
 
 

ABSTRACT 

LEE, LAURA LYNN. Biodiversity of and Lignocellulosic Modes of Action by the Extremely 
Thermophilic Caldicellulosiruptor (Under the direction of Dr. Robert Kelly). 

Extremely thermophilic microorganisms have a promising, but yet unrealized, role to 

play in the deconstruction of lignocellulose for the production of bio-based fuels and chemicals. 

The bacterial genus Caldicellulosiruptor contains novel species that are highly proficient at 

breaking down untreated plant biomass: a key capability for prospective consolidated 

bioprocessing microorganisms. The most strongly cellulolytic species of this genus produce 

unique proteins with synergistic catalytic and binding capabilities that allow them to precisely 

target cellulosic substrates. To better pursue these microbes’ potential for lignocellulose 

degradation, specific genes and proteins have been investigated in multiple species to further 

characterize the overall biodiversity associated with ‘Caldi World’. 

Both individual species and environmental communities were used to re-assess genus-

wide biodiversity for the extremely thermophilic Caldicellulosiruptor genus. The overall genus’s 

protein inventory includes a variety of multi-domain carbohydrate active enzymes (CAZymes), 

some of which are co-located in a conserved genomic region, referred to as the Glucan 

Degradation Locus, in nearly all species and are specific determinants for crystalline cellulose 

utilization. Three recently sequenced species, Caldicellulosiruptor danielii, Caldicellulosiruptor 

morganii, and Caldicellulosiruptor naganoensis, have increased our understanding of this 

enzymatic inventory, and added completely new CAZymes to those previously found in this 

genus. When tested on microcrystalline cellulose and complex biomass, C. morganii exceeded 

the degradation abilities of previously-tested highly cellulolytic species and potentially 

represents a new model species for biomass bioprocessing and genetic modification. In addition, 

analysis of microcrystalline cellulose-enriched environmental samples from Yellowstone 



 
 

National Park revealed new information about genus biodiversity, yielding genomic signatures 

closely related to known Caldicellulosiruptor, but also evidence for other thermophilic 

fermentative anaerobes. One enrichment community had the highest capacity yet for 

lignocellulose solubilization, comparable to the levels achieved by C. morganii. Both studies 

confirmed the importance of particular glycoside hydrolase families required for highly 

cellulolytic phenotypes.  

Finally, binding to plant substrates is likely essential for lignocellulosic degradation by 

Caldicellulosiruptor species in their native environments. Novel proteins (tāpirins) were 

identified via transcriptomics and proteomics and found to be highly expressed in cellulose-

bound cells. There was no structural homology to previously studied proteins, indicating that the 

tāpirins are a new class of biomolecules and thereby establish a new paradigm for adherence of 

cellulolytic bacteria to cellulose. Deleting of the two tāpirin genes, along with the nearby pili 

locus, in Caldicellulosiruptor bescii prevented short-term binding to crystalline cellulose. To 

understand the diversity of these novel binding proteins in this genus, tāpirins from five different 

Caldicellulosiruptor species, which varied in cellulolytic activity, were examined. All proteins 

showed a binding specificity to substrates containing cellulose, but were unable to adhere to 

xylan. Furthermore, densitometry analysis highlighted differences between species, and indicated 

that tāpirins from the less cellulolytic species may bind more tightly to cellulose. Crystal 

structures of the C-termini (containing the hypothesized binding domain) of tāpirins from 

Caldicellulosiruptor hydrothermalis, Caldicellulosiruptor kristjanssonii, and 

Caldicellulosiruptor kronotskyensis were also characterized. Overall, the structures have similar 

aromatic and hydrophobic surfaces composed of b-helices that could mediate cellulose binding 

and are covered by a connecting loop which may control access to binding substrates; 



 
 

Calhy_0908 from C. hydrothermalis was the most different from a structural perspective, as the 

b-helix core was three turns longer than for the tāpirins in C. kronotskyensis and C. 

kristjanssonii, possibly relating to its potential high binding capacity. 

Both environmental communities and Caldicellulosiruptor isolates have highlighted the 

importance of specific catalytic domains and binding proteins for cellulose breakdown. These 

results further define the known biodiversity of the genus Caldicellulosiruptor and indicate that 

additional efforts to isolate new species could lead to more prolific lignocellulose-degrading 

bacteria. 
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Abstract 

Terrestrial hot springs near neutral pH harbor extremely thermophilic bacteria from the 

genus Caldicellulosiruptor which utilize the carbohydrate content of lignocellulose for growth. 

These bacteria are technologically important as potential consolidated bioprocessing platforms as 

the glycoside hydrolases from Caldicellulosiruptor are novel and prolific at deconstructing 

microcrystalline cellulose and hemicellulose. Furthermore, these species have successfully 

adapted to tightly bind specifically to cellulosic substrates via surface layer homology domains 

on enzymes and unique binding proteins only present in Caldicellulosiruptor. New species have 

continued to be characterized and sequenced to expand known members of ‘Caldi’ world. Aside 

from specifically highlighting key catalytic domains necessary for cellulose deconstruction, 

studying these new additions to Caldicellulosiruptor has shown that there is still untapped 

genetic diversity in this genus that is worth investigating. Further characterization of the highly 

cellulolytic Caldicellulosiruptor bescii has also been completed with genetic manipulation, and 

the resulting modification of genes has improved the understanding of lignocellulose degradation 

in these microbes. The next step forward will be to see if recently improved genetic tools can be 

used to insert heterologous pathways for producing bio-based fuels and chemicals, making 

Caldicellulosiruptor indisputably technologically relevant. 

 

Introduction 

The ability to utilize microcrystalline cellulose as a microbial growth substrate is rare. 

While there are examples of this physiological trait in the domains Bacteria (e.g., Clostridium 

thermocellum (1)) and the Eukaroyotes (e.g., Trichoderma reesei (2)), the slow kinetics of 

lignocellulose degradation in natural environments reflects the relative paucity of 
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microorganisms with this capability. About 30 years ago, terrestrial hot springs in New Zealand 

yielded gram positive, fermentative anaerobes in the then described bacterial genus Caldocellum, 

all of which grew on glucans and hemicellulose and some of which grew on microcrystalline 

cellulose (3). These Firmicutes have now been isolated globally from continental geothermal 

features and been re-assigned to the genus Caldicellulosiruptor (“hot cellulose breaker”), and 

interest in these organisms has only grown over time (Figure 1.1) (4). Examination of the 

biological diversity in such environments (5) has since helped realize that multiple, different 

clusters of cellulolytic anaerobes exist, based on 16S rRNA sequencing and general phenotypic 

analyses (6). Many previously designated and undesignated species have now emerged as part of 

the genus Caldicellulosiruptor based on their growth physiology and whole genome sequencing 

(7, 8) revealing that these bacteria are the dominant residents of these high temperature (~70-

80°C) environments.   

Metagenomic sequencing has reinforced the dominance of the Caldicellulosiruptor genus 

in terrestrial hot springs for certain temperature ranges. Studies at Yellowstone National Park 

have examined the diversity of microorganisms present in a range of pool temperatures and 

environmental conditions (9). Overall, lower temperature springs (68°C) showed a much greater 

variety of operational taxonomic units (OTUs) than higher temperature springs. But even within 

the same pool, a slight increase in natural spring temperature (74°C vs. 80°C) lowered the 

number of both bacterial and archaeal sequences found (9). Interestingly, the presence of 

cellulosic substrates affected the range of microbes identified even more so. When samples from 

lower temperature pools (68°C (9) and 68-75°C (8)) were enriched on cellulose and grown at 

temperatures up to 80°C, the diversity greatly decreased. At 70-80°C, metagenomes consisted of 



4 
 

at least 80% Caldicellulosiruptor species, underlining the rarity of the concomitant ability to 

survive at extremely thermophilic conditions and utilize cellulose as a carbon source. 

 

Biodiversity of the Caldicellulosiruptor genus 

Starting with Caldicellulosiruptor saccharolyticus (originally characterized as 

Caldocellulum saccharolyticum (3)), fourteen species currently represent the 

Caldicellulosiruptor genus. Six of these species have been genome sequenced within the last 

several years: Caldicellulosiruptor acetigenus, Caldicellulosiruptor changbaiensis, 

Caldicellulosiruptor danielii, Caldicellulosiruptor morganii, Caldicellulosiruptor naganoensis, 

and Caldicellulosiruptor sp. str. F32 (Figure 1.2). Not only have the addition of these six species 

broadened the geographical range that Caldicellulosiruptor bacteria have been found to inhabit, 

they also updated the genus pan-genome.  

The clearest example of this expanded diversity of strongly cellulolytic species. 

Previously, only Caldicellulosiruptor bescii and Caldicellulosiruptor kronotskyensis were known 

to be highly efficient lignocellulose degraders (10). In fact, C. bescii has been touted as the most 

cellulolytic, thermophilic microbe known-to-date, as well as being the ideal Caldicellulosiruptor 

to study, since it is the only species currently that can be genetically engineered (11, 12). 

However, C. danielii, C. morganii, and C. naganoensis now also belong in this category (8). The 

potential use of these microbes for lignocellulose degradation expands the options for utilizing 

renewable feedstocks for bio-based fuels and chemicals.      

Sequenced genomes are currently available for thirteen Caldicellulosiruptor species 

(Figure 1.2), thereby significantly expanding the library of genes and providing insights into the 

biodiversity in this genus.  Differences between strongly and weakly cellulolytic phenotypes and 
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corresponding glycoside hydrolase and carbohydrate binding module inventories (Figure 1.3) (8, 

10, 13) are now more readily discerned. The fact that the pan genome is still open suggests that 

new discoveries are still possible which may reveal additional clues to the basis for 

lignocellulose utilization. 

 

Glycoside Hydrolases from Caldicellulosiruptor 

Cellulolytic Caldicellulosiruptor species use unique approaches to degrade cellulosic 

substrates. While some less thermophilic microorganisms freely secrete individual cellulases 

(14) and others assemble large multi-protein complexes, called cellulosomes (15), with binding 

and cellulolytic capabilities, Caldicellulosiruptor species deploy a novel system with properties 

of both. Although not nearly the size of massive cellulosomes, the multi-modular extracellular 

enzymes expressed by each species contain both catalytic and non-catalytic domains. Glycoside 

hydrolases (GHs) are responsible for the majority of the biomass degradation, while cellulose 

binding modules (CBMs) anchor the otherwise free enzymes to polysaccharides (Figure 1.4). 

This combination of activities within single enzymes has given Caldicellulosiruptor species an 

edge in processing multiple polysaccharides in complex biomasses. For instance, the secretomes 

from T. reesei (from which commercially available enzyme cocktails are produced) and C. bescii 

were compared in their ability to handle lignocellulose (16). The typical fungal cellulases were 

outperformed by C. bescii’s extracellular carbohydrate active enzymes (CAZymes (17)), as T. 

reesei could hydrolyze only 40% of the tested cellulose whereas C. bescii continued to convert 

cellulose into soluble sugars over time. Caldicellulosiruptor enzymes provide advantages in 

degrading hemicelluloses as well. Enzyme mixtures from multiple Caldicellulosiruptor species 

have shown that they easily degrade xylan at temperatures up to 80°C (18, 19), and may even 
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have synergistic effects with commercial enzyme cocktails as well, potentially being the basis for 

sequential enzymatic treatment processes on lignocellulose (19).  

The specific catalytic and binding activity of each carbohydrate active enzyme 

(CAZyme) is related to the categorized family of the GH, CBM, or any other associated 

domains, and is a function of the specific groupings of these modules. For example, CelA is a 

novel cellulase specific to certain members of the Caldicellulosiruptor genus and consists of 3 

different types of domains: GH9-(CBM3)n-GH48; removing different modules in this enzyme 

not only impacted the thermostability of the protein, but also greatly decreased its ability to 

degrade cellulose (20). Originally identified twenty years ago (21), this enzyme has been 

thoroughly characterized (20, 22-26), and is definitive of a strongly cellulolytic phenotype in 

Caldicellulosiruptor species. All moderately to highly cellulolytic members of 

Caldicellulosiruptor isolates contain at least a partial version of CelA in their genome; in fact, 

the presence of the full-length gene serves as a definitive indicator of a strongly cellulolytic 

phenotype (8). In support of this, deletions of the gene encoding CelA in C. bescii resulted in a 

significantly reduced ability to degrade cellulose in switchgrass, poplar, and Avicel (26, 27). 

While CelA is undoubtedly a major factor in microcrystalline cellulose degradation, it is 

not the only cellulase found in Caldicellulosiruptor species. Indeed, in ten of the sequenced 

Caldicellulosiruptor species, there is a specific genomic region called the Glucan Degradation 

Locus (GDL) that includes CelA (either truncated or full-length) and multiple other CAZymes 

(10, 27). The number of GHs in the GDL reflect increased cellulolytic capability, although there 

are variations in GH combinations in this region among species (8, 10).  In C. bescii, GDL 

CAZymes were specifically deleted both individually and simultaneously (27). Along with CelA 

(GH9/GH48 pairing), deletions of Athe_1859 (GH5/GH44 pairing) and Athe_1857 
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(GH10/GH48 pairing) impeded lignocellulose degradation, demonstrating the importance of 

other GH9/GH48/GH44 combinations in cellulose degradation. 

With the additional Caldicellulosiruptor sequencing (Figure 1.2), questions on which 

specific CAZyme domains are crucial for various polysaccharide degradation can finally begin to 

be answered more completely. GH48s have been reaffirmed as key indicators of high cellulolytic 

activity, as all strong cellulose degraders in Caldicellulosiruptor contain three instances of the 

domain (8). However, other GH families are still being individually characterized, with GH10s 

and GH5s being of main interest. Recently, a GH10 domain from C. bescii (in gene Athe_1857), 

which is typically a xylanase, was found to exhibit cellulase behavior (28). After incubation with 

different types of sugar substrates, the GH10 was active not only on xylan but also on four types 

of cellulose, and actually performed similarly to two units at the C-terminal of CelA (GH9-

CBM3) when both were recombinantly produced in E. coli (20). The structure of this GH10 

domain from C. bescii was fully characterized to understand more about this noted bifunctional 

catalytic activity on both xylan and cellulose (29). A longer binding cleft was responsible for the 

xylanase’s interaction with cellulose. When comparing this structure to other GH10 domains, 

eight residues related to cellulose degradation were highly conserved, suggesting that perhaps 

other GH10 members could have untested substrate bifunctionality as well. Additionally, new 

GH5s continue to be characterized in Caldicellulosiruptor species, including recently a novel 

lichenase in Caldicellulosiruptor sp. F32 (30), and an endo-mannanase with heat-activation 

properties (31) in C. bescii. 

Aside from these heavily-studied GH families (GH5, GH10, and GH48), multiple other 

catalytic domains have been annotated and are still in the process of being characterized (32-43). 

Recently, the first instance of a GH12 has been identified in Caldicellulosiruptor; C. danielii, C. 
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morganii, and C. naganoensis; all have a GH12-containing CAZyme in their GDL, which are 

among the few enzymes with a total of three catalytic domains in the genus (8). While the GH12 

family overall has been shown to have endoglucanase and xyloglucanse activity (44, 45), the 

individual GH12 domains themselves have not yet been fully examined in Caldicellulosiruptor. 

However, one full enzyme with a GH12 from C. danielii, Wai34_2053 (GH10-CBM3-GH12-

GH48), was tested on crystalline cellulose over a range of temperatures. Compared to CelA, 

Wai35_2053 was approximately half as active on Avicel at 70°C, but was slightly more 

comparable in activity as temperatures increased to 80°C and CelA’s activity begin to decline; 

interestingly, Wai35_2053 was much less sensitive to thermal changes and is more thermostable 

than CelA at the tested range (8). These multi-catalytic unit CAZymes need to be investigated in 

more detail, as broad substrate specificities in specific domains could result in unique modes of 

action, similar to what was seen with CelA.   

 

Carbohydrate Binding Modules (CBM) and Proteins in Caldicellulosiruptor 

Caldicellulosiruptor species have several mechanisms for binding to and associating with 

carbohydrates. CBMs are necessary for specific enzymatic functions; for instance, with CelA 

(20) removal of the CBM domains significantly affected cellulose hydrolysis. Truncation 

mutants of CelA lacking two of the three CBMs resulted in decreased hydrolysis of crystalline 

cellulose (20). Mutating key tryptophan residues in one of the CBM3s further reduced Avicel 

degradation, indicating the importance of these binding modules. The three CBM3 domains in 

CelA collectively play a major role in enzyme function. While the two competing GH families 

degrade different ends of the polysaccharides, the CBM3s allow CelA to bind to and persistently 

burrow into the material (22).  The addition of CBM3s to other GH families has also been shown 
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to improve their activity on crystalline cellulose (28). While much focus has been on CBM3s, 

many other CAZymes also are paired with other CBM families, and it is likely that their 

respective binding to various polysaccharides is crucial to those enzyme activities as well. For 

example, a CBM28 in a C. bescii endo-1,4-β-glucanase (Athe_0594) was shown to have high 

affinity for amorphous cellulose, causing the enzyme to irreversibly bind to, and become 

immobilized on, targeted substrates (46). The presence or absence of CBMs have been shown to 

both negatively and positively affect the thermostability of CAZymes (34), indicating that these 

modules play a  complex role in enzyme structure and function beyond catalysis and binding.   

Non-catalytic domains can also enhance carbohydrate acquisition and degradation. 

Surface layer homology (SLH) domains attach to the bacterium’s surface (S) layer, and fix 

CAZymes to the outside of the cell (47, 48). Many Caldicellulosiruptor proteins contain SLH 

domains, including the largest CAZyme in the genus, Calkro_0111 (2435 amino acids) in C. 

kronotskynesis (49). A few Caldicelluosiruptor specific SLH-containing enzymes have been 

characterized, which has indicated their importance in the microbes’ overall ability to degrade 

various substrates (48, 49), depending on the GH families comprising the enzymes. 

However, not all binding capabilities are due to motifs within CAZymes. Unique to 

Caldicellulosiruptor species by sequence and structure, novel proteins, named tāpirins, were first 

characterized when microscopy demonstrated cells clearly adhering to cellulosic substrates and 

extracellular structures were visualized on the cell surface (10, 50). Further analysis of 

fractionated cell cultures from seven Caldicellulosiruptor species via proteomics identified the 

presence of two classes of novel proteins present in cellulose-bound fractions, and their 

attachment to crystalline cellulose was confirmed by expressing C. kronotskyensis tāpirins in 

yeast cells. Genomic studies have annotated at least one tāpirin gene in each Caldicellulosiruptor 
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species sequenced thus far, despite the large range of cellulolytic abilities found in these bacteria. 

To investigate these differences in more detail, tāpirins from multiple species were produced 

recombinantly and in vitro protein assays tested their binding to various cellulose substrates (see 

Chapter 4 in this dissertation). These proteins appear to be specifically attached to cellulose and 

only bound to plant cell wall components containing cellulose. In fact, tāpirins have similar 

binding affinities to cellulose as CBM3s, and a partial crystal structure highlighted amino acid 

loops that potentially directly interact with the cellulose fibers. Currently, the structure indicates 

that aromatic and hydrophobic residues within the C-terminal part of the protein are responsible 

for cellulose binding while a flexible peptide loop may protect and control access to this region. 

Although further testing is required, these proteins are located next to type IV pili the 

Caldicellulosiruptor genomes and are likely exposed on the cell membrane beside or as part of 

pili proteins (Figure 1.5). 

Other plant cell wall binding proteins have been identified in the Caldicellulosiruptor 

genus as well by specifically fractionating C. bescii cells grown on complex plant biomass (51). 

