
 

 

ABSTRACT 

ZURAWSKI, JEFFREY VANCE. Microbiological and Engineering Studies of Extremely 

Thermophilic Caldicellulosiruptor Species for Lignocellulose Deconstruction and Conversion 

(Under the direction of Dr. Robert Kelly). 

 

The genus Caldicellulosiruptor contains extremely thermophilic, lignocellulose-

degrading bacteria, capable of optimal growth at temperatures of up to 78˚C. Characteristic of 

these bacteria are hydrolytic thermostable enzymes that are active towards all plant 

polysaccharides and utilization of both pentose and hexose degradation products in 

fermentation pathways to produce primarily acetate, lactate, H2 and CO2. These traits make 

members of the genus poised for utilization in lignocellulose-based bioprocesses. Currently, 

the intrinsic recalcitrance of lignocellulose is the major economic hurdle to developing these 

bioprocesses. Lignin, a major component of plant cell walls, is a primary contributor to 

recalcitrance. This work describes the comparison and assessment of Caldicellulosiruptor 

species for deconstruction of untreated lignocellulosic feedstocks and the evaluation of 

genetically engineered switchgrass for recalcitrance both with and without hydrothermal 

pretreatment.  

The ability to degrade untreated lignocellulosic substrates was evaluated for three 

strongly cellulolytic Caldicellulosiruptor species (C. bescii, C. kronotskyensis and C. 

saccharolyticus). Solubilization of biomass from natural poplar variants correlated inversely 

with lignin levels for the three species with C. saccharolyticus affected the most. The extent 

of switchgrass degradation by C. bescii and C. kronotskyensis was comparable, while 

degradation by C. saccharolyticus was much lower and only slightly more than abiotic thermal 

mechanisms. The lack of two cellulases containing glycoside family 48 domains in the genome 



 

 

of C. saccharolyticus is believed to be responsible for its lower levels of solubilization. 

Fermentation product profiles indicated acetate as the primary metabolic product for all 

species, although lactate production was variable. Transcriptomes for growth of each species 

comparing cellulose to switchgrass showed differential regulation of many carbohydrate ABC 

transporters and multi-domain extracellular glycoside hydrolases, reflecting the heterogeneity 

of lignocellulose. Expression of many of these elements was high on both substrates indicating 

of a role in cellulose deconstruction. However, there were significant differences in 

transcription levels for genes conserved among the three species, indicating unexpectedly 

diverse regulatory strategies for deconstruction for these closely related bacteria.  

Next, the recalcitrance to two transgenic switchgrass lines, COMT3 and MYB, 

modified in lignin content and structure, were analyzed for deconstruction by C. bescii. 

Transgenic modification of the lignin biosynthesis pathway increased carbohydrate conversion 

of untreated COMT3 and MYB by 1.5- and 2.3-fold, respectively. Overall carbohydrate 

conversion for the transgenic COMT3 and MYB lines was 36% and 15%, respectively, 

compared to a naturally selected switchgrass, Cave in Rock (36% carbohydrate conversion). 

C. bescii planktonic growth was indicative of differences in carbohydrate conversion between 

switchgrass lines. Hydrothermal pretreatment significantly increased carbohydrate conversion 

by 15% for all switchgrass lines, indicating transgenic modification did not enhance 

hydrothermal release of insoluble carbohydrates. Time-course sampling of pH-controlled 

fermentations found transgenic switchgrass lines to have not only decreased recalcitrance but 

also increased solubilization and acetate production rates. Combining multiple C. bescii 

microbial deconstructions and hydrothermal treatments achieved over 70% carbohydrate 

solubilization for transgenic COMT3 and Cave in Rock switchgrass lines. Characterization of 



 

 

untreated and hydrothermally treated switchgrass showed while accessibility increased as a 

result of hemicellulose removal and cellulose disruption by C. bescii enzymes, lignin 

contributed significantly to residual recalcitrance.  

The results from this study showed cellulolytic capacity varies within the 

Caldicellulosiruptor genus as indicated in the genome. Likewise, the extent of carbohydrate 

conversion is highly dependent on lignocellulosic substrate composition and structural 

characteristics.  From an engineering perspective, coupling genetically manipulated 

Caldicellulosiruptor strains and plants with mild pretreatment technologies offers opportunity 

to overcome lignocellulosic recalcitrance.  
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Abstract 

Extremely thermophilic, carbohydrate-utilizing bacteria from the genus 

Caldicellulosiruptor should be considered for biohydrogen production to take advantage of 

their broad growth substrate range and high substrate conversion efficiency. In fact, 

Caldicellulosiruptor species produce molecular hydrogen at yields approaching the Thauer 

limit of 4 mol H2/mol glucose equivalent. Caldicellulosiruptor species can utilize pentoses, 

hexoses, di/oligosaccharides, as well as complex polysaccharides, including crystalline 

cellulose. The broad appetite of these organisms relates to the natural environment of 

Caldicellulosiruptor, where it thrives at high temperatures (65 to 78˚C), utilizing the variable 

saccharide composition of lignocellulosic biomass as growth substrate. The ability to degrade 

recalcitrant plant biomass and utilize a wide variety of polysaccharides in its fermentation 

pathways sets Caldicellulosiruptor apart from many other candidate biofuel-producing 

microorganisms. The conversion of lignocellulose to fuels in Caldicellulosiruptor is driven by 

an array of novel multi-domain glycoside hydrolases that work synergistically to degrade plant 

polysaccharides into oligo/monosaccharides that enter the cytoplasm via an array of 

carbohydrate specific ABC sugar transporters. These carbohydrates are then processed through 

a series of catabolic pathways, after which they enter the EMP pathway to produce reducing 

equivalents in the form of NADH and Fdred. The reducing equivalents are ultimately utilized 

by both cytoplasmic and membrane-bound hydrogenases to form molecular hydrogen. 

Recently completed genome sequences for a number of Caldicellulosiruptor species have 

revealed important details concerning how plant biomass is deconstructed enzymatically and 

shown that there is significant diversity within the genus with respect to lignocellulose 

conversion strategies. 
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General Caldicellulosiruptor Background 

The genus Caldicellulosiruptor is comprised of extremely thermophilic, gram-positive 

bacteria with optimal growth temperatures between 65 and 78°C (1, 2). Members of the genus 

are associated with plant debris in high temperature terrestrial hot springs and mud flats 

worldwide (Figure 1.1). Currently, eight Caldicellulosiruptor species have sequenced 

genomes, providing important insights into the metabolic and physiological traits of these 

extreme thermophiles (3-6).  Common to all species is the capability to convert complex 

polysaccharides into simple sugars, which are then fermented to molecular hydrogen, acetate, 

lactate and small amounts of alcohol (2, 7-12) Caldicellulosiruptor species have potential 

importance for biofuels production, since they produce H2 near the Thauer limit of 4 mol H2 

per mol glucose (13-16).  

The long list of complex polysaccharides serving as growth substrates for members of 

the genus Caldicellulosiruptor includes α- and β-glucans, mannans, xylans, pectin and, for 

some species, crystalline cellulose (2, 7-12, 17). The genus collectively contains 106 glycoside 

hydrolases (GH), representing 43 GH families, and an array of ATP-binding cassette (ABC) 

transporters belonging to the Carbohydrate Uptake 2 (CUT 2), Carbohydrate Uptake 1 (CUT 

1), and Di/Oligopeptide (Dpp/Opp) families (18). These GHs and transporters are deployed to 

synergistically process complex polysaccharides prior to entering into fermentation pathways 

(17). While many microorganisms preferentially utilize hexose over pentose sugars and often 

exhibit carbon catabolite repression (CCR) (19, 20), this is not the case for Caldicellulosiruptor 

species (18). The lack of CCR makes Caldicellulosiruptor species especially promising in 

decomposing characteristically heterogeneous plant biomass to molecular hydrogen.  
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Although the discovery and initial isolation of Caldicellulosiruptor species (C. 

saccharolyticus formerly Caldocellum saccharolyticum) occurred more than 20 years ago (7, 

21), it was only within the past five years, concomitant with the increased interest in biofuels, 

that these bacteria have received intense interest. An overview of current progress in studying 

Caldicellulosiruptor is provided here, with an eye towards how these bacteria produce 

molecular hydrogen from complex carbohydrates, especially lignocellulosic biomass. 

 

 

Figure 1.1. Geographic distribution of Caldicellulosiruptor species and Carbohydrate 

Active Enzymes (a = Number of ORFs  encoding either a CBM, CE, GH or PL; b = signal 

peptide is encoded in the ORF) 
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Extracellular Deconstruction of Lignocellulosic Biomass 

The production of molecular hydrogen from plant biomass begins with extraction and 

deconstruction of the carbohydrate content of lignocellulose into fermentable sugars (Figure 

1.2). 

Lignocellulose Composition and Recalcitrance 

Lignocellulose is primarily composed of cellulose, hemicellulose and lignin; the 

physical and chemical properties of these polymers varies between plant species, stages of 

growth, and environmental conditions (22). Cellulose, the major structural component, is a 

long chain of glucose molecules linked by β–1,4 glycosidic bonds (23). Hydrogen bonds 

between the polysaccharide chains form crystalline cellulose, conferring an increased 

resistance to degradation (24). Hemicellulose is a heteropolymer, consisting of xylose, 

mannose, galactose, glucose, arabinose and glucuronic and galacturonic acids. These sugars 

are linked primarily by β-1,4 and β-1,3 glycosidic bonds. Lignin is an amorphous, water-

insoluble heteropolymer, consisting of phenylpropane units joined by different types of 

linkages. Lignin acts as molecular “glue”, conferring structural support, impermeability and 

resistance to microbial attack (24, 25) (Figure 1.3). The antimicrobial characteristics of lignin 

and crystallinity of cellulose are the two major challenges in the lignocellulosic deconstruction 

process. Microorganisms that can overcome the recalcitrance of cellulose in the context of 

potentially toxic lignin moieties are especially interesting for biofuels production. 
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Figure 1.2. Conversion process of plant biomass to fuels. Plant biomass is first mechanically 

degraded to yield long chained polysaccharides, which are then enzymatically deconstructed 

to shorter chained mono/oligo saccharides. Shorter chained saccharides are fermented to 

produce biofuels.  

 

Enzymatic Lignocellulose Deconstruction 

The deconstruction of lignocellulose by Caldicellulosiruptor initially involves 

extracellular enzymatic attack of the plant biomass substrate. Members of the genus utilize an 

array of extracellular glycoside hydrolases (GHs), polysaccharide lyases (PLs), and 

carbohydrate esterases (CEs) that break the glycosidic linkages of long-chained 

polysaccharides to eventually yield oligosaccharrides and simple sugars (17). These are then 

transported into the cell for utilization in metabolic pathways. The degradation of crystalline 
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cellulose and other recalcitrant plant polysaccharides requires the synergistic action of multiple 

catalytic domains, often within the same enzyme. The efficacy of these enzymes can be 

enhanced through the conjugation of the catalytic subunit(s) with one or more carbohydrate 

binding modules (CBM). The CBMs act to increase the catalytic efficiency by targeting the 

catalytic GH unit toward accessible polysaccharide, disrupting the polysaccharide structure, 

and maintaining the substrate in prolonged intimate contact with the catalytic GH (26). The 

end goal of extracellular polysaccharide degradation is the production of carbohydrates in a 

transportable form, typically with six or fewer saccharide units.   

 

 

Figure 1.3. Lignocellulose microfibril with Caldicellulosiruptor core extracellular 

enzymes.  Hemicellulose and lignin form a protective sheath around cellulose. Core enzymes 

have activity against α-linked sugars, xylan and amorphous cellulose.  
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The strategy used to generate small, transportable saccharides differs across the 

microbial world. For example, the cellulolytic fungus, Trichoderma reesei, utilizes 

extracellular enzymes, not associated with the cell, that contain a single catalytic domain and, 

in many cases, a single CBM (27). The cellulosome, initially discovered in Clostridium 

thermocellum, is a multi-protein complex constructed around an enzymatically inactive 

scaffoldin. It contains cohesin domains for the attachment of enzyme subunits and a CBM to 

mediate attachment to the substrate. Enzyme subunits, which contain dockerin domains, attach 

to the scaffoldin via cohesin-dockerin interactions. Similarly, interactions between a dockerin 

domain on the scaffoldin and a cell-associated cohesion domain anchor the cellulosome 

complex to the cell (28-30). Members of the genus Caldicellulosiruptor are non-cellulosomal, 

but do employ several multi-domain enzymes that mediate cellular attachment to plant biomass 

through S-layer homology (SLH) domains (31). The S-layer containing enzymes in 

Caldicellulosiruptor are much smaller than the cellulosome, and have one or two catalytic 

domains coupled with one or more CBM (1, 32, 33). The Caldicellulosiruptor SLH-domain, 

containing proteins with additional GH and/or CBM domains, contribute to biomass 

degradation by localizing the substrate and holding the cell in close proximity (Figure 1.3). 

The majority of extracellular GHs encoded in Caldicellulosiruptor genomes lack SLH 

domains, such that they freely diffuse in the biomass-containing milieu. The presence of 

multiple catalytic domains within a single extracellular enzyme imparts the capacity to degrade 

complex heterogeneous polysaccharides synergistically.  

The pan-genome of Caldicellulosiruptor encodes 134 carbohydrate-active enzymes 

(CAZy) (GHs, CEs, PLs and CBMs), of which 106 are GHs, representing 43 GH families. 

However, only 26 GHs from 17 families are included in the core genome (17, 34). Presumably, 
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the core set of enzymes contains the basic catalytic capacity required for growth on plant 

biomass by members of the genus. It may be necessary, but not sufficient, for plant biomass 

deconstruction, since all Caldicellulosiruptor species contain additional GHs in the core 

genome. The core set of GHs include four out of the five known GH families that hydrolyze 

the β-1,4 xyloside linkages characteristic of xylan, three out of the four GH families that 

hydrolyze the β-1,4 mannoside linkages of mannan, and four out of the five xyloglucanase 

families that hydrolyze β-1,4 glucan linkages (1). 

 

 

Figure 1.4. Extracellular glycoside hydrolases of Caldicellulosiruptor species. Core GHs 

are common to all species. Common GHs are possessed by one or more species, while unique 

GHs are only in present in particular species. Abbreviations follow the assigned locus tags and 

are as follows: Cbes, C. bescii; Calhy, C. hydrothermalis; Calkr, C. kristjanssonii; Calkro, C. 

kronotskyensis; Calla, C. lactoaceticus, COB47, C. obsidiansis; Calow, C. owensensis; Csac, 

C. saccharolyticus. 
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Core Caldicellulosiruptor Hydrolytic Enzymes 

The core carbohydrate active enzyme component of the Caldicellulosiruptor genome 

includes four extracellular enzymes (Figure 1.3 and 1.4), identified by the presence of a signal 

peptide at the N-terminus, directing the protein to be secreted into the extracellular 

environment (35). The extent to which the core set extracellular enzymes can degrade 

lignocellulosic substrates is based on biochemical characteristics, homology and phenotypic 

characteristics of the genus. Csac_0678, a bi-functional GH5 conjugated to a CBM28 and S-

layer homology (SLH) domains (Figure 1.3), has orthologs in all Caldicellulosiruptor 

genomes. As mentioned above, the S-layer homology domains of this enzyme act to anchor 

the enzyme to the cell surface, while the CBM facilitates attachment of the multi-domain 

enzyme to the substrate  (36). Biochemical characterization of Csac_0678 showed that the GH5 

domain exhibited both endoglucanase and xylanase activity, while the CBM28 was required 

for activity and binding to crystalline cellulose (31). Two other extracellular core GHs are a 

putative xylanase, containing a GH10 domain conjugated to two CBM22 domains, and a 

putative amylase with a GH13 domain conjugated to a CBM41, a CBM48 and a CBM20 (37, 

38). The remaining extracellular core enzyme is a CE family 4 enzyme with putative xylanase 

activity (34, 39). This core set of extracellular enzymes theoretically provides the genus with 

the ability to hydrolyze α- and β-glucan linkages of starch and cellulose, respectively, in 

addition to β-xyloside linkages of xylan. It should be noted, even though the core extracellular 

enzyme set of Caldicellulosiruptor contains biocatalysts active against the β-glucan linkages 

of cellulose, this does not necessarily mean crystalline cellulose deconstruction is possible, as 

not all species are able to efficiently hydrolyze this substrate.  
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Cellulolytic Caldicellulosiruptor Enzymes 

Beyond the core genome, the presence and absence of specific types of extracellular 

GHs in Caldicellulosiruptor species correlates to the capacity to utilize crystalline cellulose 

(1). In particular, growth on Avicel and filter paper differentiates the cellulolyic members of 

the genus. For example, the strongly cellulolytic species: C. bescii, C. kronotskyensis, C. 

saccharolyticus and C. obsidiansis grow well on Avicel and filter paper, while C. lactoaceticus 

grows to a lesser extent on these substrates. The weakly cellulolytic species, C. hydrothermalis, 

C. kristjanssonii and C. owensensis, grow to a limited extent on filter paper, with no visible 

deconstruction of the solid substrate. Within the sequenced Caldicellulosiruptor genomes, C. 

kronotskyensis contains the most carbohydrate-active encoded enzymes, indicating the ability 

to degrade a wide range of polysaccharides (17) (Figure 1.4 and 1.5). The genomes of the four 

strongly cellulolytic species contain a shared set of seven GHs, three of which are extracellular. 

These extracellular multi-domain enzymes each contain different GH domains (GH9 and 

GH48, GH74 and GH48, or GH9 and GH5) linked by CBM3 modules. The activity of one or 

more of these extracellular GHs presumably confers the ability to degrade crystalline cellulose. 

In order to determine which of these enzymes confers the degradation of crystalline cellulose, 

the weakly cellulolytic species were inspected for the presence of these four GH families. All 

Caldicellulosiruptor genomes sequenced to date harbor GH5-containing enzymes. However, 

while the C. kristjanssonii genome encodes a putative extracellular enzyme containing GH9 

and GH74 domains linked to CBM3 domains, this bacterium is weakly cellulolytic. As such, 

the presence of GH5, GH9 and GH74 enzyme families is not necessarily indicative of 

crystalline cellulose hydrolytic capacity in the genus Caldicellulosiruptor. On the other hand, 

GH48 family enzymes cannot be identified in the genomes of any of the weakly cellulolytic 
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species, suggesting the presence of a GH48 domain is an essential determinant for the ability 

to hydrolyze crystalline cellulose by Caldicellulosiruptor species (1, 17). Furthermore, the 

coupling of GH48 with CBM3 domains is indicative of strong cellulolytic capacity. Along 

these lines, CelA, the GH9-, GH48- and CBM3-containing enzyme present in the cellulolytic 

species, has been characterized biochemically. CelA, isolated from C. bescii culture 

supernatants, as well as specific GH domains produced recombinantly in E. coli, had activity 

against crystalline cellulose and other β- linked glucans (40, 41), demonstrating the importance 

of CelA to the cellulolytic phenotype in Caldicellulosiruptor. As genetic tools for this genus 

become available, it will be interesting to see if the insertion of a GH48-domain containing 

enzyme can impart a strong celluloytic capacity on the weakly celluloytic species in this genus 

or if the absence of CelA results in loss of capacity to degrade crystalline cellulose. 

 

Carbohydrate Transport 

Upon degradation of long-chained polysaccharides to di/oligosaccharides by 

extracellular enzymes of Caldicellulosiruptor species, the simpler sugars are transported into 

the cell via transmembrane carbohydrate transport systems for use in anabolism or catabolism 

(33). Given the wide-ranging inventory of GHs found in the various Caldicellulosiruptor 

species, it is not surprising that there is also significant variability in the number and specificity 

of substrate transporters across the genus. ABC and phosphoenolpyruvate-dependent 

phosphotransferase (PTS) carbohydrate transport systems can be identified in 

Caldicellulosiruptor genomes, although the presence of PTS transporters in the genus is sparse 

and variable. ABC carbohydrate transporters typically belong to one of two groups, the 

carbohydrate uptake transporter (CUT) family and the Di/Oligopeptide transporter family 
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(Dpp/Opp) (42). The CUT-family transporters are further divided into two sub-families, 

differentiated in architecture and substrate specificity. CUT sub-family 1 (CUT1) systems, in 

Caldicellulosiruptor, transport both di/oligosaccharides and monosaccharides (18). CUT1 

transporters consist of an extracellular substrate binding protein, two membrane proteins 

forming the translocation path, and a single ATP binding subunit likely in the form of a 

homodimer. The CUT2 sub-family is solely involved in monosaccharide transport, containing 

a single membrane protein, presumably a homodimer, and two fused ATPase domains. The 

Dpp/Opp transport family has been implicated in the transport of di- and oligopeptides, nickel, 

heme, as well as sugars. Its architecture is a combination of CUT1 and CUT2 sub-family 

features, with an extracellular binding protein, two membrane domains and two ATPase 

domains that form a heterodimer (43). The genus Caldicellulosiruptor collectively contains 45 

ABC transporters, with the core genome consisting solely of 6 CUT1 transporters (17) (Figure 

1.5). The weakly cellulolytic C. hydrothermalis contains the greatest number of ABC 

transporters, indicating carbohydrate transporter inventory is not necessarily correlated to a 

strongly cellulolytic phenotype (Figure 1.5). Across the genus, CUT1 transporters appear to 

be responsible for the majority of carbohydrate transport into the cell, making up 37 of the 45 

identifiable transporter systems in Caldicellulosiruptor genomes. Dpp/Opp and CUT 2 

systems account for 3 and 5 of the ABC transporters present in the genus, respectively.  
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Figure 1.5. Number of ORFs containing glycoside hydrolases, carbohydrate binding 

modules and ABC Transporters. Bubble size correlates to the number of ABC transporters 

in each species. 

 

Currently, none of the Caldicellulosiruptor ABC transporters have been biochemically 

characterized. Even with the lack of specific biochemical knowledge, bioinformatics analysis 

can be used to map transport substrates and transport mechanisms through homology with 

other characterized transporters. VanFossen et al. (18) analyzed the transcriptomes for C. 

saccharolyticus grown on glucose, fructose, mannose, xylose, arabinose, galactose and a 

mixture of all these sugars, in addition to xylan, xylose, xyloglucan and xylogluco-

oligosaccharides. These data-sets, using metrics developed with previous work on Thermotoga 

maritima, a heterotrophic hyperthermophile (44), could be used to predict carbohydrate 

preference of the majority of transporters in C. saccharolyticus. It was concluded that the 

genome of C. saccharolyticus contained transporters for all the tested substrates, with 

carbohydrate specificities of some ABC transporters either limited to only one substrate, as is 

often observed with oligosaccharide transporters, or had a broader substrate specificity, as is 

often the case with monosaccharide transporters. Ultimately, C. saccharolyticus is able to 
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transport and utilize the wide variety of carbohydrates, simple or complex, that result from 

lignocellulosic biomass hydrolysis. 

Phenotypic and genotypic differences can provide insight into the role of specific ABC 

transporters in carbohydrate transport. For example, C. lactoaceticus is incapable of growth on 

glucose, even though it hydrolyzes cellulose, raising the prospect that glucose catabolism could 

be transport-limited. C. lactoaceticus also has the fewest number of carbohydrate ABC 

transporters within the genus (17) (Figure 1.5). Closely related C. kristjanssonii is capable of 

growth on glucose and only contains three ABC transporters not present in the C. lactoaceticus 

genome, suggesting that one of these three transporters imparts the capacity for glucose 

transport. Two of these transporters are members of the CUT1 and CUT2 transporter families 

with orthologs in all other Caldicellulosiruptor species. VanFossen et al. (18) predicted that 

these two transporters are involved in glucose, fructose and xylose transport. In fact, these are 

the only transporters identified to transport glucose into C. saccharolyticus. Taken together, 

these transporters seem to enable growth on glucose by C. kristjanssonii and most likely other 

Caldicellulosiruptor species.   

