pathways that feed into the PPP involve other aldopentoses: D-405 

ribose, L-arabinose and D-arabinose. To metabolize L-arabinose, a component of pectin and 406 

arabinoxylan, a putative L-fucose isomerase (MCL group 1847, Dataset 1) appears to be used 407 

by most species (Fig.S4). In contrast, the Icelandic Caldicellulosiruptor species lack the genes 408 

to metabolize any of these aldopentoses, which also explains their inability to grow on D/L-409 

arabinose and ribose (12, 58). This apparent lack of D/L-arabinose-specific isomerases and 410 

kinases would then theoretically reduce their capacity to metabolize a portion of the hydrolysis 411 

products from arabinoxylan.     412 

Another example of upstream carbohydrate conversion pathways influencing 413 

carbohydrate growth profiles is metabolism of deoxy-sugars, such as L-fucose and L-rhamnose. 414 

The plant cell wall component pectin can contain L-rhamnose, and xyloglucans can also be 415 

fucosylated (99), making the catabolism of deoxy-sugars important for the complete metabolism 416 

of all biomass-related carbohydrates. While some species possess complete pathways to 417 

metabolize deoxy-sugars, not all species have been described as being capable of growth on 418 

them; for example, C. bescii was described as being unable to grow on fucose (81). In addition, 419 

other species with incomplete deoxy-sugar pathways have been described as capable of growth 420 

on rhamnose, C. owensensis being one such example (32). This highlights the overall need for 421 

a better understanding of the alternate upstream carbohydrate conversion pathways. 422 

Glycoside Hydrolase (GH) inventory reflects the capacity for crystalline cellulose 423 

hydrolysis. Ultimately, the answer to what makes an organism weakly or strongly cellulolytic 424 

rests to a large extent on their enzymatic inventory. As discussed above, the inventory of 425 

carbohydrate transporters and metabolic pathways only give clues about the metabolic capacity 426 

of the organism after deconstruction of plant biomass. Therefore, a comparative analysis of their 427 

glycoside hydrolase (GH) inventory should highlight distinct determinants for cellulose 428 

deconstruction. The pan-genome of the genus Caldicellulosiruptor encodes 134 carbohydrate-429 
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active enzymes (CAZy) (13), here classified as glycoside hydrolases (GHs), carbohydrate 430 

esterases (CEs), polysaccharide lyases (PLs), and carbohydrate binding modules (CBMs); 48 of 431 

these contain signal peptides and are predicted to be extracellular (Table 2). Carbohydrate-432 

active enzyme inventory of the pan genome constitutes the collective capacity of the genus to 433 

metabolize complex and simple carbohydrates, including various types of plant biomass. In a 434 

preliminary screen of carbohydrate-active enzyme inventory from the genus based on draft 435 

genome sequence data, GH family 48 and CBM family 3 were implicated as being essential 436 

elements for crystalline cellulose hydrolysis by Caldicellulosiruptor species (9). With eight 437 

finished genome sequences, a more complete assessment can be done.    438 

As might be expected of microorganisms capable of plant biomass degradation, each 439 

Caldicellulosiruptor species contains a significant number of GH domains and CBM modules in 440 

their genomes, ranging from 38 and 26, respectively, for C. kristjanssonii, and up to 84 and 63 441 

respectively, for C. kronotskyensis (Table 2).  These numbers are high in comparison to other 442 

thermophilic anaerobes, but are smaller when compared to fungi, such as Trichoderma reesei 443 

(~200) (16, 55). The genome of C. kronotskyensis contains 84 GH domains that represent 38 444 

different GH families, which is also the highest diversity of GH domains found in an anaerobic 445 

thermophile (13, 61).  This is about 50% more GH domains than many other Caldicellulosiruptor 446 

species (Table 2). However, the diversity of GH families does not necessarily map back to 447 

cellulolytic capability, as C. hydrothermalis and C. saccharolyticus possess 60 and 61 families, 448 

respectively, and have vastly different plant biomass deconstruction capabilities (Fig.2B).   449 

Approximately, one-fourth of the 121 CAZy-related ORFs are conserved across all eight 450 

sequenced Caldicellulosiruptor genomes and constitute the core. These 30 ORFs include 26 451 

enzymes containing GH domains, three containing carbohydrate esterase (CE) domains, and 452 

one with only a single CBM domain (Fig.3A). Four ORFs from this core are predicted to be 453 

extracellular, including Csac_0678 and its orthologs: a bifunctional GH5 domain enzyme (64); a 454 
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putative xylanase, a putative pullulanase, and a carbohydrate esterase (Fig.3A). In theory, these 455 

genes represent the minimal set of CAZy-related genes required for biomass deconstruction by 456 

a Caldicellulosiruptor species. While it may be tempting to use this list as an indication of the 457 

minimal set of extracellular enzymes required by the genus to support a plant biomass-458 

degrading lifestyle, functional homology of non-core enzymes must also be considered. Indeed, 459 