Four proteins extracted from grass-bound fractions were found to lack enzymatic activity, but 

instead successfully attached to various insoluble and soluble plant components including 

Avicel, mannan, and xylan. With such wide binding specificity, it is interesting to note that 

homologs to these proteins were found across Caldicellulosiruptor species. Such studies 

highlight the importance of understanding non-catalytic proteins for improving lignocellulose 

degradation.  

Genetic engineering of Caldicellulosiruptor 

Caldicellulosiruptor becii is one of the few anaerobes with a functional genetic system 

(52). The genetic engineering pipeline for these non-model organisms began with the 
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identification of one of the necessary methylation patterns within C. bescii (Figure 1.6). 

Identifying the restriction enzyme, CbeI, and its cut site was crucial for determining how to 

protect foreign DNA during transformation. Screening and selection methods thus far have been 

done mostly with nutritional selection (53). Typical antibiotic methods to force positive 

transformants are not as available for extremely thermophilic microbes, given the lack of 

resistance genes and instability of the actual antibiotic compounds. In C. bescii, uracil 

prototrophy was first purposefully deleted via spontaneous mutations (ΔpyrBCF) with 5-FOA, 

resulting in the partial deletion of genes involved in the uracil biosynthetic pathway (53). Once 

the corresponding methyltransferase to CbeI was identified (53) and a replicating shuttle vector 

was designed and tested (54), the basis of the genetic engineering system was set for C. bescii.   

Since this initial parent strain was developed, multiple versions of modified C. bescii 

strains have been generated (Figure 1.6). Initially, the focus was on creating new parent strains, 

including a smaller, yet still useful, spontaneous deletion of uracil biosynthesis genes (ΔpyrFA) 

(54) and of CbeI (ΔpyrFA ΔcbeI) (55). This removed the need for methylation of inserted DNA 

and demonstrated the first targeted knockout of genes in C. bescii; similar methods were also 

shown to work in the more weakly cellulolytic C. hydrothermalis (55, 56). Using genetic 

engineering, both metabolic and cellulolytic pathways have been targeted within C. bescii. The 

first of these was the removal of lactate dehydrogase (Δldh) (11), which successfully eliminated 

lactate production and shifted product formation into acetate and hydrogen. More importantly, 

this strain was the basis for ethanol production by C. bescii, first by inserting acetaldehyde 

dehydrogenase (adhE) from Clostridium thermocellum (57) and then separately by inserting 

adhB or adhE from Thermoanaerobacter pseudethanolicus (58). While at most only 14.7 mM 

(57) and 2.3 mM (58) ethanol has been produced in C. bescii at this point, this represents a major 
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step towards Consolidated BioProcessing (CBP) (59). Several other strains have also been 

created to investigate the importance of specific genes for lignocellulose degradation, including 

knockouts of pectin lysases (60), and multiple glycoside hydrolyases, such as the major cellulase, 

CelA (26, 27), and knockins of enzymes from species native to (49) or outside of (61-65) the 

Caldicellulosiruptor genus.  

In the span of 5 years, basic techniques for Caldicellulosiruptor genetic manipulation 

have been established, but not without many hurdles (Figure 1.6). The most recent advance has 

been a move away from nutritional requirements for transformant selection with C. bescii. A 

high temperature kanamycin gene (htk), originally optimized for 80°C in Thermus thermophilus, 

was utilized in C. bescii to design both replicating and non-replicating vectors (12). With htk 

expression, C. bescii grew well in concentrations of kanamycin up to 200 and 800 μg ml-1 in the 

replicating and genome-integration strains, respectively; parent and wild type strains were 

normally inhibited by only 10 μg ml-1 of kanamycin. Not only was htk shown to be a valuable 

selective marker, but its use also led to the generation of new genomic parent strains (MACB), 

starting with the targeted, markerless, clean deletion of pyrE, and subsequent individual deletions 

of CbeI and ldh. 

Additionally, early during the pipeline development, a transposon, ISCbe4, was identified 

in the ldh gene of a C. bescii genetic parent strain, leading to the identification of 47 autonomous 

insertion elements across eight sequenced Caldicellulosiruptor species (66). This later led to an 

investigation in the genomic stability of the existing parent strains, which showed that the 

potential of transposon insertions was more severe than originally thought (67). Sequencing both 

old (JWCB) and new genetic linages indicated that, while seven types were identified, the only 

active insertion element in C. bescii appears to be ISCbe4. The number of instances of ISCBe4 
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increased greatly from 7 in wild type C. bescii to 23 in the most modified JWCB parent strain, 

JWCB018. The MACB lineage on the other hand only gained 1-3 replicates of ISCbe4. Along 

with transposons, the study also identified several mutations present in the JWCB strains, 

ranging from single nucleotide polymorphisms to whole deletions or genome arrangements; the 

latter additionally highlighted the importance of resequencing whole strains, as a misassembly of 

a highly studied area (which includes CelA) in the original reference wild type genome of C. 

bescii was noted (67, 68). Overall, the MACB genetic strains have been shown to be more 

genomically stable and generally more similar to wild type, making them the best base strain to 

continue genetic manipulations in C. bescii.  

 

Conclusions and Future Directions 

While significant advances have been made in the biology and biotechnology of 

Caldicellulosiruptor, there are still missing elements required to fully develop C. bescii into an 

optimal metabolic engineering platform (Figure 1.6). Currently, only one to two genes at a time 

have been inserted into the chromosome or expressed of a plasmid. While ethanol production in 

Caldicellulosiruptor has been demonstrated, only one enzyme was needed to complete the 

pathway (57, 58). Utilizing these organisms to express multi-enzyme, non-native pathways is a 

necessary step forward, one which will require constant strain vigilance, especially given the 

known transposon issues with previous genetic parent strains (66, 67).  

Additionally, most protein expression thus far has been controlled with C. bescii’s native 

S-Layer protein (SLP) (Athe_2303) promoter (11, 12, 24, 27, 57, 61-63, 65, 69). As SLP is 

expressed at high levels naturally, any recombinant protein in C. bescii using it has also been 

expressed at maximum levels. While this works well for testing successful gene expression, 
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metabolic regulation of products needs to be fine-tuned. Only one other promoter has been used 

in engineering of C. bescii (the Athe_2105 promoter) (11, 27, 49, 52, 54, 60), and both it and Pslp 

have currently limited researchers to only constitutive expression of proteins. A next major 

milestone for the Caldicellulosiruptor genetics pipeline is the generation of a native promoter 

library such that the varying levels of protein expression needed for complex pathways can be 

ensured. Also, to date only constitutive expression has been possible in C. bescii, such that 

identifying inducible promoters would also be useful. 

Currently thirteen Caldicellulosiruptor species have been genome-sequenced from 

multiple geographic locations (Figure 1.7). However, even with this expanding pool of species 

to investigate, there is still genetic diversity to be uncovered as evident with a currently classified 

‘open’ pan-genome (8). The most recent characterization of three new species, C. danielii, C. 

morganii, and C. naganoensis (8) has demonstrated the potential value further isolation and 

sequencing can have, as all three improved our understanding of strong cellulolytic phenotypes 

and knowledge of important CAZyme domains in the Caldicellulosiruptor genus. Through the 

use of metagenomic sequencing, continued exploration of unsampled environments can continue 

to identify key species, genes, and proteins needed for all aspects of lignocellulose degradation.  
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Figure 1.1. The number of papers published on Caldicellulosiruptor each year. Also 
included are papers with Caldocellulum saccharolyticum and any other pre-reannotation of 
current Caldicellulosiruptor species. 
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Figure 1.2. Isolation and sequencing timeline of the Caldicellulosiruptor genus. Green, 
orange, and blue boxes represent the isolation, reclassification, and sequence date of the species, 
respectively. 
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Figure 1.3. Representation of the total number of glycoside hydrolase (GH) (A) and 
carbohydrate binding module (CBM) (B) domains present in Caldicellulosiruptor. Numbers 
represent the particular GH or CBM family represented by the connected color section.  
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Figure 1.4. Examples of CAZymes in Caldicellulosiruptor species consisting of both 
catalytic (GH) and non-catalytic (CBM, SLH, and Cadherin-like) domains. 
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Figure 1.5. Diagram of potential tāpirin expression on the Caldicellulosiruptor surface. The 
binding proteins are hypothesized to either be on the cell surface (shown on the left) or 
decorating pili (shown on the right). The c-terminal portion of the protein has been crystallized 
(50), which indicates that it is directly involved with binding and most likely exposed to the 
cell’s surroundings (shown here in dark gray is one of the key features from the structure: a 
flexible loop protecting the binding pocket).  
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Figure 1.6. Timeline of genetic tool development in Caldicellulosiruptor bescii.  
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Figure 1.7. Isolation locations and features were Caldicellulosiruptor species were 
identified. Colors correspond to map location (yellow, Iceland; green, Russia; blue, China; 
orange, New Zealand; red, Japan; and purple, USA). 
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Abstract  

The genus Caldicellulosiruptor contains extremely thermophilic, cellulolytic bacteria 

capable of lignocellulose deconstruction. Currently, complete genome sequences for eleven 

Caldicellulosiruptor species are available. Here, we report genome sequences for three additional 

Caldicellulosiruptor species: Rt8.B8 DSM 8990 (New Zealand), Wai35.B1 DSM 8977 (New 

Zealand), and “Thermoanaerobacter cellulolyticus” strain NA10 DSM 8991 (Japan). 

 

Genome Announcement 

Lignocellulose-degrading microorganisms are of considerable interest for their use in the 

production of fuels and chemicals from renewable feedstocks. The genus Caldicellulosiruptor 

contains the most thermophilic, plant biomass–degrading bacteria isolated thus far, with optimal 

growth temperatures between 70 and 78°C (1). To date, complete genome sequences are available 

for 11 Caldicellulosiruptor species (1,–7). From this information, it was determined that the 

Caldicellulosiruptor pangenome is still open, indicating that there is additional diversity within 

the genus, potentially involving yet-to-be discovered biomass-degrading enzymes and pathways. 

In light of this, three Caldicellulosiruptor isolates previously isolated from terrestrial hot springs 

were genome sequenced. Two were isolated from sites in New Zealand: Caldicellulosiruptor sp. 

strain Rt8.B8 DSM 8990 and strain Wai35.B1 DSM 8977 from Rotorua and Waimangu, 

respectively (8). The third, from Nozawa Hot Spring, Nagano Prefecture, Japan, was originally 

classified as “Thermoanaerobacter cellulolyticus” strain NA10 DSM 8991 (9, 10), although its 

genome sequence indicates that it belongs to the genus Caldicellulosiruptor. 

The draft genomes of T. cellulolyticus NA10, Caldicellulosiruptor sp. strain Rt8.B8, and 

Caldicellulosiruptor sp. strain Wai35.B1 were produced by constructing Pacific Biosciences 
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(PacBio) SMRTbell libraries, sequencing on the PacBio RS platform (11), and correcting errors 

on the Illumina platform for each microorganism at the DOE Joint Genome Institute (JGI). This 

generated 81,181, 150,202, and 166,964 filtered subreads totaling 349.1, 591.3, and 670.4 Mbp 

for T. cellulolyticus NA10, Caldicellulosiruptor sp. strain Rt8.B8, and Caldicellulosiruptor sp. 

strain Wai35.B1, respectively. All raw reads were accumulated via HGAP (12) and classified into 

genes using Prodigal (13) along with GenePRIMP (14). The predicted coding regions were then 

checked against the National Center for Biotechnology Information (NCBI), UniProt, TIGRFam, 

Pfam, KEGG, COG, and InterPro databases to annotate the genomes within the Integrated 

Microbial Genomes (IMG) platform (http://img.jgi.doe.gov). Specific genes, such as tRNAs, 

rRNAs, and other noncoding RNAs, were identified by searching the genome with the 

tRNAScanSE tool (15), SILVA rRNA gene models (16), and INFERNAL 

(http://infernal.janelia.org). 

The final draft assembly of T. cellulolyticus NA10 DSM 8991 contained 12 contigs in 12 

scaffolds, totaling 2,514,985 bp, with an input read coverage of 88.9×. The final draft assembly of 

Caldicellulosiruptor sp. strain Rt8.B8 contained 2 contigs in 2 scaffolds, totaling 2,488,483 bp in 

size, with an input read coverage of 165.6×. Lastly, the final draft assembly of Caldicellulosiruptor 

sp. strain Wai35.B1 contained 1 contig in 1 scaffold, totaling 2,834,482 bp in size, with an input 

read coverage of 175.6×. The G+C content was 35.39%, 36.49%, and 35.78% for T. cellulolyticus 

NA10, Caldicellulosiruptor sp. strain Rt8.B8, and Caldicellulosiruptor sp. strain Wai35.B1, 

respectively. We expect that the novel features we are identifying in these genomes will further 

contribute to our understanding of the metabolic diversity of lignocellulolytic capabilities within 

the Caldicellulosiruptor genus. 

 



36 
 

Nucleotide sequence accession numbers 

These whole-genome shotgun projects have been deposited at DDBJ/EMBL/GenBank under the 

accession numbers LACN00000000, LACO00000000, and LACM00000000 for T. cellulolyticus 

NA10 DSM 8991, Caldicellulosiruptor sp. strain Rt8.B8 DSM 8990, and Caldicellulosiruptor sp. 

strain Wai35.B1 DSM 8977, respectively. The versions described in this paper are versions 

LACN01000000, LACO01000000, and LACM01000000 
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Abstract 

Metagenomic data from Obsidian Pool (Yellowstone National Park, USA) and 13 

genome sequences were used to reassess genus-wide biodiversity for the extremely 

thermophilic Caldicellulosiruptor. The updated core genome contains 1,401 ortholog groups 

(average genome size for 13 species = 2,516 genes). The pangenome, which remains open with a 

revised total of 3,493 ortholog groups, encodes a variety of multidomain glycoside hydrolases 

(GHs). These include three cellulases with GH48 domains that are colocated in the glucan 

degradation locus (GDL) and are specific determinants for microcrystalline cellulose utilization. 

Three recently sequenced species, Caldicellulosiruptor sp. strain Rt8.B8 (renamed 

here Caldicellulosiruptor morganii), Thermoanaerobacter cellulolyticus strain NA10 (renamed 

here Caldicellulosiruptor naganoensis), and Caldicellulosiruptor sp. strain Wai35.B1 (renamed 

here Caldicellulosiruptor danielii), degraded Avicel and lignocellulose (switchgrass). C. 

morganii was more efficient than Caldicellulosiruptor bescii in this regard and differed from the 

other 12 species examined, both based on genome content and organization and in the specific 

domain features of conserved GHs. Metagenomic analysis of lignocellulose-enriched samples 

from Obsidian Pool revealed limited new information on genus biodiversity. Enrichments 

yielded genomic signatures closely related to that of Caldicellulosiruptor obsidiansis, but there 

was also evidence for other thermophilic fermentative anaerobes 

(Caldanaerobacter, Fervidobacterium, Caloramator, and Clostridium). One enrichment, 

containing 89.8% Caldicellulosiruptor and 9.7% Caloramator, had a capacity for switchgrass 

solubilization comparable to that of C. bescii. These results refine the known biodiversity 

of Caldicellulosiruptor and indicate that microcrystalline cellulose degradation at temperatures 
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above 70°C, based on current information, is limited to certain members of this genus that 

produce GH48 domain-containing enzymes. 

 

Importance 

The genus Caldicellulosiruptor contains the most thermophilic bacteria capable of 

lignocellulose deconstruction, which are promising candidates for consolidated bioprocessing for 

the production of biofuels and bio-based chemicals. The focus here is on the extant capability of 

this genus for plant biomass degradation and the extent to which this can be inferred from the 

core and pangenomes, based on analysis of 13 species and metagenomic sequence information 

from environmental samples. Key to microcrystalline hydrolysis is the content of the glucan 

degradation locus (GDL), a set of genes encoding glycoside hydrolases (GHs), several of which 

have GH48 and family 3 carbohydrate binding module domains, that function as primary 

cellulases. Resolving the relationship between the GDL and lignocellulose degradation will 

inform efforts to identify more prolific members of the genus and to develop metabolic 

engineering strategies to improve this characteristic. 

 

Introduction 
The extremely thermophilic genus Caldicellulosiruptor consists of Gram-positive, 

fermentative, anaerobic bacteria that have been isolated from globally diverse, terrestrial, thermal 

environments (1). In the decade since the first genome of a Caldicellulosiruptor species was 

sequenced (2), much has been learned about the metabolism and physiology of these 

microorganisms, and biotechnological applications involving their novel, multidomain glycoside 

hydrolases (GHs) and fermentative metabolism have been considered (1). While all known 

http://aem.asm.org/content/84/9/e02694-17.full#ref-1
http://aem.asm.org/content/84/9/e02694-17.full#ref-2
http://aem.asm.org/content/84/9/e02694-17.full#ref-1
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species in the genus can grow on complex polysaccharides found in plant biomass, only a subset 

can extensively deconstruct microcrystalline cellulose (3). The key determinant for this 

phenotype appears to be the presence of GH48 domains encoded in the genome in the so-called 

glucan degradation locus (GDL) (4). For instance, in some species, this locus encodes a modular 

cellulase (termed CelA) that is unique to the genus Caldicellulosiruptor. CelA is composed of 

GH9 and GH48 domains surrounding a core of family 3 carbohydrate binding modules (CBM3s) 

that enable the enzyme to burrow into crystalline cellulose as part of its hydrolytic mechanism 

(5, 6). In addition to degradation of cellulose and hemicellulose, Caldicellulosiruptor species can 

attach to crystalline cellulose and plant biomass, a process by which substrate binding proteins 

(7), S-layer-located proteins (8, 9), and structurally unique binding proteins called tāpirins (10) 

have been implicated. Tāpirins are 70- to 100-kDa proteins associated with the cell envelope and 

implicated in mediating attachment with binding affinities comparable to those of CBM3 

domains. Thus far, Caldicellulosiruptor bescii is the only species in the genus that has been 

shown to have a tractable genetic system, and it has been successfully used to study and improve 

the features of this bacterium (8, 11–15). Recently, a kanamycin antibiotic selection marker was 

developed that significantly improves the ability for genetic manipulation of C. bescii (16) and 

facilitated development of genetically stable strains for metabolic engineering (17). 