The pan-genome of Caldicellulosiruptor contains one identified PTS (17). In many 

organisms, the PTS is bi-functional, playing roles in carbohydrate transport and as a starting 

point in regulating carbon catabolism (20, 45, 46). The PTS consists of two cytosolic energy 

coupling proteins (Enzyme I and histidine-containing protein (HPr)) and carbohydrate specific, 

Enzyme II, which catalyzes concomitant carbohydrate translocation and phosphorylation at the 

expense of PEP (46). In Caldicellulosiruptor, the PTS is currently the only identified mannose 

transporter and has been implicated in fructose transport (18). The possible role of the PTS in 

carbohydrate catabolite regulation in Caldicellulosiruptor has not been established, although 
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in a mixture of saccharides including galactose, glucose, mannose, xylose, arabinose and 

fructose, C. saccharolyticus utilized fructose to the greatest extent, followed by arabinose and 

xylose (18). Whether the fructose specific PTS plays a role in regulation of substrate utilization 

is not known. In addition, genomes of Caldicellulosiruptor species encode the genes required 

for the carbon control protein A (CcpA)-dependent CCR present in B. subtilis and other gram-

positive bacteria. The components of the CcpA-dependent CCR signaling cascade present in 

Caldicellulosiruptor include the fructose specific PTS transporter, HPr(Ser) kinase, catabolic 

repression HPr protein (CrH) and the CcpA (3, 47). Though Caldicellulosiruptor does not 

exhibit traditional CCR, the combination of the fructose specific PTS, the genes encoding 

CcpA-dependent CCR, and proclivity for fructose utilization implies that this system plays a 

role in the carbohydrate preferences of these bacteria.  

 

Intermediary Metabolism 

The genus Caldicellulosiruptor can utilize a range of carbohydrates for growth, as such, an 

array of metabolic pathways are implicated in bioenergetics. Genome sequence data and 13C-

NMR analysis revealed C. saccharolyticus contains a complete Embden-Meyerhoff-Parnas 

(EMP) pathway (3, 48). The EMP pathway, which serves as the primary generator of ATP and 

reducing equivalents, is conserved within the genome sequenced members of the genus. The 

central role of the EMP pathway in Caldicellulosiruptor metabolism requires all carbohydrate 

growth substrates be directly or indirectly fed into the pathway for energy generation. Glucose, 

liberated from cellulose and starch, can be oxidized directly by the EMP pathway. The 

hydrolysis products of hemicellulose, such as xylose, pectin and galactose, must first be 

processed through alternative pathways. The products of these sub-pathways are then funneled 
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into the EMP pathway at different levels (Figure 1.6). These sub-pathways are often 

incomplete and have varying levels of conservation across the genus. The ability to metabolize 

xylose is conserved within the genus. Xylose, the major constituent of hemicellulose, is readily 

available during growth on lignocellulosic biomass. Xylose enters the non-oxidative branch of 

the pentose phosphate pathway (PPP) via conversion by a xylose isomerase and xylulokinase. 

Arabinose, often associated with xylan, is also funneled into the non-oxidative branch of the 

pentose phosphate pathway. Unlike xylose, it is converted into PPP intermediates by means of 

a bifunctional L-fucose/D-arabinose isomerase and a L-ribulokinase that are not conserved in 

the North American or Icelandic Caldicellulosiruptor species (3) (Figure 1.1 and 1.6). The 

lack of these enzymes in the Icelandic species correlates with their inability to grow on 

arabinose (8, 10). In contrast, the North American species are capable of growth on arabinose, 

indicating the presence of alternative enzymes for arabinose metabolism (2, 9). Metabolism of 

xylose and arabinose through the non-oxidative PPP yields β-D-fructose-6P or glyceraldehyde-

3P, early metabolites in glycolysis (Figure 1.6). Though members of the genus 

Caldicellulosiruptor rely on the non-oxidative PPP for the metabolism of many carbohydrates, 

the oxidative branch of the PPP is not present, akin to other anaerobic biomass degraders in 

the class Clostridia (49). The oxidative branch of the PPP pathway in many organisms is the 

sole generator of NADPH, the primary source of reducing equivalents for cellular biosynthetic 

pathways (50). There appears to be other enzymes in Caldicellulosiruptor with capability for 

generating NADPH, but the exact physiological roles of these enzymes is unclear (3). This 

raises questions as to the mode and extent of NADPH generation within the cell.  

Uronic acids, the building blocks of pectin, are primarily composed of galacturonic 

acid (51). All Caldicellulosiruptor species have been described to support growth on pectin (2, 
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7-12). Galacturonate, the anion of galacturonic acid, enters metabolism through isomerization 

to tagaturonate. Upon conversion to tagaturonate, the pertinent metabolic pathway becomes 

unclear, as tagaturonate reductase and altronate hydrolase, have not been identified in the 

genus. This implies the use of a novel pathway or unidentified enzymes for the conversion of 

galacturonate. Similar to the conversion of xylose and arabinose, the metabolism of the 

deoxysugars, such as fucose and rhamnose, is variable within the genus. Fucose, is found as a 

subunit of xyloglucans (52) and rhamnose is a common component of pectin (51, 53). Icelandic 

Caldicellulosiruptor species are incapable of growth on rhamnose (8, 10), so it was not 

surprising to correlate the lack of rhamnose isomerase and rhamnulokinase from their genome 

sequences to this physiological trait. Limited information is available for growth of 

Caldicellulosiruptor species on fucose, which presumably requires fucose isomerase for this 

phenotype. North American and Icelandic species both lack fucose isomerase and consistent 

with this observation, C. obsidiansis is unable to utilize fucose as a growth substrate (2). 

Mannose and galactose are also found as constituents of hemicellulose, but in smaller amounts 

than xyloglucan. Galactose metabolism to glucose-6P is conserved through the Leloir pathway 

(54), which is conserved across all Caldicellulosiruptor species sequenced. Mannose is 

typically carried across the cell membrane via a PTS transporter where it is phosphorylated to 

mannose-6P. Several Caldicellulosiruptor species (C. kristjanssonii, C. lactoaceticus and C. 

obsidiansis) lack homologs to a PTS, yet have the ability of growth on mannose. An alternative 

system for mannose phosphorylation has not yet been reported in the genus. Fructose can also 

be transported via the same PTS to yield fructose-1P, which is then shuttled directly into the 

EMP pathway. 
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 While the tricarboxylic acid (TCA) cycle is not involved directly in substrate 

utilization, it is important because essential precursors to biosynthetic pathways are produced. 

The TCA cycle in Caldicellulosiruptor species is incomplete, however all species have an 

oxidative branch to succinyl-CoA and a reductive branch to fumurate (Figure 1.6). The 

incomplete TCA cycle present in Caldicellulosiruptor likely functions to generate amino acid 

biosynthesis precursors, such as 2-oxoglutarate (alpha-ketoglutaric acid) and oxaloacetate, 

rather than reducing equivalents. The production of excess reducing equivalents in the TCA 

cycle could overwhelm the fermentative Caldicellulosiruptor without the presence of an 

aerobic electron transport chain. 
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Figure 1.6. Metabolic features of Caldicellulosiruptor species. Green arrows indicate 

reactions not conserved in all species. Abbreviations:  DKI, 5-keto-4-deoxyuronate; DKII, 2,5-

Diketo-3-deoxy-D-gluconate; Fd
red

, reduced ferrodoxin;  KDG, -2-Dehydro-3-deoxy-D-

gluconate; KDGP, KDG phosphate; NADH, reduced nicotinamide adenine dinucleotide; P, 

phosphate 
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Metabolism of Fuel Production 

The degradation of recalcitrant plant biomass and subsequent utilization of 

polysaccharides in Caldicellulosiruptor fermentation pathways produces several metabolic 

products including ethanol and molecular hydrogen.  

Ethanol  

The genus Caldicellulosiruptor has the ability to produce small amounts of ethanol, 

indicating pathways to this fermentation product exist or is the result of promiscuous enzymes. 

Instead of ethanol production, most carbon is directed toward acetate, and as a consequence, 

large quantities of molecular hydrogen are produced as a fermentation product (Figure 1.6). 

The primary role of hydrogen and ethanol production in anaerobic metabolism is to re-oxidize 

reducing equivalents generated during the fermentation of sugars. The production of these 

compounds is dependent on environmental conditions and growth state. Ethanol production 

occurs via the reduction of acetyl-CoA by alcohol dehydrogenase (ADH). Ethanol production 

serves as an efficient means to recycle reducing equivalents in many other organisms, but 

ethanol has only been detected in very low to trace levels in Caldicellulosiruptor (2, 7-10, 12) 

and thus, has not been studied in detail.  

Caldicellulosiruptor species contain several putative ADHs, but the specific enzyme 

responsible for the conversion of acetyl-CoA to ethanol is unknown. In Thermoanaerobacter 

psuedethanolicus (formerly Thermoanaerobacter ethanolicus 39E) ethanol production is 

NADPH-dependent, through the activity of a bi-functional alcohol dehydrogenase/acetyl-CoA 

thioesterase (55). A putative ADH in C. saccharolyticus (Csac_0395) contains a NADPH-

binding domain and sequence similarity to the bi-functional enzyme from T. pseudethanolicus 
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(3). This suggests that ethanol production in Caldicellulosiruptor is NADPH-dependent, and 

targeted to oxidizing NADPH, rather than the NADH generated during glycolysis. However, 

due to the lack of an oxidative branch of the PPP, the mode of generation and levels of NADPH 

are unknown. It is likely that the amount of NADPH produced is limited, leaving NADPH 

regeneration to NADP+ to biosynthetic pathways, resulting in minimal NADPH levels 

available for ethanol production. In another example, ADH activity of an ethanol adapted 

mutant strain of Clostridium thermocellum shifted from NADH to NADPH dependence, 

suggesting similarities for ethanol tolerance mechanisms and redox homeostasis (56). The 

specific role of ethanol production in Caldicellulosiruptor has not been explored; it is not likely 

a means of controlling the cellular redox balance, since homeostasis is maintained through 

hydrogen and lactate production. 

Hydrogen 

Caldicellulosiruptor species produce significant amounts of molecular hydrogen as a 

fermentation product, such that the maximum yield of H2 is among the highest for hydrogen-

producing microorganisms. Caldicellulosiruptor species employ the EMP pathway to achieve 

a maximum theoretical yield (Thauer limit) of 4 moles H2 per mol glucose (57). 

Caldicellulosiruptor can utilize both the less energetic NADH and preferential reduced 

ferredoxin (Fdred) for the reduction of protons to produce molecular hydrogen. Both of these 

reducing equivalents are generated during the oxidation of sugars in the EMP pathway. Fdred 

is generated from the oxidation of pyruvate to acetyl-CoA by pyruvate:ferredoxin 

oxidoreductase (PFOR) and the oxidation of glyceraldehyde-3P to glycerate-3P by aldehyde 

ferredoxin oxidoreductase. Alternatively, glyceraldehyde-3P can be oxidized to glycerate-3P 
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via glyceraldehyde phosphate dehydrogenase (GAPDH) and phosphoglycerate kinase to 

generate NADH and ATP (Figure 1.6).  

Hydrogen production in Caldicellulosiruptor may be linked to the primary use of ABC 

transporters for carbohydrate translocation. The translocation of substrate by ABC 

transporters, and subsequent phosphorylation, requires two molecules of ATP. Alternatively, 

import of monosaccharides by PTS requires phosphoenolpyruvate as a phosphate donor to 

achieve transport and phosphorylation in one step. Currently, as mentioned above, there is one 

orthologous PTS identified in some species of the genus. Caldicellulosiruptor relies primarily 

on ABC transporters for carbohydrate transport, making the generation of a supplementary 

source of ATP molecules for carbohydrate transport advantageous to the cell. The oxidation of 

sugars to acetate generates an extra ATP (2 moles/mole hexose), offsetting the consumption 

by ABC transporters, while at the same time generating Fdred. The production of H2 is then 

used to re-oxidize Fdred generated as a byproduct of ATP generation for carbohydrate transport. 

In Caldicellulosiruptor species, the reduction of protons to molecular hydrogen occurs 

via two distinct hydrogenases, a cytoplasmic Fe-only hydrogenase (HydA to HydD), and a 

membrane-bound Ni-Fe hydrogenase (EchA to EchF). Though neither of these hydrogenases 

have been biochemically characterized, homologs in Caldanaerobacter subterraneus subsp. 

tengcongensis (formerly Thermoanaerobacter tengcongensis) where found to be NADH- and 

Fdred-dependent, respectively (58, 59). A third, putative hydrogenase cluster, containing an 

NADH-binding protein, also exists, but the function of this cluster is unknown and is theorized 

to be redundant (3); however, this remains to be confirmed experimentally. The production of 

H2 from Fdred is energetically favorable; making H2 production by the membrane bound Ni-Fe 

hydrogenase preferable. In contrast, the utilization of the NADH-specific, Fe-only 
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hydrogenase is less favorable; only under a very limited set of conditions is the production of 

hydrogen from NADH thermodynamically favorable (60). It is interesting that this Fe-only 

hydrogenase has approximately 50% amino acid sequence identity to a bifuricating 

hydrogenase in T. maritima. This bifuricating hydrogenase uses the exergonic oxidation of 

ferredoxin to drive the unfavorable oxidation of NADH to produce H2 (61). If the Fe-only 

hydrogenase of Caldicellulosiruptor is, indeed, bifuricating, NADH would serve as an 

energetically favorable substrate for the reduction of protons to H2. 

Growth Conditions and Hydrogen Production 

During exponential growth, Caldicellulosiruptor produces H2, CO2 and acetate, almost 

exclusively as fermentation products (62, 63). However, there are additional fermentation end 

products that are produced under specific physiological conditions. For example, increased H2 

concentrations and the transition to stationary phase, modulates NAD+ regeneration and 

metabolic flux of pyruvate toward lactate formation via lactate dehydrogenase (LDH) (64). 

Lactate formation consumes NADH and bypasses the production of Fdred and ATP (Figure 

1.6). The regulation of flux at the pyruvate node is a function of LDH and hydrogenase activity. 

The activity of LDH plays a key role in cellular ATP levels and redox potential, making 

its regulation important and complex. LDH is regulated by metabolic energy carriers: inorganic 

phosphate (PPi), ATP and NAD+. The utilization of the energy carrier PPi is an alternative 

strategy used in Caldicellulosiruptor and other bacteria, to conserve energy (65, 66). The 

primary source of PPi is anabolic reactions, such as poly-nucleic acid biosynthesis and the 

activation of fatty acids and amino acids for lipid and protein synthesis, respectively (67). 

Regulation of LDH occurs by both activation and inhibition; competitive inhibition occurs by 

PPi and NAD+ and allosteric activation by fructose 1,6-bisphosphate, ATP and ADP (64). The 
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multitude of pathways generating and consuming these molecules results in variable activity 

of LDH. LDH activity has been shown to follow PPi levels and growth phase. For example, 

during exponential growth, high anabolic flux leads to increased generation of PPi, thereby 

inactivating LDH, and maximizing flux to acetate and hydrogen. As growth factors trigger 

stationary phase, PPi levels decrease and ATP levels increase (66), enhancing the affinity of 

LDH to NADH redirecting carbon flux to lactate.  

If the removal of metabolic H2 from the growth environment is insufficient, levels of 

dissolved hydrogen in liquid and partial pressure in the gas phase will begin to increase. 

Increasing levels of H2 severely inhibit hydrogen production through product inhibition (68, 

69). The decrease in hydrogen production results in accumulation of reducing equivalents, 

requiring changes in metabolic flux to balance the reactive species. The critical threshold value 

of hydrogen partial pressure varies with growth phase and study to study (68, 70), but is 

typically 10-20 kPa, as determined in batch cultures of C. saccharolyticus (69). H2 inhibition 

is more directly related to dissolved H2 concentrations. Ljunggren et al. (68) found a critical 

dissolved H2 of 2.2 mmol/L results in complete inhibition of hydrogen production. Gas 

sparging can be used to alleviate rising H2 concentrations (71), and specifically, N2 sparging 

can increase hydrogen yields (15, 16, 68). However, at a process level, inert gas sparging is 

expensive and economically unfavorable. Alternatively, CO2 is readily available from many 

industrial processes and can be relatively easily separated in downstream processing of the gas 

stream (72). However, sparging with CO2 negatively affected growth and H2 production in C. 

saccharolyticus. Dissolved CO2, in the form of bicarbonate and protons, inhibited growth 

through a decrease in pH and an increase in osmotic pressure, rendering CO2 sparging 

infeasible (73) . Ljunggren et al. (68) found an osmolarity between 0.27 to 0.29 mol/L to be 
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inhibitory to the growth of C. saccharolyticus. Engineering Caldicellulosiruptor strains to be 

insensitive to increased osmotic pressures and pH changes and/or hydrogenases with a greater 

hydrogen tolerance will likely be a requirement of a Caldicellulosiruptor-based H2 production 

process. 

 

Table 1.1. Reported Hydrogen Yields of Caldicellulosiruptor species 

 

a Maximum hydrogen yield reported at varying culture conditions (dilution rate, gas sparging 

etc.) 
b Defined growth medium 

 

Experimental studies of hydrogen production in Caldicellulosiruptor have looked at 

both batch (13, 15, 16, 63) and continuous (48, 73, 74) cultures. Hydrogen yields vary with 

species, substrate and growth conditions. Yields obtained in these experiments generally range 

from 80 to 95% of the 4 mol H2/mol C6 theoretical maximum. Note that a batch culture of C. 

owensensis in defined medium, with glucose as substrate, achieved the Thauer limit of 4 mol 

H2/ mol C6 sugar using continuous N2 sparging (Table 1.1) (15).  The maximum 

stoichiometric yield of H2 from glucose is 12 mol H2 per mol of glucose (57), even so yields 

Culture Type Species Substrate

Yield
a               

(mol H2 /mol C6) Reference

Continuous saccharolyticus Glucose 3.8 Willquist et al. (2011)

Continuous saccharolyticus Glucose
b 3.5 Willquist et al. (2012)

Trickle Bed Reactor saccharolyticus (non-sterile) Sucrose 2.8 van Groenestijn et al. (2009)

Batch saccharolyticus Miscanthus Hydrolysate 3.4 Vrije et al. (2009)

Batch saccharolyticus Paper Sludge Hydrolysate 2 - 3.8 Kádár et al. (2004)

Batch saccharolyticus Wheat Straw 3.8 Ivanova et al. (2009)

Batch saccharolyticus Pretreated Maize Leaves 3.7 Ivanova et al. (2009)

Continuous kristjanssonii Glucose 3.5 Zeidan et al. (2010b)

Batch kristjanssonii Glucose + Xylose 3.0 Zeidan et al. (2009)

Batch owensensis Glucose
b 4.0 Zeidan et al. (2009)

Batch owensensis Xylose
b 3.5 Zeidan et al. (2009)

Batch owensensis Glucose + Xylose 2.7 Zeidan et al. (2009)

Continuous saccharolyticus + kristjanssonii Glucose 3.7 Zeidan et al. (2010b)

Continuous saccharolyticus + kristjanssonii Glucose + Xylose 3.6 Zeidan et al. (2010b)

Batch saccharolyticus + kristjanssonii Glucose + Xylose 3.8 Zeidan et al. (2009a)

Batch saccharolyticus + owensensis Glucose + Xylose 3.3 Zeidan et al. (2009a)
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in vivo have not exceeded the Thauer limit. In vitro studies, using enzymes of the pentose 

phosphate pathway and a NADP+ dependent hydrogenase from P. furiosus, achieved 11.6 mol 

H2 per mol glucose-6-phosphate demonstrating the ability to produce near maximum H2 yields 

in biological systems (75).  

In continuous culture, H2 production varies with dilution rate (i.e. growth rate), such 

that lower dilution rates result in lower growth rates and an increase in H2 yield, albeit with a 

decrease in productivity. The inverse is true at higher dilution rates (48). At low growth rates, 

the majority of substrate is directed toward maintenance, during which many biosynthetic 

pathways remain dormant. At these low dilution rates, biosynthetic pathways direct many of 

the reducing equivalents generated during glycolysis toward H2 production. Thus, maximizing 

hydrogen production is a balance between the high productivities of fast growth rates and the 

high yields of slow growth rates. A proposed solution to increase both yield and productivity 

is to inoculate slow growing cultures at high cell densities (71). Caldicellulosiruptor species 

have also been found to persist in H2-producing co-cultures. These co-cultures have shown 

synergy, such that the co-culture had higher hydrogen yields than the monoculture (Table 1.1) 

(63, 74). For example, continuous co-culture of C. saccharolyticus and C. kristjanssonii found 

that both species persisted for 70 days with a hydrogen yield 6% greater than either species 

alone. More importantly, cell-free growth supernatants of C. saccharolyticus were found to 

enhance the growth of C. kristjanssonii by decreasing its lag phase and increasing the 

maximum cell concentration by 18% (74). Hydrogen yields from various Caldicellulosiruptor 

species have reached the Thauer limit (15). Increasing H2 productivity in these bacteria, while 

maintaining high yields, will be a significant challenge in the development of a 
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Caldicellulosiruptor bio-hydrogen production process, and may be possible through strategic 

metabolic engineering of these bacteria. 
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Abstract 

Microbiological, genomic and transcriptomic analyses were used to examine three 

species from the bacterial genus Caldicellulosiruptor with respect to their capacity to convert 

the carbohydrate content of lignocellulosic biomass at 70°C to simple sugars, acetate, lactate, 

CO2 and H2. Solubilization of biomass from natural poplar variants correlated inversely with 

lignin levels for C. saccharolyticus (Csac), C. bescii (Cbes), and C. kronotskyensis (Ckro), 

with Csac impacted the most. Switchgrass (5 g/l) was solubilized at 38%, 36% and 29% (by 

weight) by Cbes, Ckro and Csac, respectively, which was about half of the amount of 

crystalline cellulose (Avicel, 5 g/l) under the same conditions. The lower yields with C. 

saccharolyticus, not appreciably greater than the thermal control for switchgrass were 

unexpected, given that its genome encodes the same GH9-GH48 multi-domain cellulase 

(CelA) found in the other two species. However, the genome of C. saccharolyticus lacks two 

other cellulases with GH48 domains, which could be responsible for its lower levels of 

solubilization. Transcriptomes for growth of each species comparing cellulose to switchgrass 

showed that many carbohydrate ABC transporters and multi-domain extracellular glycoside 

hydrolases were differentially regulated, reflecting the heterogeneity of lignocellulose. 

However, significant differences in transcription levels for conserved genes among the three 

species were noted, indicating unexpectedly diverse regulatory strategies for deconstruction 

for these closely related bacteria. Genes encoding the Che-type chemotaxis system and flagella 

biosynthesis were up-regulated in C. kronotskyensis and C. bescii during growth on cellulose, 

implicating motility in substrate utilization. The results here show that capacity for plant 

biomass deconstruction varies across Caldicellulosiruptor species and depends in a complex 

way on GH genome inventory, substrate composition, and gene regulation. 
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Introduction 

The genus Caldicellulosiruptor is comprised of gram-positive, anaerobic bacteria that 

ferment a variety of simple and complex carbohydrates to primarily H2, CO2, acetate and 

lactate at temperatures at or above 70°C (1). To date, Caldicellulosiruptor species have been 

isolated globally from terrestrial hot springs and thermal features in locations, including the 

United States (C. owensensis (2, 3) and C. obsidiansis (4, 5)), Russia (C. bescii (6, 7), C. 

kronotskyensis (2, 8), and C. hydrothermalis (2, 8)), New Zealand (C. saccharolyticus (9-11)), 

and Iceland (C. kristjanssonii (2, 12) and C. lactoaceticus (2, 13)). Characteristic of 

Caldicellulosiruptor species are multi-domain extracellular and S-layer associated glycoside 

hydrolases (GHs) that mediate the microbial conversion of complex carbohydrates (14-16). 