C. kristjanssonii has 11 GH domain-containing enzymes above the core Caldicellulosiruptor set, 460 

the lowest number of total GH domain containing enzymes in the genus. Note that the minimal 461 

set of carbohydrate-active enzymes in the genus does not equip the microbe for crystalline 462 

cellulose hydrolysis, although the GH5-containing enzyme does allow for random cleavage of 463 

amorphous cellulose (64). C. lactoaceticus, a closely related species to C. kristjanssonii, is 464 

cellulolytic and possesses only 6 more CAZy-related ORFs above that of C. kristjanssonii (Table 465 

2). Comparison with core-cellulolytic enzymes will highlight which of these six additional CAZy-466 

related ORFs are those important for cellulose hydrolysis. It appears that both species isolated 467 

from Iceland are “minimalists” with respect to gene inventory for carbohydrate hydrolysis. 468 

Seven additional genes conserved among the cellulolytic species comprise the core 469 

cellulolytic carbohydrate-active enzyme list (Fig.3B). This set includes full or partial homologs of 470 

enzymes with GH9 and GH48 domains linked by CBM3 modules, GH74 and GH48 domains 471 

linked by CBM3 modules, and a GH9 and GH5 linked by CBM3 modules (Fig.3B). Indeed, as a 472 

previous preliminary analysis suggested, those species that are strongly cellulolytic also 473 

possess enzymes with GH9, GH48 catalytic domains and CBM3 modules (9) (see Tables S5 474 

and S6). In fact, these enzymes are co-localized in loci that contain anywhere from four to 475 

seven modular multi-domain enzymes, all of which possess CBM3 modules (Fig.4). One weakly 476 

cellulolytic species, C. kristjanssonii, also has some CBM3-linked enzymes; however, none also 477 

have a GH48 domain, which appears to be the absolute determinant for crystalline cellulose 478 

hydrolysis in the genus (see Table S5). In the comparison between C. kristjanssonii and C. 479 

lactoaceticus, where six additional ORFs are present in the cellulolytic C. lactoaceticus, three 480 
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are core to cellulolytic species and only two multi-domain multifunctional ORFs are only 481 

encoded by cellulolytic Caldicellulosiruptor species, the GH74:GH48 enzyme and CelA, a 482 

GH9:GH48 enzyme (Fig.3B). Family 48 GHs are often characterized as cellobiohydrolases (2), 483 

supporting the theory that this particular family is responsible for the strong cellulolytic 484 

phenotype. Indeed, mutations in GH48-containing enzymes have disrupted the cellulolytic ability 485 

of Ruminococcus albus 8 (17), and reduced the cellulolytic efficiency of Clostridium 486 

thermocellum (61) and Clostridium cellulolyticum (67). There are cases, however, where the 487 

sole presence of a GH48 domain is not enough to promote a strong cellulolytic phenotype, as is 488 

the case for the cellulosomal Clostridium acetobutylicum (60, 74), even though the GH48 489 

enzyme was expressed and secreted as part of the cellulosome (46). Evidently, even in the 490 

case of the strongly cellulolytic Caldicellulosiruptor species, additional determinants beyond the 491 

presence of GH domains and CBM modules most likely exist that promote crystalline cellulose 492 

hydrolysis.      493 

Identification of secreted proteins provides insights into substrate attachment and 494 

hydrolysis. To further probe what determinants exist beyond the cellulolytic GH family-495 

containing enzymes in the genus Caldicellulosiruptor, Avicel-induced proteins were identified via 496 

bottom-up proteomics. Avicel was used as a model plant biomass substrate due to the large 497 

proportion of cellulose in plant cell walls, and previous studies on T. reesei cellulase systems 498 

demonstrating strong affinity of cellulases for Avicel (39, 63). A strong, potential irreversible 499 

interaction between Caldicellulosiruptor proteins and Avicel would be ideal for proteomic 500 

screening to identify substrate-bound proteins, since their affinity for Avicel would have to 501 

withstand washing steps to remove cells. Previous proteomic screens from members of the 502 

genus focused on the cell-free extracellular and whole cell fractions of cellulolytic 503 

Caldicellulosiruptor species (16, 44, 45). We previously reported on differential two dimensional 504 

SDS-PAGE profiles of cell-free supernatant from cells grown on Avicel, in an attempt to capture 505 
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protein-level differences of weakly to strongly cellulolytic Caldicellulosiruptor species (9). In 506 

order to fully capture differential protein expression between weakly and strongly cellulolytic 507 