Previously, the complete genome sequences of eight Caldicellulosiruptor species and 

their physiological characteristics were used to assess the capacity within the genus for 

lignocellulose deconstruction (4). Recently, genome sequences of three 

additional Caldicellulosiruptor species were reported: Caldicellulosiruptor sp. strain Rt8.B8 

(herein renamed Caldicellulosiruptor morganii), Caldicellulosiruptor sp. strain Wai35.B1 

(herein renamed Caldicellulosiruptor danielii), and “Thermoanaerobacter cellulolyticus” strain 

http://aem.asm.org/content/84/9/e02694-17.full#ref-3
http://aem.asm.org/content/84/9/e02694-17.full#ref-4
http://aem.asm.org/content/84/9/e02694-17.full#ref-5
http://aem.asm.org/content/84/9/e02694-17.full#ref-6
http://aem.asm.org/content/84/9/e02694-17.full#ref-7
http://aem.asm.org/content/84/9/e02694-17.full#ref-8
http://aem.asm.org/content/84/9/e02694-17.full#ref-9
http://aem.asm.org/content/84/9/e02694-17.full#ref-10
http://aem.asm.org/content/84/9/e02694-17.full#ref-8
http://aem.asm.org/content/84/9/e02694-17.full#ref-11
http://aem.asm.org/content/84/9/e02694-17.full#ref-12
http://aem.asm.org/content/84/9/e02694-17.full#ref-15
http://aem.asm.org/content/84/9/e02694-17.full#ref-16
http://aem.asm.org/content/84/9/e02694-17.full#ref-17
http://aem.asm.org/content/84/9/e02694-17.full#ref-4
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NA10 (herein renamed Caldicellulosiruptor naganoensis) (18). C. morganii and C. danielii were 

isolated in Rotorua and Waimangu, New Zealand, respectively, while C. naganoensis was 

isolated from Nagano Prefecture in Japan (19) (Figure 3.1). The sequences of these organisms, 

along with the genome sequences of Caldicellulosiruptor acetigenus(20) 

and Caldicellulosiruptor sp. strain F32 (21), were used in this study to reevaluate 

the Caldicellulosiruptor core genome and pangenome to further assess biodiversity within the 

genus and among other extremely thermophilic bacteria (22). After analysis of eight genomes, 

the Caldicellulosiruptor pangenome remained open (4), suggesting that there are still 

unidentified genes and pathways that could be important for lignocellulosic degradation by these 

bacteria and be useful for guiding metabolic engineering strategies for the production of bio-

based fuels and chemicals. In this investigation, we updated the pangenome by analyzing 

recently sequenced Caldicellulosiruptor species. We also include metagenomic data from 

geothermal hot spring enrichments in Yellowstone National Park (YNP), USA. Furthermore, to 

provide additional perspective on microbial lignocellulose degradation at elevated temperatures, 

genomes of Caldicellulosiruptor species were compared to those from the genus Thermotoga 

(23), which contains bacteria with similar optimal growth temperatures (Topts) that are also 

capable of growth on complex polysaccharides but are unable to utilize microcrystalline 

cellulose. 

 

Results and Discussion 

Reassessment of biodiversity in the genus Caldicellulosiruptor. Since the last 

comprehensive analysis of the genus (4), five more species isolated from different locations 

worldwide have had their genomes sequenced (18, 20, 21, 24, 25) (Fig. 1). Although the 16S 

http://aem.asm.org/content/84/9/e02694-17.full#ref-18
http://aem.asm.org/content/84/9/e02694-17.full#ref-19
http://aem.asm.org/content/84/9/e02694-17.full#F1
http://aem.asm.org/content/84/9/e02694-17.full#ref-20
http://aem.asm.org/content/84/9/e02694-17.full#ref-21
http://aem.asm.org/content/84/9/e02694-17.full#ref-22
http://aem.asm.org/content/84/9/e02694-17.full#ref-4
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rRNA sequence is available for another species, Caldicellulosiruptor changbaiensis, its genome 

sequence has not been reported (24). As a result, both the core genome and pangenome (Figure 

3.2) could be updated to include C. acetigenus (20), Caldicellulosiruptor sp. strain F32 (21), C. 

danielii, C. morganii, and C. naganoensis (18). The average number of identifiable genes in the 

13 available genomes is 2,516, with a range of 2,331 to 2,776 genes. The 

reevaluated Caldicellulosiruptor core genome corresponds to 1,401 orthologous groups, 

compared to the previous estimate of 1,580 based on eight genomes (4). Furthermore, the 13 

currently available Caldicellulosiruptor genomes contribute to a pangenome of 3,493 

orthologous groups, which appears to remain open (Figure 3.2). High levels of diversity 

resulting from genome plasticity likely contribute to the pangenome, even as additional species 

are identified and metagenomic samples become available from Caldicellulosiruptor biotopes. 

Previously, 16S rRNA phylogeny and whole-genome average nucleotide identity (ANI) 

indicated a correlation between geographical location of strain isolation and the genome 

sequence of the strain (4). With the addition of five new genomes, this correlation still holds true 

for certain geographical locations; for example, the Caldicellulosiruptor isolates from North 

America, Iceland, and Russia have highly similar genomes (Figure 3.1; see also Table 3.S1 in 

the supplemental material). Caldicellulosiruptor hydrothermalis, a Russian isolate, is an 

exception, since it is also closely related to the Icelandic species. Based on ANI, C. 

hydrothermalis is 91.19% and 91.07% identical to two Russian isolates, C. 

bescii and Caldicellulosiruptor kronotskyensis, respectively, but also 91.13%, 90.66%, and 

91.10% identical to the Icelandic species C. acetigenus, Caldicellulosiruptor kristjanssonii, 

and Caldicellulosiruptor lactoaceticus, respectively. However, for the other Asian and New 

Zealand isolates, the connection between genome sequence and isolation site is not as evident. In 
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fact, all three New Zealand species have the strongest ANI relationship to isolates from other 

geographic locales. For example, Caldicellulosiruptor saccharolyticus is closest 

to Caldicellulosiruptor sp. strain F32 from China and C. naganoensis from Japan. Furthermore, 

of the currently available isolates, the most divergent is C. morganii, which by ANI (82.91% 

identity) is most closely related to C. naganoensis. 

Of primary interest here is the capacity of Caldicellulosiruptor species to degrade 

microcrystalline cellulose. Based on genome sequence analysis, it is possible to examine this 

characteristic in a predictive way. The number of annotated glycoside hydrolases (GHs) in the 

genome varies from 37 in C. kristjanssonii to 77 in C. kronotskyensis (Figure 3.1), although this 

total does not necessarily correlate with cellulolytic activity. The Caldicellulosiruptor genus can 

be divided into weakly cellulolytic (C. acetigenus, C. hydrothermalis, C. kristjanssonii, C. 

lactoaceticus, C. owensensis, and Caldicellulosiruptor sp. strain F32) and moderately to highly 

cellulolytic (C. bescii, C. kronotskyensis, C. morganii, C. danielii, C. naganoensis, C. 

saccharolyticus, and C. obsidiansis) species; the latter grouping includes all species containing 

the well-studied CelA cellulase, already shown to be important for cellulose utilization (5, 6, 26). 

Pfam domains most prevalent in either group were examined, but there were no significant 

differences between the two clusters. This is not surprising, as lignocellulose degradation is a 

complex trait. The weakly cellulolytic species generally have more phage, methyltransferase, and 

flagellar Pfam domains, plus domains of unknown function, while the moderately to strongly 

cellulolytic species have more type II/IV pili, clustered regularly interspaced short palindromic 

repeat (CRISPR), and ATPase Pfam domains. The genomes of highly 

cellulolytic Caldicellulosiruptor species do contain more glycosyltransferases, carbohydrate 

binding modules, and GHs. Furthermore, genome sequences for the weakly 
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cellulolytic Caldicellulosiruptor species encode GHs capable of glucan, xylan, and mannan 

hydrolysis but lack enzymes containing cellulose-degrading GH48 domains; C. bescii, C. 

kronotskyensis, and the newly sequenced species, C. danielii, C. morganii, and C. naganoensis, 

all contain three GH48 domains and are all prolific cellulose degraders, as discussed below. The 

five most strongly cellulolytic species also have the highest numbers of CBM3s, with 22, 38, 16, 

20, and 14 for C. bescii, C. naganoensis, C. kronotskyensis, C. morganii, and C. danielii, 

respectively; in contrast, C. lactoaceticus has 16 CBM3 domains and is weakly to moderately 

cellulolytic (only one GH48 domain) (4). 

Microcrystalline cellulose and plant biomass degradation by Caldicellulosiruptor 

species and YNP hot spring microbial communities. The cellulolytic capacities of 

characterized Caldicellulosiruptor species vary significantly (27), even among isolates 

originating from the same geographical area (4, 10). To examine this issue further, the capacity 

to degrade cellulose was determined for the three recently sequenced Caldicellulosiruptor  

species (C. danielii, C. morganii, and C. naganoensis) as well as for microbial enrichments 

obtained from Obsidian Pool, Yellowstone National Park (YNP). Cultures growing on cellobiose 

were examined to detect any major physiological differences, while growth on microcrystalline 

cellulose (Avicel) or switchgrass was used to assess potential phenotypic differences related to 

carbohydrate-active enzyme (CAZyme) inventories in these species. Overall, C. danielii, C. 

morganii, and C. naganoensis all grew similarly on cellobiose (Figure 3.3A), Avicel (Figure 

3.3B), and switchgrass (Figure 3.3C) with few exceptions, comparable to growth on these 

substrates by C. bescii, confirming that these isolates likely belong to the highly cellulolytic 

group of Caldicellulosiruptor species. Compared to the other species, C. danielii grew more 

rapidly than other species during early exponential phase on switchgrass only, perhaps a result of 

http://aem.asm.org/content/84/9/e02694-17.full#ref-4
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more efficient initial degradation of the hemicellulose fraction. However, cell counts only 

included the planktonic population, precluding potentially significant contributions from attached 

cells. Substrate solubilization, as measured by mass loss, was used to determine the composite 

degradative abilities of the cultures. C. danielii and C. naganoensis solubilized approximately 

80% of the cellulose (Avicel), again comparable to C. bescii, while C. morganii solubilized 92% 

of the Avicel (Figure 3.3D). On switchgrass, C. naganoensis performed similarly to C. 

bescii (26%), while C. danielii solubilized slightly less switchgrass (22%) and C. 

morganii slightly more switchgrass (30%) than C. bescii (Figure 3.3E). 

To further examine lignocellulose degradation by terrestrial hot spring microorganisms, 

samples were taken from multiple sites, ranging from 68 to 75°C and pH 6 to 6.5, within 

Obsidian Pool at YNP. These environmental cultures were enriched on cellulose and tested for 

the ability to solubilize switchgrass (Figure 3.3F). Four separate communities (B6, B7, B9, and 

AVI) were compared to C. bescii (3 GH48 and 16 CBM3 domains) and to an isolate native to 

YNP, Caldicellulosiruptor obsidiansis (2 GH48 and 10 CBM3 domains). C. obsidiansis 

solubilized 13% of the switchgrass, which was less than the amount solubilized by C. 

bescii (25%). Three of the four enrichments (B6, B7, and B9) also solubilized less switchgrass 

than C. bescii, but the other community (AVI) was superior, at 31%. These differential capacities 

to solubilize switchgrass are likely the result of variable community compositions in the 

environments, while differences in GDL cellulases impacted the relative extents of solubilization 

by C. bescii and C. obsidiansis. 

Biodiversity of extremely thermophilic, cellulolytic Obsidian Pool, YNP, microbial 

communities determined by metagenomic sequencing. Obsidian Pool, the native habitat of the 

moderately cellulolytic C. obsidiansis, had previously been investigated for general diversity of 
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cellulolytic microbes, and a 16S rRNA analysis revealed that at temperatures above 

65°C, Caldicellulosiruptor species dominate the microbiome (28). To identify  

Caldicellulosiruptor or other cellulolytic species in various locations of the pool, environmental 

samples were enriched on cellulose. 16S rRNA gene and metagenomic analyses of the 

enrichment communities confirmed the limited biodiversity of microorganisms involved in 

cellulose hydrolysis at high temperatures (>70°C). In total, there were only 7 to 9 operational 

taxonomic units (OTUs) identified in each enriched community, which appeared to be primarily 

cocultures of a dominant Caldicellulosiruptor species and a representative from one other genus 

(Table 3.1). Community B9 was the exception; based on 16S rRNA sequencing, 

a Caldanaerobacter species was the main member, at 61%, with a Caldicellulosiruptor species 

as the other component. Other genera identified, aside from Caldicellulosiruptor, 

were Fervidobacterium (approximately 16% and 0.1% for B6 and B7, respectively) 

and Caloramator (approximately 10% for AVI). The extent to which the non-

Caldicellulosiruptor species impacted switchgrass solubilization is unclear; for AVI, which 

exhibited the highest level of cellulose degradation, Caloramator species are reported to grow 

optimally at around 60°C (29), suggesting that their contribution would be minimal. 

From each of the metagenomic sequence data sets, large scaffolds (ranging from 2 to 3 

Mb) were completely assembled and appeared to represent single species genomes. Based on 

BLAST comparisons, each of these scaffolds has been associated with a particular species, and 

they corresponded closely with the 16S rRNA gene analysis. For instance, a 2-Mb contig from 

B6 was found to be 90% similar to Fervidobacterium pennivorans (Topt = 70°C [30]), a species 

whose genus makes up the second largest portion of the B6 microbial community but is not 

known to be cellulolytic. Likewise, the B7 community was 99.9% Caldicellulosiruptor by 16S 
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rRNA diversity estimates, and that also holds true for the genome assembly; the sequencing 

fragments all formed a single scaffold, which is 99% similar to the genome of C. obsidiansis. 

When considering multiple conserved ribosomal genes from each metagenomic community, the 

phylogenetic relationship between the different species present in B6, B7, B9, and AVI becomes 

clearer (Figure 3.4). Any Caldicellulosiruptor species from the metagenomes pair quite closely 

with C. obsidiansis in the tree, while non-Caldicellulosiruptor sequences align as expected with 

the species matching the full-length scaffold BLAST comparisons. 

Structure and composition of the GDL in Caldicellulosiruptor isolates and 

communities. A key genomic region in Caldicellulosiruptor species, the glucan degradation 

locus (GDL), encodes up to approximately 50 kb of sequence (in C. bescii) and contains the core 

secretome-bound CAZymes required for microcrystalline cellulose hydrolysis (Figure 3.5). This 

region in the newly sequenced cellulolytic species (C. danielii, C. morganii, and C. naganoensis) 

was compared to those in the other genome-sequenced Caldicellulosiruptor species (Figure 3.6). 

A phylogenetic tree from concatenated GDL nucleotide sequences identified both large and 

subtle differences among isolates and the YNP environmental communities. Similar to the 

geography-genome correlation (ANI and phylogenetic tree) that Caldicellulosiruptor species 

share with one another, the GDLs from similar locations mostly cluster together (Figure 3.5). 

However, the New Zealand isolates are fairly divergent from one another. The GDL from C. 

morganii clusters with the Icelandic isolates, while C. naganoensis (Japan) and C. danielii (New 

Zealand) cluster with C. saccharolyticus (New Zealand) and Caldicellulosiruptor sp. strain F32 

(China). As expected, the GDL from YNP environmental communities clusters most closely 

with C. obsidiansis, the YNP isolate. There are, however, some important differences between C. 

obsidiansis and the YNP metagenomes, in particular the presence of a GH10-CBM3-CBM3-
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GH48 enzyme in C. bescii and in some YNP communities which is missing in C. 

obsidiansis (Figure 3.5). Other subtle differences between the GDL for C. obsidiansis, B6, B7, 

B9, and AVI became apparent based on branching within the phylogenetic tree (Figure 3.6). For 

example, B6 appears to be the most similar, but not identical on a nucleotide level, to the GDL 

from C. obsidiansis. Although the GDL composition is predictive of a cellulolytic phenotype in 

terrestrial hot spring isolates and communities, there appears to be selection of GH and 

combinations such that even stronger cellulolytic phenotypes might be identified. 

Encoded within the GDL, the enzyme CelA, composed of GH9-CBM3-CBM3-CBM3-

GH48 domains, is a highly conserved indicator of a cellulolytic phenotype (4, 5). However, it is 

not the only enzyme with a GH48 domain in cellulose-degrading Caldicellulosiruptor species 

(Figure 3.5) (3, 4, 27). Both C. bescii and C. kronotskyensis have two additional GH48 domains 

in the GDL, previously the most identified to date in Caldicellulosiruptor species. Compared to 

one another, species with fewer GH48 domains in the GDL do not perform as well on cellulosic 

substrates (4, 27). C. danielii, C. morganii, and C. naganoensis all contain three GH48 domains, 

consistent with their strong cellulolytic capacity, based on both Avicel and switchgrass 

hydrolysis. C. morganii, the most divergent species identified thus far, has an additional CBM3 

domain in between the two catalytic modules. In fact, the C. morganii GDL locus contains an 

additional CBM3 in multiple GDL enzymes. Whether or not these additional binding modules 

directly improve lignocellulose degradation is unclear, but it is worth noting that C. morganii  

solubilized more crystalline cellulose and switchgrass than the other Caldicellulosiruptor species 

(Figure 3.3D and E). It is interesting that the GDL (Figure 3.6) from the strongly cellulolytic C. 

morganii clusters with the moderately to weakly cellulolytic species (C. lactoaceticus and C. 

kristjanssonii). However, these Icelandic species lack the GH48 domain in their CelA homologs 
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(GH9-CBM3-CBM3), as well as other GH48-containing enzymes in the GDL, consistent with 

their relatively lower capacity for cellulose hydrolysis (Figure 3.5). Thus, it seems that the 

presence of GH48 domains, and not necessarily their genomic location or molecular 

organization, is a primary determinant of a strong cellulolytic phenotype. 

Metagenomic sequences from the YNP communities further support the importance of 

GH48 domains in cellulose hydrolysis. AVI exhibited higher switchgrass solubilization levels in 

comparison to C. bescii (three GH48s) and the isolate native to YNP, C. obsidiansis (two 

GH48s). It is not surprising, then, that analysis of the metagenomic sequence for community 

AVI indicated that it possesses at minimum three different modular enzymes with GH48 

domains (located in three different contigs with a total of 5 occurrences), all of which belong 

to Caldicellulosiruptor species based on amino acid sequence identity. Additionally, the exact 

genomic arrangement of three GDL enzymes in one AVI contig (GH9-CBM3-CBM3-CBM3-

GH48, GH10-CBM3-CBM3-GH48, and GH10-CBM3-CBM3-GH5 shown in Figure 3.5) has 

not been described previously for a Caldicellulosiruptor species. The other three YNP 

metagenomes contained fewer GH48 domain-containing modular enzymes in different contigs 

than AVI (B6, 2; B7, 4; and B9, 3), and this corresponded to various levels of lower switchgrass 

solubilization than AVI. Levels of switchgrass solubilization also match with the relative 

estimates of community structure based on 16S rRNA sequences, with communities AVI and B7 

having the largest relative levels of Caldicellulosiruptor isolates, followed by B6 and then B9 

(Table 3.1). Thus, both community structure and the presence of additional Caldicellulosiruptor  

GH48 domains in community AVI correlate to the higher solubilization of switchgrass than in 

the other communities. While contributions to lignocellulose hydrolysis could be related to the 

presence of the Caloramator species in AVI, genomic analysis showed that no GH48 or CBM3 
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domains are present in available genomes for these bacteria (31), nor were any identified in the 

metagenome. Instead, it is likely that there is synergism among the multiple Caldicellulosiruptor  

species/strains; the GDL loci identified in AVI support this strong cellulolytic phenotype. 

GH48 domains are not the only determinant in the strongly cellulolytic 

Caldicellulosiruptor species, as the GDL in fact contains other GHs with cellulolytic activity. 

Recently, synergy between specific non-CelA CAZymes in the GDL was found to be important, 

specifically those enzymes with GH10/GH48 and GH5/GH44 domains (26). The five highly 

cellulolytic species (C. bescii, C. kronotskyensis, C. morganii, C. danielii, and C. naganoensis) 

are the only Caldicellulosiruptor species studied so far to contain enzymes with GH10/GH48 

and GH5/GH44 domains, with the exception of C. morganii, which has GH9/GH44 and 

GH74/GH44 pairings. While the less cellulolytic Caldicellulosiruptor GDLs do contain GH5, 

GH10, and/or GH44 domains, they are not organized in the same way as with the highly 

cellulolytic Caldicellulosiruptor. Since the absence of these enzymes in C. bescii knockouts 

substantially reduced cellulose degradation (26), homologs are probably equally important in the 

other four strongly cellulolytic species. 

Analysis of Caldicellulosiruptor genomes and metagenomes shows that the GDL 

organization is conserved, aside from some differences observed in C. morganii (Figure 3.5). 