Sequenced genomes for Caldicellulosiruptor species (2, 4, 6, 10) indicate that some, but not 

all, encode GH48-containing enzymes (17), and these appear to be essential for crystalline 

cellulose degradation (18). The cellulolytic Caldicellulosiruptor also utilize novel binding 

proteins (tāpirins) to adhere to plant biomass (19). Several Caldicellulosiruptor species can 

extensively degrade crystalline cellulose, (Avicel), and at least one species, 

Caldicellulosiruptor bescii, has been reported to utilize unpretreated switchgrass (20, 21) and, 

furthermore, be metabolically engineered to produce ethanol from plant biomass (22). 

Given the promise of cellulolytic Caldicellulosiruptor species as consolidated 

bioprocessing microorganisms for the production of liquid transportation fuels from 

lignocellulose (23), it is important to determine those species that are most effective for plant 

biomass deconstruction. These species then become targets for metabolic engineering efforts 

focusing on direct fermentation products to biofuels. In addition, to improve upon the capacity 

of the wild-type strains for lignocellulose utilization, an understanding of the factors that are 
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most important in degrading and processing complex carbohydrates is essential. Genome 

sequences can be used to determine differences among these species with respect to inventories 

of key elements for carbohydrate utilization, such as ATP Binding Cassette (ABC) sugar 

transporters and glycoside hydrolases. However, this information is more insightful if viewed 

through complementary perspectives, developed through microbiological, metabolite and 

transcriptional analysis. With this in mind, three cellulolytic Caldicellulosiruptor species (C. 

bescii (Cbes), C. kronotskyensis (Ckro) and C. saccharolyticus (Csac)) were examined to 

determine differentiating features related to their capacity for lignocellulose deconstruction. 

 

Materials and Methods 

Bacterial strains and growth conditions. 

Caldicellulosiruptor species used in this study were obtained as freeze dried cultures 

from the German Collection of Microorganisms and Cell Cultures (DSMZ 

[http://www.dsmz.de]) were revived in modified DSMZ medium 640 containing per liter 0.9 

g NH4Cl, 0.9 g NaCl, 0.4 g MgCl2 • 6 H20, 0.75 g KH2PO4, 1.5 g K2HPO4, 1.0 g yeast extract, 

1.0 g cysteine HCl • H2O, 0.5 mg resazurin and 1.0 ml trace element solution SL-10 with 1 g 

cellobiose as carbon source. Medium pH was adjusted to 7.2 with 10 M NaOH and prepared 

anaerobically under 100% N2 head space. Prior to all experiments species were transferred 

onto a defined modified version of DSMZ medium 671 (671d) containing poplar, cellulose or 

unpretreated switchgrass as sole carbon source. Medium 671d contained per liter 1.0 g NH4Cl, 

0.1 g NaCl, 0.1 g MgCl2 • 6 H20, 0.05 g CaCl2 • 2 H2O, 0.3 g K2HPO4, 2.6 g NaHCO3, 1 g 

cysteine HCl • H2O, 0.5 mg resazurin, 1.0 ml trace element solution SL-10 and 1 mL vitamin 

solution. Medium 671d pH was adjusted to 7.2 with 10 M NaOH and filter sterilized through 
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0.2 µm filters prior to addition to cellulose (5 g/L) or unpretreated switchgrass (5 g/L) and 

prepared anaerobically under N2/CO2 (80/20 v/v) headspace.  Cellulose and unpreatreated 

switchgrass were prepared as described below. The trace element SL-10 solution contained per 

liter 10 ml HCl (7.7 M), 1.5 g FeCl2 • 4H2O, 70 mg ZnCl2, 100 mg MnCl2 • 4 H2O, 6 mg 

H3BO3, 190 mg COCl2 • 6 H2O, 2 mg CuCl2 • 2 H2O, 24 mg NiCl2 • 6 H2O, 36 mg Na2MoO4 

• 2 H2O. The vitamin solution contained per liter 20 mg biotin , 20 mg folic acid, 100 mg 

pyridoxine-HCl, 50 mg pantothenic acid, 100 mg thiamine-HCl, 50 mg nicotinamide, 50 mg 

cobalamin, 50 mg P-aminobenzoic acid, 50 mg lipoic acid, and 50 mg riboflavin. Unless 

otherwise specified, cultures were grown as 50 ml batch cultures in 125 ml serum bottles at 

70°C, 150 rpm. Prior to solubilization, carbon balance and transcriptional response 

experiments each species were passaged on medium 671d with either poplar, cellulose or 

unpretreated switchgrass 3 to 4 times by cell growth for 1-2 days and passaging 

immediately.2.2.2 Preparation of Substrates 

Unpretreated switchgrass (Panicum virgatum) cultivar, Cave-in-Rock field grown in 

Monroe County, Iowa obtained from the National Renewable Energy Laboratory (NREL) was 

mechanically ground and sieved to 20/80 mesh. Sieved switchgrass was washed with water at 

25˚C through coarse filtering crucibles (40-60 µm, Corning) until permeate ran clear to remove 

easily solubilized switchgrass components. Switchgrass was then oven dried overnight at 70° 

C and used as growth substrate in all experiments. Cellulose (Avicel, FMC Bio-Polymer) was 

used as received. Cellulose and unpretreated switchgrass were not autoclaved to avoid any type 

of pretreatment.    
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Preparation of Substrates 

Naturally varying Populus trichocarpa genotypes BESC-97, BESC-316, GW-9762, 

GW-9947, and GW-11012 were selected to represent the range of percent lignin content 

observed in the BESC association mapping panel (24). Stem disks were collected from four-

year old trees grown in Clatskanie, OR (46°6′11″N 123°12′13″W) and milled using a 20-mesh 

Wiley Mini-Mill (Swedesboro, NJ). Assembly of the association mapping panel, field 

experimental design and growing conditions were previously described (24, 25). Unpretreated 

switchgrass (Panicum virgatum) cultivar, Cave-in-Rock field grown in Monroe County, Iowa 

obtained from the National Renewable Energy Laboratory (NREL) was mechanically ground 

and sieved to 20/80 mesh. Sieved switchgrass was washed with water at 25˚C through coarse 

filtering crucibles (40-60 µm, Corning) until permeate ran clear to remove easily solubilized 

switchgrass components. Switchgrass was then oven dried overnight at 70° C and used as 

growth substrate in all experiments. Cellulose (Avicel, FMC Bio-Polymer) was used as 

received. Cellulose and unpretreated switchgrass were not autoclaved to avoid any type of 

pretreatment. 

Solubilization Assays 

Small batch cultures (50 ml) were prepared in triplicate on 671d medium with either 

poplar, cellulose or unpretreated switchgrass (5 g/l), inoculated with 1 x 106 cells/ml, agitated 

at 150 rpm, incubated at 70˚C for 10 days for poplar and 7 days for cellulose and switchgrass, 

and harvested immediately. Poplar and cellulose grown cultures were harvested by 

centrifugation at 6,000 × g for 15 minutes, while switchgrass cultures were harvested by 

vacuum filtering through coarse filtering crucibles (40-60 µm, Corning). Residual substrate 

was washed with two volumes (100 ml) of 70˚C sterile water and oven dried at 70˚C, until 
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constant mass. The extent of solubilization was determined from the mass difference between 

poplar, cellulose or switchgrass used to prepare cultures and insoluble substrate remaining after 

harvest. 

Preparation of Cultures for Carbon Balances 

Small batch cultures (250 ml), containing 671d medium and cellulose or unpretreated 

switchgrass, were inoculated with 1 x 106 cells/ml and incubated 70˚C, 150 rpm for 7 days. 

Cultures were harvested for spent substrate (see above) and supernatant was stored at -20°C 

for subsequent metabolite analysis. 

Determination of Switchgrass Composition 

 Carbohydrate content of switchgrass, before and after supporting growth of 

Caldicellulosiruptor species, was analyzed using a modified version of the National 

Renewable Energy Laboratory Procedure 

(http://www.nrel.gov/biomass/analytical_procedures.html), Determination of Structural 

Carbohydrates and Lignin in Biomass (26). Sulfuric acid (600 μl of 72% (w/w)) was added to 

60 mg switchgrass, and mixed using a glass stir rod. Samples were shaken in a 30°C constant 

temperature water bath at 150 rpm for 1 hour, samples were mixed with a glass rod every 10 

minutes. Sulfuric acid was diluted to 4% (w/w) with 16.8 ml deionized (DI) water. Tubes were 

sealed and autoclaved for 1 h on liquid cycle. Sugar concentrations were determined using high 

performance liquid chromatography (HPLC) (Alliance e2695 separations module; Waters), 

equipped with photodiode array (model 2998; Waters) and refractive index (model 2414; 

Waters) detectors. Acetate, cellobiose, glucose, xylose and arabinose were quantified using an 

Aminex-87H column (300 mm by 7.8 mm; Bio-Rad) operated with a mobile phase of 5 mM 
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H2SO4 at 0.6 ml/min, 60°C. The inert components (lignin and ash) were taken to be the 

difference between the mass of switchgrass hydrolyzed and the organic acids and 

carbohydrates measured. Unpretreated switchgrass was found to contain 40.1 ± 1.4% glucan, 

26.9 ± 0.7% xylan, 2.7 ± 0.2% arabinan and 27.8 ± 3.1% inert components. 

Analysis of Fermentation Products 

Total sugars in cell-free supernatants were determined by the phenol-sulfuric acid 

method (27), using glucose as the standard. Ethanol was determined by gas chromatography 

(Shimadzu GC-2014 equipped with a ZB-WAXplus (30 m length, 0.53 mm inner diameter, 

1.0 µm film thickness) (Phenomenex)) with an injector temperature of 200°C, 10:1 split ratio, 

30.3 cm/s linear velocity, and oven ramp at 20°C/min from 50 to 220°C.  Trace amounts of 

lactate in switchgrass cultures were detected by derivitization with dibromoacetophenone 

(DBAP) to form a phenacyl ester, and assayed using reverse phased HPLC. For each sample, 

500 μl was acidified with 50% H2SO4 to pH <2 and extracted with 750 μl diethyl ether to 

remove salts prior to derivitization. The ether fraction was separated by centrifugation at 6000 

× g for 10 minutes and neutralized with 50 μL of 20 mM sodium bicarbonate. Ether was 

removed by evaporation, with the remaining aqueous portion mixed with 50 µl acetonitrile and 

a small amount of pH indicator (0.5 μL of 0.5% phenolphthalein). The solution was then 

alkalized with 1 M KOH until the sample turned pink (pH~9-10), after which 100 μl of 

acetonitrile, 50 μl of 1 μM 15-crown-5-ether and 200 μl of 20 mM 2,4-dibromoacetophenone 

were added. The reaction mixture was heated to 80°C for 30 minutes and cooled. Samples were 

analyzed by HPLC using an Atlantis dC18 column (3 µm, 4.6 x 150 mm; Waters) operated at 

30°C. Mobile phase, 1.5 ml/min, had an initial composition of 65% buffer A (0.1% formic 

acid) and 35% buffer B (acetonitrile). Products were eluted over a 15 minute linear gradient to 
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30% buffer A and 70% buffer B and detected by absorption at 254 nm. Acetate and lactate 

were analyzed by HPLC using an Aminex HPX-87H column (300 mm by 7.8 mm; Bio-Rad), 

operated with a mobile phase of 5 mM H2SO4 at 0.6 mL/min, 60°C. Samples were acidified to 

0.05 wt% H2SO4 and detected by absorption at 210 nm. 

Determination of Cell Carbon 

Cultures were prepared in 671d medium with cellobiose (1 g/L) as the carbon source, 

inoculated with 1 x 106 cells/ml and grown well into stationary phase. Each stationary phase 

culture (45 ml) was centrifuged at 6000 × g for 10 min. Cell pellets were re-suspended into 

aluminum weigh boats with deionized water and dried for 5 hours at 90°C. Dry cell masses of 

8.2 ± 2.9, 1.9 ± 0.5 and 5.8 ± 1.1 x 10-10 mg per cell were obtained for Cbes, Ckro and Csac, 

respectively. The elemental composition for all Caldicellulosiruptor species was assumed to 

be CH1.62O0.46N0.23S0.0052P0.0071 corresponding to a molecular weight of 24.6 g mol cell-1, as 

previously determined for Csac (28). 

Isolation of RNA 

Total RNA was isolated from cells harvested at mid-logarithmic phase (2-5 x 107 

cells/ml) on either switchgrass or cellulose (5 g/l) at 70˚C, 150 rpm. Cells were rapidly cooled 

to 4˚C, then harvested by centrifugation at 6000× g prior to storage at -80˚C until further 

processing. Total RNA was isolated using a modified TRIzol (Life Technologies) protocol in 

combination with an RNAeasy kit (Qiagen). As an additional step, cells were sonicated after 

re-suspension in TRIzol reagent. cDNA was produced from the collected RNA using 

Superscript III reverse transcriptase (Life Technologies), random primers (Life Technologies) 

and the incorporation of 5-(3-amino-allyl)-2’-deoxyurinidine-5’-triphosphate (Life 
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Technologies), as described by JCVI 

(http://pfgrc.jcvi.org/index.php/microarray/protocols.html). 

Microarray Hybridization 

A spotted whole genome microarray was developed for each Cbes, Ckro and Csac 

using 30- to 62-mer oligonucleotides, based on open reading frames (ORFs) of the respective 

species. cDNA was labeled with either Cy3 or Cy5 dye (GE Healthcare) and hybridized to 

GAPS II coated slides (Corning). Microarray slides were scanned using a 4000B scanner 

(Molecular Devices). GenePix Pro 7 (Molecular Devices) was used to quantitate signal 

intensities, prior to analysis with JMP Genomics 5 (SAS) using a mixed effects analysis of 

variance model. ORFs that were differentially transcribed two-fold or more and met the 

Bonferroni statistical criterion were considered to be up- or down regulated. Transcriptional 

response data are deposited in GEO and will be made public upon acceptance of the 

manuscript. Reviewers may confidentially access the data through the following link: 

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?token=klqxquyqnjqvhgr&acc=GSE68810 

 

Results and Discussion 

Biosolubilization of Cellulose and Plant Biomass 

Three strongly cellulolytic Caldicellulosiruptor species (18), Cbes, Ckro and Csac, 

were assessed for their ability to degrade several cellulosic substrates. Natural poplar variants 

with varying amounts of lignin (Figure 2.1C) were screened in cultures growing at 70°C. As 

shown in Figure 2.1A, each Caldicellulosiruptor species could convert the poplar samples 

tested, but to different extents, ranging from 25-30% of GW-9947 (22.7% lignin) solubilized 

http://pfgrc.jcvi.org/index.php/microarray/protocols.html
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?token=klqxquyqnjqvhgr&acc=GSE68810
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by Cbes and Ckro to as low as 5% of BESC-316 (27.2% lignin) and BESC-97 (25.4% lignin) 

by Csac. Clearly, even small differences in lignin content had a pronounced negative effect, 

although other factors likely played a role in conversion. In all cases, solubilization correlated 

with acetate generated through fermentative processes (Figure 2.1B). 

 

 

Figure 2.1. Solubilization (A) and acetate production (B) by Caldicellulosiruptor species 

growing on natural poplar variants (5 g/L). Values expressed as mean +/- standard deviation 

(n=3). (C) Lignin composition of poplar variants. 

 

All three species were able to use either substrate as the sole carbon source for growth 

in defined media containing only salts and vitamins (see Figure 2.1, 2.2). Planktonic growth 

on cellulose included an exponential phase (doubling time (td) < 3 hours), followed by an 
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extended stationary phase (Figure 2.2A). In contrast, growth on switchgrass was bi-phasic 

exponential. Initially, cell density increased rapidly to ~2 x 107 cells per ml, with doubling 

times under 3 hours, likely supported by readily solubilized sugars released by abiotic thermal 

factors. Switchgrass typically contains approximately 15% water-soluble material, 25 to 50% 

of which is carbohydrate (29, 30). After approximately 24 hours, as the readily solubilized 

sugars were utilized by the bacteria, planktonic cells entered a second slower growth phase, 

which was tracked over the next 200 hours. During this slower growth phase, the 

Caldicellulosiruptor species can recruit carbohydrates by deploying extracellular, multi-

domain, glycoside hydrolases (GHs), both free (31) and attached to the cell surface via the S-

layer (15). These GHs are thought to degrade the more recalcitrant complex carbohydrate 

fractions, thereby releasing the soluble sugars necessary for growth. The slower planktonic 

growth phase (Figure 2.2A) corresponded to doubling times of 16-18 hours for Cbes and Ckro, 

and 34 hours for Csac, although Csac ultimately reached planktonic cell densities comparable 

to the other two species. Since all three species grew at similar rates on cellulose, Cbes and 

Ckro apparently overcame the recalcitrance of the unpretreated switchgrass more effectively 

than Csac as indicated by this species slower growth on unpretreated switchgrass.  
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Figure 2.2. Growth of Caldicellulosiruptor species on cellulose and unpretreated 

switchgrass.  (A) Growth of species on 5 g/l cellulose (Avi) or 5 g/l unpretreated switchgrass 

(SWG). Arrow indicates 7-day harvest point for solubilization assay and carbon balance 

determination. (B) Extent of solubilization of cellulose and switchgrass. (C) Switchgrass 

carbohydrate composition before and after degradation by Caldicellulosiruptor species. 

Amount of carbohydrate is expressed as percentage of total carbohydrate in sample. 

Solubilization and switchgrass composition values expressed as mean +/- standard deviation 

(n=3). 

 

The extent of total mass solubilization of cellulose and switchgrass was determined for 

each species following a 7-day incubation on these substrates (Figure 2.2B, Table 2.1). 

Cellulose solubilization by Cbes and Ckro was comparable at 77.1 ± 2.0% and 71.7 ± 2.6%, 

respectively, while solubilization by Csac was significantly less at 58.0 ± 1.2%. Since no 

cellulose solubilization was noted in the abiotic thermal control, enzymatic and microbial 
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processes were responsible for all apparent degradation. Overall, switchgrass solubilization 

was approximately half of that observed on cellulose for each species, if the thermal abiotic 

contribution is included. Solubilization of switchgrass after 7 days by Cbes and Ckro was again 

comparable and also very reproducible, at 40.3 ± 1.0% and 39.6 ± 1.1%, respectively. For 

Csac, impaired growth indicated a decreased capacity for switchgrass solubilization. 

Solubilization by Csac  was only slightly higher (23.5 ± 2.3%) than levels achieved by abiotic 

thermal factors (19.6 ± 2.0%), indicating microbial action by Csac did not liberate significantly 

more sugars than extended incubation at high temperatures (70°C). Fermentation products and 

residual substrate composition were determined for all three species following 7-day 

incubation with cellulose and switchgrass. Unpretreated switchgrass before incubation with 

Caldicellulosiruptor species was found to contain 40.1 ± 1.4% glucan, 26.9 ± 0.7% xylan, 2.7 

± 0.2% arabinan and 27.8 ± 3.1% inert components (lignin and ash) by weight. After 

degradation by Caldicellulosiruptor species the composition of switchgrass did not change 

significantly; the relative fractions of carbohydrate and inert components remained largely 

unchanged following biosolubilization (Figure 2.2C). This was consistent with previous 

studies in Cbes that found lignin and carbohydrate solubilization was proportional during 

degradation (32).  
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Table 2.1. Extent of solubilization and fermentation products during growth on 

cellulose (Avi) and switchgrass (SWG) by Caldicellulosiruptor species. Data reported as 

mean +/- standard deviation (n=3). 

Species Sample 
Solubilization 

(%) 
Acetate 

(mM) 
Lactate 

(mM) 
Sugar 

(mM) 
Ethanol 

(mM) 

Cbes 
Avi 77.1 ± 2.0 7.3 ± 1.6 17.4 ± 4.9 5.8 ± 0.7 0.07 ± 0.01 

SWG 40.3 ± 1.0 7.4 ± 0.2 0.2 ± 0.04 0.8 ± 0.1 0.17 ± 0.08 

Ckro 
Avi 71.7 ± 2.6 6.4 ± 1.1 11.8 ± 0.7 6.1 ± 1.8 0.05 ± 0.04 

SWG 39.6 ± 1.1 6.8 ± 0.8 0.2 ± 0.02 0.8 ± 0.04 0.22 ± 0.05 

Csac 
Avi 58.0 ± 1.2 11.3 ± 1.7 12.1 ± 0.5 1.0 ± 0.6 0.84 ± 0.07 

SWG 23.5 ± 2.3 2.7 ± 0.1 0.05 ± 0.02 0.7 ± 0.07 0.13 ± 0.01 

 

Caldicellulosiruptor species have not been found to utilize lignin as a carbon source 

accordingly the carbohydrate fraction solubilized from cellulose and switchgrass could be 

accounted for by primary fermentation products (acetate, lactate, ethanol and carbon dioxide), 

cellulose and switchgrass degradation products (acetate and soluble sugars), and 

Caldicellulosiruptor biomass to greater than 92% carbon balance closure, assuming that CO2 

generation was equal to acetate generation on a molar basis (20) (Figure 2.3). The acidic 

fermentation products for growth on cellulose and switchgrass were the same for all three 

species, but lactate and acetate concentrations varied (Table 2.1). For ~75% solubilization of 

cellulose, Cbes and Ckro acetate levels reached approximately 6-7 mM, with trace amounts of 

ethanol (< 0.1 mM), and similar amounts of unfermented soluble sugar at 6 mM. The formation 

of lactate is related to the impact of accumulating levels of molecular hydrogen on 

Caldicellulosiruptor metabolism, causing a shift towards this organic acid (33). Lactate 

generation by Cbes and Ckro was also similar (~12 mM), as expected for the same amount of 

solubilization. Although Csac solubilized < 60% of cellulose, it also generated high levels of 

lactate (12 mM) and significantly more acetate (11.3 mM) and ethanol (0.8 mM) than the other 

two species. The residual unfermented soluble sugar for Csac was 1 mM, suggesting that Csac 
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metabolized the C6 sugars released from cellulose solubilization to a greater extent than the 

other two species. On unpretreated switchgrass, the same major fermentation products were 

generated by each of the three species. Acetate levels for Cbes and Ckro were comparable (~7 

mM), but only trace amounts of lactate were produced. Csac, which solubilized switchgrass 

only slightly more than the abiotic control, grew slowly and produced correspondingly low 

levels of acetate (~3 mM) and lactate (0.05 mM). For each of the three species on switchgrass, 

unlike the case for cellulose, only small amounts of unfermented sugar (< 1 mM) remained at 

the time of harvest, reflecting the lower extents of carbohydrate solubilization.  