Caldicellulosiruptor species an expanded proteomic screen was employed. Here, we describe 508 

the first comprehensive genus-wide screen of Avicel-induced proteins identified not only from 509 

cell-free supernatant (SN), and whole cell lysate (WC) but also from the Avicel-bound (SB) 510 

fraction from four selected strongly cellulolytic and three weakly cellulolytic Caldicellulosiruptor 511 

species.   512 

Overall, between 36 to 48% of total protein coding sequences predicted from 513 

Caldicellulosiruptor genomes was detected as peptides from the SB, SN and WC fractions using 514 

mass spectrometry (see Dataset 2). This is lower than 54% detection for C. bescii  (16) or 65% 515 

detection for C. obsidiansis (44) however, previous experiments included two or more growth 516 

substrates analyzed and/or measurements at various growth stages, whereas this study only 517 

included one growth substrate, Avicel. Peptides identified in the SB-fraction range from 16 to 518 

24% of total protein coding sequences detected, however the numbers could be inflated by the 519 

presence of intercellular proteins released by cells adhered irreversibly to Avicel. Weakly 520 

cellulolytic Caldicellulosiruptor species had the lowest frequency (16.7 and 20.1% for C. 521 

owensensis and C. hydrothermalis, respectively) of proteins detected in the SB fraction. This 522 

result is not unexpected. A weakly cellulolytic species would not be expected to produce many 523 

proteins that interact with cellulose, including the above mentioned multi-domain modular 524 

enzymes with CBM family 3 motifs. However, another weakly cellulolytic species, C. 525 

kristjanssonii, had the largest frequency of protein coding sequences detected in the SB 526 

fraction, again potentially from intercellular leakage. In fact, when the average substrate-bound 527 

enrichment score (SBE) for C. kristjanssonii is considered, it is lower than the average SBE over 528 

the entire genus, indicative of intercellular protein contamination of the SB fraction.  529 
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Identification of glycoside hydrolases bound to cellulose. Peptides classified as CAZy-530 

related ORFs were detected at higher frequencies than the complete proteome, ranging from 54 531 

to 83% detection (see Dataset 2). As expected, one of the highest detected fractions of 532 

extracellular peptides corresponded to proteins encoded by the gene cluster containing 533 

enzymes with CBM3 modules (MCL cluster 4, Dataset 2). These GHs were also enriched in the 534 

SB fraction versus the SN fraction (weighted percentages of 88%, 3%, and 9% total NSAF for 535 

SB, SN, and WC, respectively), agreeing with the cellulose-binding function of CBM family 3 536 

modules (88). One particular group, orthologs of CelA (GH9-CBM3-CBM3-CBM3-GH48, 537 

Fig.3B), was the most abundant CBM3-containing enzyme detected in the SB-fraction. Previous 538 

studies identifying extracellular proteins in C. bescii and C. obsidiansis grown on cellulose also 539 

found that CelA is the most abundant CBM3-containing enzyme produced by cellulolytic 540 

Caldicellulosiruptor species (45). Enrichment of cellobiohydrolases bound to Avicel has been 541 

noted before; in competitive binding assays using T. reesi cellulases, including 542 

cellobiohydrolases and endo-glucanases, the cellobiohydrolases bound with a higher affinity to 543 

Avicel (39). This observation further highlights the association of modular multi-domain enzymes 544 

containing both GH48 and CBM3 domains to crystalline cellulose and emphasizes their 545 

important role in its hydrolysis.  546 

One benefit of identifying proteins in the SB fraction is the discovery of previously 547 

overlooked enzymes, such as the enrichment of a modular multi-domain mannanase (GH26) 548 

enzyme on cellulose (23). This cellulolytic enzyme contains two CBM families, CBM27 and 549 

CBM35, which are found in the genomes of C. hydrothermalis, C. kristjanssonii, C. lactoaceticus 550 

and C. obsidiansis (MCL Group 2116, Dataset 2). Enrichment of this enzyme in the SB fraction 551 

was significantly higher in two weakly cellulolytic species, C. hydrothermalis and C. 552 

kristjanssonii (NSAF= 1.57 x 10-2 and 4.82 x 10-3 respectively), and significantly lower (almost 553 

non-existent) in the cellulolytic C. lactoaceticus (NSAF= 2.35 x 10-4). Furthermore, there was no 554 

detection of this protein either in the SN or WC fractions of strongly cellulolytic C. obsidiansis 555 
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grown on cellobiose, cellulose or switchgrass, as shown in another study (44). At minimum, this 556 

indicates that there are different regulatory mechanisms for weakly versus strongly cellulolytic 557 

species; those species lacking CBM3 protein loci are likely compensating with other enzymes. 558 