However, in the three newly sequenced species, a novel GH12 domain can be identified in 

GH48-containing enzymes: GH10-CBM3-CBM3-GH12-GH48 (C. naganoensis), GH10-CBM3-

GH12-GH48 (C. danielii), and GH12-GH5-CBM3-CBM3-CBM3-GH48 (C. morganii). The 

GH12 domains from C. naganoensis and C. danielii are 99% identical to each other and 70% 

identical to the GH12 from C. morganii. Outside of the Caldicellulosiruptor genus, these GH12 

domains are 51% (C. naganoensis), 49% (C. danielii), and 47% (C. morganii) similar to GH12 
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domains in Bacillus licheniformis, Actinoplanes rectilineatus, and Actinoplanes missouriensis, 

respectively. GH12 domains occur in endoglucanses, xyloglucan hydrolases, β-1,3-1,4-

glucanases, and xyloglucan endotransglycosylases (32), but their role in these  

Caldicellulosiruptor enzymes had yet to be determined. 

To assess the ability of the GH12-containing enzymes to degrade cellulose, recombinant 

Wai35_2053 (GH10-CBM3-GH12-GH48), the version from C. danielii, was produced in C. 

bescii and compared to recombinant CelA (GH9-CBM3-CBM3-CBM3-GH48) from C. 

bescii for Avicel hydrolysis (Figure 3.7). At 70°C, CelA had hydrolyzed about twice as much 

Avicel as Wai35_2053 after 168 h, but at 80°C this difference was only 1.6-fold. In fact, unlike 

CelA, Wai35_2053 function was only minimally affected by temperature between 70 and 80°C. 

More importantly, unlike CelA, Wai35_2053 also contains domains that would enable it to 

hydrolyze xylans (GH10) and xyloglucans (GH12), thus making it biocatalytically more 

versatile; this could broaden the feedstocks utilized by Caldicellulosiruptor species with GH12-

containing cellulases. Future work will examine the impact of inserting the gene encoding 

Wai35_2053 into C. bescii, along the lines of our previous efforts with inserting Calkro_0402 

into C. bescii (8). 

Biological microcrystalline hydrolysis at temperatures above 70°C. The expanded 

information on the genus Caldicellulosiruptor raises questions on how the capacity for 

microcrystalline cellulose utilization was acquired or evolved in Caldicellulosiruptor species, 

and if more than the presence of one or more GH48/CBM3 domain-containing enzymes in the 

GDL was involved. Microbial degradation of microcrystalline cellulose is a somewhat rare 

natural phenomenon and is not observed above 70°C to any significant extent beyond the 

genus Caldicellulosiruptor, mainly because primary cellulases (can hydrolyze microcrystalline 
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cellulose) have not yet been identified that function at such elevated temperatures. β-Glucanases 

with high temperature optima have been described (e.g., in reference 33), but these enzymes are 

typically not primary cellulases and hydrolyze only soluble and amorphous forms of cellulose or 

amorphous regions of crystalline cellulose (34). An archaeal consortium was identified as 

growing on filter paper at 90°C from which a multidomain enzyme containing a GH5 domain, 

homologous to a putative GH5 enzyme encoded in Caldicellulosiruptor species (e.g., 

Csac_2528), was described (35). However, the metagenome for the consortium did not contain 

any GH48 or CBM3 domains and extensive filter paper dissolution occurred only after a 

protracted period (65 days) at 90°C, compared to hours at 70°C for cellulolytic  

Caldicellulosiruptor species (3). 

Among extremely thermophilic bacteria (Topt ≥ 70°C), the growth physiology of members 

of the genus Thermotoga resembles that of the Caldicellulosiruptor in that they grow on soluble 

β-glucans, such as carboxymethyl cellulose and barley glucan, and hemicelluloses, such as xylan 

and mannan. However, Thermotogaspecies do not grow to any extent on microcrystalline 

cellulose (23), and their genomes do not encode GH48 or CBM3 domains. For many  

Thermotoga species, this is consistent with the lack of plant biomass in their natural biotopes, 

i.e., marine environments, although Thermotoga species from terrestrial geothermal biotopes 

have been reported (36, 37), and likely cohabit hot springs harboring Caldicellulosiruptor 

species (e.g., Thermotoga Toll_T1-r01 [38]). However, as shown in Figures 3.1 and 3.8, 

comparative genomics indicate that the genera Thermotoga and Caldicellulosiruptor are not 

closely related, nor are species in either genus related to the moderately thermophilic cellulose 

degrader Clostridium thermocellum (39). A cross-Thermotoga-Caldicellulosiruptor core 

genome, based on the available sequence information, contains only 444 ortholog groups (many 
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of which are proteins involved in central metabolism and transcription/translation), compared to 

1,401 for Caldicellulosiruptor (average genome size of 2,516 genes) and 687 for  

Thermotoga (average genome size of 1,950 genes). The genus Thermotoga was recently 

proposed to be separated into two genera, with the amended genus retaining the original name 

and a second genus formed named Pseudothermotoga (40). This partitioning of Thermotoga 

species was also identified in this study by highlighting patterns in the prevalence of Pfam 

domains in Thermotoga and Caldicellulosiruptor species (see Fig. 3.S1 in the supplemental 

material) and via the cross-genus pangenome analysis (Figure 3.8). The second Thermotoga  

group differentiates from the original genus when more prevalent Pfam domains mapping to 

glycoside hydrolases are considered and is missing some core Thermotoga genes (Figure 

 3.8B and C), while sharing a few Caldicellulosiruptor gene homologs (as shown in Figure 

3.8D). However, even with this additional detail, no direct evidence of an evolutionary 

relationship between Caldicellulosiruptor and Thermotoga is evident. Since the only factor 

preventing Thermotoga species from degrading microcrystalline cellulose could be the lack of 

GH48-CBM3 cellulases, CelA and CelB both from the GDL encoded in the C. saccharolyticus 

genome were engineered into Thermotoga sp. strain RQ2, although the resulting mutant was not 

genetically stable (41). 

Thus, it is not clear how certain Caldicellulosiruptor species acquired their novel 

multidomain cellulases, nor has the driving force for cellulose degradation in geothermal 

environments been identified. While it is always possible that new discoveries will bring to light 

other high-temperature enzymes and microorganisms that attack crystalline cellulose, biotopes 

potentially harboring such systems have already been examined in some detail. However, this 

pairwise comparison of these two extremely thermophilic genera has shown that the presence or 
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absence of key GHs and CBMs are the major differentiating factor for cellulose utilization. 

Specifically, at least one GH48 enzyme encoded in the GDL seems to be essential for this 

property, and three GH48 domains correlate with a strong cellulolytic phenotype. Further 

improvements in microcrystalline cellulose hydrolysis may be forthcoming through metabolic 

engineering or through GH48 domains with enhanced activity. Nonetheless, we are getting a 

better understanding of what to look for when screening neutral, terrestrial hot springs for 

cellulose degraders, at least until better candidates are identified that utilize cellulose via a 

different paradigm. 

Reclassification and renaming of the newly sequenced Caldicellulosiruptor species. 

All three bacterial strains, Caldicellulosiruptor sp. strain Wai35.B1, Caldicellulosiruptor sp. 

strain Rt8.B8, and “Thermoanaerobacter cellulolyticus” strain NA10, were previously 

characterized on the basis of phenotype, including sugar metabolism, fermentation products, and 

optimal growth temperatures (19, 42) Here we provide complementary genomic data that further 

support the designation of all three strains as individual species. In all three cases, the 

phylogenetic tree assembled from concatenated ribosomal gene sequences (Figure 3.4, following 

methods in reference 43) demonstrates that all three species in question cluster with the 

genus Caldicellulosiruptor. Divergence in concatenated ribosomal gene sequences (indicated by 

branch length) supports the designation of C. danielli, C. morganii, and C. naganoensis as 

separate species, given that their nucleotide substitutions are greater than that observed between 

the species: C. acetigenus, C. kristjanssonii, and C. lactoaceticus. In one case, that of C. 

naganoensis, ANI comparisons from genome sequence data (∼79 to 89% ANI [Table 3.S1]) 

indicate that this strain should be reassigned to the genus Caldicellulosiruptor. In the other two 

cases, we propose here to assign species names to isolates provisionally named some time ago. 
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Their ANI values support the species designation of C. danielii and C. morganii based on 

genotype. Finally, we provide information here that allows for their separate identification based 

on unique genes and genome organization (Table 3.2). These three isolates belong to the highly 

cellulolytic group of this genus (now numbering 5 out of the 13 genome-sequenced species), 

which correlated with their complete GDL enzyme set, including several GH48 domains. 

Comparative genome sequence analysis supports renaming “Thermoanaerobacter 

cellulolyticus” strain NA10T (DSM 8991) to indicate that this species is a member of the 

genus Caldicellulosiruptor, and hence, we propose reclassification as Caldicellulosiruptor 

naganoensis sp. nov. (na.ga.no.en′sis. N.L. masc. adj. naganoensis referring to the isolation of 

NA10 from Nagano Prefecture, Japan). Furthermore, we propose renaming Caldicellulosiruptor 

sp. strain Wai35.B1T (DSM 8977) as Caldicellulosiruptor danielii sp. nov. (dan.iel′i.i. N.L. gen 

masc. n. named for Roy Daniel) and renaming Caldicellulosiruptor sp. strain Rt8.B8T (DSM 

8990) as Caldicellulosiruptor morganii sp. nov. (mor.gan.i.i′ N.L. gen masc. n. named for Hugh 

Morgan), for the investigators' pioneering work on the isolation of Caldicellulosiruptor species 

while at the University of Waikato in New Zealand. To assist in the differentiation of these 

isolates, Table 3.2 lists distinguishing features of each species, including non-

Caldicellulosiruptor genes specific to C. danielii, C. morganii, or C. naganoensis. These unique 

species gene markers were identified in the genus pangenomic analysis and represent a simple 

genomic method to clearly screen for these organisms among other Caldicellulosiruptor species. 

 

Materials and Methods 

Growth of microorganisms. C. obsidiansis was obtained as a gift from the J. G. Elkins 

Lab at Oak Ridge National Laboratory, while C. bescii (44), Caldicellulosiruptor sp. strain 

http://aem.asm.org/content/84/9/e02694-17.full#T2
http://aem.asm.org/content/84/9/e02694-17.full#ref-44
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Rt8.B8 (42), Caldicellulosiruptor sp. strain Wai35.B1 (42), and “Thermoanaerobacter 

cellulolyticus” strain NA10 (19) were obtained from the Leibniz Institute DSMZ (German 

Collection of Microorganisms and Cell Cultures). Each species was established in liquid culture 

from freezer stocks and grown at 70°C on modified 671 DSMZ medium (671d) with 1 g/liter of 

cellobiose as the carbon source. Before assessment of biosolubilization capacity or determination 

of specific growth rates, species were passaged three times on microcrystalline cellulose (Avicel) 

or switchgrass (5 g/liter) as the sole carbon source in 671d medium. Cultures were inoculated at 

a concentration of 1 × 106cells/ml in 50 ml of 671d medium with 5 g/liter of cellobiose, Avicel, 

or switchgrass and grown at 70°C in oil baths with shaking at 100 rpm. Cells were enumerated 

with epifluorescence microscopy using acridine orange, as described previously (45), using three 

biological replicates to calculate doubling times and their respective standard deviations; one 

growth curve for each species/substrate is shown to illustrate growth physiology. 

Metagenomics sampling. Four environmental cultures (B6, B7, B9, and AVI) were 

isolated from Obsidian Pool, Yellowstone National Park, USA, at points nearby plant material 

within the hot spring for which temperature and pH were recorded. All samples were collected in 

250-ml Pyrex bottles with 43-mm openings and sealed with straight-plug butyl rubber stoppers. 

Resazurin (∼1 μg/ml) and sodium sulfide (∼0.05%, wt/vol, from a 10% stock at pH 8.0) were 

added to each sample. Cultures B6, B7, and B9 were directly sampled from the pool (no 

substrate added), while AVI was enriched onsite by adding Avicel and yeast extract (∼0.1% 

each) to 150 to 250 ml of collected hot spring liquid and incubating cultures in the pool at ∼70°C 

for 25 h. All cultures were transported at ambient temperature to the Hyperthermophile 

Laboratory at North Carolina State University and then stored at 4°C. Once in the lab, cultures 

http://aem.asm.org/content/84/9/e02694-17.full#ref-42
http://aem.asm.org/content/84/9/e02694-17.full#ref-42
http://aem.asm.org/content/84/9/e02694-17.full#ref-19
http://aem.asm.org/content/84/9/e02694-17.full#ref-45
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were grown on filter paper in 640 DSM medium at 70°C until turbid and then passaged once 

more until filter paper shredding was recorded. 

Biosolubilization of microcrystalline cellulose and switchgrass. BioEnergy Science 

Center (BESC) standard switchgrass was ground and sieved to an 80/20 mesh particle size before 

being washed with deionized water at room temperature and dried at 70°C. The solubilization 

test was performed in bottled batch cultures with 5 g/liter of dried Avicel or switchgrass in 100 

ml of 671d medium. Each substrate was incubated and dried individually at 70°C overnight prior 

to addition to the medium. Bottles were inoculated at 1 × 106 cells/ml and incubated for 7 days at 

70°C in oil baths with shaking at 100 rpm; abiotic controls were also simultaneously incubated, 

and all samples were treated in triplicate. After 7 days, the substrates were washed at 70°C with 

two culture volumes of Picopure water; residual switchgrass was recovered by filtration in 

coarse-porosity (40- to 60-μm) glass filter crucibles, while residual Avicel was separated by 

centrifugation at 6,000 × g for 10 min. Substrates were then dried overnight at 70°C either in the 

filter crucibles (for switchgrass) or in aluminum weigh boats (for Avicel). The amount of 

substrate solubilized was calculated by comparing the initial and final washed masses of the 

switchgrass or Avicel remaining following incubation in the particular bacterial culture. Error 

was calculated from the standard deviation of the triplicate solubilization of each 

species/substrate. 

Metagenome sequencing. Filter paper-enriched B6, B7, B9, and AVI environmental 

samples were revived in 50-ml cultures of 640 DSM media with 5 g/liter Avicel and then scaled 

up to 500-ml cultures. Genomic DNA was isolated from these samples using a phenol-

chloroform-isoamyl alcohol extraction method as described previously (4). The assembled 

metagenome DNA sequences were constructed by generating 10-kb PacBio libraries of >10 kb 

http://aem.asm.org/content/84/9/e02694-17.full#ref-4
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using AMPUre bead size selection. These libraries were then sequenced on PacBio RS with 120-

min movies and P4/C2 chemistry. The Hierarchical Genome Assembly Process (HGAP) (46), 

BLASR (47), and BB tools (https://sourceforge.net/projects/bbmap/) were used for assembly and 

annotation. Metagenome sequencing was done at the DOE Joint Genome Institute, Walnut 

Creek, CA. 

For 16S rRNA characterization, plate-based 16S-V4 region iTag prep was performed 

with a 30-ng genomic DNA (gDNA) sample input using custom-designed target primers 

(515F/806R) with incorporated Illumina sequencing adapters and the 5 PRIME HotMasterMix 

amplification kit with 30 cycles of PCR. After library sample preparation, the samples were 

pooled and the pool was quantified using KAPA Biosystem's next-generation sequencing library 

quantitative PCR (qPCR) kit and run on a Roche LightCycler 480 real-time PCR instrument. The 

pool was then loaded and sequenced on the Illumina MiSeq sequencing platform utilizing a 

MiSeq reagent kit, v2 (500 cycle), following a 2 × 250 indexed run recipe. 

Phylogenetic analyses of Caldicellulosiruptor and Thermotoga species. JSpeciesWS 

(http://jspecies.ribohost.com/jspeciesws/) was used to generate average nucleotide identity (ANI) 

comparisons as percent values of all fully sequenced Caldicellulosiruptor species utilizing the 

ANIb algorithm (48), which were then imaged as a heat plot. To identify orthologous groups of 

proteins, all-against-all BLASTP comparisons were performed for genomes of all 13  

Caldicellulosiruptor isolates. Based on best reciprocal sequence similarity, the putative 

orthologous relationships between proteome pairs were determined with OrthoMCL (49). Based 

on empirical evidence, a P value cutoff of 1e−5 was applied for putative orthologs. Based on the 

homology profiles of the entire proteomes of each species, proteins that were found to have no 

significant homology with other species were considered to be unique. The count of the number 

http://aem.asm.org/content/84/9/e02694-17.full#ref-46
http://aem.asm.org/content/84/9/e02694-17.full#ref-47
https://sourceforge.net/projects/bbmap/
http://jspecies.ribohost.com/jspeciesws/
http://aem.asm.org/content/84/9/e02694-17.full#ref-48
http://aem.asm.org/content/84/9/e02694-17.full#ref-49
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of proteins in each homologous group was subsequently binarized for each isolate, and the 

results were graphed as a heat map. 

The results from OrthoMCL clustering were used to examine the core genome and 

pangenome for the 13 Caldicellulosiruptor species. All species' genomic DNA sequences were 

downloaded from the DOE Joint Genome Institute Integrated Microbial Genomes (IMG) 

database, and all genomes are closed with the exception of those of Caldicellulosiruptor sp. 

strain F32, Caldicellulosiruptor sp. strain Rt8.B8 (C. morganii), Caldicellulosiruptor sp. strain 

Wai25.B1 (C. danielii), and Caldicellulosiruptor sp. strain NA10 (in IMG listed as 

“Thermoanaerobacter cellulolyticus NA10” and reclassified here as C. naganoensis); F32, C. 

morganii, C. danielii, and C. naganoensis genomes are present in 127, 2, 1, and 12 scaffolds, 

respectively (Table S3) (18). The genomes were initially sorted descending by total homologous 

protein count, and subsequently the core and pan sets were determined. The core gene cluster 

between two species was defined as homologous genes (ortholog groups) present in both species 

and containing at least one gene member for each species. The same approach was used to 

include the remaining set of species, including those from the genus Thermotoga. Consequently, 

the pan set of gene clusters for two species was defined as the total set of ortholog groups for 

those two species, and the same approach was used to calculate the pangenome model for all 

remaining species. 

t-SNE affinity analysis with Fisher exact enrichment. t-distributed stochastic neighbor 

embedding (t-SNE) is a technique developed by Van Der Maaten and Hinton (50) and used to 

visualize high-dimensional data by means of dimensional reduction. This technique was used to 

embed the species by Pfam domain matrix into a lower two-dimensional scatter plot. The points 

in the scatter plot are species, with the plot revealing structure associated with their functional 

http://aem.asm.org/content/84/9/e02694-17.full#ref-18
http://aem.asm.org/content/84/9/e02694-17.full#ref-50
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potential. Affinity propagation clustering (51) was then used to cluster the points. Each cluster 

represents a group of species that have some putative functional association. Fisher's exact test 

was applied to determine the Pfam domains that were enriched for this clustering, after 

correction for multiple-hypotheses bias (false discovery rate [FDR] < 0.01). The results were 

then visualized in a network showing significantly association of Pfam domains with a cluster, 

along with the species that comprise the cluster. 