 

 

Figure 2.3. Carbon balance of carbohydrate substrates and products from 

Caldicellulosiruptor growth on cellulose and unpretreated switchgrass. Carbon balances 

were closed to: C. bescii, 95.8 ± 13.2%; C. kronotskyensis, 92.2 ± 3.9% and C. saccharolyticus 

96.4 ± 1.5% for cellulose; C. bescii, 95.1 ± 3.4%; C. kronotskyensis, 99.3 ± 2.1%; C. 

saccharolyticus 100.7 ± 0.5% for switchgrass. Values expressed as mean +/- standard deviation 

(n=3). 
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The results here indicate that there are significant differences among the three species 

in their capacity to utilize and convert biomass substrates. The levels of organic acids produced 

on cellulose and switchgrass, and the residual amounts of soluble sugars reflect the extent to 

which the breakdown of biomass through enzymatic processes is coordinated with conversion 

(carbohydrate transport and fermentative metabolism) by the three species.  For example, it is 

interesting that although Csac solubilized less plant biomass, this species nonetheless produced 

high levels of organic acids with minimal amounts of unfermented sugars, suggesting a highly 

productive fermentative metabolism. These data illustrate potentially important physiological 

differences within the genus Caldicellulosiruptor in choosing candidates for consolidated 

bioprocessing through metabolic engineering. These differences likely reflect distinct roles of 

these bacteria in their communities of origin in terrestrial hot springs. The following genomic 

and transcriptomic analysis describes differences in cellulolytic capacity and metabolism 

between the three species. 

Genomic comparison of Cbes, Ckro and Csac 

A comparative analysis of the sequenced genomes for Cbes (2,776 ORFs), Ckro (2,583 

ORFs) and Csac (2,760 ORFs) was done to identify features that could be directly connected 

to observed differences in biomass solubilization for the three species (Table 2.2). Genome-

wide homology (95.6% identity at the nucleotide level) is highest for the two Russian isolates 

(Cbes and Ckro). Homology of Csac to the other two species is lower but still relatively high, 

with 80.3% and 79.6% nucleotide identity to Cbes and Ckro, respectively (17). Homologous 

protein sequences were identified by sequence clustering using UCLUST software (drive5) 

(based on 50% identity and 50% coverage) (34), genes from all three species were organized 

into 3,223 families with 885 singletons (family with only a single gene). The relatedness 
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among all three species (1,799 gene families in the core genome) was much higher than for 

either unique or common families for two species (Figure 2.4). The unique gene families for 

each of three species, Cbes (338), Ckro (234), and Csac (346) relate at some level to their 

differential ability to degrade and convert complex carbohydrates.  For biomass 

deconstruction, the extracellular CAZymes are particularly important; there are 14 in the core 

genome and a total of 20, 31, and 19 for Cbes, Ckro, and Csac, respectively (Table 2.2). Note 

that unlike Cbes and Ckro, which have three GH48 domains, the Csac genome encodes only a 

single GH48 domain, represented in CelA (14); GH48 domains were found to be a determinant 

for cellulose hydrolysis capacity in Caldicellulosiruptor species (17, 18). As discussed later 

the lack of GH48 domains in Csac’s genome may relate to a decreased cellulolytic capacity 

compared to the other two species. In addition, although its genome encodes 50% more 

extracellular CAZymes than the other two species (Table 2.2), Ckro did not solubilize the 

biomasses tested here any better than Cbes (Table 2.1, Figure 2.2B). There are 16 ABC 

carbohydrate transporters in the core genome (Table 2.2), with a total of 20, 28 and 24 in Cbes, 

Ckro, and Csac, respectively. Coordination between CAZymes and ABC transporters would 

seem to be important to optimize utilization of the carbohydrate content of plant biomass for 

Caldicellulosiruptor species. It is also worth noting that Csac has 16 gene families linked to 

‘Amino Acid Transport and Metabolism’, which is 10 or more than for either Cbes or Ckro. It 

is likely that subtle differences exist among the three species exist that are not easily correlated 

with genome sequence. In particular, the regulation of carbon flux through central metabolism 

is key to high levels of carbohydrate conversion. 
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Table 2.2. Transcriptional response of Caldicellulosiruptor species during growth on 

cellulose (Avi) vs. switchgrass (SWG). Numbers in parenthesis indicate genes in core 

genome. 

Species 

Nucleotides 

(Mb) 

Total 

Genes Avi SWG 

Extracellular 

CAZymes Avi SWG 

ABC 

Transporters Avi SWG 

Cbes 2.93 2,776 129 (98) 243 (167) 20 0 9 (8) 20 2 (2) 11 (8) 

Ckro 2.84 2,583 64 (48) 106 (81) 31 0 8 (4) 28 0 13 (9) 

Csac 2.97 2,760 211 (165) 257 (160) 19 1 (1) 7 (6) 24 1 (1) 16 (11) 

Core N/A 1,922 9 18 14 0 4 16 0 6 

 

 

Figure 2.4. Homologous gene families for C. bescii (Cbes), C. kronotskyensis (Ckro), and 

C. saccharolyticus (Csac). Number of gene families, as determined by UCLUST, with 50% 

identity and 50% coverage. 

 

Core genome transcriptome for growth on biomass substrates 

While differences in lignocellulose degradation capacity among the three 

Caldicellulosiruptor species can be viewed at the level of genome sequence, regulation of 

genes that relate to this capacity can provide additional insights into specific microbial 

strategies. In principle, the same carbohydrate deconstruction and utilization processes utilized 

by the three Caldicellulosiruptor species for growth on cellulose should also be employed 
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during growth on switchgrass, given that cellulose is a major component of lignocellulose. 

However, this was not the case here. Nor was there strong consensus among the three species 

for genes differentially transcribed during growth on the two substrates, even within the core 

genome. Differential transcription (2-fold or more) of genes that are conserved among the three 

species (core genome) is represented in Figure 2.5 (referenced to the ORF numbers in the Cbes 

genome), for growth on cellulose (purple) compared to switchgrass (green), with intensity of 

color indicative of level of gene transcription. Csac has the largest number of differentially 

transcribed genes on cellulose and switchgrass (211 and 257, respectively), followed by Cbes 

(129 and 243, respectively) and then Ckro (64 and 106, respectively). Extracellular GHs 

(CAZymes) were exclusively responsive to switchgrass (except for one core GH in Csac) 

(Table 2.2), reflecting the heterogeneity of this substrate. This differential response to 

switchgrass was also the case for carbohydrate ABC transporters, many of which are part of 

the core genome; 6 out of 16 of these responded to switchgrass in all three species. Three 

transporters were up-regulated on cellulose in the core genome, but none were differentially 

regulated in all three species. Two transporters, up-regulated only in Cbes (Athe_0595-0598 

and 2552-2554) belong to the CUT1 family, a family considered to transport both di/oligo-

saccharides (35) (Table 2.S1). Previous work proposed that substrates for these transporters to 

be xyloglucan and unknown, respectively (36). The other, the only di/oligopeptide (DPP/OPP) 

transporter in the core genome (Athe_1913-1917, Calkro_0798-0802, Csac_1028-1032) 

(Figure 2.5-C3), was up-regulated on switchgrass in Cbes and on cellulose in Csac, and 

constitutively transcribed in Ckro. DPP/OPP transporters are implicated in the transport of 

peptides, nickel, heme and sugars (35). The broad specificity of this transporter and differences 
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in regulation between the species implies it could serve a range of transport functions in 

Caldicellulosiruptor species.  

 

 

Figure 2.5. Core genome transcriptome for C. bescii (Cbes), C. kronotskyensis (Ckro), and 

C. saccharolyticus (Csac). All genes in the core genome differentially regulated two-fold or 

more in one or more species are shown. Green indicates up-regulation on switchgrass and 

purple up-regulation on cellulose. Gene clusters for specific functions are indicated by letters 

corresponding to legend. Locus tags in C. bescii (outer ring) are used for reference. 
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Certain genomic loci responded similarly in all three species during growth on cellulose 

compared to switchgrass.  For example, the xylan utilization locus (Figure 2.5-A) responded 

at high levels to switchgrass in all three species, as did many sets of ABC carbohydrate 

transporters (segments Figure 2.5-C1 to 2.5-C6), homologs of which were previously 

annotated in Csac (36). Growth on cellulose triggered expression of purine metabolism (H) 

and ribosomal protein biosynthesis (I) genes in all three species, likely the result of the higher 

growth rates on this less recalcitrant substrate. Nonetheless, although a total of 517 different 

genes in the core genome were differentially transcribed for the cellulose vs. switchgrass 

contrast (Figure 2.5), only 27 of these responded in all three species (Table 2.2). This suggests 

that, at the level of gene regulation, significant differences exist among the species, which 

relate to their deconstruction and conversion of lignocellulose. Illustrative examples of these 

differences are discussed below. 

Fermentative metabolism 

As reported in Table 2.1, fermentative product concentrations for cellulose and 

switchgrass conversion varied across the three species; some insights into these differences 

could be obtained from their transcriptomes. For example, Csac generated high amounts of 

organic acids and correspondingly low levels of unfermented soluble sugars for growth on 

cellulose (Table 2.1), indicative of extensive carbohydrate utilization. This metabolic activity 

was reflected in the transcriptome where 8 out of 10 genes involved in pyruvate metabolism 

are transcribed at higher levels on cellulose in Csac compared to Cbes and Ckro, in the 

respective transcriptomes (Table 2.S2).  This is also indicated in Figure 2.5, where the inner 

ring shows relatively high transcription levels of many genes on cellulose (purple). For Csac, 

much more so than for Cbes and Ckro, cellulose triggered genes related to molybdenum 
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cofactor biosynthesis (D), hydrogen metabolism (E), sulfur transport and metabolism (F), 

uracil synthesis and purine metabolism (G). Hydrogen production in Caldicellulosiruptor is 

linked to acetate production (37) and plays an important role in metabolism by recycling 

reducing equivalents, NADH and reduced ferrodoxin (Fdred) generated during glycolysis. 

Genes encoding the reduced ferredoxin-dependent hydrogenase cluster (EchA to EchF; 

Csac_1534-1539) and genes required for its maturation (HypA to HypF; Csac_1540-1545) 

were up-regulated on cellulose, especially in Csac (Figure 2.5-E). The sulfate (cysteine) 

assimilation gene cluster (Csac_1631-1643) was differentially up-regulated in Csac during 

growth on cellulose (Figure 2.5-F), consistent with the fact that hydrogenases and ferredoxin 

contain Fe-S clusters (38). Note that the molybdenum cofactor biosynthesis proteins up-

regulated in Csac (Figure 2.5-D) also contain Fe-S clusters (39). In contrast, homologs within 

the sulfate assimilation locus (Figure 2.5-F) in Cbes (Athe_1182-1194) and Ckro 

(Calkro_1504-1516) were transcribed at low levels, possibly relating to lower levels of 

fermentative metabolism. The strong response of genes related to reducing power generation 

needed to drive metabolic processes in Csac is consistent with the higher levels of carbohydrate 

conversion observed (Table 2.1). 

Chemotaxis and motility 

Processes related to the detection and pursuit of cellulose and hemicellulose as primary 

growth substrates have not been considered to any extent in lignocellulose degrading 

microorganisms. Initially discovered in Escherichia coli, the Che-type chemotaxis system is 

known to sense extracellular chemicals and modulate cellular motility via flagella rotation (40). 

The core set of proteins in this system consists of methyl-accepting chemotaxis proteins 

(MCPs), a scaffolding protein (CheW), a histidine kinase (CheA) and the response regulator 
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(CheY). The methyl-accepting chemotaxis proteins (MCPs) sense environmental signals 

(Figure 2.6), which are then transmitted through a scaffolding protein (CheW) to a histidine 

kinase (CheA) that phosphorylates the response regulator (CheY). Phosphorylated Che-Y then 

interacts with the flagellar motor to control motility. Most chemotactic systems contain 

additional components that modulate MCP methylation (CheR and CheB) and/or phosphatases 

(CheC, CheX and/or CheZ) that aid in dephosphorylating CheY (41-44). The genomes of Cbes 

and Ckro each encode four loci containing the Che-type signal transduction pathway core 

components, while Csac contains only two (Figure 2.6-II and 2.6-IV). Locus I and II is 

associated with diguanylate cyclases/phosphodiesterases (DGC/PDE) and Locus IV, 

flagella/pilus biosynthesis and structural genes (Figure 2.6), This implies that the Che-type 

systems play an integral part in regulation of flagellar-based motility and cyclic di-3’,5’-

guanylate (cyclic di-GMP) turnover in Caldicellulosiruptor species. This relationship is 

supported by the transcriptome, with genes in each locus highly transcribed and differentially 

up-regulated on cellulose (Figure 2.6, Tables 2.S3, 2.S4), implicating these chemotaxis 

systems in how Caldicellulosiruptor species identify and utilize cellulosic substrates.  

Two of the Che-type chemotaxis systems are associated with diguanylate 

cyclases/phosphodiesterases (Figure 2.6-I, II); these enzymes are responsible for the 

production/conversion of cyclic di-GMP and known to be involved in regulating the switch 

from planktonic growth to biofilm formation (45). In fact, Csac generates elevated intracellular 

levels of cyclic di-GMP during biofilm formation (46) and, another Caldicellulosiruptor 

species, C. obsidiansis, forms cellulose-degrading biofilms (47, 48). The precise relationship 

between the DGC/PDE and the Che-type system has not been studied in Caldicellulosiruptor. 

In other Firmicutes these domains are contained in a single protein. Likewise, the 



 

64 

Proteobacteria, C. crescentus and P. aeruginosa, are described to contain the Che-Y and 

DGC/PDE domains in a single protein with Che-Y phosphorylation modulating DGC/PDE 

activity (49-51). The two DGC/PDE associated Che loci (Figure 2.6-I, II) are conserved and 

highly transcribed in both Cbes and Ckro. Furthermore, 13 of the 20 genes were differentially 

up-regulated on cellulose in Ckro, with only three differentially regulated in Cbes and none in 

Csac. As such, chemotaxis systems may be integral to cellulose utilization by Ckro, and less 

so for Cbes and Csac. The two DGC/PDE’s associated with Che-type loci are unique to the 

genus Caldicellulosiruptor and have differing architectures. The DGC/PDE associated with 

Locus II contains a PAS sensor domain coupled with the GGDEF and EAL domains typically 

associated with DGC/PDE enzymes (52, 53). Transcription of this enzyme was very high on 

switchgrass in Cbes, and very low in Csac (Figure 2.6-II, Table 2.S3). Interestingly, in Ckro, 

this gene is truncated and only contains the PAS domain, suggesting a complete loss in function 

as a DGC/PDE. Although there are no other DGC/PDE enzymes in Ckro with identical PAS-

GGDEF-EAL architecture, functionality may be supplemented by several other DGC/PDE 

enzymes in the Ckro genome. The other DDC/PDE associated locus, locus I, is missing in 

Csac, yet is highly transcribed in the other two species (Figure 2.6-I, Table 2.S3), it contains 

only the GGDEF and EAL domains. It is unlikely that the presence of the second DGC/PDE 

containing locus in Cbes and Ckro is redundant, as many of the genes are transcribed to greater 

than 8-fold higher than average transcription levels across the genome. Instead, the functional 

output of this locus may give Cbes and Ckro an advantage for cellulose utilization over the less 

cellulolytic Csac.  
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Figure 2.6. Transcriptional response of Che-type chemotaxis systems and flagella genes 

in Caldicellulosiruptor species. Gene type is indicated on inner ring: Core Che-Component 

(light Blue), Additional Che-Component (grey), Enzyme (orange) or Flagella (pink). Tracks 

from outer to inner; Transcription Level (LSM):  C. bescii – cellulose; C. bescii – switchgrass; 

C. kronotskyensis – cellulose; C. kronotskyensis – switchgrass; C. saccharolyticus – cellulose; 

C. saccharolyticus – switchgrass to Differential Transcription (Diff): C. bescii (Be); C. 

kronotskyensis (Kr); C. saccharolyticus (Sa); A, cellulose; S, Switchgrass. Locus tags and 

transcription values can be seen in Tables 2.S3, 2.S4. 

 

Caldicellulosiruptor species are known to contain flagella (3, 8, 12, 54). Locus IV 

(Figure 2.6-IV) is associated with flagella structural and biosynthesis genes. The type IV pilus 

assembly, PilZ, is directly adjacent to CheA, W, C and D. In addition to cell motility, flagella 

are known to play an integral role in biofilm formation (55). Both flagellar genes and Che-

system genes are highly transcribed on cellulose and switchgrass, with 36 out of 38 associated 

genes highly transcribed in one or more species (Figure 2.6-IV, Table 2.S3, 2.S4). This 

transcriptional response implies that colonization of both cellulose and switchgrass is 

important for the deconstruction and utilization of these substrates by all three species. It is 
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likely that flagella regulation is more complex than the Che-type system, in which CheY is 

responsible for modulating flagellar rotation (41). Other studies have shown that cyclic di-

GMP plays a role in modulating flagellar rotation through interaction with the type IV pilus 

assembly, PilZ (56, 57). Furthermore, work in other Firmicutes found that cyclic-di-GMP 

levels directly regulate transcription of type IV pilus genes (58, 59). In Caldicellulosiruptor, 

cellulose identification and biofilm formation likely involve a complex regulatory network 

including cyclic di-GMP, flagellar genes and Che-type systems (Figure 2.6). The occurrence 

and differential regulation of these systems in Caldicellulosiruptor species suggests a role for 

these systems in how these bacteria sense, colonize and deconstruct cellulosic substrates.  

 In addition to cyclic-di-GMP, genes related to biosynthesis of purines were triggered 

by growth on cellulose. These include a Che-type locus conserved in Cbes and Ckro associated 

with an inosine/guanosine/xanthosine phosphorylase family protein, a type of purine-

nucleoside phosphorylase, the exact function of which is unknown. Similar to the diguanylate 

cyclase, the purine-nucleoside phosphorylase may play a role in intracellular signaling. Several 

other loci (Athe_1443-1453, Calkro_1257-1267, Csac_1990-2000) involved in purine 

metabolism were also up-regulated on cellulose (Fig 2.5-G,H) and could be involved in 

producing signaling molecules (cyclic di-GMP and cyclic AMP) or other important purine 

containing molecules involved in energy transfer (NADH, ATP) and nucleotide structure 

(DNA, RNA). 

Relationship of CAZyme genome inventory to biomass deconstruction 

Within the genus Caldicellulosiruptor, plant biomass deconstruction is driven to a large 

extent by carbohydrate CAZymes (1, 16). As mentioned above, the Ckro genome encodes the 

most extracellular CAZymes with 31 followed, by Cbes and Csac with 20 and 19, respectively 
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(Table 2.2). Fourteen of these CAZymes are present in all three species, implying differences 

in solubilization are related to the other 23 CAZymes, some unique and some common to two 

species. Collectively, the three genomes contain 21 carbohydrate-active catalytic domains, 

including GHs, carbohydrate esterases (CEs) and polysaccharide lyases (PLs) (Figure 2.7). 

GH domains are the majority, with the GH family 5 (GH5), endo-1,4-β-glucanases and β-

mannanases (60), being the most highly represented. The second most highly represented 

family is the GH family 10 (GH10), endo-1,4-β-xylanases, indicative of the importance of both 

cellulose and hemicellulose deconstruction in Caldicellulosiruptor species.  

 

 

Figure 2.7. Carbohydrate active extracellular enzyme domains encoded in 

Caldicellulosiruptor species genome. (A) Number of extracellular catalytic domains 

corresponding to CAZyme families (www.cazy.org) with signal peptides 

(www.cbs.dtu.dk/services/SignalP/). GH, Glycoside Hydrolase; PL, Polysaccharide Lyase; 

CE, Carbohydrate Esterase. (B) Total number of carbohydrate utilization genes in C. bescii 

(Cbes), C. kronotskyensis (Ckro), and C. saccharolyticus (Csac). 
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Carbohydrate esterases impact mechanical strength of the plant cell wall by removing 

a variety of polysaccharide side chain substitutions including acetyl, feruloyl and methoxy 

groups (61, 62). The three species each contain three CE family 4 (CE4) proteins, while the 

other CE family protein, CE8, is only present in Ckro. None of these carbohydrate esterase 

domain-containing enzymes are highly transcribed in either species, suggesting a minor role 

in switchgrass deconstruction. PLs are responsible for cleaving uronic acid-containing 

polysaccharides, such as pectin (63). Differences in the PL inventory could play a role in 

switchgrass degradation, as several extracellular PLs are contained in the genomes of Cbes and 

Ckro, but not Csac. Pectin forms a major component of primary cell wall structure in dicots 

(poplar) and to a lesser extent in monocots (switchgrass) (64). Many of these extracellular PL’s 

are highly transcribed and differentially up-regulated on switchgrass, implying an important 

role in lignocellulose deconstruction (Figure 2.8, 2.9, Table 2.S5). Deletion of the 

extracellular PLs in Cbes (Athe_1853-1854) impaired growth on switchgrass and poplar (65). 

These PLs were up-regulated on switchgrass and may aid the removal of pectin. The absence 

of PLs in Csac’s genome may leave certain cellulose and hemicellulose moieties concealed 

impairing switchgrass deconstruction.  
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Figure 2.8. Transcription of CAZymes and ABC carbohydrate transporters in C. bescii 

(Cbes), C. kronotskyensis (Ckro), and C. saccharolyticus (Csac) core and non-core 

genomes. Gene type is indicated on inner track, Carbohydrate Transporter (light purple), 

Intracellular CAZyme (light orange) or Extracellular CAZyme (light green). Xylan 

degradation locus (X) and glucan degradation locus (G) genes are indicated. Tracks from outer 

to inner; Transcription Level (LSM): C. bescii – cellulose; C. bescii – switchgrass; C. 

kronotskyensis – cellulose; C. kronotskyensis – switchgrass; C. saccharolyticus – cellulose; C. 

saccharolyticus – switchgrass to Differential Transcription (Diff): C. bescii – differential 

transcription (Be); C. kronotskyensis – differential transcription (Kr); C. saccharolyticus – 

differential transcription (Sa); Gene type. A, cellulose; S, Switchgrass. Locus tags and 

transcription values can be seen in Table 2.S5. 

 

The xylan degradation locus (XDL) and glucan degradation locus (GDL) in 

Caldicellulosiruptor species are involved in processing C5 and C6 sugars, respectively (17, 

36). The XDL contains two multi-domain xylanases with GH10 and GH43 catalytic activities 

and carbohydrate binding module (CBM) family 6 and 22 binding domains (CBM22-CBM22-

GH10; GH43-CBM22-GH43-CBM6), two ABC carbohydrate transporters annotated for 

xylooligosaccharide transport, and several intracellular CAZymes (16, 36); as mentioned 

above, the genes in the XDL were highly responsive in all three species growing on switchgrass 
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(Figure 2.8). The GDL consists solely of extracellular multi-domain CAZymes, and was 

highly transcribed on both switchgrass and cellulose (Figure 2.8, 2.9) indicating the 

importance of GDL enzymes for the degradation of both homogeneous and heterogeneous 

cellulosic substrates.  Inspection of the GDL more closely gives insight into differences 

between the three species that relates to cellulose and switchgrass solubilization (Figure 2.9). 

Cbes and Ckro have three GH48 domain-containing enzymes, while Csac only contains only 

one - CelA. Deletion of CelA in Cbes inhibited growth on cellulose and switchgrass (66).  The 

fact that all three species contain CelA, but solubilize cellulose and switchgrass to different 

extents, implies that this cellulase may be necessary, but not solely responsible for high levels 

of lignocellulose deconstruction. The other two GH48 containing enzymes in Cbes 

(Athe_1860, Athe_ 1857) and Ckro (Calkro_0861, Calkro_0853) are paired with GH74 and 

GH10 domains, typically associated with xylanase and xyloglucanase activity, respectively 

(60). Homologous versions of these enzymes (Csac_1085, Csac_1078) are found in Csac, 

although, these do not contain GH48 domains. These enzymes were transcribed at very high 

levels in all three species, especially on switchgrass where they are represented among the 

highest genes in the transcriptome (Figure 2.9). The missing GH48 domains in the Csac 

enzymes raise the possibility that the lower Csac biomass solubilization capacity (Table 2.1) 

relates to the absence of these domains. Biochemical characterization of these enzymes from 

all three species is underway.  