As mentioned above, previous reports using an orthologous enzyme from Caldicellulosiruptor 559 

sp. Rt8B.4 (23), characterized this enzyme as a mannanase, and there has been no further 560 

description of enzyme activity beyond that on gluco- and galactomannans (79). However, when 561 

carbohydrate binding specificity of the CBM motifs was investigated, it was noted that the N-562 

terminus of the protein, comprised of the CBM motifs, demonstrated affinity for not only 563 

mannan, but glucans such as soluble cellulose and �-glucan (80). It is not unusual for non-564 

cellulolytic enzymes to be targeted to cellulose in order to decouple cellulose from surrounding 565 

polysaccharides, as is the case for some of the multi-modular enzymes containing CBM3 motifs 566 

(MCL group 4, Dataset 1 and 2).  567 

Non-catalytic proteins bound to cellulose. Other proteins that have been theorized to be 568 

involved in microbe-substrate interactions were also enriched in the substrate-bound fraction 569 

(Fig.5). The major protein that forms the S-layer (MCL group 219, see Dataset 2) was found in 570 

the extracellular fractions of all species in significant amounts. In fact, this protein alone 571 

constituted over 9% of the total spectra collected across all organisms, with overall fractional 572 

partitioning of 35%, 53%, and 12% (SB, SN, and WC, respectively). However, as previously 573 

observed with 2-dimensional SDS-PAGE analysis (9), the supernatants of C. saccharolyticus 574 

and C. owensensis are enriched with the S-layer protein (see Dataset 2) relative to the other 575 

Caldicellulosiruptor spp. The recently characterized, S-layer-located cellulolytic enzyme, 576 

Csac_0678 (64), was also enriched in the SB-fraction (MCL group 1342, Dataset 2), as 577 

expected. Interestingly, only the ortholog from C. owensensis was strongly enriched in the SN-578 

fraction, potentially as a result of the truncated CBM28 motif, highlighting the importance of this 579 

particular CBM family in adherence to non-crystalline portions of Avicel (11). A role for four other 580 
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S-layer-associated proteins in substrate attachment can be assigned as well from their 581 

observed binding to Avicel (Fig.5). Though the majority does not have identifiable carbohydrate 582 

binding modules, they all strongly partition towards the SB fraction (86% of their total SpC 583 

collected overall).   584 

Another group of proteins potentially involved in substrate attachment are those 585 

assembled into flagella (Fig.5). Surprisingly, proteins comprising the flagella were detected 586 

primarily in the SN fraction for strongly cellulolytic species (22%, 67%, and 11% for SB, SN, and 587 

WC, respectively based on total NSAF), while for the weakly cellulolytic species the proteins 588 

were enriched in the SB fraction (54%, 37%, and 9% for SB, SN, and WC, respectively). 589 

Enrichment of the flagella in the SN fraction of strongly cellulolytic species indicates that 590 

cellulose will induce expression of flagellar genes, although in this case, the flagella were not 591 

detected as playing a role in cellular adhesion. In contrast, enrichment of flagella components in 592 

the SB fraction indicates a more important role for flagella in cellulose adhesion for weakly 593 

cellulolytic species. A two-stage mechanism for cell-surface attachment has been proposed for 594 

the Proteobacterium, Caulobater crescentus, with the reversible primary surface attachment 595 

mechanism involving the flagella, followed by attachment by type IV pili prior to biofilm formation 596 

in the irreversible secondary phase (42). Clearly, there are differing mechanisms for cellulose-597 

attachment even within the genus Caldicellulosiruptor, and the enrichment of flagella-related 598 

proteins in the SB fraction from weakly cellulolytic species may be indicative of an extended 599 

reversible attachment phase.  600 

Formation of a cellulolytic biofilm by the strongly cellulolytic species C. obsidiansis on 601 

cellulose surfaces has been shown previously (92). Since this irreversible secondary stage of 602 

cell-surface attachment occurs with a strongly cellulolytic species, we looked at the abundance 603 

of type IV pilus-related proteins to determine if these structures play a role. Indeed, fewer pre-604 

pilin subunits were detected for two of the weakly cellulolytic species as compared to strongly 605 

cellulolytic species. In addition, the pre-pillin subunits were enriched in the SN fraction for all 606 
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species (5%, 93%, and 2% for SB, SN, and WC, respectively). However, almost 7-fold less of 607 

these proteins were detected for the weakly cellulolytic species (MCL groups 443, 1652 and 608 

1819, Fig.5 and Dataset 2).  609 

Proteins from the type IV pilus genomic region that were enriched in the SB fraction 610 