Evolutionary analysis of the genus Caldicellulosiruptor using conserved genes. A 

rooted concatenated gene alignment was built from ribosomal protein gene sequences, similar to 

the process described in reference 43; however, two ribosomal protein gene sets (L15 and L18) 

were not used due to truncated metagenome contigs. A total of 14 ribosomal gene sets 

(ribosomal proteins L2, L3, L4, l5, L6, L14, L16, L22, L24, S3, S8, S10, S17, and S19) were 

retrieved for 13 Caldicellulosiruptor isolates, 9 metagenome contigs and 5 outgroup species 

from IMG/M (38). Outgroups for this tree were selected based on homology of non-

Caldicellulosiruptor contigs and included an extremely thermophilic heterotroph also isolated 

from Obsidian Pool, Yellowstone National Park. Each set of ribosomal protein genes were 

aligned with Muscle (52), saved as FASTA alignments, and concatenated using SequenceMatrix 

(53). Concatenated alignments for all 27 species were used to build the maximum likelihood 

phylogenetic tree in MEGA7 using the Tamura-Nei model, and 500 bootstraps (54). The 

phylogenetic tree was imported into Inkscape (http://inkscape.org) to edit the font color and 

formatting and to replace percentage numbers with circles as representations of bootstrap 

confidence levels. 

Genomic analysis of carbohydrate-active enzymes (CAZymes) and GDL in 

Caldicellulosiruptor isolates and metagenomic sequences. An unrooted phylogenetic tree was 

http://aem.asm.org/content/84/9/e02694-17.full#ref-51
http://aem.asm.org/content/84/9/e02694-17.full#ref-43
http://aem.asm.org/content/84/9/e02694-17.full#ref-38
http://aem.asm.org/content/84/9/e02694-17.full#ref-52
http://aem.asm.org/content/84/9/e02694-17.full#ref-53
http://aem.asm.org/content/84/9/e02694-17.full#ref-54
http://inkscape.org/
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built using the MEGA7 software package (54) with concatenated nucleotide sequences from the 

glucan degradation locus (GDL). Briefly, each gene encoding an enzyme with a minimum of one 

homolog were aligned using ClustalW (55) and saved as an aligned FASTA file. Each alignment 

file was imported into SequenceMatrix (53) for concatenation and exported as a naked Nexus 

file. MEGA7 was then used again to convert the Nexus file to MEGA format and build a 

maximum likelihood phylogenetic tree using the Tamura-Nei model and 500 bootstraps. 

Carbohydrate-active enzymes were identified in the Caldicellulosiruptor isolates by parsing the 

Carbohydrate-Active EnZYmes database (http://www.cazy.org/), while CAZyme annotations 

in Caldicellulosiruptor acetigenus, Caldicellulosiruptor sp. strain F32, Caldicellulosiruptor sp. 

strain Rt8.B8, Caldicellulosiruptor sp. strain Wai35.B1, and Caldicellulosiruptor sp. strain 

NA10 were provided by Bernard Henrissat, AFMB University-Marseille (32). CAZymes present 

in the metagenomes were predicted by two methods. Initially, each metagenome was annotated 

by an HMM search using the dbCAN database (56). Catalytic domain and carbohydrate binding 

module predictions were further confirmed by searching Pfam family domains (57) using the 

integrated microbial genomes with microbiome samples (IMG/M) database (38). Pfam families 

included in the search were PF00150 (GH5), PF00759 (GH9), PF00331 (GH10), PF01670 

(GH12), PF04616 (GH43), PF12891 (GH44), PF02011 (GH48), and PF00942 (CBM3). 

Glucan conversion assay of recombinant CelA and Wai35_2053 in Caldicellulosiruptor bescii. 

Recombinant CelA (Athe_1867; native to C. bescii) and Wai35_2053 (gene locus 

N913DRAFT_2053 in IMG, and protein accession WP_045175321 in NCBI; native to C. 

danielii) were expressed using kanamycin resistance as a selective marker (16) in C. bescii with 

a 200-bp Pslp promoter (Athe_2303), Calkro_0402 terminator, and C-terminal histidine tag 

(pJMC046 [58]), as similarly designed and transformed previously (58). The engineered strains 

http://aem.asm.org/content/84/9/e02694-17.full#ref-54
http://aem.asm.org/content/84/9/e02694-17.full#ref-55
http://aem.asm.org/content/84/9/e02694-17.full#ref-53
http://www.cazy.org/
http://aem.asm.org/content/84/9/e02694-17.full#ref-32
http://aem.asm.org/content/84/9/e02694-17.full#ref-56
http://aem.asm.org/content/84/9/e02694-17.full#ref-57
http://aem.asm.org/content/84/9/e02694-17.full#ref-38
http://aem.asm.org/content/84/9/e02694-17.full#ref-16
http://aem.asm.org/content/84/9/e02694-17.full#ref-58
http://aem.asm.org/content/84/9/e02694-17.full#ref-58
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were initially cultured overnight in 500 ml of medium before being inoculated into a Sartorius 

Stedim BioStat Cplus 20-liter bioreactor, with pH controlled at pH 7 with NaOH and sparging 

with 1 liter/min of 20% CO2–80% N2gas mix for 22 h. In both cultures, cells were grown in 516 

complex medium with 50 μg/ml of kanamycin at 70°C. After growth, the culture was harvested, 

cooled to room temperature, and fractionated with the Millipore Pellicon mini-tangential flow 

filter (TFF) using a 2 mini 0.22-μm GVPP 0.1-m2 filter. Extracellular proteins were concentrated 

with a TFF system and Pellicon 2 mini BioMax 10-kDa-cutoff PES 0.1-m2 filter (Millipore), 

buffer exchanged and filtered into 20 mM sodium phosphate and 500 mM sodium chloride, pH 

7.4, and purified with immobilized metal affinity chromatography (5-ml HisTrap HP nickel-

Sepharose GE Healthcare column), operated according to the manufacturer's instructions using a 

Biologic DuoFlow fast-performance liquid chromatograph (FPLC; Bio-Rad). To quantify protein 

concentrations, the Pierce bicinchoninic acid (BCA) protein assay (Thermo Fisher Scientific) 

was used. 

To test glucan conversion of crystalline cellulose, 10 mg of Avicel was incubated in 1 ml 

of buffer (50 mM sodium acetate, 10 mM calcium chloride, 100 mM sodium chloride, 10 μg/ml 

of chloramphenicol, and 10 μg/ml of cycloheximide) with or without 0.15 mg/ml of enzyme 

(approximately 15 mg/g of protein to glucan), in triplicate, at 70°C, 75°C, and 80°C with shaking 

at 500 rpm. Samples were taken at time points over 7 days, after which enzymes were inactivated 

by boiling for 30 min. Samples were then analyzed by high-performance liquid chromatography 

(HPLC) for amounts of cellobiose and glucose, with percent glucan conversion calculated by 

comparing the total glucose equivalents released to the potential maximum glucose equivalents 

based on substrate mass. 
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Figure 3.1. Geographical biodiversity of genome-sequenced Caldicellulosiruptor species, 
phylogenetic relationships, and genome characteristics. Shown is the global distribution of 
the 14 isolated Caldicellulosiruptor species. The phylogenetic heat plot illustrates relatedness of 
species (along with outliers Tma and Ctherm) based on ANI. White to blue indicates distant 
species, while red indicates more closely related species. Genome characteristics for each 
sequenced species (recently sequenced highlighted in gray) are listed. Abbreviations are as 
follows: Cace, C. acetigenus; Cbesc, C. bescii; Calhy, C. hydrothermalis; Calkr, C. 
kristjanssonii; Calkro, C. kronotskyensis; Calla, C. lactoaceticus; COB47, C. obsidiansis; 
Calow, C. owensensis; Csac, C. saccharolyticus; F32, Caldicellulosiruptor sp. strain F32; 
Cmorg, C. morganii; Cdani, C. danielii; Cnaga, C. naganoensis; Tma, Thermotoga 
maritima MSB8; and Ctherm, Clostridium thermocellum ATCC 27405. GH, glycoside 
hydrolase; CBM, carbohydrate binding module; PL, polysaccharide lyase; CE, carbohydrate 
esterase; GT, glycosyltransferase. Numbers indicate the total number of open reading frames that 
contain either GH, CBM, PL, CE, or GT domains. Numbers of carbohydrate-active protein 
domains were retrieved from the CAZy database (http://www.cazy.org). *, no genome 
sequenced. See references 2, 18, 20, 24, 25, 44, 60, and 61. 
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Figure 3.2. Core genome and pangenome of the Caldicellulosiruptor genus. The number of 
ortholog groups present in the pangenome (red line) increases with each species sequenced, 
reaching a total of 3,493 ortholog groups with 13 Caldicellulosiruptor genomes. The number of 
core ortholog groups (black line) decreases with additional genomes; the current total is 1,401 
ortholog groups. 
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Figure 3.3. Growth of Caldicellulosiruptor species and environmental enrichments on 
microcrystalline cellulose and switchgrass. Caldicellulosiruptor isolates (C. bescii, C. 
obsidiansis [COB47], C. morganii [C. morg], C. danielii [C. dani], and C. naganoensis [C. 
naga]) and metagenomic cultures (B6, B7, B9, and AVI) were grown on 5 g/liter of soluble and 
insoluble substrates. Growth was monitored for isolates on cellobiose (A), Avicel (B), and 
switchgrass (C), and a representative growth curve from one biological replicate is shown. 
Doubling times (Td) were calculated from growth of biological triplicates; for growth on 
switchgrass (C), only the first phase of exponential (up to 12 h) was analyzed for Td (59). 
Solubilization studies were completed by isolates on Avicel (D) and switchgrass (E) and by 
environmental communities on switchgrass (F). Error bars represent the SDs of cell counts for 
one sample per species (A to C) or triplicate solubilizations (D to F). 
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Figure 3.4. Maximum likelihood phylogenetic tree for all 13 Caldicellulosiruptor genomes, 9 
large contigs from the Yellowstone National Park (YNP) metagenome sequences, and 
outgroups. The tree was built from concatenated nucleic acid sequences constructed from 14 
conserved ribosomal genes. Percentages of times species clustered together over 500 bootstraps 
are indicated by black (>90%), gray (80 to 89%), and white (75 to 79%) circles on the branch. 
Branch lengths indicate the number of substitutions over 7,230 nucleotide sites. Font colors 
indicate common geographical areas of isolation, including the United States (black), New 
Zealand (violet), Iceland (light blue), Russia (red), Japan (green), China (maize), and Central 
Europe (dark blue). Evolutionary analysis used MEGA7 (54), and alignments were concatenated 
using SequenceMatrix (53). Abbreviations for YNP contigs represent IMG scaffold identities 
(IDs), the full names of which can be found in Table S2 in the supplemental material. 
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Figure 3.5. Glucan degradation locus (GDL) enzymes in Caldicellulosiruptor isolates and 
YNP metagenomes. Genomic locations and protein domain arrangements of CAZymes in the 
GDL are shown. Species abbreviations are as follows: Cbesc, C. bescii; Calkr, C. kristjanssonii; 
Calkro, C. kronotskyensis; Calla, C. lactoaceticus; COB47, C. obsidiansis; Csac, C. 
saccharolyticus; F32, Caldicellulosiruptor sp. strain F32; Cmorg, C. morganii; Cdani, C. 
danielii; and Cnaga, C. naganoensis. YNP sites are AVI, B6, B7, and B9. Domains numbers 
refer to CAZY protein families (http://www.cazy.org/), with squares, ovals, and hexagons 
representing glycoside hydrolases, carbohydrate binding modules, and polysaccharide lysases, 
respectively. “T,” tāpirins, Caldicellulosiruptor binding proteins. 

 

 

 

 

 

 

 

 

 

 



72 
 

 

Figure 3.6 GDL comparison in Caldicellulosiruptor genus. An unrooted phylogenetic tree 
derived from concatenated nucleotide sequences of GDL CAZyme homologs in 
the Caldicellulosiruptor isolates and YNP metagenomic enrichments, alongside grid of possible 
CAZyme content in each genome, is shown. YNP samples are listed by abbreviated IMG 
scaffold IDs (see Table S2 in the supplemental material for full IMG IDs and GDL tags). Font 
colors indicate isolation locations, including the United States (black), New Zealand (violet), 
Iceland (light blue), Russia (red), Japan (green), and China (maize). Table shading indicates 
similarity to the domain arrangement at the top of column and is explained by the color key. The 
phylogenetic tree highlights how similar common areas of isolation also map with similar GDL 
organization (e.g., Icelandic species group together), as well as shared domain patterns between 
species. Percentages of times species clustered together over 500 bootstraps are indicated by 
black (>90%), gray (55 to 69%), and white (<55%) circles on the branch. 
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Figure 3.7. Hydrolysis of crystalline cellulose by Caldicellulosiruptor CAZymes. CelA 
(Athe_1867) from C. bescii and Wai35_2053 from C. danielii were expressed recombinantly 
in C. bescii and tested for activity on 10 mg/ml of Avicel at 70°C, 75°C, and 80°C. Fifteen 
milligrams per gram of protein/glucan was added to triplicate samples (error bars signify SDs 
between replicates). 
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Figure 3.8. Homologous protein group conservation based on binary panmatrix 
for Caldicellulosiruptor and Thermotoga species. Sequence homology-based grouping of 

proteins among 42 species is shown as two-way clustering. In the vertical axis, protein clusters 
are grouped according to their presence/absence, showing more conserved families grouping at 

the top and moderate to low conservation in the center and the bottom. The horizontal axis shows 
clustering of species based on the core, accessory, and unique sets of ortholog groups. Black bars 

signify the presence of protein homologs. (A) Thermotoga and Caldicellulosiruptor joint core. 
Genes are present in both genera. (B) Thermotoga and Caldicellulosiruptor partial core. A large 
portion of genes are shared, except for major white areas, which signify missing genes in certain 
species. (C) Thermotoga core, primarily genes that are shared between most Thermotoga species. 
(D) Caldicellulosiruptor core, primarily genes that are shared between most Caldicellulosiruptor 

 species. (E) Thermotoga group 2 partial core, with genes specific to a more terrestrial subset 
of Thermotoga. (F) Unique and accessory genes of both genera. Similar patterns between species 

are indicative of shared gene homologs. Abbreviations for Caldicellulosiruptor species names 
are as follows: CSTR8, Caldicellulosiruptor sp. strain Rt8.B8 (C. morganii); TCELL, 

“Thermoanaerobactor cellulolyticus” NA10 (C. naganoensis); CLACT, C. lactoaceticus; 
CKRIS, C. kristjanssonii; COWEN, C. owensensis; COBSI, C. obsidiansis; CKRON, C. 

kronotskyensis; CBESC, C. bescii; CSF32, Caldicellulosiruptor sp. strain F32; CSACC, C. 
saccharolyticus; CACET, C. acetigenus; CHYDR, C. hydrothermalis; and CSWAI,  

Caldicellulosiruptor sp. strain Wai35.B1 (C. danielii). Abbreviations for Thermotoga species 
names are as follows: Ga0115064, unclassified Thermotogales bacterium Bin 5 Ga0115064; 

Ga0115076, unclassified Thermotogales bacterium Bin 13 Ga0115076; TMO, T. lettingae strain 
TMO; TPROF, T. profunda; 50_64, Thermotoga sp. strain 50_64; 50_1627, Thermotoga sp. 

strain 50_1627; TCALDI, T. caldifontis; DSM_11164, T. hypogea DSM 11164; 
NBRC_106472, T. hypogea NBRC 106472; A7A, Thermotoga sp. strain A7A; 

RQ7, Thermotogasp. strain RQ7; LA10, T. neapolitana sp. strain LA10; DSM 4359, T. 
neapolitana DSM 4359; RKU_1, T. petrophila strain RKU-1; RKU_10, T. naphthophila strain 

RKU-10; Xyl54, Thermotoga sp. strain Xyl54; Cell2, Thermotoga sp. strain Cell2; 
TBGT1765, Thermotoga sp. strain TBGT1765; TBGT1766, Thermotoga sp. strain TBGT1766; 
EMP, Thermotoga sp. strain EMP; 2812B, Thermotoga sp. strain 2812B; Mc24, Thermotoga sp. 
strain Mc24; RQ2, Thermotoga sp. strain RQ2; Tma200, T. maritima strain Tma200; MSB8_1, 

MSB8_2, MSB8_3, T. maritima strain MSB8; Tma100, T. maritimastrain Tma100; and 
MSB8_DSM_3109, T. maritima strain MSB8, DSM 3109. 
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Figure 3.S1. Fisher enrichment of Pfam domains in Thermotoga and Caldicellulosiruptor 
species. TSNE-Affinity clusters are indicated by red square nodes. The microbial species 
associated with each respective cluster are represented by diamond shaped nodes, and connected 
to these cluster nodes with an edge. Thermotoga is indicated by a blue color diamond, while 
Caldicellulosiruptor is indicated by a dark green diamond. The Pfam domains that were found to 
be significantly enriched in an associated set of microbial species are represented by green 
circular nodes and connected to a cluster node (which species they were found in). Thermotoga 
species cluster into two separate groups based on the presence of particular Pfam domains, with 
Group 2 (terrestrial Thermotoga) sharing 6 Pfam with the 13 sequenced Caldicellulosiruptor 
species.    Thermotoga species in Group 1 are: T.  sp. str. A7A, T. sp. str. RQ7, T. neapolitana sp. 
LA10, T. neapolitana DSM 4359, T. petrophila str. RKU-1, T. naphthophila str. RKU-10, T. sp. 
str. Xyl54, T.  sp. str. Cell2, T. sp. str. TBGT1765, T. sp. str. TBGT1766, T. sp. str. EMP, T. sp. 
str. 2812B, T. sp. str. Mc24, T. sp. str. RQ2, T. maritima str. Tma200, T. maritima str. MSB8, T. 
maritima str. Tma100, and T. maritima str. MSB8, DSM 3109. Thermotoga species in Group 2 
are: Unclassified Thermotogales bacterium Bin 5 Ga0115064, Unclassified Thermotogales 
bacterium Bin 13 Ga0115076, T. lettingae str. TMO, T. profunda, T. sp. str. 50_64, T. sp. str. 
50_1627, T. caldifontis, T. hypogea DSM 11164, and T. hypogea NBRC 106472. 
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Table 3.1. 16S rRNA gene sequencing analysis of Obsidian Pool enrichments. 16S rRNA 
sequencing of B6, B7, B9, and AVI indicated that each enriched community was primarily a co-
culture of a Caldicellulosiruptor species and one other genus. A very small portion of the reads 
were identified from other microbes, such that 7-9 operational taxonomic units (OTUs) in total 
were detected.   

Genus Avi B6 B7 B9 

Caldicellulosiruptor 89.75% 81.24% 99.85% 38.74% 

Caldanaerobacter - - - 61.11% 

Clostridium - 2.29% - - 

Fervidobacterium - 16.44% 0.07% - 
Caloramator 9.70% - - - 
Other 0.55% 0.04% 0.08% 0.15% 

Detected OTUs 9 8 7 8 
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Table 3.2. Caldicellulosiruptor species re-named in this study. Proposed names, isolation characteristics (19, 43), and gene markers 
for differentiating these species from other Caldicellulosiruptor are listed. Protein BLAST was used to determine matches in NCBI, 
and ID and Query percentages of amino acid sequences. 