The fact that Cbes and Ckro achieved equivalent levels of cellulose and switchgrass 

solubilization implies that the additional GHs encoded in the Ckro genome do not contribute 

significantly to this process. This is supported by the transcriptome data as these additional GH 

genes are mostly transcribed at low levels on cellulose and switchgrass (Figure 2.8 – ‘Ckro 
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only’). The only exceptions are an extracellular GH13 (Calkro_2177) and a multi-domain S-

layer homology domain containing protein (Calkro_0402), with a GH10. Several putative 

xylanases unique to Csac (Figure 2.8 – ‘Csac only’) were highly transcribed on one or both 

substrates, although these did not seem to provide any advantage for switchgrass solubilization 

(Table 2.1). 

 

 

Figure 2.9. Glucan Degradation Locus in C. bescii (Cbes), C. kronotskyensis (Ckro), and 

C. saccharolyticus (Csac). Numbers indicate CAZy family; Squares, glycoside hydrolases; 

circles, carbohydrate binding modules; Rounded squares, polysaccharide lyases. Genes are 

aligned by homologous families. Locus tags are written above and boxes underneath represent 

transcription level on cellulose (Left) and switchgrass (right). Red and blue represent high and 

low levels of transcription respectively 

 

Conclusions 

The difference in biomass solubilization and conversion capacity for Csac compared 

to the other two Caldicellulosiruptor species examined here is related not only to gene content 

but also to gene regulation. CAZyme inventory, more specifically the presence of additional 

GH48 domain-containing enzymes and polysaccharide lyases, appears to be advantageous for 

Cbes and Ckro in deconstruction of lignocellulosic substrates. But factors other than 

carbohydrate active enzymes likely play an important role since Ckro, which has the most 
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CAZymes, was not more effective in biomass deconstruction than Cbes. A potential role for 

substrate sensing, signal transduction and chemotaxis in how Caldicellulosiruptor species 

utilize biomass is supported by genomic and transcriptomic evidence. Although Csac has an 

apparent deficiency in the ability to deconstruct lignocellulosic substrates this is balanced with 

an increased fermentative intensity. It is important to keep in mind that in natural biotopes 

inhabited by Caldicellulosiruptor plant biomass utilization is likely a community-based 

phenomenon, with individual species contributing in both general and specialized ways. 

Incorporating the most important features into a single organism through metabolic 

engineering needs to be weighed against using multiple species functioning synergistically. 

The approach employed here makes use of microbiological, genomic, transcriptomic and 

chemical analysis and provides an insightful basis for comparing Caldicellulosiruptor species 

with respect to plant biomass deconstruction. The information obtained using this approach 

establishes a basis for choosing platform strains for metabolic engineering efforts.   
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Supplementary Material 

Table 2.S1. Differential transcription of ABC carbohydrate transporters. 

Locusa 

Type Proposed Substrateb 

Transcriptionc 

Athe_ Calkro_ Csac_ Cbes Ckro Csac 

0085-7 0067-69 2552-54 CUT1 Unknown NC SWG SWG 

0105-7 0128-30 2504-06 CUT2 

Xylose, glucose, 

Fructose, Galactose NC SWG NC 

0174-6 2394-96 2417-19 CUT1 Xylooligosaccharides SWG SWG SWG 

0179-81 2389-91 2412-14 CUT1 Xylooligosaccharides SWG SWG SWG 

0595-8 2032-35 0679-82 CUT1 Xyloglucan Avi NC NC 

0614-6 2010-12 

0692-

0694 CUT1 Monosaccharides SWG SWG SWG 

0847,49-51 1802-04,06 

2692-

94,96 CUT1 Unknown SWG SWG SWG 

2574,78-77 0283-84, 87 

0427-

28,31  CUT1 Maltodextrin NC NC SWG 

0399-0401 2234-36 0440-42 CUT1 Galactose NC NC NC 

1779-81,83 0930,0932-4 

2321-

22,24,26 CUT1 

Glucose, Xylose, 

Fructose NC NC SWG 

1913-17 0798-0802 1028-32 Dpp/Opp Monosaccharides SWG NC Avi 

2052-54 0603-05 1357-59 CUT1 Xyloglucan SWG SWG SWG 

2079-81 0553-55 1557-59 CUT1 Xyloglucan NC SWG SWG 

2264-66,68 0382,84-86 

0238,40-

42 CUT2 

Arabinose, Galactose, 

Xylose SWG SWG SWG 

2308-10 0321-23 2491-93 CUT1 

Xylose, Glucose, 

Fructose SWG NC SWG 

2552-54 0297-99 0297-99 CUT1 Unknown Avi NC NC 

2029-32 0626-29 --- CUT1 NA NC NC --- 

2091-93 0194-96 --- CUT1 NA SWG NC --- 

2330-32 

0138, 0140-

42 --- CUT1 NA SWG SWG --- 

2374-76,78 0156,58-60 --- CUT1 NA SWG NC --- 

--- 0076-78 2542-44 CUT1 

GlcNAc 

Polysaccharide --- SWG SWG 

--- 0108-10 2514-16 CUT1 Glucooligosaccharides --- NC SWG 

--- 0569-71 --- CUT1 NA --- SWG --- 

--- 0084-86 --- CUT1 NA --- NC --- 

--- 0095-97 --- CUT1 NA --- NC --- 

--- 0117-19 --- CUT1 NA --- NC --- 

--- 1909,11,12 --- CUT1 NA --- NC --- 

--- 2020-22 --- CUT1 NA --- SWG --- 

--- --- 0391-94 CUT1 Unknown --- --- SWG 

--- --- 2529-31 CUT1 Unknown --- --- SWG 

--- --- 2724-26 CUT1 Unknown --- --- NC 

--- --- 2740-42 CUT1 Unknown --- --- NC 

--- --- 0261-65 Dpp/Opp Fructose, Sucrose --- --- NC 

--- --- 0126-28 CUT1 Unknown --- --- NC 

a Numbers correspond to locus tags in C. bescii (Athe), C. kronotskyensis (Calkro) or C. 

saccharolyticus (Csac) 
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b Proposed substrates identified in previous work (36) 
c Differential transcription is specified for upregulation on cellulose (Avi) and switchgrass 

(SWG) or no change (NC) 
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Table 2.S2. Transcription of genes involved in pyruvate metabolism.  

Locusa Cbesb Ckrob Csacb Differentialc 

Annotation 
Athe_ Calkro_ Csac_ A S A S A S Cbes Ckro Csac 

1266 1435 1831 1.7 1.8 0.4 0.7 2.9 4.1 -0.1 -0.4 -1.2 pyruvate kinase 

1918 797 1027 3.2 1.9 1.3 0.3 3.0 1.1 1.3 1.0 1.9 L-lactate dehydrogenase 

0874 1780 1458 1.0 0.3 1.6 1.7 2.7 0.9 0.7 -0.1 1.8 pyruvate/ketoisovalerate oxidoreductase, gamma  

0875 1779 1459 0.3 -0.1 0.0 0.1 3.2 1.6 0.4 -0.1 1.6 pyruvate ferredoxin/flavodoxin oxidoreductase, delta  

0876 1778 1460 1.3 1.0 2.5 2.3 4.8 3.7 0.3 0.2 1.2 pyruvate flavodoxin/ferredoxin oxidoreductase 

0877 1777 1461 2.4 1.2 1.4 2.2 4.4 3.3 1.2 -0.8 1.2 thiamine pyrophosphate  

1708 1007 2248 1.0 -0.1 3.5 1.4 7.1 5.5 1.1 2.1 1.6 pyruvate flavodoxin/ferredoxin oxidoreductase  

1709 1006 2249 3.2 1.6 3.4 1.8 5.9 4.6 1.6 1.6 1.3 pyruvate/ketoisovalerate oxidoreductase, gamma 

1494 1216 2041 0.4 0.3 0.4 0.6 1.6 0.9 0.1 -0.2 0.8 phosphate acetyltransferase 

1493 1217 2040 1.3 2.6 -1.7 -1.6 1.7 1.8 -1.3 -0.1 -0.1 acetate kinase 

a Numbers correspond to locus tags in C. bescii (Athe), C. kronotskyensis (Calkro) or C. saccharolyticus (Csac). 
b Red indicates high, yellow average and blue below average transcription during growth on cellulose (A) and switchgrass (S) for 

C. bescii (Cbes), C. kronotskyensis (Ckro) and C. saccharolyticus (Csac). Numbers correspond to Log2. 
c Differential transcription is specified by green for up-regulation on switchgrass (negative numbers) and purple for up-regulation 

on cellulose (positive numbers). White vertical lines represent p-values that do not meet Bonferroni criterion. Numbers correspond 

to Log2. 
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Table 2.S3. Transcription of Che-type signal transduction genes. 

  
Cbes Locusa Cbesb Ckrob Csacb Differentialc 

Annotation 
  A S A S A S Cbes Ckro Csac 

I 

Athe_2237 1.7 0.9 4.4 2.2 - - 0.8 2.1 - MCP sensory transducer  

Athe_2236 2.4 0.9 2.6 0.8 - - 1.5 1.8 - CheW signal transduction protein  

Athe_2230 0.2 0.4 1.0 -0.1 - - -0.2 1.1 - CheA  histidine kinase  

Athe_2234 1.4 2.0 2.8 1.0 - - -0.6 1.9 - CheY  receiver protein  

Athe_2235 2.6 3.2 3.5 1.9 - - -0.6 1.6 - CheB modulated methylesterase  

Athe_2231 0.5 -0.4 2.0 0.3 - - 0.9 1.7 - CheR-type MCP methyltransferase  

Athe_2233 -0.1 0.1 3.7 1.9 - - -0.2 1.7 - CheX Phosphotase  

Athe_2232 0.8 0.3 2.7 0.8 - - 0.5 2.0 - CheC Inhibitor of MCP methylation  

Athe_2238 -1.8 -2.0 -0.8 -1.2 - - 0.2 0.4 - diguanylate cyclase/phosphodiesterase  

II 

Athe_0582 -0.2 -0.6 0.4 -1.0 -0.1 0.0 0.4 1.4 -0.1 MCP sensory transducer  

Athe_0574 1.4 -0.7 3.2 0.0 3.2 2.7 2.2 3.1 0.5 MCP sensory transducer  

Athe_0581 -0.7 -1.6 -0.1 -0.8 -1.2 -1.4 0.9 0.6 0.3 CheW signal transduction protein  

Athe_0575 2.0 0.2 2.5 0.4 3.0 3.4 1.7 2.1 -0.4 CheW signal transduction protein  

Athe_0577 0.4 -0.5 1.6 -1.2 0.0 -0.2 0.8 2.8 0.2 CheA  histidine kinase  

Athe_0583 -0.1 -0.3 0.9 -0.8 -0.7 0.3 0.3 1.8 -1.0 CheY receiver protein  

Athe_0580 0.0 -1.4 2.4 -0.8 3.0 2.2 1.4 3.2 0.9 CheY receiver protein  

Athe_0576 1.4 0.2 0.7 -0.9 4.1 4.2 1.2 1.6 -0.1 CheB modulated methylesterase  

Athe_0579 2.7 0.7 1.2 -1.5 0.3 0.4 2.0 2.6 -0.1 CheR-type MCP methyltransferase  

Athe_0578 1.9 1.5 1.9 1.4 1.0 0.8 0.5 0.6 0.2 PBS lyase HEAT domain  

Athe_0584 -1.9 2.8 0.5 -1.2 -2.7 -2.2 -4.7 1.7 -0.5 diguanylate cyclase/phosphodiesterased  

III 

Athe_1768 2.5 0.8 3.0 0.8 - - 1.7 2.1 - MCP sensory transducer  

Athe_1769 3.1 2.9 0.8 -0.4 - - 0.3 1.2 - CheW signal transduction protein  

Athe_1770 1.0 0.2 0.6 -0.2 - - 0.8 0.8 - CheA histidine kinase  

Athe_1771 4.7 2.9 2.2 1.6 - - 1.8 0.6 - CheY receiver protein  

Athe_1772 2.0 2.0 0.4 1.0 - - 0.0 -0.6 - inosine phosphorylase family  

IV 

Athe_2148 0.4 0.5 0.8 0.6 0.8 1.1 0.0 0.3 -0.4 CheW signal transduction protein  

Athe_2149 1.0 0.5 3.8 2.5 0.2 0.6 0.5 1.3 -0.4 CheA histidine kinase  

Athe_2159 1.8 2.2 1.5 0.9 2.0 2.1 -0.4 0.6 -0.1 CheY receiver protein  

Athe_2147 0.8 1.6 1.0 1.7 0.3 1.5 -0.8 -0.6 -1.2 CheC inhibitor of MCP methylation  

Athe_2160 0.6 0.2 2.6 1.6 2.0 2.2 0.5 1.0 -0.2 CheC inhibitor of MCP methylation  

Athe_2146 1.2 0.2 2.6 1.1 1.4 2.1 1.0 1.5 -0.8 CheD Stimulator of MCP methylation  

Athe_2150 0.6 0.0 4.1 2.4 2.7 3.2 0.5 1.7 -0.5 type IV pilus assembly PilZ  
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a Locus tags correspond to specific ORF in C. bescii. 
b Red indicates high, yellow average and blue below average transcription during growth on cellulose (A) and switchgrass (S) 

for C. bescii (Cbes), C. kronotskyensis (Ckro) and C. saccharolyticus (Csac). Numbers correspond to Log2. – Gene not present 

in species 
c Differential transcription is specified by green for up-regulation on switchgrass (negative numbers) and purple for up-regulation 

on cellulose (positive numbers). White vertical lines represent p-values that do not meet Bonferroni criterion. Numbers 

correspond to Log2. – Gene not present in species. 
d Gene truncated in C. kronotskyensis 
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Table 2.S4: Transcription of flagellar genes.  

Cbes 

Locusa 

Cbesb Ckrob Csacb Differentialc 

Annotation 
A S A S A S Cbes Ckro Csac 

Athe_2146 1.2 0.2 2.6 1.1 1.4 2.1 1.0 1.5 -0.8 CheD ( EC:3.5.1.44 ) 

Athe_2147 0.8 1.6 1.0 1.7 0.3 1.5 -0.8 -0.6 -1.2 CheC, inhibitor of MCP methylation 

Athe_2148 0.4 0.5 0.8 0.6 0.8 1.1 0.0 0.3 -0.4 CheW protein 

Athe_2149 1.0 0.5 3.8 2.5 0.2 0.6 0.5 1.3 -0.4 CheA signal transduction histidine kinase ( EC:2.7.13.3 ) 

Athe_2150 0.6 0.0 4.1 2.4 2.7 3.2 0.5 1.7 -0.5 type IV pilus assembly PilZ 

Athe_2151 0.5 0.3 1.0 0.8 1.5 2.0 0.2 0.2 -0.5 Cobyrinic acid ac-diamide synthase 

Athe_2152 0.4 0.2 1.6 1.6 1.5 2.3 0.2 0.0 -0.8 GTP-binding signal recognition protein 

Athe_2153 0.3 -0.2 1.7 0.8 X 0.5 0.9 X flagellar biosynthesis protein FlhA 

Athe_2154 0.8 0.7 3.1 2.0 1.2 2.6 0.1 1.1 -1.4 flagellar biosynthetic protein FlhB 

Athe_2155 0.1 -0.3 1.8 1.3 0.5 1.8 0.4 0.4 -1.3 flagellar biosynthetic protein FliR 

Athe_2156 0.2 -0.3 0.3 0.9 -2.2 -0.3 0.5 -0.5 -1.9 flagellar biosynthetic protein FliQ 

Athe_2157 -0.1 -0.4 0.9 1.6 0.0 1.9 0.3 -0.8 -2.0 flagellar biosynthetic protein FliP 

Athe_2158 0.6 -0.2 2.2 1.5 0.8 1.6 0.8 0.7 -0.8 hypothetical protein 

Athe_2159 1.8 2.2 1.5 0.9 2.0 2.1 -0.4 0.6 -0.1 response regulator receiver protein 

Athe_2160 0.6 0.2 2.6 1.6 2.0 2.2 0.5 1.0 -0.2 CheC, inhibitor of MCP methylation / FliN fusion protein 

Athe_2161 0.3 0.1 3.2 2.4 2.2 1.9 0.1 0.8 0.3 flagellar motor switch protein FliM 

Athe_2162 2.1 1.5 1.8 0.8 -6.4 -6.0 0.6 1.0 -0.4 flagellar basal body-associated protein FliL 

Athe_2163 0.2 0.8 0.0 -0.3 1.6 1.8 -0.6 0.3 -0.2 flagellar FlbD family protein 

Athe_2164 -0.5 -0.4 1.4 1.2 1.9 1.9 0.0 0.2 0.1 protein of unknown function DUF178 domain protein 

Athe_2165 3.4 2.4 2.5 1.4 1.6 1.7 1.0 1.0 -0.1 flagellar operon protein 

Athe_2166 -0.6 -0.4 2.4 1.3 0.6 0.6 -0.3 1.0 0.1 flagellar hook capping protein 

Athe_2167 0.9 1.1 2.0 1.0 1.9 1.3 -0.2 1.0 0.6 flagellar hook-length control protein 

Athe_2168 1.8 1.1 3.1 1.3 2.5 2.5 0.7 1.9 0.0 hypothetical protein 

Athe_2169 1.0 1.4 2.1 0.9 0.3 -0.3 -0.4 1.2 0.6 flagellar export protein FliJ 

Athe_2170 0.2 -0.5 1.5 0.8 2.5 2.7 0.7 0.7 -0.3 ATPase, FliI/YscN family ( EC:3.6.3.14 ) 

Athe_2171 0.4 -0.3 0.7 0.2 2.0 1.0 0.7 0.5 1.0 H+-transporting two-sector ATPase, E subunit 

Athe_2172 -0.1 0.4 2.2 1.5 4.0 5.8 -0.5 0.7 -1.9 flagellar motor switch protein FliG 

Athe_2173 -0.9 -1.4 1.9 1.2 1.5 1.7 0.4 0.7 -0.2 flagellar M-ring protein FliF 

Athe_2174 -1.3 -1.1 1.8 1.1 0.2 1.6 -0.3 0.7 -1.5 flagellar hook-basal body complex subunit FliE 

Athe_2175 0.5 0.2 0.2 0.0 -1.3 -1.3 0.3 0.1 0.0 flagellar basal-body rod protein FlgC 

Athe_2176 1.8 1.4 1.9 1.3 -0.1 -0.3 0.4 0.6 0.2 flagellar basal-body rod protein FlgB 
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a Locus tags correspond to specific ORF in C. bescii. 
b Red indicates high, yellow average and blue below average transcription during growth on cellulose (A) and switchgrass (S) for 

C. bescii (Cbes), C. kronotskyensis (Ckro) and C. saccharolyticus (Csac). Numbers correspond to Log2. X, No transcription data 
c Differential transcription is specified by green for up-regulation on switchgrass (negative numbers) and purple for up-regulation 

on cellulose (positive numbers). White vertical lines represent p-values that do not meet Bonferroni criterion. Numbers correspond 

to Log2. X, No transcription data. 
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Table 2.S5. Transcription of carbohydrate utilization genes.  

  Locusb Cbesc Ckroc Csacc Differentiald 

Annotation 
Typea Athe_ Calkro_ Csac_ A S A S A S Cbes Ckro Csac 

Trans 0085 0067 2554 -2.2 -2.2 -1.9 -0.3 -6.7 -2.7 0.0 -1.6 -4.1 ABC transporter inner membrane component 

Trans 0086 0068 2553 -2.5 -2.3 -2.3 -1.0 -3.3 -1.5 -0.2 -1.3 -1.8 ABC transporter inner membrane component 

Trans 0087 0069 2552 -1.6 -2.2 -1.6 1.9 -0.1 3.7 0.6 -3.6 -3.7 extracellular solute-binding protein 

Trans 0105 0128 2506 2.7 3.7 1.4 3.0 6.3 6.2 -1.0 -1.6 0.1 ABC transporter, periplasmic binding protein 

Trans 0106 0129 2504 -0.1 1.1 1.6 2.1 2.9 3.0 -1.2 -0.5 -0.1 ABC transporter related( EC:3.6.3.17 ) 

Trans 0107 0130 2505 -1.1 -0.7 -0.9 -0.6 5.5 5.6 -0.4 -0.3 0.0 Monosaccharide-transporting ATPase 

Trans 0174 2396 2419 -2.4 -0.1 -0.6 0.7 -1.4 3.6 -2.3 -1.3 -5.0 extracellular solute-binding protein family 1 

Trans 0175 2394 2417 -1.4 0.3 -1.2 0.7 -1.2 4.0 -1.7 -1.9 -5.3 ABC transporter inner membrane component 

Trans 0176 2395 2418 0.2 3.9 -1.3 1.2 -1.6 3.9 -3.7 -2.5 -5.5 ABC transporter inner membrane component 

Trans 0179 2390 2413 -2.3 0.2 2.0 3.0 3.3 5.5 -2.5 -0.9 -2.3 ABC transporter inner membrane component 

Trans 0180 2391 2414 0.7 2.7 -1.2 1.6 3.1 5.3 -2.1 -2.8 -2.2 ABC transporter inner membrane component 

Trans 0181 2389 2412 0.0 3.2 -1.2 1.8 2.2 5.0 -3.2 -3.0 -2.8 extracellular solute-binding protein family 1 

Trans 0399 2236 0440 -1.4 -0.9 -1.2 -1.3 -0.6 0.5 -0.4 0.1 -1.1 extracellular solute-binding protein family 1 

Trans 0400 2234 0441 -0.9 -0.4 -1.0 -1.4 -4.3 -3.7 -0.5 0.4 -0.6 ABC transporter inner membrane component 

Trans 0401 2235 0442 -1.6 -1.7 1.2 0.6 -2.7 -1.8 0.1 0.6 -0.9 ABC transporter inner membrane component 

Trans 0595 2034 0679 1.9 1.4 3.2 2.3 2.6 3.4 0.5 0.8 -0.8 ABC transporter inner membrane component 

Trans 0596 2035 0680 1.6 1.5 1.3 1.4 3.0 3.2 0.1 0.0 -0.2 ABC transporter inner membrane component 

Trans 0597 2032 0681 5.8 4.8 0.1 0.6 5.0 5.3 1.0 -0.4 -0.3 extracellular solute-binding protein family 1 

Trans 0598 2033 0682 0.3 0.8 5.1 5.2 -2.8 -2.2 -0.5 -0.1 -0.7 extracellular solute-binding protein family 1 

Trans 0614 2012 0692 -0.5 2.4 -1.3 2.0 3.7 7.6 -2.9 -3.3 -3.9 extracellular solute-binding protein family 1 

Trans 0615 2010 0693 0.0 3.1 -0.7 1.9 -1.0 2.7 -3.1 -2.6 -3.8 ABC transporter inner membrane component 

Trans 0616 2011 0694 0.3 2.6 -0.8 2.6 -1.8 1.7 -2.3 -3.4 -3.5 ABC transporter inner membrane component 

Trans 0847 1804 2694 -1.2 0.8 -0.4 0.9 -0.3 3.2 -2.0 -1.3 -3.5 extracellular solute-binding protein family 1 

Trans 0849 1806 2696 -1.3 0.4 -1.2 1.3 -0.6 2.8 -1.7 -2.5 -3.4 extracellular solute-binding protein family 1 

Trans 0850 1802 2692 2.2 2.2 -1.0 -0.3 0.4 3.4 -0.1 -0.7 -3.0 ABC transporter inner membrane component 

Trans 0851 1803 2693 -0.6 -0.3 -0.5 0.0 -2.8 0.8 -0.3 -0.5 -3.7 ABC transporter inner membrane component 