(82% of total NSAF for MCL 1820; 97% of total NSAF for MCL 1653) belonged almost 611 

exclusively to the strongly cellulolytic species (Table 3). Annotated as hypothetical proteins, they 612 

have no significant homology to proteins outside of the genus. Orthologs from highly cellulolytic 613 

speices (C. bescii, C. kronotskyensis, C. obsidiansis and C. saccharolyticus) had identity scores 614 

ranging 81% to 95% (MCL 1820) and 85% to 99% (MCL 1653), whereas orthologs from species 615 

isolated in Iceland were highly homologous with each other (99% identity) yet much more 616 

divergent from the highly cellulolytic group with identity scores ranging from 36% to 37% (MCL 617 

1820) and 40% (MCL 1653). Indeed, when predicted parameters such as molecular weight and 618 

isoelectric point are compared within MCL group 1820 and 1653, orthologs from C. 619 

lactoaceticus and C. kristjanssonii are the smallest proteins, and in the case of MCL group 1820 620 

the most positively charged with a predicted pI over 8 (Table 3).     621 

Orthologous MCL group 1820 is expressed by all species examined, and was enriched 622 

in the SB fraction, in some cases over 90% of total NSAF. Since an ortholog in MCL group 1820 623 

is also expressed and found enriched in the SB fraction from the weakly cellulolytic C. 624 

kristjanssonii, these proteins do not impart a strong cellulolytic phenotype. However, the ORF 625 

directly downstream, represented by orthologous MCL group 1653, was only detected by 626 

proteomic screening in the highly cellulolytic species examined and was also enriched in the SB 627 

fraction (Table 3). The demonstrated differential expression of this MCL group during growth on 628 

cellulose implicates MCL group 1653 in a Caldicellulosiruptor species’ ability to hydrolyze 629 

crystalline cellulose.  Based on genomic proximity of the ORFs to the type IV pilus locus and the 630 

enrichment of these proteins in the SB fraction, we propose that these proteins are novel 631 
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adhesins that mediate attachment of type IV pili to cellulose (MCL groups 1820 and 1653, Fig.5 632 

and Dataset 2). Gram positive species sequenced so far generally have one genomic locus that 633 

contains the cluster of type IV pilus assembly genes, including hypothetical proteins located 634 

adjacent to the locus (66). When the genomic neighborhood of type IV pili genes were 635 

examined, it appears that the adhesins and the type IV pili locus also reside directly upstream of 636 

the cellulase gene cluster in strongly cellulolytic species lending evidence towards a synergistic 637 

expression pattern (see Table S7). No orthologs of these adhesins are found in the genome of 638 

C. owensensis, a weakly cellulolytic species, which instead possesses other adhesin-like 639 

proteins located downstream of the type IV pili locus (Table 3 and Table S7). However, both 640 

adhesins from C. owensensis were enriched in the SN fraction and the sole adhesin from C. 641 

hydrothermalis was not detected in any of the protein fractions (Table 3). A potential role for 642 

those adhesin-like proteins cannot be ruled out, and indeed low levels of mRNA for Calhy_0908 643 

were detected when C. hydrothermalis was grown on cellobiose or switchgrass (data not 644 

shown) In the case of C. owensensis, while type IV pilus-proximate proteins were not enriched 645 

in the SB fraction, these proteins are expressed in response to the detection of 646 

cellooligosaccharides and may mediate attachment to other polysaccharides found in biomass 647 

such as xylan, pectin or mannans. Determination of the polysaccharide specificity of these 648 

putative adhesins, as well as further characterization of the interplay between neighboring 649 

adhesins are the subjects of ongoing experiments.  650 

Was the ancestral Caldicellulosiruptor cellulolytic? The genomic neighborhoods of 651 

type IV pili and CBM3-containing enzymes present an interesting case of presumed genomic 652 

rearrangement of cellulases in a weakly cellulolytic species, C. kristjanssonii and the closely 653 

related strongly cellulolytic species, C. lactoaceticus. Since the CBM3-containing enzymes of C. 654 

kristjanssonii and C. lactoaceticus are found in blocks throughout their respective genomes 655 

instead of a single locus, genomic rearrangement can explain the separation of the type IV 656 
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locus and CBM3-containing enzymes. Genomic rearrangement in this locus could explain the 657 

lack of GH48-containing enzymes in C. kristjanssonii and, hence, weak growth on crystalline 658 

cellulose (Fig.2A). Since the genomic identity is very close (ANI of ~98%, see Table S1) 659 

between these two species with vastly different phenotypes on cellulose, it begs the question of 660 

which phenotype came first in the Caldicellulosiruptor lineage: strongly or weakly cellulolytic?  661 

Two clusters of CAZy-related enzymes exist in the pan-genome; one cluster includes 662 

primarily glucan-degrading enzymes (GDL) with CBM 3 (CBM3) domains (Fig.4) and the other 663 

that contains xylan-degrading enzymes (XDL) and xylooligosaccharide transporters (91).  Since 664 