Species Proposed 
name change 

 Isolation  
Temp (°C) 

Isolation 
pH Gene Locus Protein  

Annotation 

Closest genus-unique homolog outside of the 
Caldicellulosiruptor 

% aa 
ID 

% 
Query 

Gene 
Locus Species 

NA10 C. naganoensis 75-85 
(Topt = 75) 

9.0 
(Topt = 8.1) N907_RS09140 Hypothetical protein 33 20 LOC106081150 Stomoxys calcitrans 

Rt8.B8 C. morganii 63 8.8 

N908_RS00310 XRE family 
transcriptional regulator 35 54 B8965_RS04990 Desulfonispora 

thiosulfatigenes 

N908_RS00315 Hypothetical protein 32 32 A2521_04220 Deltaproteobacteria 
bacterium 

N908_RS00325 Choice-of-anchor 
D domain 56 17 KRAC_RS62815 Ktedonobacter 

racemifer 

N908_RS02800 Glycosyltransferase 
family 1 protein 61 85 BMW73_RS05870 Kandleria vitulina 

N908_RS02810 Glycosyltransferase 
family 1 protein 67 96 K363_RS0105000 Caldicoprobacter 

oshimai 
N908_RS02825 Transposase 70 98 OXPF_RS17180 Oxobacter pfennigii 

N908_RS03625 
Phosphonate ABC 

transporter 
permease protein PhnE 

56 87 BUB66_RS09760 Caldanaerovirga 
acetigignens 

N908_RS03630 
Phosphonate ABC 

transporter 
permease protein PhnE 

66 84 BUB66_RS09755 Caldanaerovirga 
acetigignens 

N908_RS06575 Hypothetical protein 57 76 SCSH_RS01270 Streptococcus orisasini 
N908_RS06670 Hypothetical protein 78 53 K1Y_RS0108100 Streptococcus sobrinus 

N908_RS10995 Transcriptional regulator 35 51 B8965_RS04990 Desulfonispora 
thiosulfatigenes 

N908_RS11000 Choice-of-anchor 
D domain 33 29 A3C43_04425 

Candidatus 
Schekmanbacteria 

bacterium 
N908_RS11480 Hypothetical protein 70 98 OXPF_RS17180 Oxobacter pfennigii 

Wai35.B1 C. danielii  NA NA 

N913_RS00815 Hypothetical protein 41 33 O163_RS22770 Caldanaerobacter 
subterraneus 

N913_RS13470 Hypothetical protein 59 35 THEWI_RS07505 Thermoanaerobacter 
wiegelii 

N913_RS11045 Hypothetical protein 45 27 BUB01_RS13815 Clostridium cavendishii 

N913_RS11065 Hypothetical protein 41 36 VDI01S_RS06500 Vibrio diazotrophicus 
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Table 3.S1. Whole genome average nucleotide identity (ANI) of Caldicellulosiruptor species. ANIb values comparing all thirteen 
Caldicellulosiruptor species, with blue-to-red coloring depicting low-to-high similarity. Abbreviated names for species are as follows: 
Cace, C. acetigenus; Cbesc, C. bescii; Calhy, C. hydrothermalis; Calkr, C. kristjanssonii; Calkro, C. kronotskyensis; Calla, C. 
lactoaceticus; COB47, C. obsidiansis; Calow, C. owensensis; Csac, C. saccharolyticus; F32, C. sp. str. F32; Rt8, Cmorg, C. morganii; 
Cdani, C. danielii; Cnaga, C. naganoensis; Tma, Thermotoga maritima MSB8; and Ctherm, Clostridium thermocellum ATCC 27405. 
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Cace 100 89.66 91.42 96.99 89.4 96.73 88.54 88.12 78.66 78.47 76.78 100 77.96 63.13 65.01   

Cbesc 89.33 100 90.93 89.04 95.12 89.45 87.93 87.24 80.7 80.35 77.5 89.33 80 63.51 65.19  62.7 
Calhy 91.13 91.19 100 90.66 91.07 91.1 89.11 88.72 79.61 80.02 77.16 91.13 78.61 63.09 65.48  67.7 
Calkr 96.39 89.08 90.74 100 89.06 97.78 88.15 87.73 78.86 78.64 76.71 96.39 78.59 63.11 65.38  72.7 

Calkro 89.24 95.21 90.88 88.94 100 88.98 87.6 86.89 79.91 79.64 76.74 89.24 79.41 63.41 65.45  77.7 
Calla 96.5 89.32 90.78 97.91 88.84 100 88.58 88.01 79.19 78.92 77.37 96.5 79.11 63.23 65.22  82.7 

COB47 88.48 87.9 89.3 88.28 87.72 88.66 100 92.11 78.84 78.58 76.73 88.48 78.46 63.15 65.55  87.7 
Calow 88.36 87.51 89.03 88.22 87.08 88.32 92.27 100 78 77.98 76.46 88.36 77.76 63.61 65.47  92.7 
Csac 78.82 80.81 80.02 79.17 80.05 79.46 79 78.14 100 95.42 82.39 78.82 87.95 63.52 65.3  97.7 
F32 78.44 80.17 79.78 78.47 79.73 78.39 78.42 77.73 96.05 100 81.89 78.44 88.82 63.12 64.9  100 

Cmorg 77.13 77.86 77.38 77.16 77.35 77.86 77.54 76.66 82.44 82.18 100 77.13 82.91 63.26 65.36   
Cdani 100 89.66 91.42 96.99 89.4 96.73 88.54 88.12 78.66 78.47 76.78 100 77.96 63.13 65.01   
Cnaga 78.67 80.09 78.63 79.08 79.8 79.13 78.43 77.6 88.37 88.58 82.39 78.67 100 63.65 65.23   
Tma 62.89 62.79 62.83 62.87 62.81 62.99 62.95 62.91 63.33 63.08 62.91 62.89 63.08 100 62.7   

Ctherm 65.32 65.24 65.28 65.14 65.03 65.15 65.26 65.33 65.44 65.15 65.49 65.32 65.15 62.89 100   
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Table 3.S2. Yellowstone National Park (YNP) scaffold IDs and locus tags. Extracted 
metagenomic sequences and their corresponding Joint Genome Institute Integrated Microbial 
Genome (IMG) identifiers. Scaffolds containing glucan degradation locus (GDL) enzymes are 
listed. 

Scaffold Label IMG Genome ID IMG Scaffold ID GDL Locus Tags 
YNP AVI – 10 / 

YNP Site AVI - 101 3300005291 Ga0073360_101 Ga00073360_ 
10173-10194 

YNP AVI - 15 3300005291 Ga0073360_154 Ga0073360_ 
1542-1544 

YNP Site AVI - 105 3300005291 Ga0073360_105 ----------------- 
YNP Site AVI - 157 3300005291 Ga0073360_157 ----------------- 

YNP Site 2 B6 3300005396 Ga0074394_1003 Ga0074394_ 
1003564-1003543 

YNP Site 2 B6 - 1001 3300005396 Ga0074394_1001 ----------------- 
YNP Site 2 B6 - 1002 3300005396 Site 2 B6 – 1002 ----------------- 

YNP Site 2 B7 2603880213 ----------------- ----------------- 

YNP Site 2 B7 - 12 2603880213 ----------------- Ga0061031_ 
1254-1244 

YNP Site 2 B7 - 25 2603880213 ----------------- Ga0061031_ 
2545-2554 

YNP Site 3 B9 3300005209 Ga0063234_102 Ga0063234_ 
10230-10251 

YNP Site 3 B9 - 101 3300005209 Ga0063234_101 ----------------- 
YNP Site 3 B9 - 102 3300005209 Ga0063234_102 ----------------- 
YNP Site 3 B9 - 105 3300005209 Ga0063234_105 ----------------- 
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Abstract 
 

Genomes of extremely thermophilic Caldicellulosiruptor species encode novel cellulose 

binding proteins, tāpirins, located proximate to the Type IV pili locus. Previously, a tāpirin 

(Calkro_0844) from Caldicellulosiruptor kronotskyensis was shown to be structurally unique and 

have a cellulose binding affinity akin to Family 3 carbohydrate binding modules (CBM3). Here, 

full-length and C-terminal versions of tāpirins from Caldicellulosiruptor bescii (Athe_1870), 

Caldicellulosiruptor hydrothermalis (Calhy_0908), Caldicellulosiruptor kristjanssonii 

(Calkr_0826), and Caldicellulosiruptor naganoensis (NA10_0869) were produced 

recombinantly in Escherichia coli and compared to Calkro_0844. All five tāpirins bound to 

microcrystalline cellulose, switchgrass, poplar, filter paper, but not to xylan. Densitometry 

analysis of bound protein fractions visualized by SDS-PAGE revealed that Calhy_0908 and 

Calkr_0826 (from weakly cellulolytic species) associated with the cellulose substrates to a larger 

extent than Athe_1870, Calkro_0844 and NA10_0869 (from strongly cellulolytic species). This 

difference may reflect the need for C. hydrothermalis and C. kristjanssonii to associate closely 

with plants to capture glucans released from lignocellulose by cellulases produced in 

Caldicellulosiruptor communities. Three-dimensional structures of the C-terminal binding 

regions of Calhy_0908 and Calkr_0826 were similar to Calkro_0844, although their amino acid 

sequence identities compared to Calkro_0844 were only 16% and 36%, respectively. Unlike the 

parent strain, C. bescii mutants lacking the pili locus and tāpirin genes did not bind to cellulose 

following short-term exposure, reinforcing the significance of this genomic region in cell 

association with plant biomass. Given the scarcity of carbohydrates in neutral terrestrial hot 

springs, tāpirins likely help cells scavenge lignocellulose to support growth and survival of 

Caldicellulosiruptor species. 
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Introduction 
 

The natural capacity to utilize both the cellulose and hemicellulose content of plant 

biomass as microbial growth substrates is relatively rare. This is especially true among extreme 

thermophiles growing optimally above 70°C (1). However, in pH neutral, terrestrial hot springs 

and thermal features, species from the genus Caldicellulosiruptor can be isolated, all of which 

utilize hemicellulose, but only some of which can hydrolyze microcrystalline cellulose (2, 3). To 

degrade plant material, Caldicellulosiruptor species draw from an inventory of intracellular, 

surface (S)-layer associated, and secretome-bound glycoside hydrolases (GHs) with 

complementary modes of action (4, 5). Unlike the cellulosomal or free enzyme systems 

commonly found in other cellulolytic organisms, such as Clostridia (6) and Trichoderma (7), 

respectively, many Caldicellulosiruptor carbohydrate active enzymes (CAZymes (8)) are multi-

modular and consist of combinations of catalytic and non-catalytic (e.g., carbohydrate binding 

module [CBM]) domains connected by proline/threonine-rich linkers in various arrangements. 

The most well studied example is CelA, which is composed of GH9-CBM3-CBM3-CBM3-

GH48 domains, where the numbers refer to specific protein families (9-14). The synergy 

between the endoglucanase (GH9) and exoglucanase (GH48) domains contributes to a novel 

mode of action for CelA that involves physical burrowing into cellulose fibers, thereby creating 

cavities for further enzymatic access to the carbohydrate content of plant biomass (9).  

 While not directly responsible for lignocellulose degradation, the non-catalytic domains 

in CelA also play an important role. In general, CBMs improve the efficacy of GHs by ensuring 

proximity to the substrate, as well as in some cases contributing to thermostability (15, 16). 

CBM3s, in particular, are specific to cellulose and allow enzymes like CelA to attach to their 

substrates such that their GH domains are proximate to their substrate (9). Other non-catalytic 
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protein features in the Caldicellulosiruptor also play a role in orienting cells to lignocellulosic 

carbohydrates. S-layer homology (SLH) domains are associated with certain modular GHs in 

these bacteria (17, 18). For instance, Calkro_0402, a xylanase with GH10, CBM22, and CBM9 

domains, is anchored to the cell surface of the strongly cellulolytic Caldicellulosiruptor 

kronotskyensis and the gene encoding this enzyme is highly transcribed during growth on 

lignocellulose (switchgrass). When inserted into the genome of Caldicellulosiruptor bescii, 

Calkro_0402 improved the attachment of cells to xylan and significantly increased xylan 

degradation, despite the fact that wild type C. bescii produces other xylanases (17).   

 In addition to CBMs within GHs, Caldicellulosiruptor species also use non-catalytic 

proteins to bind to lignocellulosic substrates. Transcriptomic and proteomic analysis of cellulose-

bound Caldicellulosiruptor cultures identified the presence of carbohydrate binding proteins 

(19), including the recently characterized 'tāpirins' (20). Tāpirins typically have a Mr of 

approximately 70 kDa as a single polypeptide; recombinant versions from C. kronotskyensis 

have a specific affinity for cellulose fibers in plant material and an affinity for Avicel similar to 

that of CBM3s, despite no significant structural homology (20). While the full-length structure 

has not been resolved, the C-terminal half of Calkro_0844 which bound to cellulose was 

successfully crystallized and shown to be novel within the current protein database. Hydrophobic 

and aromatic residues present on the face of a β-helix likely make up the binding pocket with a 

flexible loop overhanging, and potentially protecting, access to it (20). Interestingly, tāpirin 

genes are located near the type IV pili locus in Caldicellulosiruptor species, suggesting a 

potential functional connection.  

 In the present study, comparative assessment of tāpirins across the genus 

Caldicellulosiruptor was conducted. Structural data for two additional tāpirins from less 
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cellulolytic species are provided, as is an assessment of relative binding affinities. Additionally, 

the possible association of tāpirins with pili proteins was investigated with gene knockouts in C. 

bescii, as well as with immunoelectron microscopy to determine cellular location of tāpirins.      

 

Results and Discussion 

 Tāpirins and pili are necessary for rapid binding to cellulosic substrates.  

Caldicellulosiruptor degradation of lignocellulosic substrates may be related to substrate  

attachment, as key cellulases from the Glucan Degradation Locus (GDL) (21) are genomic 

neighbors of Type IV pili and tāpirins (Figure 4.1) (20). To assess the importance in binding to 

cellulose, knockouts of tāpirins (Athe_1870-1871) and the pili locus (Athe_1872-1885) were 

generated in C. bescii. After an hour incubation with Avicel, unlike the parent strain, both 

knockouts showed no propensity for binding, based on the unbound cell density (Figure 4.2). 

This suggests that these proteins are necessary for cell adherence to cellulosic substrates and that 

they could play a role in scavenging carbohydrates in hot springs.   

Tāpirins are ubiquitous in the genus Caldicellulosiruptor. Previous studies showed 

that putative tāpirins are found in all Caldicellulosiruptor species and have been assigned to one 

of two groups (Class 1 and Class 2), based on genomic positioning with Class 1 tāpirins closest 

to the Type IV pili locus and Type 2 tāpirins (if there are more than one tāpirin) closest to the 

GDL (Figure 4.1) (20); the GDL encodes up to seven glycoside hydrolases (GHs), which 

collectively contain GH5, GH9, GH10, GH12. GH44, GH48, GH74,  and CBM3 domains, and 

plays an essential role in microcrystalline hydrolysis (21) (Figure 4.1). The most cellulolytic 

Caldicellulosiruptor species (e.g., C. bescii, C. kronotskyensis, and C. naganoensis) produce six 

to seven GDL GHs, while the less cellulolytic species produce an incomplete set of these 
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enzymes. For example, C. kristjanssonii, which is less cellulolytic, produces two of the GDL 

enzymes, while C. hydrothermalis, which minimally degrades microcrystalline cellulose, lacks 

all of the GDL GHs (Figure 4.1). Amino acid sequence analysis indicates that while some 

tāpirins are closely related (e.g., Calkro_0844 and NA10_0869 from two highly cellulolytic 

species, C. kronotskyensis and C. naganoensis, are 85% identical at the amino acid level), 

Calhy_0908 from the weakly cellulolytic C. hydrothermalis is less than 18% identical to the 

other tāpirins. Interestingly, the N-termini of these tāpirins appear to share the most homology 

across the whole protein sequence (seen with residues 1-298 in Figure 4.3, on the right side of 

the indicated linker), with the exception of Calhy_0908; in fact, Athe_1870 shares 86% 

similarity in this N-terminal range with both Calkro_0844 and NA10_0869 (Table 4.2A). 

Overall, the N-terminus of the tāpirin  may be responsible for how tāpirins, in general, associate 

with the cell surface, while the C-terminus (%ID in Table 4.2B) establishes the binding function, 

the latter of which was determined to be the case for Calkro_0844 (20).    

In vitro binding assays with tāpirins and plant-based substrates. Tāpirins were 

initially characterized from C. kronotskyensis (Calkro_0844 and Calkro_0845) and from 

Caldicellulosiruptor saccharolyticus (Csac_1073) (20). Binding assays showed that tāpirins from 

these two species preferentially adhered to cellulose. To confirm that this substrate specificity 

was consistent across the genus Caldicellulosiruptor, four additional tāpirins from other species 

were recombinantly produced to examine their binding to plant biomass-related substrates (see 

Figure 4.4). Athe_1870, Calhy_0809, Calkr_0826, and NA10_0869 from C. bescii, C. 

hydrothermalis, C. kristjanssonii, and C. naganoensis, respectively, along with the previously 

characterized Calkro_0844, were incubated with Avicel, filter paper and xylan, as well as with 

lignocellulose (switchgrass and poplar). After incubation, the samples were split into ‘unbound’ 
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and ‘substrate-bound’ fractions, both of which were visualized with SDS-PAGE. None of these 

tāpirins bound to xylan to any significant extent, but consistently adhered to the other substrates. 

It was interesting that Calkr_0826 and Calhy_0908 bound to poplar and switchgrass more so 

than the tāpirins from more strongly cellulolytic species. In fact, the tāpirin from the least 

cellulolytic species tested, Calhy_0908, seemed to bind most tightly to cellulosic materials 

overall. 

Densitometry analysis of the gels from the tāpirin binding assays supported the 

conclusions reached from visual inspection (see Figure 4.5). All tāpirins tested had a binding 

preference for purified cellulose (filter paper more so than Avicel, despite their similar 

crystallinity (22)), with the exception that NA10_0869 which also bound well to switchgrass. 

The larger particle size of filter paper (5/16” wide circular disks) versus Avicel (50 µm 

particles), as well as filter paper’s higher protein absorption capacity (23, 24), may have been 

responsible for this difference. Tāpirin binding to lignocellulosic substrates was less than for 

filter paper and Avicel, likely because of inaccessibility to microcrystalline cellulose in the plant 

biomasses. Calhy_0908 had the most intense bands for three out of the four trials (the exception 

being switchgrass). Calkr_0826 binding was not far behind and bound more to switchgrass than 

the other tāpirins. In fact, the bound bands of Calhy_0908 and Calkr_0826 are approximately 3 

times darker than Athe_1870 and range from 10- to 13-fold more intense than Calkro_0844 and 

NA10_0869 on filter paper (Table 4.3). Similar trends are noted, but to a lesser extent, on 

Avicel, with Calhy_0908 being slightly more tightly bound than Calkr_0826 and Athe_1870 (2- 

to 3-fold) and significantly more bound than NA10_0869 (8-fold) and Calkro_0844 (16-fold) 

(Table 4.3). It is possible that since the less cellulolytic Caldicellulosiruptor species, such as C. 

kristjanssonii and C. hydrothermalis, cannot hydrolyze cellulose as well as other species, 
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proximity to these substrates allows these species to exploit the lignocellulolytic capacity of 

other Caldicellulosiruptor community members in their natural environments. 

Structural comparisons of tāpirins from Caldicellulosiruptor kristjanssonii. 

Caldicellulosiruptor kronotskyensis, and Caldicellulosiruptor hydrothermalis. The C-terminal 

domains of tāpirins from C. kristjanssonii and C. hydrothermalis, Calkr_0826C and 

Calhy_0908C, respectively, exhibited the same architecture as Calkro_0844C from C. 

kronotskyensis, with the core of the domain being a β-helix with a characteristic long loop 

connecting the ends of the helix (Figure 4.6C). This fold was first discovered in the 

Calkro_0844C (20) and seems to be a common fold for tāpirins. 