Trans 1779 0934 2321 1.6 2.2 1.6 2.3 3.5 5.3 -0.6 -0.7 -1.8 inner-membrane translocator 
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Trans 1780 0933 2322 0.5 1.2 0.6 1.1 2.3 2.2 -0.7 -0.5 0.1 inner-membrane translocator 

Trans 1781 0932 2324 -0.4 -0.5 0.2 0.5 2.3 2.3 0.1 -0.3 0.1 ABC transporter related( EC:3.6.3.17 ) 

Trans 1783 0930 2326 3.6 3.6 2.2 3.4 3.7 4.7 0.0 -1.2 -1.0 basic membrane lipoprotein 

Trans 1913 0802 1032 2.1 1.5 -1.2 -0.6 3.0 2.1 0.5 -0.6 0.9 extracellular solute-binding protein family 5 

Trans 1914 0800 1030 -0.3 1.2 1.0 0.8 2.6 0.8 -1.5 0.2 1.8 ABC transporter, ATPase subunit 

Trans 1915 0801 1031 0.6 0.8 0.5 0.4 2.4 1.0 -0.2 0.1 1.3 ABC transporter, ATPase subunit 

Trans 1916 0798 1028 2.9 4.2 1.5 1.2 2.3 0.8 -1.3 0.3 1.5 ABC transporter inner membrane component 

Trans 1917 0799 1029 0.0 0.1 0.6 0.8 2.2 0.9 -0.1 -0.2 1.4 ABC transporter inner membrane component 

Trans 2052 0605 1359 -0.8 0.8 -0.8 1.5 -1.8 3.7 -1.5 -2.2 -5.4 extracellular solute-binding protein family 1 

Trans 2053 0603 1357 -0.8 0.7 -1.3 -0.1 -2.1 0.1 -1.5 -1.3 -2.2 ABC transporter inner membrane component 

Trans 2054 0604 1358 -2.4 0.0 0.4 0.6 -4.8 0.0 -2.4 -0.2 -4.8 ABC transporter inner membrane component 

Trans 2079 0554 1558 -2.5 -2.3 -0.6 -0.3 -3.6 -0.5 -0.3 -0.3 -3.1 ABC transporter inner membrane component 

Trans 2080 0555 1559 -1.8 -1.8 -1.6 -0.4 -3.5 -1.7 0.0 -1.2 -1.8 ABC transporter inner membrane component 

Trans 2081 0553 1557 -2.2 -1.8 -1.6 0.1 -2.0 1.3 -0.4 -1.8 -3.3 extracellular solute-binding protein family 1 

Trans 2264 0386 0242 1.1 4.9 0.5 4.6 -2.1 2.3 -3.8 -4.2 -4.4 periplasmic binding protein 

Trans 2265 0385 0241 -1.5 1.3 -1.0 1.6 -3.0 1.3 -2.9 -2.6 -4.3 Monosaccharide-transporting ATPase 

Trans 2266 0384 0240 -2.0 -0.2 -1.4 0.6 -2.8 2.1 -1.8 -2.0 -4.9 ABC transporter related( EC:3.6.3.17 ) 

Trans 2268 0382 0238 -0.8 -0.2 -1.6 -1.2 -1.3 -0.6 -0.7 -0.3 -0.7 ABC transporter related( EC:3.6.3.17) 

Trans 2308 0322 2491 -2.4 -1.9 -1.5 -1.5 -2.3 0.6 -0.5 -0.1 -2.9 ABC transporter inner membrane component 

Trans 2309 0323 2492 -1.8 -1.6 -1.6 -1.3 -2.4 -0.5 -0.2 -0.3 -1.9 ABC transporter inner membrane component 

Trans 2310 0321 2493 -0.5 1.2 0.1 -0.2 -2.2 -0.1 -1.7 0.2 -2.1 extracellular solute-binding protein family 1 

Trans 2552 0298 0298 3.8 4.4 1.7 1.3 0.4 1.5 -0.5 0.4 -1.1 ABC transporter inner membrane component 

Trans 2553 0299 0299 2.9 3.7 1.7 2.3 1.0 0.7 -0.8 -0.7 0.3 ABC transporter inner membrane component 

Trans 2554 0297 0297 3.7 2.3 2.4 0.9 1.8 0.5 1.4 1.5 1.3 extracellular solute-binding protein family 1 

Trans 2574 0287 0431 2.6 2.3 4.3 5.0 5.9 7.6 0.3 -0.6 -1.6 extracellular solute-binding protein family 1 

Trans 2577 0284 0428 0.0 0.1 1.2 1.6 3.1 2.8 -0.1 -0.5 0.2 ABC transporter inner membrane component 

Trans 2578 0283 0427 1.9 2.3 1.3 2.2 3.2 3.1 -0.4 -0.9 0.1 ABC transporter inner membrane component 

In GH 0096 0105 2538 
-0.1 0.1 0.0 -0.2 1.5 0.5 

-0.2 0.2 1.0 

Carbohydrate Esterase Family 9( EC:3.5.1.25 

) 

In GH 0097 0115 2513 -2.0 -2.2 -1.0 0.2 -1.3 0.2 0.2 -1.2 -1.5 Glucosylceramidase( EC:3.2.1.45 ) 

In GH 0143 2427 0203 -0.5 -0.9 -0.7 -1.1 -1.6 -0.4 0.4 0.4 -1.2 alpha amylase catalytic sub domain protein 
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In GH 0152 2418 2436 -2.5 -1.9 -1.4 -1.4 -3.7 -2.3 -0.6 0.0 -1.4 Acetyl xylan esterase( EC:3.1.1.41 ) 

In GH 0165 2408 2428 -0.7 -0.4 0.4 0.2 2.6 3.3 -0.3 0.2 -0.7 alpha amylase catalytic region( EC:3.2.1.10 ) 

In GH 0184 2386 2409 -2.2 0.3 -1.3 -0.4 -0.5 2.2 -2.5 -0.9 -2.7 Xylan 1,4-beta-xylosidase( EC:3.2.1.37 ) 

In GH 0185 2385 2408 -1.8 0.4 -1.2 0.3 0.6 4.0 -2.2 -1.5 -3.4 Endo-1,4-beta-xylanase( EC:3.2.1.8 ) 

In GH 0186 2384 2407 -1.4 1.4 -0.7 0.7 0.5 4.3 -2.8 -1.4 -3.8 putative esterase( EC:3.1.1.- ) 

In GH 0187 0573 2404 -1.3 0.3 -1.8 -1.2 -1.8 1.7 -1.7 -0.6 -3.5 glycoside hydrolase family 39 

In GH 0227 2352 0129 -0.6 -0.7 -0.4 -1.0 0.4 1.1 0.0 0.6 -0.7 glycoside hydrolase family 2 ( EC:3.2.1.25 ) 

In GH 0228 2351 0130 -1.2 -2.2 -1.5 -2.1 -0.5 1.1 1.0 0.5 -1.6 glycoside hydrolase 15-related 

In GH 0234 2344 0137 0.6 0.7 -0.5 0.0 0.6 2.5 -0.2 -0.5 -1.9 glycoside hydrolase family 5( EC:3.2.1.4 ) 

In GH 0398 2237 0439 -0.9 -1.6 -1.1 -2.0 -2.4 -2.7 0.7 0.9 0.3 Kojibiose phosphorylase( EC:2.4.1.230 ) 

In GH 0403 2232 0444 -2.0 -2.3 -1.3 -1.5 -3.0 -3.4 0.4 0.2 0.4 Kojibiose phosphorylase( EC:2.4.1.230 ) 

In GH 0448 2188 0671 -0.3 -0.9 -0.9 -0.9 3.0 0.7 0.7 0.0 2.3 pullulanase, type I( EC:3.2.1.41 ) 

In GH 0458 2176 1089 1.0 0.3 -0.5 -0.5 -1.4 -2.0 0.7 0.1 0.6 beta-galactosidase( EC:3.2.1.21 ) 

In GH 0459 2175 1090 1.5 1.1 1.9 1.0 3.2 2.3 0.4 0.9 1.0 glycosyltransferase 36 

In GH 0460 2174 1091 -0.2 0.4 1.4 -0.6 1.2 0.6 -0.5 2.0 0.6 glycosyltransferase 36( EC:2.4.1.20 ) 

In GH 0468 2165 1118 
-0.9 -0.6 -1.6 -1.7 -1.3 -0.6 

-0.3 0.1 -0.6 

glycoside hydrolase clan GH-D( EC:3.2.1.22 

) 

In GH 0536 2097 0762 -1.4 -1.8 -1.2 -1.2 -0.9 -2.3 0.4 0.0 1.3 glycosidase PH1107-related 

In GH 0558 2076 0784 
1.9 1.4 4.2 2.9 0.9 2.9 

0.5 1.2 -2.0 

1,4-α-glucan branching enzyme( EC:2.4.1.18 

) 

In GH 0679 1950 0853 -0.1 -0.6 0.4 1.2 1.9 0.4 0.6 -0.8 1.6 glycosidase PH1107-related 

In GH 0854 1799 2689 -0.2 0.0 -1.8 -1.1 -3.3 -1.1 -0.2 -0.7 -2.2 Alpha-glucuronidase( EC:3.2.1.139 ) 

In GH 0857 1796 2686 0.2 3.1 -0.3 1.6 0.8 2.4 -2.9 -1.9 -1.6 glycoside hydrolase family 2 ( EC:3.2.1.23 ) 

In GH 1103 0578 1561 -2.0 -1.2 -0.9 -0.2 -0.3 1.6 -0.8 -0.6 -1.9 Alpha-N-arabinofuranosidase( EC:3.2.1.55 ) 

In GH 1104 0579 1562 -1.2 -0.7 -0.6 0.1 -1.1 -0.2 -0.5 -0.7 -1.0 glycoside hydrolase family 4( EC:3.2.1.22 ) 

In GH 1569 0342 0664 -1.8 -1.5 -0.9 -0.4 -2.3 -0.8 -0.4 -0.5 -1.5 glycoside hydrolase family 28 

In GH 1632 1093 1720 2.3 1.5 1.7 1.6 4.6 4.3 0.8 0.1 0.3 Lytic transglycosylase catalytic 

In GH 1927 0788 1018 1.9 3.3 0.8 1.9 -0.7 1.8 -1.4 -1.1 -2.5 Beta-galactosidase( EC:3.2.1.23 ) 

In GH 2028 0708 2748 -1.2 -1.0 -1.5 -0.5 0.5 1.0 -0.2 -1.0 -0.5 glycoside hydrolase family 4 

In GH 2057 0600 1354 -2.4 -1.7 -2.0 -1.6 -2.9 -2.0 -0.7 -0.3 -0.9 glycoside hydrolase family 31 

In GH 2072 0585 1340 -0.7 -0.1 0.0 -0.3 0.0 2.2 -0.6 0.3 -2.2 Alpha-L-fucosidase( EC:3.2.1.51 ) 
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In GH 2242 0404 0717 2.2 3.3 2.0 3.3 -1.5 -0.5 -1.1 -1.3 -1.0 protein of unknown function DUF1680 

In GH 2354 0181 0586 -1.0 0.1 0.4 3.4 -1.5 -0.4 -1.1 -3.0 -1.2 glycoside hydrolase family 3 ( EC:3.2.1.21 ) 

In GH 2370 0164 0362 -2.4 -2.0 -2.1 -1.8 -2.7 -1.3 -0.4 -0.2 -1.4 glycoside hydrolase family 2( EC:3.2.1.23) 

In GH 2380 0152 0361 -1.4 -0.8 -1.9 -1.1 0.5 1.1 -0.6 -0.8 -0.5 1,4-alpha-galacturonidase( EC:3.2.1.67 ) 

In GH 2381 0151 0360 2.0 3.3 -1.6 -0.6 -0.7 -0.5 -1.3 -1.0 -0.2 glycosyl hydrolase family 88 

In GH 2402 0318 0338 -1.8 -2.1 -1.5 -1.7 -4.5 -5.1 0.2 0.2 0.6 Peptidoglycan-binding LysM 

In GH 2555 0296 0296 3.1 4.2 1.6 3.9 -0.2 -1.1 -1.1 -2.2 0.9 glycosidase PH1107-related 

In GH 2579 0282 0426 1.8 1.5 1.1 1.5 4.0 4.4 0.3 -0.4 -0.4 alpha amylase catalytic region 

In GH 2724 2544 0204 0.4 1.3 1.3 1.4 -0.6 1.7 -0.9 -0.1 -2.2 glycoside hydrolase family 10 

Ex GH 0182 2388 2411 -0.1 1.6 -0.4 0.5 1.0 3.0 -1.7 -0.8 -1.9 glycoside hydrolase family 43 

Ex GH 0183 2387 2410 -1.2 2.0 -0.4 1.3 0.9 4.5 -3.2 -1.8 -3.6 1,4-beta-cellobiosidase( EC:3.2.1.91 ) 

Ex GH 0508 2139 1150 -2.2 -2.0 0.0 0.0 -3.4 -2.9 -0.2 0.0 -0.5 spore coat assembly protein SafA 

Ex GH 0560 2074 0788 -1.6 -1.4 -1.2 1.1 -3.9 -3.9 -0.2 -2.3 0.1 Peptidoglycan-binding LysM 

Ex GH 0594 2036 0678 1.2 1.9 2.5 3.5 -0.1 0.1 -0.7 -1.0 -0.2 Cellulase( EC:3.2.1.4 ) 

Ex GH 0609 2017 0689 1.4 4.3 3.6 5.0 2.8 5.5 -2.9 -1.4 -2.7 pullulanase, type I( EC:3.2.1.41 ) 

Ex GH 0618 2008 0696 -0.8 1.6 -1.6 -0.2 -0.7 1.5 -2.4 -1.4 -2.2 Endo-1,4-beta-xylanase( EC:3.2.1.8) 

Ex GH 1439 1271 1986 0.2 0.8 0.8 0.1 1.6 0.2 -0.6 0.6 1.3 Lytic transglycosylase catalytic( EC:3.2.1.- ) 

Ex GH 1462 1248 2009 -1.9 -1.1 -1.7 -1.3 -2.6 -2.5 -0.8 -0.4 -0.1 polysaccharide deacetylase 

Ex GH 1829 0885 2371 -0.1 -1.0 -1.4 -1.4 -2.8 -3.2 0.9 0.0 0.4 polysaccharide deacetylase 

Ex GH 1859 0851 1077 1.3 2.5 1.1 2.0 3.7 3.4 -1.3 -0.9 0.3 glycoside hydrolase family 5 

Ex GH 1860 0861 1085 5.0 6.8 1.5 3.6 2.5 4.8 -1.8 -2.1 -2.4 glycoside hydrolase family 48 

Ex GH 1865 0855 1079 4.3 6.8 2.3 2.4 4.4 4.1 -2.5 -0.1 0.4 glycoside hydrolase family 9( EC:3.2.1.4) 

Ex GH 1865 0856 1080 4.3 6.8 3.7 4.4 6.0 6.1 -2.5 -0.7 -0.1 glycoside hydrolase family 9( EC:3.2.1.4) 

Ex GH 1867 0850 1076 4.0 5.8 3.3 3.1 4.5 3.9 -1.8 0.2 0.6 glycoside hydrolase family 48 

Ex GH 2241 0405 0719 -2.0 -1.2 0.2 -0.3 -6.7 -6.4 -0.8 0.4 -0.2 polysaccharide deacetylase 

Ex GH 2593 0264 0408 -2.2 -1.9 -2.0 -1.8 -1.7 0.7 -0.3 -0.2 -2.4 alpha amylase catalytic region 

Trans 2091 0541 – 1.0 2.4 2.7 4.0 – – -1.4 -1.3 – extracellular solute-binding protein family 1 

Trans 2092 0539 – -0.8 -0.4 -1.3 0.2 – – -0.4 -1.6 – ABC transporter inner membrane component 

Trans 2093 0540 – -2.2 -1.8 -0.2 1.2 – – -0.4 -1.3 – ABC transporter inner membrane component 

Trans 2330 0224 – -2.7 0.2 -2.1 1.5 – – -2.9 -3.6 – extracellular solute-binding protein family 1 

Trans 2331 0222 – -1.6 0.2 -2.3 0.1 – – -1.8 -2.4 – ABC transporter inner membrane component 
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Trans 2332 0223 – -2.4 1.4 -2.3 0.6 – – -3.8 -3.0 – ABC transporter inner membrane component 

Trans 2374 0159 – -2.7 -2.4 -1.9 -2.0 – – -0.3 0.1 – ABC transporter inner membrane component 

Trans 2375 0160 – -2.1 -1.6 -2.0 -2.3 – – -0.5 0.3 – ABC transporter inner membrane component 

Trans 2376 0156 – 4.0 5.1 -1.6 -0.6 – – -1.0 -1.0 – extracellular solute-binding protein family 1 

Trans 2378 0158 – -2.1 -0.6 -2.2 -1.5 – – -1.5 -0.7 – extracellular solute-binding protein family 1 

In GH 2086 0120 – -0.9 -1.0 -1.0 -1.2 – – 0.1 0.2 – Beta-glucuronidase( EC:3.2.1.31 ) 

In GH 2325 0229 – -2.1 -1.7 -1.3 -1.2 – – -0.4 -0.1 – lipolytic protein G-D-S-L family 

In GH 2371 0163 – -1.1 -0.9 -1.6 -0.6 – – -0.3 -1.0 – glycoside hydrolase family 43 

Ex GH 0089 0081 – -1.4 -0.5 -2.0 -0.5 – – -1.0 -1.5 – Endo-1,4-beta-xylanase( EC:3.2.1.8 ) 

Ex GH 0607 2019 – -1.8 -2.1 -1.3 -1.0 – – 0.3 -0.3 – Ig domain protein 

Ex GH 0610 2016 – -2.3 -2.5 -0.8 -0.3 – – 0.3 -0.5 – glycoside hydrolase starch-binding 

Ex GH 1853 0864 – 0.7 2.3 0.9 2.1 – – -1.7 -1.2 – Cellulose 1,4-beta-cellobiosidase 

Ex GH 1854 0863 – -0.3 1.7 -0.5 1.6 – – -2.0 -2.1 – Pectate lyase 

Ex GH 1857 0853 – 4.9 6.6 3.7 3.6 – – -1.6 0.2 – glycoside hydrolase family 48 

Ex GH 1866 0854 – 3.4 4.0 1.9 1.9 – – -0.6 0.0 – endo-1,4-beta-mannosidase. 

Trans – 0076 2544 – – -2.0 -0.2 -1.9 -2.5 – -1.8 0.6 extracellular solute-binding protein family 1 

Trans – 0077 2542 – – -2.1 -1.2 -5.5 -4.6 – -0.9 -0.9 ABC transporter inner membrane component 

Trans – 0078 2543 – – -2.0 -0.3 -3.6 -2.2 – -1.7 -1.4 ABC transporter inner membrane component 

Trans – 0108 2516 – – -1.3 -1.0 -2.8 0.2 – -0.3 -3.0 extracellular solute-binding protein family 1 

Trans – 0109 2515 – – -1.2 -1.0 -3.7 -0.9 – -0.1 -2.8 ABC transporter inner membrane component 

Trans – 0110 2514 – – -1.6 -0.9 -1.9 2.2 – -0.7 -4.1 ABC transporter inner membrane component 

In GH – 0104 2539 – – -0.5 0.2 1.4 0.0 – -0.6 1.4 glycoside hydrolase, family 20, catalytic core 

In GH – 0122 2730 – – -1.7 -1.7 0.0 0.4 – 0.0 -0.4 glycosyl hydrolase family 88 

In GH – 0157 0359 – – -0.8 -0.6 -1.9 -1.6 – -0.2 -0.3 glycoside hydrolase family 43 

In GH – 0683 1436 – – -1.8 -1.6 -3.1 -3.1 – -0.2 0.1 peptidase m23 

In GH – 1144 0663 – – -2.0 -2.2 -0.2 0.9 – 0.1 -1.1 endo-1,4-beta-mannosidase( EC:3.2.1.78 ) 

Ex GH – 0072 2548 – – -1.8 0.0 -0.7 -0.3 – -1.8 -0.4 glucan endo-1,3-beta-d-glucosidase 

Ex GH – 0072 2549 – – -1.8 0.0 -1.4 -0.8 – -1.8 -0.5 glucan endo-1,3-beta-d-glucosidase 

In GH 0415 – – -1.8 -2.2 – – – – 0.4 – – glycoside hydrolase family 65 domain protein 

In GH 2353 – – -2.3 -2.3 – – – – 0.0 – – hypothetical protein 

Ex GH 0077 – – 2.8 3.2 – – – – -0.4 – – S-layer domain protein 
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Ex GH 1855 – – 0.6 3.0 – – – – -2.4 – – Pectate disaccharide-lyase 

Trans – 0084 – – – -2.0 -1.4 – – – -0.6 – extracellular solute-binding protein family 1 

Trans – 0085 – – – -2.1 -1.5 – – – -0.6 – ABC transporter inner membrane component 

Trans – 0086 – – – -2.3 -1.5 – – – -0.8 – ABC transporter inner membrane component 

Trans – 0095 – – – -0.8 -0.8 – – – 0.0 – extracellular solute-binding protein family 1 

Trans – 0096 – – – -1.8 -1.9 – – – 0.0 – ABC transporter inner membrane component 

Trans – 0097 – – – -0.5 -1.5 – – – 1.0 – ABC transporter inner membrane component 

Trans – 0117 – – – 0.6 -1.1 – – – 1.7 – extracellular solute-binding protein family 1 

Trans – 0118 – – – -0.6 -1.3 – – – 0.8 – ABC transporter inner membrane component 

Trans – 0119 – – – -0.1 0.2 – – – -0.3 – ABC transporter inner membrane component 

Trans – 0569 – – – -1.8 -0.1 – – – -1.7 – ABC transporter inner membrane component 

Trans – 0570 – – – -1.9 0.3 – – – -2.2 – ABC transporter inner membrane component 

Trans – 0571 – – – -1.2 1.2 – – – -2.4 – hypothetical protein 

Trans – 1909 – – – -1.1 -0.9 – – – -0.2 – extracellular solute-binding protein family 1 

Trans – 1911 – – – -1.6 -1.5 – – – -0.1 – ABC transporter inner membrane component 

Trans – 1912 – – – -1.7 -1.2 – – – -0.5 – ABC transporter inner membrane component 

Trans – 2020 – – – -1.2 0.3 – – – -1.5 – extracellular solute-binding protein family 1 

Trans – 2021 – – – -1.5 -0.6 – – – -0.9 – ABC transporter inner membrane component 

Trans – 2022 – – – -1.9 -1.4 – – – -0.5 – ABC transporter inner membrane component 

In GH – 0087 – 
– – -1.6 -1.3 – – 

– -0.3 – 

glycoside hydrolase family 65 ( EC:2.4.1.230 

) 

In GH – 0088 – 
– – -1.7 -2.2 – – 

– 0.5 – 

glycoside hydrolase family 65 ( EC:2.4.1.230 

) 

In GH – 0102 – – – -1.7 -1.4 – – – -0.3 – glycosyltransferase 36 

In GH – 0139 – – – -0.5 -0.3 – – – -0.1 – pectinesterase( EC:3.1.1.11 ) 

In GH – 0289 – – – -0.4 -0.4 – – – 0.1 – glycoside hydrolase family 35 

In GH – 0572 – – – -1.6 -0.7 – – – -0.9 – glycoside hydrolase family 31 

In GH – 0574 – – – -1.0 -0.1 – – – -0.9 – alpha-l-fucosidase 

In GH – 0575 – – – -2.3 -1.3 – – – -1.0 – alpha-l-fucosidase 

In GH – 0580 – – – -0.1 -0.6 – – – 0.5 – glycoside hydrolase family 31 

In GH – 1590 – – – -1.7 -1.3 – – – -0.4 – glycoside hydrolase family 4( EC:3.2.1.22 ) 
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In GH – 1591 – – – -1.3 -0.7 – – – -0.6 – alpha-n-arabinofuranosidase( EC:3.2.1.55 ) 