Caldicellulosiruptor species from more than one continental location contain one or both 665 

clusters, it is likely that the ancestral Caldicellulosiruptor species contained both clusters. This 666 

also suggests that the ancestral Caldicellulosiruptor species was strongly cellulolytic and 667 

capable of crystalline cellulose deconstruction, and that weakly cellulolytic species have lost that 668 

ability through gene deletion events.   669 

Most members of the genus, except C. hydrothermalis and C. owensensis, have at least 670 

one homolog contained within the GDL, which would mean that C. hydrothermalis and C. 671 

owensensis either branched off from the Caldicellulosiruptor lineage prior to acquisition of those 672 

genes by the ancestral species, or that they lost the entire region after speciation. As mentioned 673 

before, the type IV pilus operon is also located directly upstream of the GDL in strongly 674 

cellulolytic species. The separation of these co-located regions, in addition to further genomic 675 

rearrangements in the GDL of Icelandic species, makes it likely that C. hydrothermalis and C. 676 

owensensis lost the GDL after speciation. In addition to the loss of the GDL, these two species 677 

also lost one or both cellulose-associating adhesins from the type IV pilus loci, indicating that 678 

gene loss occurred further upstream than just the GDL. Furthermore, if the weakly cellulolytic 679 

Caldicellulosiruptor species were the result of a separate lineage in the genus, one would 680 

expect the weakly cellulolytic species to be more genetically similar to one another, which 16S 681 
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phylogeny and ANI both disprove (Fig.1 and Table S1). It is also interesting that many genes 682 

located in the GDL cluster of the strongly cellulolytic Caldicellulosiruptor species appear to be 683 

the result of various recombination events after gene duplication of glycoside hydrolase 684 

domains with CBM3 domains (24, 36, 61) (Fig.4). Microsynteny in the GDL between C. 685 

saccharolyticus and C. kronotskyensis, two geographically distinct species (Fig.4), indicates that 686 

there has been additional rearrangement in the GDL of C. bescii after speciation.        687 

Conclusions. Eight whole genome sequences from the genus Caldicellulosiruptor, 688 

ranging from weakly to strongly cellulolytic species (Fig.2A), were assessed for determinants of 689 

cellulolytic capability. While biogeography was determined to play a role in the level of 690 

relatedness between species based on 16S phylogeny and ANI (Fig.1), it was not a reliable 691 

metric to predict phenotype. Using detailed comparative analysis of the genomes, carbohydrate 692 

transport and catabolic pathways were indicative of carbohydrate metabolic capabilities. 693 

However, genomic analysis is not enough to predict cellulolytic capability. This is not to say that 694 

there is no benefit of such an analysis, since metabolic engineering of a CBP organism will 695 

require detailed characterization of the import and metabolism of carbohydrates.  696 

Further analysis of the CAZy-related gene inventory did reaffirm previously predicted 697 

determinants for cellulolytic ability, namely enzymes possessing GH family 48 domains with 698 

CBM family 3 modules. Indeed, when the GDL for the cellulolytic species C. lactoaceticus is 699 

compared to the highly related C. kristjanssonii, the presence of a GH48-containing enzyme, a 700 

GH5-containing enzyme and an additional GH9 enzyme in C. lactoaceticus are the main 701 

differences. Since C. kristjanssonii already possesses a GH9 linked to CBM3 modules and 702 

other GH5-containing enzymes in its genome, it is unlikely that these were the determinants for 703 

a cellulolytic phenotype. Most likely, it is the presence of a GH48-containing enzyme that makes 704 

the difference, since GH family 48 are most often characterized as cellobiohydrolases (13). 705 

Additionally, when species that grow better than C. lactoaceticus on cellulose are considered 706 
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(Fig.2A), the enzyme CelA, which links a GH9 and GH48 with three CBM3 modules (Fig.4B), 707 

appears to be the determinant for strong cellulolytic growth. Lastly, proteomic-based 708 

identification of substrate-bound extracellular proteins revealed additional determinants for a 709 

strong cellulolytic phenotype, including two type IV pilus associated adhesins. As more 710 

Caldicellulosiruptor species genomes become available, the insights discussed here can be 711 

further evaluated. 712 
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 1078 