 The Calkr_0826C structure was superimposed onto Calkro_0844C with the root-mean-

square deviation (r.m.s.d.) of 0.854 Å over 1,442 atoms and both domains having the core β-

helix of the same size (Figure 4.6A). The β-helix in both cases has 11 complete turns, with the 

longest β-sheet (designated face A, see Figure 4.6D) having 14 β-strands. A few differences, 

however, are evident: a loop between β8 and β9 in Calkro_0844C is 6 residues longer, the β-

strand β26 is missing in Calkro_0844C, and the α-helix in Calkro_0844C before the β27 is not 

present in Calkr_0826C. The long loop connecting the ends of the β-helix (β28 to β29, 

Calkro_0826C) is of the same length of 40 residues in both Calkr_0826C and Calkro_0844C, 

and features an α-helix located at the same position in the middle. The loop connecting the α2 

helix to the β32 strand is 3 amino acid residues shorter in Calkr_0826C, and is compensated by 

the neighboring loop between β33 and β34, which is 9 residues longer in Calkr_0826C. Also, the 

loop between β36 and β37 is again 3 residues shorter in Calkr_0826. It is worth noting that the 

connecting loops of different lengths (β8-β9, α2-β32, β33-β34 and β36-β37) are adjacent and 

represent about half of the edge between faces B (the next one after A following the direction of 
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the polypeptide, see Figure 4.6D) and C (the face following B, see Figure 4.6D) of the β-helix, 

opposite to the connecting loop. Similar to the Calkro_0844C, Calkr_0826C has a hydrophobic 

surface on the face A covered by the connecting loop with multiple flat-on-a-surface aromatic 

sidechains lined up along the β-sheet (Figure 4.5A). 

 The C-terminal domain of Calhy_0908C is 40 residues longer than that of Calkro_0844C 

and shows the least amount of sequence homology (Table 4.1) to the other tāpirins examined 

here. The lack of homology actually led to an incorrect sequence alignment by NCBI-BLAST 

(25) that in turn translated into an incorrect homology model that was unsuccessfully attempted 

for molecular replacement. When the molecular replacement attempt failed, the structure of the 

Calhy_0908C was determined via single-wavelength anomalous diffraction (SAD) using the 

anomalous signal of iodine atoms incorporated into the crystal after a short soak. Once the 

structure was determined, a structure-based sequence alignment was a more reliable basis for 

comparing different tāpirins (Figure 4.6B-C). 

The Calhy_0908C exhibits the same overall architecture as two other tāpirins with known 

structures (Figure 4.6C-D): the β-helix as the core of the domain and a long loop connecting the 

ends on the β-helix. The major difference between the Calhy_0908C and two other structures is 

that the β-helix of Calhy_0908C is three turns longer than that of Calkro_0844C and 

Calkr_0826C, which is made possible by a massive 62-residue single insert in the Calhy_0908C 

sequence. The rest of the Calhy_0908C (residues 170-378 and 443-578) could be superimposed 

reasonably well onto Calkro_0844C with the r.m.s.d. of 1.97 Å over 1,020 atoms.  

Aside from additional turns of the β-helix, Calhy_0908C has other differences from 

Calkro_0844C (Figure 4.6B). Similar to the Calkr_0826C vs. Calkro_0844C contrast (Figure 

4.6A), the set of loops connecting faces B and C of the β-helix is different. The loop connecting 
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β5 and β6 is 7 residues longer in Calhy_0908C and four more neighboring loops are shorter in 

Calhy_0908C: the β8-β9 loop, β11-β12 loop, β39-β40 loop, and β42-β43 loop is 7, 2, 2, and 5 

residues shorter, respectively. Another difference is the orientation of the helix α3, which while 

still present in the Calhy_0908C structure, runs almost perpendicular to the corresponding helix 

of Calkro_0844C. To complement that rearrangement, the connecting loop in Calhy_0908C goes 

straight to the β36 without an 8-residue ‘detour’ that is present in Calkro_0844C. Also, the β29 

strand of Calkro_0844C is not present in Calhy_0908C, with its place taken by the repositioned 

α3 helix. Similar to both Calkro_0844C and Calkr_0826C, in the hydrophobic face A of 

Calhy_0908C, the β-helix features a line of aromatic residues (Figure 4.7A-C). 

Can the observed differences in tāpirin structures explain the differences in cellulose 

binding? As it was shown in the Figure 4.5, Calhy_0908 demonstrates the strongest potential 

binding to cellulose among tāpirins examined here. When the structural features of three of these 

tāpirins are compared (Figure 4.6C), there are two areas where differences are apparent. First, 

the set of loops, connecting β-strands on the edge between faces B and C of the β-helix, is 

different in these three proteins, varying in size and chemistry. However, it should be pointed out 

that Calhy_0908C has the least extensive set of loops, such that most of these are shorter than the 

corresponding regions in Calkr_0826C and Calkro_0844C. If these loops were responsible for 

the protein interaction with the cellulose, this difference would leave overall less ‘real estate’ for 

the possible protein-cellulose interactions. However, that cannot be the case, as Calhy_0908 does 

indeed seem to bind well to cellulose despite the differences in the loop sets.  

Still, another area of interest is the hydrophobic surface found on the face A of the β-helix 

that is protected by the connecting loop in the crystallized conformations. A possible cellulose-

binding mechanism could involve repositioning of the connecting loop upon mechanical contact 



 
 

101 
 

with the cellulose surface, exposing the line of aromatic sidechains positioned flat on the surface 

and spaced 5 Å apart, which corresponds to the distance between sugar units in the cellulose 

chain. This can be seen in Figure 4.7A-C where Calhy_0908C has the largest hydrophobic 

surface of the three tāpirins as well as the largest number of aromatic side chains lined up on that 

surface. 

 Immunoelectron microscopy of tāpirins on the cell surface of Caldicellulosiruptor 

bescii.  Calkro_0844 (which is 90% similar in amino acid sequence identity to Athe_1871 in C. 

bescii) antibodies along with gold nanoparticles were utilized to visualize the location of tāpirins 

on the cell surface of C. bescii (Figure 4.8A-C). While there was some noticeable non-specific 

binding of the secondary gold antibodies in the image background compared to the C. bescii 

tāpirin deletion mutant control (Figure 4.8D), labeling suggested features at the cell surface or 

surface structures than the rest of the microscopy grid. Although clumping of the gold 

nanoparticles is seen in all images, these groups are much more dispersed and random in the 

control sample, yet appear to be more specific to the outside of the cell or on cell filaments in the 

C. bescii samples. Furthermore, there are broken filaments and cell pieces (seen most clearly in 

Figure 4.8A and C) that have a denser collection of gold nanoparticles; clumping of the gold 

away from the cells could potentially represent labeling of smaller cellular fragments that have 

broken off. Overall, there is some evidence for tāpirin localization on the cell surface, especially 

when considered in conjunction with fluorescent microscopy shown in Figure 4.9, which depicts 

antibody labeling at the poles of the cell. However, further refinement of the electron microscopy 

technique is needed to determine exact locations and orientations of the tāpirins.  
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Conclusions 
 

 Tāpirins are a new feature in the genus Caldicellulosiruptor, first identified as a source 

for potential binding mechanisms (2) and then characterized in C. kronotskyensis (20). While the 

strong association of Calkro_0844 and Calkro_0845 with cellulose was clear, an understanding 

of the overall importance and mechanism of these binding proteins within and across the 

Caldicellulosiruptor genus was unclear. Here, a deletion of the tāpirins along with pili genes (of 

which tāpirins are genomically co-located) in C. bescii showed that over a short exposure time, 

binding was severely compromised to the point of no attached cells being detected.   

Furthermore, an arrangement of tāpirins from species spanning the cellulolytic activity 

range in Caldicellulosiruptor were analyzed, and only confirmed these proteins’ specificity for 

cellulose in plant materials. One major revelation of these binding assays to cellulosic substrates 

indicated a higher level of binding from Calhy_0908 from C. hydrothermalis and Calkr_0826 

from C. kristjanssonii, both of which are only weakly cellulolytic at best. Structures from the C-

termini of both Calhy_0908 and Calkr_0826 compared to the previously characterized 

Calkro_0844 (20) identified clear differences between the tāpirins, including a much longer 

potential binding platform in Calhy_0908, which contains the largest  number of hydrophobic 

and aromatic residues of all three. With further investigation, it may be confirmed that out of all 

Caldicellulosiruptor species, the less cellulolytic members actually have the highest binding 

abilities, as strong attachment may be key to their survival in their native environments given 

their lesser degradation capabilities. 

 Finally, while fluorescence microscopy has demonstrated the presence of tāpirins on the 

outside of the Caldicellulosiruptor cells, one of the major unknowns about these proteins is their 

exact cellular location; antibodies targeting Calkro_0844 have shown potential pole-specific 
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localization on C. kronotskyensis cells (Figure 4.9), but how these proteins are directly anchored 

to the cell surface is unclear. To attempt to further answer this question, immunoelectron 

microscopy of C. bescii cells was completed with the same tāpirin-specific antibodies utilized in 

the fluorescence microscopy effort (Figure 4.8). While the results are still inconclusive, they do 

indicate a potential association of tāpirins either directly with the cell surface or perhaps even 

with the flagella or other cellular filaments. Further exploration into this avenue should be 

explored, as knowing how these proteins associate with Caldicellulosiruptor cells is an important 

step forward in understanding how tāpirins function across the genus.      

 

Materials and Methods 
 

Bacterial strains, plasmids, and substrates. The wild type strain of Caldicellulosiruptor 

bescii was obtained from Leibniz Institute DSMZ-German Collection of Microorganisms and 

Cell Cultures, and C. bescii strain MACB1018 and genetic vector, pGL0100, were developed 

previously (26). Pyrococcus furiosus strain COM1 (27) was obtained from Dr. Michael W.W. 

Adams at the University of Georgia. Escherichia coli strains 5-alpha (New England BioLabs) 

and Rosetta (Millipore Sigma, Merck) were used for plasmid replication and protein expression, 

respectively. Genes of interest were PCR amplified from extracted genomic DNA, as described 

previously (28), and Gibson assembly ((29) Gibson assembly master mix, New England 

BioLabs) or a KLD reaction (KLD Enzyme Mix, New England BioLabs) was used to insert the 

fragments into plasmids, which had been extracted with ZymoPure midiprep and Zymo Research 

plasmid miniprep classic kits (Zymo Research).  Additionally, Athe_1870 (GenBank™ 

accession number WP_015908253.1), Calhy_0908 (GenBank™ accession number 

YP_003992006.1), Calkr_0826 (GenBank™ accession number YP_004025962.1), NA10_0869 
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(DOE Joint Genome Institute (JGI) Integrated Microbial Genomes & Microbiomes gene ID  

2566072544), and Calkro_0844 (GenBank™ accession number YP_004023543.1) genes were E. 

coli codon optimized (without transmembrane domains or signal peptides) with Integrated DNA 

Technologies (IDT) Codon Optimization Tool (https://www.idtdna.com/CodonOpt), and 

synthesized by the DOE JGI on a pET_45 plasmid. Sequences of all plasmids and edited portions 

of final strains were confirmed with Sanger sequencing (Genewiz). Substrates used for growth 

and binding include:  Avicel PH-101 (FMC BioPolymer), Cave-in-Rock switchgrass (Panicum 

virgatum L. from fields in Monroe County, IA, retrieved by the National Renewable Energy 

Laboratory, and ground and sieved using a Wiley mill (Thomas Scientific) and 40/80 mesh, 

respectively), beechwood xylan (Sigma-Aldrich), and poplar (Populus trichocarpa, obtained 

from Vincent Chiang (30)) 

 
Expression of tāpirin proteins in E. coli.  Expression plasmids with synthesized 

Athe_1870, Calhy_0908, Calkr_0826, NA10_0869, and Calkro_0844 genes were transformed 

into E. coli (strain 5-alpha with 50 μg/ml carbenicillin section and strain Rosetta with both 50 

μg/ml carbenicillin and 34 μg/ml chloramphenicol selection), and cultured on Luria-Bertani (LB 

– 10 g/liter sodium chloride, 10 g/liter tryptone, and 5 g/L yeast extract) liquid medium or agar 

(1.5% wt/vol) plates at 37ºC. For the production of protein, the cultures were grown in ZYM-

5052 autoinduction medium (31) with chloramphenicol and carbenicillin in up to 1-3L volumes 

at 37ºC 250 RPM for 18-24 hours and harvested with centrifugation of 6000 x g for 10 minutes. 

Cells were then re-suspended in 100 mL of 20 mM sodium phosphate, pH 7.4, 0.5 mM sodium 

chloride, and 5 mM imidazole, lysed with a French Press at 16,000 psig, heat-treated at 65°C for 

30 minutes, and centrifuged at 25,000 x g for 30 minutes. Protein in soluble fraction was purified 

with 5-ml HisTrap HP nickel-Sepharose immobilized metal affinity chromatography column 
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(GE Healthcare - operated according to the manufacturer's instructions) using a Biologic 

DuoFlow FPLC (Bio-Rad), and then stored at 4°C. Protein concentration was determined by the 

Bradford assay (32) and protein purity was visualized along with a Benchmark protein ladder 

(Life Technologies) by SDS-PAGE using 4-15% Mini-PROTEAN® TGX Stain-Free™ Precast 

Gels (Bio-Rad).  

Expression and purification of C-terminal tāpirins, Calkr_0826C and Calhy_0908C. 

Purified protein was buffer-exchanged into 0.4 mM calcium chloride, 0.15 M sodium chloride, 

and 50 mM tris-chloride (pH 8.0) reaction buffer and treated with thermolysin (1 mg/ml in same 

buffer - Promega), as described in (20). A thermolysin-to-protein ratio of 1:500 and treatment 

times of 5 to 30 minutes at 70ºC were used to effectively lyse protein to produce the C-terminal 

portion of the tāpirin (i.e. Calkr_0826C for C. kristjanssonii and Calhy_0809C for C. 

hydrothermalis). Reactions were halted by storing samples on ice and then long term at 4°C. 

Samples were imaged with SDS-PAGE as described above to verify cleavage. For the 

crystallization of Calkr_0826C and Calhy_0908C, cleaved products were further purified using 

an ÄKTA protein purification system (GE Healthcare Life Sciences) and Superdex 75 pg (16/60) 

size exclusion chromatography column in 20 mM Tris pH 7.5 and 100 mM sodium chloride. 

Crystallization. The crystals of Calkr_0826C and Calhy_0908C were initially obtained 

with sitting drop vapor diffusion using a 96-well plate with PEG ion HT screen from Hampton 

Research (Aliso Viejo, CA).  50 µL of well solution was added to the reservoir, and drops were 

made with 0.2 µL of well solution and 0.2 µL of protein solution using a Phoenix crystallization 

robot (Art Robbins Instruments, Sunnyvale, CA). The Calkr_0826C crystals were grown at 20°C 

using an optimization screen containing 0.1 M citric acid pH 3.0 to 4.0 and 10% to 15% w/v 

polyethylene glycol (PEG) 3350 (best crystals appeared in pH range from 3.1 to 3.2 and PEG 
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3350 14-15%). The protein solutions contained 12 mg/mL of protein, 20 mM Tris pH 7.5, 100 

mM sodium chloride, 2% of the Hampton Research Tacsimate pH 4 mix and 5 mM of each of 

zinc acetate, potassium chloride, magnesium chloride, and calcium chloride. The Calhy_0908C 

crystals were grown at 20°C using an optimization screen containing 5 mM – 35 mM zinc 

acetate and 15% to 24% w/v PEG 3350 (best crystals appeared in 0.015 M zinc acetate and PEG 

3350 concentration of 17-18%). The protein solutions contained 7.5 mg/mL of protein, 20 mM 

Tris pH 7.5, 100 mM NaCl and 2% of the Hampton Research Tacsimate pH 7 mix. 

All crystals were soaked in well solution with PEG 3350 increased to 25% along with 5-

10% ethylene glycol added for the cryo protection. For the purpose of structure determination, an 

iodine derivative was obtained for the Calhy_0908C by quick soaking the crystals in the 

cryoprotectant described above with 0.1 M potassium iodide added. 

Crystallography data collection and processing. The crystals of Calkr_0826C and 

Calhy_0908C were flash frozen in a nitrogen gas stream at 100 K before home source data 

collection using an in-house Bruker X8 MicroStar X-Ray generator with Helios mirrors and 

Bruker Platinum 135 CCD detector. Data were indexed and processed with the Bruker Suite of 

programs version 2014.9 (Bruker AXS, Madison, WI).  

Crystal structure solution and refinement. Intensities were converted into structure 

factors and ‘free’ sets of the reflections (5% of the reflections for Calkr_0826C and 2% for 

Calhy_0908C) were flagged for Rfree calculations using programs F2MTZ, Truncate, CAD and 

Unique from the CCP4 package of programs (33). The structure of the Calkr_0826C was solved 

by MOLREP (34) using Calkro_0844_C (20) (PDB ID 4WA0) as a search model. Crank2 (35) 

was used to solve the structure of the Calhy_0908C utilizing iodine single-wavelength 

anomalous dispersion (36). Refinement and manual correction was performed using REFMAC5 
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(37) version 5.8.158, PHENIX (38) version 1.11 and Coot (39) version 0.8.8.  The 

MOLPROBITY method (40) was used to analyze the Ramachandran plot, and root mean square 

deviations (rmsd) of bond lengths and angles were calculated from ideal values of Engh and 

Huber stereo chemical parameters (41).  Wilson B-factor was calculated using CTRUNCATE 

version 1.15.10 (33). The data collection and refinement statistics are shown in Table 4.4. 

Tāpirin binding assays. Recombinant proteins, both full length and truncated, were 

tested for attachment to various substrates in triplicate, as described in (20). All substrates were 

initially soaked with 100 mL of 50 mM MES and 3.9 mM sodium chloride at pH 7.2 ('binding 

buffer') overnight, and then subsequently dried overnight (both steps at 70°C). Nine mg of 

washed substrates were mixed with 40 μg of purified tāpirin protein and incubated in a 

thermomixer (Eppendorf) at 70°C and 500 rpm for one hour. Samples were then centrifuged 

13000 x g and separated into ‘unbound’ (supernatant) and ‘bound’ (pellet) fractions. The bound 

fraction was then washed (re-suspending the substrate in binding buffer with vortexing, 

centrifuging mixture at 13000 x g, and discarding the supernatant) four times before being finally 

re-suspended in 250 μL of buffer. Equal volumes of bound or unbound sample were mixed with 

2x Laemmli sample buffer and 5% 2-mercaptoethanol, and boiled for 30 minutes. Samples were 

then loaded on a SDS-PAGE gel as described above. Densitometry was completed by using 

ImageJ (42) to analyze band intensity (keeping contrast across gels consist) and by normalizing 

all bands to the 70 kDa Benchmark protein ladder (Life Technologies) band present on each gel. 

 
Deletion of tāpirin and/or pili genes in C. bescii. Knockout (KO) vectors were 

constructed with Gibson Assembly with pGL100 (26) as the backbone with pyrE (Athe_1382). 

Flanking regions outside Athe_1870-1871, and Athe_1870-1885 were PCR-amplified off of C. 

bescii MACB1018 genomic DNA, while the vector backbone and kanamycin resistance gene 
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(HTK) and SLP promoter (Athe_2303) and were PCR-amplified off of template plasmid before 

using Gibson Assembly to piece them together. A new genetic vector, pLLL023, was also 

generated using a KLD reaction from pGL100 to create a plasmid without Pslp-HTK on the 

backbone, such that Pslp-HTK could be inserted into the genome. Primers used for vector 

construction and genetic screening are included in Table 4.5. The resulting vectors were 

generated for the following strains: pLLL024 for RKCB136 (Athe_1870-1871 KO and Pslp-HTK 

knockin (KI)), and pLLL012 for RKCB135 (Athe_1870-1885 KO). After construction, plasmids 

were methylated with purified recombinant M.CbeI (as described previously in (26, 43)). 