In GH – 2229 – – – 0.8 1.4 – – – -0.6 – glycoside hydrolase family 24 

In GH – 2383 – – – -1.7 -1.2 – – – -0.5 – glycoside hydrolase family 39 

Ex GH – 0079 – – – -2.2 0.4 – – – -2.5 – coagulation factor 5/8 type domain protein 

Ex GH – 0091 – – – -1.5 -0.7 – – – -0.7 – carbohydrate binding family 6 

Ex GH – 0111 – – – -1.4 -1.3 – – – 0.0 – glycoside hydrolase family 16 

Ex GH – 0113 – – – -0.6 -1.1 – – – 0.4 – coagulation factor 5/8 type domain protein 

Ex GH – 0114 – – – 0.1 0.0 – – – 0.1 – coagulation factor 5/8 type domain protein 

Ex GH – 0121 – – – -1.9 -1.7 – – – -0.2 – glycoside hydrolase family 16 

Ex GH – 0154 – – – -1.1 -0.3 – – – -0.8 – pectinesterase 

Ex GH – 0402 – – – 0.5 3.0 – – – -2.4 – endo-1,4-beta-xylanase( EC:3.2.1.8 ) 

Ex GH – 0550 – – – -2.1 0.3 – – – -2.5 – s-layer domain-containing protein 

Ex GH – 2177 – – – 3.0 3.4 – – – -0.4 – alpha amylase catalytic region( EC:3.2.1.1 ) 

Trans – – 0126 – – – – -0.8 -1.2 – – 0.4 extracellular solute-binding protein, family 1 

Trans – – 0127 – – – – -1.8 -2.3 – – 0.5 ABC transporter inner membrane component 

Trans – – 0128 – – – – -0.9 -1.7 – – 0.9 ABC transporter inner membrane component 

Trans – – 0261 – – – – 1.2 1.6 – – -0.4 extracellular solute-binding protein, family 5 

Trans – – 0262 – – – – 1.5 3.0 – – -1.5 ABC transporter inner membrane component 

Trans – – 0263 – – – – 1.0 2.4 – – -1.4 ABC transporter inner membrane component 

Trans – – 0264 – – – – 1.7 1.9 – – -0.3  ABC transporter, ATPase subunit 

Trans – – 0265 – – – – 0.3 0.9 – – -0.6  ABC transporter, ATPase subunit 

Trans – – 0391 – – – – 0.1 2.2 – – -2.1 response regulator receiver protein 

Trans – – 0392 – – – – -0.7 1.0 – – -1.6 ABC transporter related( EC:3.6.3.17 ) 

Trans – – 0393 – – – – -0.8 1.4 – – -2.2 ABC transporter, ATPase subunit 

Trans – – 0394 – – – – -0.1 1.3 – – -1.4 ABC transporter, ATPase subunit 

Trans – – 2529 – – – – -2.2 0.7 – – -2.9 extracellular solute-binding protein, family 1 

Trans – – 2530 – – – – -3.2 -0.9 – – -2.3 ABC transporter inner membrane component 

Trans – – 2531 – – – – -5.6 -2.7 – – -2.8 ABC transporter inner membrane component 

Trans – – 2724 – – – – 0.0 0.0 – – 0.1 ABC transporter inner membrane component 

Trans – – 2725 – – – – -2.5 -1.5 – – -1.0 ABC transporter inner membrane component 

Trans – – 2726 – – – – -2.8 -2.5 – – -0.4 extracellular solute-binding protein, family 1 



 

97 

Trans – – 2740 – – – – -1.6 0.1 – – -1.7 ABC transporter inner membrane component 

Trans – – 2741 – – – – -1.1 0.0 – – -1.2 ABC transporter inner membrane component 

Trans – – 2742 – – – – -0.3 1.4 – – -1.7 extracellular solute-binding protein, family 1 

In GH – – 0258 – – – – -1.5 0.1 – – -1.6 glycosidase, PH1107-related 

In GH – – 0259 – – – – 2.4 2.3 – – 0.1 glycosidase, PH1107-related 

In GH – – 1102 – – – – 0.5 2.0 – – -1.5 glycoside hydrolase, family 3 ( EC:3.2.1.21 ) 

In GH – – 1105 – – – – 2.1 4.3 – – -2.3 alpha-L-rhamnosidase ( EC:3.2.1.40 ) 

In GH – – 1107 – – – – -1.7 -1.7 – – 0.0 alpha-L-rhamnosidase 

In GH – – 2405 – – – – -0.2 3.7 – – -3.8 Endo-1,4-beta-xylanase( EC:3.2.1.8 ) 

In GH – – 2527 – – – – -1.3 -0.7 – – -0.7 glycosidase, PH1107-related 

In GH – – 2721 – – – – -1.4 -1.3 – – -0.1 Heparinase II/III family protein 

In GH – – 2734 – – – – -0.1 0.0 – – -0.1 glycoside hydrolase family 2,( EC:3.2.1.23) 

Ex GH – – 1078 – – – – 4.4 4.3 – – 0.0 1,4-beta-cellobiosidase( EC:3.2.1.91 ) 

Ex GH – – 1560 – – – – 1.1 3.7 – – -2.5 glycoside hydrolase, family 43 

Ex GH – – 2519 – – – – -1.2 -0.9 – – -0.2 coagulation factor 5/8 type domain protein 

Ex GH – – 2528 – – – – -2.0 -1.2 – – -0.8 hypothetical protein 

Ex GH – – 2622 – – – – -1.9 -2.0 – – 0.1 peptidase M23B 

Ex GH – – 2722 – – – – -2.1 -3.5 – – 1.4 S-layer domain protein 

a In GH, Intracellular Carbohydrate Active Enzyme; Ex GH, Extracellular Carbohydrate Active Enzyme; Trans, Carbohydrate 

Transporter Gene. 
b Numbers correspond to locus tags in C. bescii (Athe), C. kronotskyensis (Calkro) or C. saccharolyticus (Csac). 
c Red indicates high, yellow average and blue below average transcription during growth on cellulose (A) and switchgrass (S) for C. 

bescii (Cbes), C. kronotskyensis (Ckro) and C. saccharolyticus (Csac). Numbers correspond to Log2. –, gene not present in species. 
d Differential transcription is specified by green for up-regulation on switchgrass (negative numbers) and purple for up-regulation on 

cellulose (positive numbers). White vertical lines represent p-values that do not meet Bonferroni criterion. Numbers correspond to 

Log2. –, gene not present in species. 
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Abstract 

Switchgrass is a promising renewable feedstock for plant-based fuels and chemicals, 

yet its recalcitrance to deconstruction is an economic barrier to further development. 

Genetically engineered switchgrass gives promise to overcoming the recalcitrance barrier. Two 

transgenic switchgrass lines, COMT3 and MYB, were assessed for conversion by 

Caldicellulosiruptor bescii, with and without hydrothermal pretreatment. Transgenic 

modification increased carbohydrate conversion of untreated COMT3 and MYB by 1.5- (12.0 

± 2.8%) and 2.3- (8.6 ± 2.9%) fold, respectively. Hydrothermal pretreatment significantly 

increased C. bescii growth rate, and corresponded to a 15% improvement in carbohydrate 

conversion for all switchgrass lines. Equivalent improvement for transgenic and control 

switchgrass lines after hydrothermal treatment indicates transgenic modification does not 

enhance hydrothermal release of insoluble carbohydrates. Time-course sampling of pH 

controlled fermentations showed that transgenic switchgrass lines not only increased end-point 

carbohydrate conversion, but also rates of solubilization and acetate production. The extent to 

which carbohydrate could be converted in switchgrass lines was investigated by combining 

multiple C. bescii microbial deconstructions and hydrothermal treatments. Alternating 

microbial and hydrothermal treatments allowed carbohydrate conversion to reach over 70% 

for both low recalcitrance transgenic (COMT3) and natural variant Cave in Rock switchgrass. 

Characterization of untreated and treated switchgrass showed while accessibility increased as 

a result of hemicellulose removal and cellulose disruption by C. bescii enzymes, lignin became 

a limiting factor. These results show that combining hydrothermal pretreatment with either low 

recalcitrant transgenic or natural variant switchgrass results in significant improvements in 

carbohydrate conversion by C. bescii.  
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Introduction 

Plant biomass is an abundant renewable feedstock, but its intrinsic recalcitrance to 

deconstruction is one of the major economic hurdles to development of plant-based fuels and 

chemicals (1, 2). The use of extremely thermophilic lignocellulose degrading microorganisms 

gives promise to overcoming this barrier. One candidate organism, Caldicellulosiruptor bescii, 

is an extremely thermophilic, cellulolytic, gram positive bacterium with optimal growth 

temperature of 75°C. C. bescii secretes thermostable enzymes that are active against 

polysaccharides present in plant biomass and is also capable of utilizing both pentose and 

hexose degradation products in its fermentation pathways to produce primarily acetate, lactate, 

H2 and CO2 (3-6). In addition, C. bescii can deconstruct and utilize unpretreated plant biomass 

(7-9), and can be further engineered to have increased crystalline cellulose (10) and xylan 

deconstruction (11), and to produce ethanol (12). These characteristics make C. bescii a 

promising metabolic engineering platform for the production of lignocellulose based fuels and 

chemicals.  

Lignocellulose, the major component of plant biomass, is composed of three tightly 

interconnected polymers – cellulose, hemicellulose and lignin (13, 14). Lignin and cellulose 

crystallinity are the two major contributors to plant biomass recalcitrance. Methods to reduce 

the recalcitrance of plant biomass, making it more susceptible to enzymatic degradation, 

include pretreatment and genetic engineering of plant feedstocks (1, 15). Hydrothermal or 

liquid hot water pretreatment acts to solubilize hemicellulose and cause structural changes in 

lignin, making cellulose more accessible to cellulolytic enzymes. Hydrothermal pretreatment 

is economically advantageous because it uses only water as the reaction medium without 

additional chemicals, does not require corrosion resistant reactors, and produces small amounts 
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of inhibitory degradation compounds (16-18). Genetic engineering of plant feedstocks can be 

used, alone or in combination with pretreatment technologies. Plant genetic engineering 

strategies include modification of lignin and cellulose crystallinity, increasing plant 

polysaccharide and overall plant biomass, and even use of plants to produce cellulases and 

hemicellulases (19). More specifically, genetic engineering of feedstocks to reduce and/or 

modify lignin structure has been shown to improve fermentation yield by increasing enzymatic 

digestion and conversion of hemicellulose and cellulose (20-25). In this work, two lignin 

modified switchgrass lines were evaluated: COMT3 and MYB. Down-regulation of the caffeic 

acid 3-O-methyltransferase in COMT3 generated transgenic switchgrass plants with reduced 

lignin content and altered composition and a normal growth phenotype. COMT transgenic 

switchgrass has increased saccharification efficiency and ethanol yield in SSF systems and 

increased conversion in consolidated bioprocessing (CBP) approaches (20-22). MYB, over-

expressing the R2-R3 MYB transcription factor PvMYB4 resulted in a transgenic switchgrass 

with reduced lignin content and ester-linked p-coumarate:ferulate (p-CA:FA) ratio with an 

increased tillering growth phenotype. MYB transgenic plants have been shown to have 

increased saccharification efficiency and ethanol yield from yeast-based SSF (23, 24). In this 

work, we build on previous assessment of C. bescii for switchgrass solubilization and 

conversion, and compare both COMT3 and MYB transgenic switchgrass, with and without 

hydrothermal pretreatment, as lignocellulosic feedstocks.   
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Materials and Methods 

Bacterial strains and growth conditions 

Caldicellulosiruptor bescii was obtained as freeze dried culture from the German 

Collection of Microorganisms and Cell Cultures (DSMZ [http://www.dsmz.de]). C. bescii was 

grown anaerobically at 70°C in a defined modified version of DSMZ medium 671 (671d), as 

described previously (9), containing the specified switchgrass as sole carbon source. 

Switchgrass was prepared as described below. Medium 671d pH was adjusted to 7.2 with 10 

M NaOH and filter sterilized through 0.2 µm filters, prior to addition of switchgrass (5 g L-1), 

and prepared anaerobically under N2/CO2 (80/20 v/v) headspace. Unless otherwise specified, 

cultures were grown as 50 ml batch cultures in 125 ml serum bottles at 70°C, 100 rpm. Prior 

to all experiments C. bescii was passaged on the specified switchgrass 2 to 3 times by cell 

growth for 1-2 days and passaging immediately. 

Biomass substrate preparation 

COMT3 and MYB transgenic switchgrass and wild type control switchgrass (Panicum 

virgatum L.)  were prepared, as described previously (21, 23). Cultivar Cave in Rock was field 

grown in Monroe County, Iowa and obtained from the National Renewable Energy Laboratory 

(NREL). All varieties were mechanically ground and sieved to either 20/80 mesh for serum 

bottle experiments or less than 80 mesh for bioreactor runs. Hydrothermal treatment occurred 

by first soaking switchgrass overnight at 4°C in water (9 mL g-1). Switchgrass/water slurry was 

then centrifuged at 5000 × g for 20 minutes, supernatant discarded and switchgrass loaded into 

stainless steel tubular reactors (4 or 6 by 0.5 in, McMaster Carr) as described in (26). The 

reactors were pre-heated in boiling water for 2 minutes and then transferred to a fluidized sand 
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bath (SBS18, Techne) at 180°C for 25 minutes (21, 26). The reactors were then immediately 

cooled in an ice bath. Hydrothermally treated and untreated switchgrass was washed with water 

at 25˚C by centrifugation at 6,000 × g for 10 minutes and discarding supernatant. This was 

repeated (~4 times) until no sugars were present in the wash, as measured by HPLC. Washed 

switchgrass was oven dried overnight at 70°C and used as growth substrate in all experiments. 

Thermally treated switchgrass for fermentor runs (<80 mesh) was not washed. All switchgrass 

types were not autoclaved to avoid further treatment prior to use in experiments.  

Solubilization Experiments (Bottles) 

Batch cultures (50 ml) were prepared in triplicate on 671d medium with specified 

switchgrass (5 g L-1), inoculated with 1 x 106 cells/ml, agitated at 100 rpm, and incubated at 

70˚C for 12 days. Cultures were harvested by centrifugation at 5,000 × g for 15 minutes. 

Residual substrate was washed with two volumes (100 mL) of 25˚C sterile water and oven 

dried at 70˚C, until constant mass. The extent of solubilization was determined from the mass 

difference between switchgrass used to prepare cultures and insoluble substrate remaining after 

harvest. For microbial and hydrothermal co-treatment experiments, cultures were prepared and 

harvested, as described above, except with a 7 day incubation period. Residual switchgrass 

was then harvested, quantified for solubilization and divided; approximately half was 

hydrothermally treated and washed, as described above. Hydrothermal treatment solubilization 

was determined from the mass difference between switchgrass loaded into the treatment 

reactors and the switchgrass remaining after washing. A second round of batch cultures using 

fresh medium were prepared in triplicate, as described above, with either untreated or thermally 

treated spent switchgrass, incubated for 7 days and harvested for solubilization.  All 

switchgrass loadings for these experiments were 5 g L-1. 
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Solubilization experiments (bioreactor experiments) 

 Fermentations were run in duplicate as 1 L liquid working volume in 3 L fermentor 

vessels (Applikon). Temperature and pH were controlled with a Bio Console ADI 1025 

(Applikon) and a Bio Controller ADI 1010 (Applikon). Fermentor vessels were heated with a 

fabric heating mantle (O410, Glas-Col). Switchgrass (<80 mesh) was hydrothermally treated, 

as described above, without washing. Moisture content of unwashed hydrothermally treated 

switchgrass was determined in triplicate measurement using a HE53 moisture analyzer 

(Mettler Toledo). Switchgrass was loaded as 10 g dry weight per liter 671d media. Fermentor 

conditions were maintained a 70°C and pH 7.2 by the addition of 1M sodium hydroxide. Gas 

was sparged as 20/80 CO2/N2 at 2 L h-1 with 400 rpm agitation to maintain all switchgrass 

particles in suspension. C. bescii was passaged, as described above, and inoculated to 1 x 106 

cells/ml. Fermentations were monitored for 6.5 days (156 hours) by taking 10 mL samples 

periodically. Samples were centrifuged at 5000 x g for 10 minutes and supernatant analyzed 

as described below for sugars and fermentation products. The insoluble switchgrass fraction 

was washed once with deionized water, dried at 70°C and weighed. Solubilization was 

determined as the residual switchgrass compared to a 10 g L-1 loading (0.1 g per 10 mL).   

Determination of switchgrass composition   

Carbohydrate content of switchgrass, before and after growth by C. bescii, was 

analyzed using a modified version of the National Renewable Energy Laboratory Procedure 

(http://www.nrel.gov/biomass/analytical_procedures.html), Determination of Structural 

Carbohydrates and Lignin in Biomass (27)

40 mg switchgrass, and mixed using a glass stir rod. Samples were incubated in a 30°C constant 

temperature water bath for 70 minutes; samples were mixed with a glass rod every 10 minutes. 
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Sulfuric acid was then diluted to 4% (w/w) with 16.8 ml deionized (DI) water. Tubes were 

sealed and autoclaved for 1 hour on liquid cycle. Sugar concentrations were determined using 

high performance liquid chromatography (HPLC) (Empire 1515 separations module; Waters), 

equipped with a refractive index (model 2414; Waters) detector. Acetate, cellobiose, glucose, 

xylose and arabinose were quantified using an Rezex-ROA column (300 mm by 7.8 mm; 

Phenomenex) operated with a mobile phase of 5 mM H2SO4 at 0.6 ml/min, 60°C. The inert 

components (lignin and ash) were determined as the difference between the mass of 

switchgrass hydrolyzed and the organic acids and carbohydrates measured.  

Characterization of switchgrass for cellulose accessibility and crystallinity 

Cellulose accessibility was completed using the Simons’ stain procedure as described 

in (28).  Direct orange 15 and direct blue 1 dyes were obtained from Pylam Products Company, 

Inc. (Tempe, AZ, USA) and used in working concentrations of 10 mg L-1. For direct orange 

15, low molecular weight components were removed by ultrafiltration through 100 K 

membranes (EMD Millipore Corp). Filter trapped dye was dried, quantified and diluted to the 

working concentration (10 mg L-1).  The dye mix adsorption isotherm was determined using 

as series of 1:1 mixtures at increasing concentrations. Specified dye concentrations were 

brought to 0.1 mL with buffered saline solution (0.3 M Na3PO4 and 1.4 mM NaCl at pH 6), 

used to suspend switchgrass (~10 mg) and final volume was adjusted to 1.0 mL with deionized 

water. Samples were incubated with shaking at 70°C for 6 hours, then centrifuged at 10,250 x 

g. Supernatant absorbance was measured using the Lambda 35 UV-Vis Spectrophotomer 

(PerkinElmer). Calculation of the amount of dye absorbed to the switchgrass was adapted from 

(29).  
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For cellulose crystallinity, air-dried switchgrass was placed inside of Whatman 

cellulose extraction thimbles and Soxhlet-extracted for 24 h in toluene:ethanol (2:1 v/v) at 

100ºC. The Soxhlet-extracted biomass was air-dried overnight in the fume hood to evaporate 

residual solvent. Peracetic acid (5 g peracetic acid/g biomass) was added to 0.6 g of the 

extractive-free biomass, and delignification proceeded at 25ºC for 24 h. The delignified wood 

pulp was refluxed in 2.5 M HCl at 100ºC for 1.5 h to hydrolyze hemicellulose. The mixture 

was cooled to room temperature and filtered to recover cellulose. The retentate was washed 

with water (100 ml) and filtered to remove excess water. The cellulose was analyzed on an 

attenuated total reflectance Fourier transform infrared spectrometer (Spectrum 100N, Perkin-

Elmer, CT, USA) equipped with a KBr pellet and ZnSe crystal. The spectral width was 4000 

to 600 cm-1, and the spectra were acquired with 32 scans. 

Analysis of fermentation products and soluble sugars 

Acetate and lactate were analyzed by HPLC using an Rezex-ROA column (300 mm by 

7.8 mm; Phenomenex), operated with a mobile phase of 5 mM H2SO4 at 0.6 mL/min, 60°C. 

Samples were acidified to 0.05 wt% H2SO4 and detected by refractive index. Total saccharide 

content was de 2SO4 to 1 mL of supernatant. Screw 

top tubes were sealed and autoclaved for 1 hour to hydrolyze soluble oligosaccharides to their 

respective monosaccharides. Samples were then analyzed by HPLC as described above. 
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Results 

Biosolubilization of untreated switchgrass 

Cave in Rock switchgrass and two transgenic switchgrass lines, and their respective 

wild type controls, were assessed for deconstruction by C. bescii. Cave in Rock switchgrass is 

a field grown genetically unmodified switchgrass that was chosen as a reference. The first 

transgenic line, COMT3(+), is down-regulated in the caffeic acid O-methyl transferase gene 

of the lignin biosynthesis pathway. The second transgenic switchgrass line, MYB Trans, is 

over-expressed in the MYB transcription factor of the monolignol pathway. Both switchgrass 

lines have reduced lignin content and modified structure.  

 

 

Figure 3.1. Planktonic growth and solubilization of C. bescii on hydrothermally treated 

and untreated switchgrass lines in bottles. (A) Planktonic growth of C. bescii on untreated 

(filled circles) and thermally treated (open squares) control (solid lines) and transgenic (dashed 

lines) switchgrass lines (5 g L-1). (B) carbohydrate solubilization after 12 days. T3(-), 

COMT3(-); T3(+), COMT3(+); WT, MYB WT; Trans, MYB Trans; CR, Cave in Rock. 
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The effect of transgenic modification in COMT3 and MYB switchgrass lines was first 

assessed by measuring C. bescii planktonic growth and carbohydrate solubilization. Growth 

and solubilization experiments were completed in small closed batch fermentations (50 mL) at 

a switchgrass loading of 5 g L-1. Low switchgrass loadings focus analysis on the recalcitrance 

of carbohydrates in switchgrass by minimizing the accumulation of inhibitive fermentative end 

products. Planktonic cell growth of C. bescii on all five untreated switchgrass lines exhibited 

biphasic exponential growth (Figure 3.1A). There were significant differences in growth 

phenotype between Cave in Rock, COMT3 and MYB transgenic switchgrass lines. Cell 

doublings occurred most rapidly in Cave in Rock switchgrass with doubling times of 5.2 h-1 

and 16.9 h-1 for the first and second growth phases, respectively (Table 3.1). C. bescii 

planktonic growth rate decreased for COMT and MYB switchgrass, with second phase 

doubling times of approximately 25 h-1 and 85 h-1, respectively. Comparison of respective 

transgenic and control switchgrass lines showed no difference in growth rate for either in 

COMT or MYB. 

 

Table 3.1. Planktonic cell doubling times of C. bescii growing on untreated and 

hydrothermally treated switchgrass lines(5 g L-1) in bottles.  