Table 2. Carbohydrate-related domains and transporter inventory 

Species Number of ORFs with: a Total b SigP c C.T. d 
GH CBM PL CE GT 

C. bescii 52 22 4 7 29 68 23 20 
C. hydrothermalis 62 17 1 6 28 74 15 39 
C. kristjanssonii 37 15 3 5 31 48 14 15 
C. kronotskyensis 77 28 4 9 35 93 32 28 
C. lactoaceticus 44 18 4 4 27 54 17 12 
C. obsidiansis 47 18 2 5 29 59 16 20 
C. owensensis 51 16 4 8 31 67 19 18 
C. saccharolyticus 59 17 1 6 30 70 17 25  
a GH, glycoside hydrolase; CBM, carbohydrate binding module; PL, polysaccharide lyase; CE, 1079 

carbohydrate esterase; GT, glycosyl transferase. Numbers of carbohydrate-active protein domains were 1080 

retrieved from the CAZy database, http://www.cazy.org (13). 1081 

b Indicates the total number of ORFs that contain either glycoside hydrolases, carbohydrate-binding 1082 

modules, polysaccharide lyases or carbohydrate esterases. 1083 

c SigP, signal peptide 1084 

d C.T., ATP binding cassette (ABC) carbohydrate transporter 1085 

Table 1. General Caldicellulosiruptor genome characteristics  

Species Culture 
Accession 

Genome 
Accession

Genome 
Size 
(Mb) 

Protein 
Coding

G+C 
Content 

(%) 
Ref(s). 

C. bescii DSM-6725 CP001393 2.93 2776 35.2 (16) 
C. hydrothermalis DSM-18901 CP002219 2.77 2625 36.5 (10) 
C. kristjanssonii DSM-12137 CP002326 2.80 2648 36.0 (10) 
C. kronotskyensis DSM-18902 CP002330 2.84 2583 35.0 (10) 
C. lactoaceticus DSM-9545 CP003001 2.62 2492 36.1 (10) 
C. obsidiansis ATCC BAA-2073 CP002164 2.53 2331 35.2 (28) 
C. owensensis DSM-13100 CP002216 2.43 2264 35.4 (10) 
C. saccharolyticus DSM-8903 CP000679 2.97 2760 35.2 (89) 



 

 

 1086 

 1087 
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 1091 

 1092 

 1093 

 1094 
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 1096 

 1097 

 1098 

a OrthoMCL group numbers for orthologous Caldicellulosiruptor proteins (see Data Set 1). No orthologous groups were assigned to the two 1099 
proteins detected from C. owensensis 1100 

b Predictions for Mol Wt and isoelectric point (pI) used the ExPASy Compute pI/Mw tool (20, [http://web.expasy.org/compute_pi/]) 1101 

c SigP, signal peptide; predicted using SignalP (68, [http://www.cbs.dtu.dk/services/SignalP/]) 1102 

d TMD, transmembrane domain; predicted using the TMHMM server (37, [http://www.cbs.dtu.dk/services/TMHMM/]) 1103 

e Protein abundance is reported as NSAF for each fraction screened: SB, substrate-bound; SN, supernatant; WC, whole cell lysate 1104 

f n/a, protein abundance not available 1105 

g nd, not detected in protein fractions using proteomics 1106 

 1107 

Table 3. Caldicellulosiruptor adhesins located downstream of type IV pilus gene clusters 

MCLa Gene Locus Protein Properties  Protein Abundancee 

AA Mol Wt (kDa)b pIb SigPc TMDd  SB SN WC 

18
20

 

Athe_1871 642 70.1 5.37 N Y  2.26E-03 1.07E-04 3.16E-06 
Calkr_0826 634 68.9 8.3 N Y  5.37E-03 8.54E-04 7.07E-05 
Calkro_0844 642 69.6 5.18 N Y  4.41E-03 8.77E-06 2.83E-06 
Calla_1507 634 69.0 8.02 N Y  9.80E-03 2.32E-03 5.45E-04 

COB47_1678 642 69.8 5.13 N Y  n/af n/a n/a 
Csac_1073 642 69.9 5.13 N Y  4.29E-03 2.49E-03 5.99E-05 

16
53

 

Athe_1870 649 70.3 6.37 N Y  2.04E-03 1.05E-05 3.13E-06 
Calhy_0908 638 71.0 5.8 Y Y  ndg Nd nd 
Calkr_0827 622 68.9 5.7 Y N  nd Nd nd 
Calkro_0845 649 70.5 7.02 N Y  6.95E-04 8.67E-06 2.80E-06 
Calla_1506 628 69.5 6.01 N Y  nd Nd nd 

COB47_1675 649 70.3 5.72 N Y  n/a n/a n/a 
Csac_1074 649 70.4 5.58 N Y  1.84E-04 1.75E-05 4.80E-05 

  Calow_1589 667 71.7 9.23 Y N  4.70E-03 1.60E-02 2.07E-04 
Calow_1590 900 100.2 5.12 N Y  2.93E-04 7.64E-04 7.79E-05 



 

 

FIGURE LEGENDS 1108 

 1109 

Figure 1. Biogeography of sequenced Caldicellulosiruptor species.  1110 

(A) Global distribution of cellulolytic and weakly cellulolytic species. Squares denote cellulolytic 1111 

species and circles denote weakly cellulolytic species. Colors shading the shapes indicate 1112 

common isolation locations.  1113 

(B) Phylogenetic tree using 16S ribosomal RNA sequences from sequenced species plus 1114 

related outliers. MEGA4 was used to calculate distances and built the phylogenetic tree (83).  1115 