 
C. bescii genetic strains were all cultured anaerobically in either low osmolality defined 

(LOD) or complex (LOC) medium (44) with cellobiose in liquid cultures at 75°C with a nitrogen 

headspace and on 1.5% wt/vol agar plates in an anaerobic chamber (Coy Laboratory) at 65°C. To 

transform KO plasmids into C. bescii strain MACB1018 (26), 1 μg of plasmid DNA was added 

to 50 μl aliquots of competent cells (prepped as described previously (26) in LOD media 

supplemented with 1 X 19 amino acid solution (27)) at room temperature. Cells were then 

electroporated with a Gene Pulser II system with a Pulse Controller Plus module (Bio-Rad) in 1-

mm-gap cuvettes (USA Scientific) at 25 μF, 200 Ω, and 2 kV before being passaged to 10 mL of 

preheated LOC medium for recovery at 75°C. After one hour, all recovery media was passaged 

to selective media (LOC with 50 μg/mL kanamcyin) and incubated until growth was noted 

(typically 1 to 3 days) at 75°C. Growing transformants were screened with PCR and then 

passaged multiple times into liquid selective medium and/or plated on selective media for 

purification. Second crossovers were then selected by plating transformed cells onto LOD 

medium containing 4 mM 5-fluoroorotic acid (5-FOA), 50 μg/mL kanamycin (for HTK KI 

strains), and 40 mM uracil. Successful PCR-screened colonies were plate purified on the same 
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second-crossover plating media without 5-FOA. 

 
Whole cell binding assay. Caldicellulosiruptor cells were cultured at 75ºC in 100 mL of 

modified 671 medium with 5 g/L Avicel, as described previously. Cultures were measured for 

cell density with acridine orange epifluorescence microscopy, as described previously (45), 

before the entire sample was initially centrifuged at 400 x g for 5 minutes to lightly pellet Avicel. 

The supernatant was removed and cells were harvested by centrifugation at 6000 x g for 10 

minutes before being concentrated to 5x108 to 1x109 cells/ml in 671d medium. 1 mL of cells 

were added to 10 mg of Avicel for 1 hour in a thermomixer (Eppendorf) at 70ºC; a control was 

also completed without any substrate (only media and cells) and all samples were completed in 

triplicate. The supernatant counting unbound cells were then separated and enumerated again 

with acridine orange epifluorescence microscopy, with the average planktonic cell densities were 

compared using a t-test.  

 
Immunogold transmission electron microscopy. Immunogold labeling and electron 

microscopy (EM) of tāpirins in C. bescii was completed using Harvard Medical School Electron 

Microscopy Facility protocols; a control sample was also prepared with similar methods using 

Pyrococcus furiosus. Cells were grown on 5 g/L Avicel in modified 671 (671d) medium at 75ºC. 

The culture was shaken after growth to break up Avicel/cell clumping before 1 mL of samples 

was extracted and centrifuged at 400 X g for 5 minutes to lightly pellet Avicel particles. The 

supernatant was removed and then centrifuged at 6000 X g to pellet cells. The pellet was washed 

with 1 mL of 1X PBS and finally resupended in 10 ul of 1X PBS. 7 μL of the cell solution was 

placed on a square nickel grid (300 mesh) with Formvar (10 nm)/Carbon (3-4 nm) film coating 

(Electron Microscopy Sciences - VWR). Blocking of the grids was done for 30 minutes with 1% 



 
 

110 
 

bovine serum albumin (BSA) in 1X PBS. The primary antibody was produced in rabbit and 

targeted Calkro_0844 protein (20) (but was also shown to be reactive with purified Athe_1870 

protein, which is produced in C. bescii) and was diluted to 1:100 for use (from a 2.5 mg/ml 

stock) and incubated with grids for 45 minutes. The tāpirins were secondarily labeled with anti-

Rabbit IgG (whole molecule)-10 nm gold antibody (produced in goat – Sigma Aldrich) at a 

dilution of 1:20 and incubated for 30 minutes.  After staining grids with 1% uranyl acetate, 

imaging was completed with a PHILIPS 400T TEM microscope by the NC State University 

Structural Biochemistry Resource (Raleigh, NC, USA).  
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Figure 4.1. Genomic organization of Type IV pili, tāpirins, and glucan degradation loci in 
examined Caldicellulosiruptor species. Red to yellow refers to species cellulolytic capabilities 
(highly to weakly). Numbers refer to gene locus tags in sectioned loci. The tāpirins that were 
expressed in this study are highlighted in purple. Abbreviations are as follows: Athe, C. bescii; 
Calhy, C. hydrothermalis; Calkr, C. kristjanssonii; Calkro, C. kronotskyensis; NA10, C. 
naganoensis. 
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Figure 4.2. Whole cell binding assay of parent Caldicellulosiruptor bescii strain, 
MACB1018, versus C. bescii tāpirin and pili deletion (ΔAthe_1870-1885 – RKCB135) and 
tāpirin only deletion (ΔAthe_1870-1871 – RKCB136) strains. Cell concentrations refer to 
cells not attached to Avicel after 1 hour incubated (or to tube in the case of the ‘no substrate’ 
control). Error bars are standard error of triplicate samples (‘n.s.’ is ‘not significant’).  
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Figure 4.3. Pileup of full length amino acid sequences of tāpirins Athe_1870, Calhy_0908, Calk_0826, Calkro_0844, and 
NA10_0869. Calhy_0908, Calkr_0826, and Calkro_0844 were aligned based on structural homology, while Athe_1870 and 
NA10_0869 were aligned with NCBI-BLAST (25). The darker the color purple is, the more shared homology there is between those 
specific sequences (actual amino acid %ID between tāpirins are listed in Tables 4.1 and 4.2A-B. The yellow box represents where the 
linker (residues 269-275 in alignment, and residues 257-264 in full length Calkro_0844 sequence) between the N- and C-terminal of 
Calkro_0844 is.
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Figure 4.4. SDS-PAGE gel of tāpirin binding assay to plant component substrates. 
Athe_1870, Calhy_0908, Calkr_0826, Calkro_0844, and NA10_0869 from C. hydrothermalis, 
C. kristjanssonii, C. kronotskyensis, and C. naganoensis, respectively, where incubated with 
cellulose (Avicel and filter paper), lignocellulose (switchgrass and poplar), and xylan, along with 
a no substrate control. Proteins were separated into bound (B) and unbound (U) fractions and 
visualized with SDS-PAGE; bands here are representative of triplicate trials.  
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Figure 4.5. Densitometry of proteins bound to cellulosic substrates as visualized with SDS-
PAGE. Bound bands of Athe_1870 (gray), Calhy_0908 (orange), Calkr_0826 (yellow), 
Calkro_0844 (light blue), and NA10_0869 (dark blue) from C. bescii, C. hydrothermalis, C. 
kristjanssonii, C. kronotskyensis, and C. naganoensis, respectively, were quantified and 
normalized by the 70 kDa Benchmark ladder band on associated SDS-PAGE gel. Error bars 
represent the standard deviations of the intensities of triplicate samples. 
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Figure 4.6. Crystal structures of Calhy_0908, Calkr_0826, and Calkro_0844. A) Calhy_0908 
and Calkro_0844 superimposed; B) Calkr_0826 and Calkr_0844 superimposed; C) Calhy_0908, 
Calkr_0826, and Calkro_0844 superimposed; and D) 90 degree rotation of Calhy_0908, showing 
protein face designations: ‘A’, ‘B’, and ‘C’. The colors refer to the following tāpirins: green, 
Calhy_0908 (C. hydrothermalis); blue, Calkr_0826 (C. kristjanssonii); and magenta, 
Calkro_0844 (C. kronotskyensis). Abbreviations are as follows: α, alpha helix; N, N-terminus; 
and C, C-terminus. Colors of labels correspond to the colors of the peptides; black font refers to 
a shared feature across all tāpirins. 
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Figure 4.7. Surface features of tāpirins: A) Calhy_0908 (C. hydrothermalis), B) Calkr_0826 
(C. kristjanssonii), and C) Calkro_0844 (C. kronotskyensis). Connecting loop and N- and C-
termini are removed. Aromatic sidechains are highlighted in red. 
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Figure 4.8. Immunomicroscopy of Caldicellulosiruptor using tāpirin antibodies. A-C) C. bescii cells incubated with primary 
antibody targeting Athe_1870 tāpirin (Calkro_0844 in C. kronotskyensis) and secondary gold-labeled antibodies, and visualized with 
transmission electron microscopy. D) C. bescii str. RKCB136 (tāpirin knockout – ΔAthe_1870-1871) was utilized as a control for non-
specific binding of antibodies under the same conditions. 
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Figure 4.9. Fluorescence microscopy of Caldicellulosiruptor using tāpirin antibodies. C. 
kronotskyensis cells (in orange) grown on filter paper were incubated with primary antibody 
targeting the Calkro_0844 tāpirin, and visualized (in green) with fluorescence microscopy and 
acridine orange staining (as done in (17)).
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Table 4.1. Characteristics of analyzed tāpirins. All measurements are from full length amino 
acid sequences. 

Species Isolation 
Location 

Tāpirin  
Gene 
Loci 

Amino 
Acid 

Length 

Molecular  
Weight 
(kDa) 

%ID %ID 
Color 
Scale 

Athe 
_1870 

Calhy 
_0908 

Calkr 
_0826 

Calkro 
_0844 

NA10 
_0869 

C. bescii Kamchatka, 
Russia 

Athe 
_1870 649 70.2 - 16.1 34.8 53.2 55.4 0 

C. 
hydrothermalis 

Kamchatka, 
Russia 

Calhy 
_0908 638 70.8 16.1 - 16.7 15.9 17.3 25 

C. 
kristjanssonii 

Hveragerði, 
Iceland 

Calkr 
_0826 634 68.8 34.8 16.7 - 35.7 34.8 50 

C. 
kronotskyensis 

Kamchatka, 
Russia 

Calkro 
_0844 642 69.5 53.2 15.9 35.7 - 84.9 75 

C. 
naganoensis 

Nagano 
Prefecture, 

Japan 

NA10 
_0869 642 69.9 55.4 17.3 34.8 84.9 - 100 
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Table 4.2: %ID across the A) N-termini and B) of Athe_1870, Calhy_0908, Calkr_0826, 
Calkro_0844, and NA10_0869. Residues 1-268 (A) and 276-758 (B) from the full length 
alignment (Figure 3) were used in these comparisons. Athe_1870, Calhy_0908, Calkr_0826, 
Calkro_0844, and NA10_0869 are from C. bescii, C. hydrothermalis, C. kristjanssonii, C. kronotskyensis, 
and C. naganoensis, respectively. 

A Athe_1870 Calhy_0908 Calkr_0826 Calkro_0844 NA10_0869 
%ID 
Color 
Scale 

Athe_ 
1870 - 19.6 38.5 86.2 86.3 0 

Calhy_ 
0908 19.6 - 18.4 17.9 20.4 10 

Calkr_ 
0826 38.5 18.4 - 38.5 38.5 20 

Calkro_ 
0844 86.2 17.9 38.5 - 88.5 30 

NA10_ 
0869 86.3 20.4 38.5 88.5 - 40 

B Athe_1870 Calhy_0908 Calkr_0826 Calkro_0844 NA10_0869 50 

Athe_ 
1870 - 14.4 32.8 35.6 35.6 60 

Calhy_ 
0908 14.4 - 16.0 15.0 15.7 70 

Calkr_ 
0826 32.8 16.0 - 34.1 32.6 80 

Calkro_ 
0844 35.6 15.0 34.1 - 82.9 90 

NA10_ 
0869 35.6 15.7 32.6 82.9 - 100 
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Table 4.3: Densitometry ratio comparison of bound tāpirins. Fold changes between 
normalized band intensities from Figure 4.5 were measured for all tāpirins and cellulosic 
substrates. Values are separated by substrate and band intensities were compared to all tāpirins 
(e.g. ‘Calhy_0908 vs __’ column states that the Calhy_0908 bound band is __ fold more intense 
than associated values from tāpirins in rows for that given substrate). Tāpirins Athe_1870, 
Calhy_0908, Calkr_0826, Calkro_0844, and NA10_0869 are from C. bescii, C. hydrothermalis, C. 
kristjanssonii, C. kronotskyensis, and C. naganoensis, respectively. 

  Avicel 

  
Athe_1870 

vs. ___ 
Calhy_0908 

vs. ____ 
Calkr_0826 

vs. ____ 
Calkro_0844 

vs. ___ 
NA10_0869 

vs. ___ 

Athe_1870 1.0 2.6 1.4 0.2 0.3 
Calhy_0908 0.4 1.0 0.6 0.1 0.1 
Calkr_0826 0.7 1.8 1.0 0.1 0.2 

Calkro_0844 6.3 16.3 9.0 1.0 2.0 
NA10_0869 3.1 8.1 4.5 0.5 1.0 

  Filter Paper 

  
Athe_1870 

vs. ___ 
Calhy_0908 

vs. ____ 
Calkr_0826 

vs. ____ 
Calkro_0844 

vs. ___ 
NA10_0869 

vs. ___ 

Athe_1870 1.0 3.0 2.6 0.2 0.1 
Calhy_0908 0.3 1.0 0.8 0.1 0.1 
Calkr_0826 0.4 1.2 1.0 0.1 0.1 

Calkro_0844 4.4 13.3 11.3 1.0 0.1 
NA10_0869 3.7 11.1 9.4 0.8 0.1 

  Switchgrass 

  
Athe_1870 

vs. ___ 
Calhy_0908 

vs. ____ 
Calkr_0826 

vs. ____ 
Calkro_0844 

vs. ___ 
NA10_0869 

vs. ___ 

Athe_1870 1.0 1.6 3.3 0.2 0.9 
Calhy_0908 0.6 1.0 2.1 0.1 0.5 
Calkr_0826 0.3 0.5 1.0 0.1 0.3 

Calkro_0844 5.0 8.0 16.7 1.0 4.3 
NA10_0869 1.2 1.8 3.8 0.2 1.0 

  Poplar 

  
Athe_1870 

vs. ___ 
Calhy_0908 

vs. ____ 
Calkr_0826 

vs. ____ 
Calkro_0844 

vs. ___ 
NA10_0869 

vs. ___ 
Athe_1870 1.0 2.9 1.9 0.1 0.1 

Calhy_0908 0.3 1.0 0.7 0.0 0.0 
Calkr_0826 0.5 1.5 1.0 0.1 0.1 

Calkro_0844 7.5 22.0 14.5 1.0 1.0 
NA10_0869 7.5 22.0 14.5 1.0 1.0 
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Table 4.4: X-ray data collection and refinement statistics. Statistics for the highest resolution 
bin are shown in parenthesis. 

                              
Data collection 

Calkr_0826C Calhy_0908C                            Calhy_0908C 
phasing 

Space group P212121 P212121 P212121 
Unit cell, Å, ° a=67.09, 

b=98.32, 
c=138.53  

a=76.16, b=90.43, 
c=158.45 

a=76.11, b=90.41, 
c=158.48 

Wavelength, Å 1.54188 1.54188 1.54188 
Temperature (K) 100 100 100 
Resolution, Å 54-2.65 (2.75-

2.65) 
58-1.75 (1.85-
1.75) 

60-1.9 (2.0-1.9) 

Unique reflections 38585 (3969) 111011 (16854) 86865 (12216) 
Rint

† 0.2419 (0.6461) 0.0609 (0.6247) 0.0744 (0.5724) 
Average redundancy 5.2 (4.3) 8.5 (6.4) 12.9 (8.5) 
<I>/<σ(I)> 4.89 (1.03) 19.60 (2.08) 18.20 (2.31) 
Completeness, % 100 (100) 100 (99.8) 100 (99.8) 
Refinement    
R/Rfree 0.183/0.251 0.168/0.211  
Protein atoms 5414 6869  
Water molecules 629 1306  
Other atoms 8 34  
RMSD from ideal 
bond length, Å# 

0.008 0.022  

RMSD from ideal 
bond angles, ° # 

1.0 2.0  

Wilson B-factor 25.9 19.5  
Average B-factor for 
protein atoms, Å2 

28.1 24.6  

Average B-factor for 
water molecules, Å2 

33.0 40.0  

Ramachandran plot 
statistics, %*  

   

Allowed, % 4.5 4.7  
Favored, % 95.3 95.3  
Outliers 1 0  

† Rint = ∑| I - <I> | / ∑|I| where I is the intensity of an individual reflection and <I> is the mean intensity 
of a group of equivalents and the sums are calculated over all reflections with more than one equivalent 
measured 

# (46) 
* (47) 
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Table 4.5. Primers used in this study. Underlined portions are specific to vector backbone or 
overlap between fragments. GA, Gibson Assembly construction; KLD, KLD reaction 
construction. 

Primer Sequence Use 
Athe_1885 5' 
fwd 

CGTTAAGGGATTTTGGCTCTTTATCTAAAAGATGTTTTGTATC pLLL012 
GA. 

Athe_1885 5' 
rev 

CTAAAACAACCTGTATTGGATACAGTCTGATACACCTACCCCTCTATTTG pLLL012 
GA 

Athe_1870 3' 
fwd 

CAAATAGAGGGGTAGGTGTATCAGACTGTATCCAATACAGGTTGTTTTAG pLLL012 
GA. 

Athe_1870 3' 
rev 

GAAGATCCTTTTTGATAATCTCATTAAGTAATTTTCTAACATTCTTAACTTAATTC pLLL012 
GA 

pGL100 fwd GAATTAAGTTAAGAATGTTAGAAAATTACTTAATGAGATTATCAAAAAGGATCTTC pLLL012 
GA. 

pGL100 rev CAAAACATCTTTTAGATAAAGAGCCAAAATCCCTTAACGTGAGTTTTC pLLL012 
GA 

pGL100 fwd ATGAATAAAGATGCTTACATTCAAATG pLLL023 
KLD 

pGL100 rev TCTAGAGACCATCCTTTCTATGTAG pLLL023 
KLD 

Athe_1871 5’ 
fwd 

CGTTAAGGGATTTTGGCCTCCTTTTACCCCCTCAC pLLL024 
GA 

Athe_1871 5’ 
rev 

CCTCTTTTAAATCCTGTCAGAAAACAAGTTAATGGTAAATGC pLLL024 
GA 

Athe_1870 3’ 
fwd 

CAAAAAGAATTCCATTTTAACAGGTTGTTTTAGTTTATTTACCTGATATTCC pLLL024 
GA 

Athe_1870 3’ 
rev 

GATAATCTCATCTTTCTACACATGCTCTGCTCATC pLLL024 
GA 

Pslp HTK fwd GCATTTACCATTAACTTGTTTTCTGACAGGATTTAAAAGAGGCTATGC pLLL024 
GA 

Pslp HTK rev CAGGTAAATAAACTAAAACAACCTGTTAAAATGGAATTCTTTTTGAAACATCAAC pLLL024 
GA 

pLLL023 fwd AGCAGAGCATGTGTAGAAAGATGAGATTATCAAAAAGGATCTTCACC pLLL024 
GA 

pLLL023 rev GGTAAAAGGAGGCCAAAATCCCTTAACGTGAG pLLL024 
GA 

Athe_1870 3’ CAAAATGAGCGTTTCCACACTC / CCAACTAACAACCCAATAGTC PCR 
screening 

Athe_1885 5’ GAGGGGGTACAGGTGATTG / CTATCATGTTCCGCTCATAGC PCR 
screening 

Athe_1871 5’ ACACACAATTCTTGATAAACAACC PCR 
screening 

HTK rev CCAATTTATGATCCAGGTGGTT / CCAATTTATGATCCAGGTGGTT PCR 
screening 

Apr fwd CCCAAGGTTGAGAAGCTGAC PCR 
screening 
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