(C) Phylogenomic heat plot using ANI as a measure of relatedness. Red indicates closer related 1116 

species while gray to blue indicates more distantly related species, the percentage of homology 1117 

for each pairing of species can be found in Table S1. Abbreviated species names follows the 1118 

assigned locus tags and are as follows: Cbes, C. bescii; Calhy, C. hydrothermalis; Calkr, C. 1119 

kristjanssonii; Calkro, C. kronotskyensis; Calla, C. lactoaceticus; COB47, C. obsidiansis; Calow, 1120 

C. owensensis; Csac, C. saccharolyticus; Cthe, Clostridium thermocellum; Dtur, Dictyoglomus 1121 

turgidum; Teth39, Thermoanaerobacter pseudethanolicus. 1122 

 1123 

Figure 2. Capacity for crystalline cellulose deconstruction and growth of 1124 

Caldicellulosiruptor species on complex substrates.  1125 

(A) Cell density (cells/ml) for each species after 24 hours of growth on: Avicel, microcrystalline 1126 

cellulose; Xylan, birchwood xylan; SWG, acid-treated switchgrass. Standard deviations are 1127 

equal to one third or less of cell density. Abbreviations follow the assigned locus numbering 1128 

system and are as follows: C, control; 1, Cbes, C. bescii; 2, Calhy, C. hydrothermalis; 3, Calkr, 1129 

C. kristjanssonii; 4, Calkro, C. kronotskyensis; 5, Calla, C. lactoaceticus; 6, COB47, C. 1130 

obsidiansis; 7, Calow, C. owensensis; 8, Csac, C. saccharolyticus. 1131 

 1132 



 

 

(B) Microbial deconstruction of Whatman #1 filter paper during growth. Fibers released from the 1133 

substrate at the bottom of the Hungate culture tube are indicative of enzymatic activity against 1134 

crystalline cellulose. 1135 

 1136 

Figure 3. Core carbohydrate-active enzymes and carbohydrate binding motif-containing 1137 

proteins from all eight Caldicellulosiruptor species. 1138 

(A) Core glycoside hydrolases (GH), polysaccharide lyases (PL), carbohydrate esterases (CE) 1139 

and carbohydrate binding motifs (CBM). Numbers refer to protein families established and 1140 

curated by CAZy (13, [http://www.cazy.org])  1141 

 1142 

(B) Core glycoside hydrolases for strongly cellulolytic species, dashed parentheses indicate 1143 

gene truncations in †, C. lactoaceticus, and ‡, C. saccharolyticus; solid parenthesis indicates an 1144 

additional CBM family 3 domain in C. lactoaceticus. 1145 

 1146 

Figure 4. Gene clusters of CBM3-containing glycoside hydrolases. Locus tags are as 1147 

follows: Cbes, Athe_1867-Athe_1853; Calkr, Calkr_0017, Calkr_1847~Calkr_1849, Calkr_2455, 1148 

Calkr_2522; Calkro, Calkro_0850~Calkro_0864; Calla,. Calla_0015~Calla_0018, 1149 

Calla_1251~Calla_1249, Calla_2311~Calla_2308, Calla_2385; COB47, 1150 

COB47_1673~COB47_1662; Csac, Csac_1076~Csac_1085.  CBM3 modules are denoted by 1151 

white diamonds, dashed means that orthologs posses the CBM3 module; green ovals, GH5; red 1152 

ovals, GH9; lilac ovals, GH10; blue ovals, GH44; grey ovals, GH48; purple ovals, GH74; blue 1153 

rectangles, polysaccharide lyase; beige arrow, GT39; brown rectangle, AraC transcriptional 1154 

regulator.  1155 

 1156 

Figure 5. Extracellular, cell membrane-bound proteins involved in microbe-cellulose 1157 

interactions of strongly cellulolytic Caldicellulosiruptor.  1158 



 

 

Highlighted proteins were detected in the supernatant or substrate-bound proteome. Proteins 1159 

found enriched in the substrate proteome are shaded red, those enriched in the supernatant are 1160 

shaded in green, proteins shaded blue indicate enrichment in the cell lysate. Noted proteins 1161 

shaded in grey were detected in all three protein fractions and were not determined to be 1162 

enriched in one fraction over another. Numbers in parentheses above proteins are nominal 1163 

labels given to orthologous families of proteins as determined by the OrthoMCL program (43). 1164 

Exact locus tag numbers for each orthologous protein family are found in Dataset 1 and NSAF 1165 

for each MCL group are found in Dataset 2. 1166 

 1167 

 1168 

 1169 

 1170 

 1171 

 1172 

 1173 
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