 Doubling Time (Td)(h
-1

) 

  No Treatment Thermal Treatment 

 Phase 1 Phase 2 Phase 1 Phase 2 

COMT3(-) 5.7 26.8 2.4 13.3 

COMT3(+) 6.3 25.4 2.1 12.7 

MYB WT 6.4 90.3 2.4 14.9 

MYB Trans 6.8 84.8 2.6 16.5 

Cave in Rock 5.2 16.9 2.4 12.6 
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Growth rate differences were indicative of carbohydrate solubilization in COMT and 

MYB. Carbohydrate solubilization was determined after 12 days of C. bescii growth, at a point 

where C. bescii reached stationary phase on all switchgrass lines. Slower planktonic cell 

growth of C. bescii on MYB switchgrass resulted in carbohydrate solubilization values 

approximately 20% lower than for COMT3 and Cave in the Rock (Table 3.2). Interestingly 

slower growth on COMT3(+) compared to Cave in Rock was not indicative of differences in 

conversion, both lines resulted in approximately 36% carbohydrate solubilization. Though no 

difference in C. bescii growth phenotype was observed between the respective transgenic and 

control lines, transgenic modification of the switchgrass lines increased carbohydrate 

solubilization considerably (Table 3.2).  For COMT3, solubilization increased by 12.0 ± 2.8% 

(1.5 fold) between the control COMT3(-) (24.4 ± 5.4%) and the transgenic COMT3(+) (36.3 

± 1.5%). The increase in carbohydrate solubilization was not as substantial for MYB, 

increasing by 8.6 ± 2.9%, but this corresponded to an overall solubilization value 2.3-fold 

higher for MYB Trans compared to the control (Figure 3.1B, N). These results indicate genetic 

modification of the lignin biosynthesis pathway in COMT3 and MYB decrease recalcitrance 

of untreated material to deconstruction by C. bescii.  

Specific polysaccharide component (glucan, xylan, arabinan) solubilization (Table 

3.2) found glucan, xylan and arabinan to be liberated equally in the less recalcitrant switchgrass 

lines, Cave in Rock and COMT3. For more recalcitrant MYB switchgrass, xylan and arabinan 

accounted for the majority of carbohydrate solubilization indicating either unaccessable or 

highly recalcitrant cellulose (glucan). Characterization of MYB switchgrass found increased 

cellulose crystallinity and decreased cellulose accessibility compared to other switchgrass lines 

(Figure 3.7) implicating these factors in MYB recalcitrance. Investigation of inert material 



 

110 

solubilization, consisting of primarily lignin with some ash and protein (30), found inert 

material was also solubilized (41-52%) by C. bescii in all switchgrass lines indicating a 

mechanism for simultaneous lignin and carbohydrate solubilization.  

Biosolubilization of hydrothermally treated switchgrass 

 The effect of hydrothermal treatment on the ability of C. bescii to deconstruct 

switchgrass was tested using all five switchgrass lines. Hydrothermal treatment was completed 

at 180°C for 25 minutes. To focus analysis on deconstruction of insoluble polysaccharides by 

C. bescii, hydrothermally treated switchgrass lines were washed to remove saccharides and 

lignin liberated during treatment. Hydrothermal treatment primarily released hemicellulose 

and lignin as indicated by an increase in glucan content and decrease in hemicellulose (xylan 

and arabinan) and inert content (Table 3.S1). Planktonic cell growth on hydrothermally treated 

switchgrass was significantly faster compared to the untreated material for all switchgrass 

lines, specifically phase 2 doubling times for MYB decreased from about 85 h-1 to 15 h-1. 

Comparison of switchgrass lines found cell growth was not differentiable (td < 3 h-1) during 

phase 1 with only slight differences during growth phase 2 (td ~13-17 h-1) (Figure 3.1A, Table 

3.2). Faster growth rates on hydrothermally treated switchgrass corresponded to significant 

increases in carbohydrate solubilization (Figure 3.1B). Hydrothermal treatment increased total 

carbohydrate solubilization by about 15% in all switchgrass lines indicating transgenic 

modification does not enhance hydrothermal disruption of insoluble carbohydrates. This 

corresponded to a 3.7-fold increase in MYB WT and a 1.3- and 1.4-fold for the less recalcitrant 

COMT3(+) and Cave in Rock, respectively. 
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Table 3.2. Switchgrass (5 g L-1) carbohydrate solubilization by C. bescii in bottles. . 
Solubilization after 12 days of C. bescii growth. 

  Solubilization (%) 

  Treatment Carbohydrate Glucan Xylan Arabinan Inert 

COMT3(-) 
None 24.4 ± 5.4 22.2 ± 6.4 25.6 ± 4.8 35.7 ± 2.0 41.0 ± 1.9 

Thermal 40.9 ± 1.0 35.5 ± 1.2 45.2 ± 0.8 100.0 ± 0.0 32.4 ± 1.7 

COMT3(+) 
None 36.3 ± 1.5 36.8 ± 1.3 35.5 ± 1.6 38.0 ± 1.9 47.0 ± 2.0 

Thermal 47.8 ± 2.0 45.2 ± 2.0 51.8 ± 2.0 61.1 ± 1.3 38.0 ± 2.1 

MYB WT 
None 6.4 ± 5.4 -2.2 ± 6.3 15.6 ± 5.0 42.8 ± 3.6 42.4 ± 7.8 

Thermal 23.5 ± 3.4 19.8 ± 3.7 34.1 ± 2.5 40.8 ± 2.1 28.4 ± 2.7 
MYB 

Trans 
None 15.0 ± 2.1 6.9 ± 2.9 22.2 ± 1.7 52.8 ± 1.5 51.9 ± 3.9 

Thermal 33.0 ± 5.1 29.8 ± 5.8 39.8 ± 3.6 53.5 ± 1.4 39.4 ± 1.5 
Cave in 

Rock 
None 36.4 ± 1.9 35.0 ± 2.4 35.9 ± 1.3 56.6 ± 1.8 53.3 ± 4.5 

Thermal 49.2 ± 1.2 46.1 ± 1.0 56.6 ± 1.7 65.7 ± 1.4 30.8 ± 1.2 
 

Organic acid production was found to correlate to carbohydrate solubilization for both 

untreated and hydrothermally treated material (Figure 3.2). The lack of residual sugars in 

supernatants indicated sugars liberated from insoluble polysaccharides were completely 

converted to fermentation products. Acetate was the primary fermentation product of both 

untreated and hydrothermally treated material, with lactate only produced in small amounts in 

cultures grown on hydrothermally treated switchgrass. Lactate production was indicative of 

increased carbohydrate conversion; in Caldicellulosiruptor species, lactate production 

generally occurs as a result of hydrogen inhibition diverting carbon flux away from acetate to 

lactate (31). Organic acid production was highest for hydrothermally treated COMT3(+) and 

Cave in Rock switchgrass, with values of 329 ± 7 and 326 ± 4 mg per g carbohydrate, 

respectively, and lowest for untreated MYB WT at 103 ± 3 mg per g carbohydrate, indicating 

high variance in carbohydrate conversion between switchgrass feedstocks. Taken together 

these experiments showed coupling genetic modification and hydrothermal treatment can 

substantially increase switchgrass solubilization and conversion by C. bescii.  
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Figure 3.2. C. bescii organic acid production on switchgrass lines (5 g L-1)  in bottles. 
Values expressed as gram organic acid per gram carbohydrate loaded. T3(-), COMT3(-); 

T3(+), COMT3(+); WT, MYB WT; Trans, MYB Trans; CR, Cave in Rock. 

 

Bioreactor analysis of hydrothermally treated switchgrass 

C. bescii was examined for its ability to convert unwashed hydrothermally treated 

switchgrass lines in gas-sparged, pH controlled fermentations. Time course analysis was 

completed for solubilization and soluble products (sugars and organic acids) for 6.5 days. To 

simulate an industrial bioprocess, hydrothermally treated switchgrass was not washed before 

loading into bioreactors. In addition, switchgrass loadings were 10 g L-1 to minimize 

accumulation and inhibition by fermentative end products. Under these conditions, C. bescii 

planktonic cell densities exhibited single phase exponential growth, with doubling times of 1.4 

h-1 and 2.7 h-1 for COMT3 and MYB switchgrass lines, respectively. Rapid cell growth in 

bioreactors compared to bottles occurred as a combination of carbohydrate utilization from 

saccharides released by hydrothermal treatment and C. bescii hydrolytic enzymes acting on 

insoluble material. Soluble saccharides released during hydrothermal pretreatment composed 

primarily of xylo-oligosaccharides and were greatest for transgenic switchgrass lines at 1.4 g 
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and 1.2 g  per 10 g switchgrass for COMT3(+) and MYB Trans, respectively (Table 3.S2). 

Sugar release by the control lines was slightly less at 1.1 g and 0.9 g  per 10 g switchgrass for 

COMT3(-) and MYB WT, respectively. Hydrothermal treatment accounted for 27% to 37% of 

switchgrass solubilization (Figure 3.4A), approximately 1/3 was accounted for by saccharides 

and the other 2/3 lignin. Rapid cell growth and product formation indicated C. bescii was not 

inhibited by products released by hydrothermal treatment or transgenic modification. After 

inoculation with C. bescii, solubilization began to increase almost immediately with the most 

rapid increase occurring in the first 45 hours. COMT3(+) had the fastest solubilization rate at 

60.6 ± 10.2 mg L-1 h-1 (Table 3.3) . Over the next 110 hours (60 to 156 hours), solubilization 

rate decreased by about 80 to 90% and continued to be highest for COMT3(+). For both 

COMT3 and MYB, the rate of solubilization was higher for both transgenic switchgrass lines 

relative to the controls indicating transgenic modification not only decreases recalcitrance but 

also increases solubilization rate.   
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Figure 3.3. Planktonic cell growth of C. bescii on hydrothermally treated switchgrass lines 

in bioreactors.  

 

Carbohydrate released from switchgrass was converted in C. bescii’s metabolic 

pathways to almost exclusively acetate (Figure 3.4B, Table 3.S2); lactate was detected but 

not at an appreciable level (data not shown). For the first 60 hours, acetate generation exhibited 

an exponential increase as easily solubilized sugars where consumed. After depletion of easily 

solubilized carbohydrates (~ 25 hours), acetate production rate is limited by the release of 

saccharides by hydrolytic enzymes from the more recalcitrant insoluble switchgrass. In this 

later phase (60 to 156 hours), acetate production exhibits linear behavior, the slope of which 

correlates to the rate of switchgrass solubilization. The acetate production rate for COMT3(+) 

was found to be 50% greater for COMT3(+) compared to the control COMT3(-) (Table 3.3), 

corresponding to a 7.0 ± 3.3% (calculated from 134.5 hour time point) increase in switchgrass 

solubilization. For MYB acetate production rate increased by 74% for MYB Trans compared 

to the MYB WT control corresponding to an increase in switchgrass solubilization of 7.6 ± 

2.0%. Increased acetate production of transgenic switchgrass compared to the control indicates 
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transgenic modification of the lignin biosynthesis pathways in these lines also increases 

carbohydrate conversion rate by C. bescii.  

 

Table 3.3. Switchgrass solubilization and acetate production rates by C. bescii in 

bioreactors 

 Solubilization
 

Solubilization Rate (mg L
-1

 h
-1

) Acetate Rate (mg L
-1

 h
-1

) 
 Final (%) 0 to 45 hours 45 to 156 hours 60 to 156 hours 

COMT3(-) 58.3 ± 2.4 27.7 ± 5.7 6.4 ± 2.5 4.5 ± 0.4 
COMT3(+) 65.7 ± 5.7 51.2 ± 6.2 12.0 ± 2.8 6.8 ± 0.4 
MYB WT 44.4 ± 0.5 25.2 ± 5.8 4.8 ± 2.2 2.6 ± 0.6 

MYB Trans 52.0 ± 2.0 29.6 ± 8.9 7.5 ± 1.7 4.5 ± 0.3 
 

 

Figure 3.4. Switchgrass solubilization (A) and soluble product consumption/formation 

(B) in bioreactors. Hydrothermally treated switchgrass lines (10 g L-1) at pH 7.2  
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Hydrothermal and microbial cotreatment 

Thus far, transgenic modification and hydrothermal treatment have been shown to 

enhance switchgrass deconstruction by C. bescii. To determine the limits of carbohydrate 

solubilization, varying process schemes combining multiple C. bescii microbial 

deconstructions and hydrothermal treatments were investigated. To begin, two consecutive 

rounds of microbial deconstruction (M→M) with untreated switchgrass served as a basis for 

comparison. Carbohydrate was solubilized in both the first and second round of C. bescii 

microbial deconstruction indicating C. bescii did not deplete all bioavailable carbohydrate in a 

first round of growth. At the end of two rounds of microbial deconstruction, carbohydrate 

solubilization reached 40.3 ± 2.4% and 43.3 ± 2.7% for COMT3(+) and Cave in Rock, 

respectively, and only 15.9 ± 3.3% for the highly recalcitrant MYB WT (Figure 3.5 and 3.6, 

M→M). Next, hydrothermal treatment administered either before or between two rounds of 

microbial deconstruction was investigated. Hydrothermally treated switchgrass was washed 

prior to C. bescii microbial deconstructions and included in carbohydrate solubilization 

calculations as this material is easily converted in C. bescii metabolic pathways. Hydrothermal 

treatment before two rounds of microbial growth accounted for about 30% of the total 

carbohydrate released (Figure 3.5A, T→M). Total carbohydrate solubilization with 

hydrothermal treatment completed before (Figure 3.5A, T→M) or between (Figure 3.5B, 

M→T) two rounds of microbial deconstruction was comparable. and significantly increased 

carbohydrate solubilization for all switchgrass lines. The single hydrothermal treatment 

increased carbohydrate solubilization by about 1.8-fold for COMT3 to over 70%, and 2.0- to 

2.7-fold for MYB compared to no hydrothermal treatment at all (M→M). Hydrothermal 

treatment had the least effect on Cave in Rock, only increasing solubilization by about 1.6-
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fold. As a final process scheme, hydrothermal treatment was completed both before and 

between two rounds of microbial deconstruction, resulting in only a small increase in 

carbohydrate conversion compared to a single hydrothermal treatment. Carbohydrate 

solubilization values reached 78.5 ± 1.9% and 70.9 ± 2.4% for COMT3(+) and Cave in Rock 

respectively (Figure 3.6, Table 3.4). In a large scale bioprocess even a few decimal point 

increase in conversion could have significant economic impact. The small increase in 

carbohydrate conversion realized between one and two rounds of hydrothermal treatments 

indicates the presence of a highly recalcitrant material. 

 

Table 3.4. Carbohydrate solubilization during C. bescii microbial and hydrothermal 

cotreatment. Two microbial treatments and either no (M→M), one (T→M→M; M→T→M) 

or two (T→M→T→M) hydrothermal treatments.   

 Carbohydrate Solubilization (%) 

 M→M T→M→M M→T→M T→M→T→M 

COMT3(-) 34.6 ± 2.9 62.2 ± 2.0 63.6 ± 2.9 69.2 ± 2.5 
COMT3(+) 40.3 ± 2.4 70.9 ± 1.6 75.1 ± 1.7 78.5 ± 1.9 
MYB WT 15.9 ± 3.3 42.8 ± 2.6 45.6 ± 5.6 50.8 ± 5.3 

MYB Trans 27.5 ± 2.4 50.9 ± 2.1 64.5 ± 2.2 66.8 ± 2.5 
Cave in Rock 43.3 ± 2.7 63.9 ± 2.8 67.7 ± 2.5 70.9 ± 2.4 
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Figure 3.5. C. bescii carbohydrate solubilization after one hydrothermal and two 

microbial treatments. Carbohydrate solubilization with hydrothermal treatment (thermal) 

before (A, T→M) or in between (B, M→T) two rounds of C. bescii microbial growth. Fold 

change is relative to two microbial deconstructions (M→M) without thermal treatment.  

  

 

Figure 3.6. Carbohydrate solubilization after two hydrothermal and two microbial 

treatments.  Fold change is two hydrothermal (thermal) and two C. bescii microbial treatments 

(T→T) relative to two microbial deconstructions (M→M) without hydrothermal treatment.  
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Ideally carbohydrate solubilization would reach 100%, to determine the cause of 

recalcitrance after extensive hydrothermal and microbial deconstruction all switchgrass lines 

were characterized for cellulose crystallinity and accessibility as raw untreated material and 

after two microbial and hydrothermal treatments (Figure 3.7). Cellulose crystallinity was 

found to remain the same or decrease (COMT3(+) and MYB WT) before and after extensive 

treatment indicating C. bescii has a propensity for crystalline cellulose deconstruction 

Cellulose accessibility was found to increase significantly in all switchgrass lines. 

Investigation of switchgrass composition in this material found hemicellulose to decrease 

(Table 5). Hemicellulose and lignin form a protective sheath around cellulose, consequently 

removal of the hemicellulose during hydrothermal treatment and by C. bescii hemicellulolytic 

enzymes increases cellulose accessibility in extensively treated material. 

Table 3.5. Switchgrass composition of untreated material (NT) and after two microbial 

and hydrothermal treatments (T→T).  

  Composition (mg/g) 

  Glucan Xylan Arabinan Inert 

COMT3(-) NT 361 ± 8 263 ± 13 39 ± 3 338 ± 24 

COMT3(-) T→T 455 ± 13 165+8 8 ± 0 372 ± 21 

COMT3(+) NT 339 ± 7 255+3 35 ± 1 371 ± 9 

COMT3(+) T→T 452 ± 12 105+2 0 ± 0 442 ± 14 

MYB WT NT 365 ± 14 237+3 26 ± 1 371 ± 16 

MYB WT T→T 602 ± 9 124+4 0 ± 0 274 ± 13 

MYB Trans  NT 371 ± 16 250+3 33 ± 4 346 ± 15 

MYB Trans T→T 531 ± 11 88+4 0 ± 0 381 ± 13 

Cave in Rock NT 367 ± 11 247+8 32 ± 3 354 ± 21 

Cave in Rock T→T 551 ± 14 86+2 0 ± 0 363 ± 15 
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Figure 3.7. Cellulose crystallinity (A) and enzyme accessibility (B) of switchgrass lines 

untreated and after two hydrothermal and microbial treatments. CR, Cave in Rock 

 

Cellulose crystallinity and accessibility was also measured at every process step from 

untreated material through two microbial and hydrothermal treatments COMT3(+) (Figure 

3.8). Cellulose crystallinity was found to increase after one hydrothermal treatment (T), 

indicating the removal of amorphous cellulose (Figure 3.8A). Subsequent microbial 

treatments then decrease cellulose crystallinity slightly as C. bescii deconstructs the crystalline 

cellulose. Cellulose accessibility was found to increase slightly after one hydrothermal 

treatment (Figure 3.8, T). Cellulose accessibility significantly increased after the first 

microbial treatment (Figure 3.8B, T→M) indicating deconstruction by C. bescii hydrolytic 

enzymes as the primary contributor to increased cellulose accessibility. Compositional analysis 

of COMT3(+) found xylan content to decrease significantly at this step (Table 3.6, T→M). 

Further hydrothermal and microbial treatments were found to have only minor effects on 

cellulose accessibility. It is interesting that the residual material (T→M→T→M) has decreased 

cellulose crystallinity and increased enzyme accessibility, yet is highly recalcitrant compared 
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to the untreated switchgrass. Investigation of switchgrass composition from beginning to end 

found hemicellulose to decrease by 60% and lignin (inert) content to increase by 20% (Table 

3.6). Taken together these results indicate recalcitrance in extensively treated switchgrass is 

related to lignin structure and composition restricting activity of hydrolytic enzymes and 

further deconstruction by C. bescii. 

Table 3.6. COMT3(+) switchgrass composition from untreated material through two 

microbial and hydrothermal treatments. COMT3(+) without treatment (none), after 

hydrothermal treatment (T), followed by one microbial treatment (T→M), followed by 

another hydrothermal treatment (T→M→T) and finally another microbial treatment 

(T→M→T→M). 

 Composition (mg/g) 
Treatment Glucan Xylan Arabinan Inert 

None 339 ± 7 255 ± 3 35 ± 1 371 ± 9 
T 460 ± 6 247 ± 4 19 ± 1 275 ± 6 

T→M 394 ± 20 182 ± 6 ND 424 ± 25 
T→M→T 429 ± 14 120 ± 4 ND 451 ± 19 

T→M→T→M 452 ± 12 105 ± 2 ND 442 ± 14 
 

 

Figure 3.8. Cellulose crystallinity (A) and enzyme accessibility (B) of COMT3(+) 

switchgrass during cotreatment. COMT3(+) without treatment (untreated), after 

hydrothermal treatment (T), followed by one microbial treatment (T→M), followed by another 

hydrothermal treatment (T→M→T) and finally another microbial treatment (T→M→T→M) 
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Discussion 

Plant biomass recalcitrance is the primary barrier to production of low cost cellulosic 

biofuels. Transgenic feedstocks with reduced recalcitrance have the potential to reduce the cost 

of biofuels by reducing the requirement of pretreatment and addition of hydrolytic enzymes. 

We evaluated the recalcitrance of MYB and COMT3 transgenic plants and a naturally 

occurring low recalcitrant switchgrass, Cave in Rock to deconstruction by Caldicellulosiruptor 

bescii.  We showed that fermentations with transgenic switchgrass improved carbohydrate 

solubilization and fermentation product yield indicating the transgenic switchgrass lines tested 

here are more easily deconstructed than their respective wild type controls. Hydrothermal 

treatment was found to further decrease switchgrass recalcitrance, significantly increasing 

carbohydrate conversion of washed material by C. bescii. Increased carbohydrate conversion 

after hydrothermal treatment was equivalent for both transgenic and control switchgrass lines, 

suggesting modification of the lignin biosynthesis pathway in COMT3 or MYB does not 

further enhance hydrothermal disruption of the insoluble lignocellulose matrix. 

 It is interesting that hemicellulose and not cellulose was the only carbohydrate that 

appeared to be accessible for deconstruction by C. bescii in MYB WT and less so in MYB 

Trans. Hydrothermal treatment acts to remove/disrupt hemicellulose and lignin with minimal 

effect on cellulose (17, 32). After hydrothermal treatment, cellulose (glucan) conversion 

drastically increased in MYB WT and MYB Trans indicating hydrothermal treatment 

effectively disrupted the hemicellulose and lignin matrix rendering cellulose bioavailable to C. 

bescii in MYB. Further characterization indicated cellulose accessibility as the primary 

contributor to recalcitrance. Lignin, a primary inhibitor of cellulose accessibility was 

solubilized by C. bescii in all switchgrass lines and conditions, consistent with previous studies 
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in C. bescii that found lignin and carbohydrate are solubilized simultaneously (8). The enzymes 

responsible for lignin deconstruction have yet to be determined in C. bescii but would 

presumably be extracellular esterases that act in concert with carbohydrate active enzymes to 

overcome plant biomass recalcitrance.  

Inhibition of microbial growth and fermentation is a concern of using transgenic plants 

and/or pretreatment technologies as hydrolysis of lignocellulose can release a wide range of 

lignin derived inhibitory compounds (33). Previous studies with COMT3(+) switchgrass found 

down-regulation of the caffeic acid O-methyltransferase resulted in the generation of a novel 

monolignol (34). Yee et al. (22) found acid pretreated COMT3(+) switchgrass to have an 

inhibitory effect on fermentation by C. bescii and two other thermophilic bacteria. The results 

presented here found C. bescii to not exhibit a difference in cell growth phenotype between 

control and transgenic switchgrass lines and further growth rate was increased on 

hydrothermally treated material. Fermentation of unwashed material in bioreactors found 

solubilization and fermentation product production rates to increase for transgenic switchgrass 

lines compared to the control. These results indicate C. bescii is insensitive to modification of 

the lignin biosynthesis pathway in COMT3 and MYB and further hydrothermal treatment does 

not result in the generation of lignin by-products inhibitory to C. bescii. Differences in C. bescii 

inhibition between growth on hydrothermal and acid pretreated (22) switchgrass indicate even 

though acid pretreatment increases disruption of carbohydrates in lignocellulose, less  harsh 

pretreatments such as hydrothermal may be more applicable to a C. bescii based bioprocess. 

 Further combining multiple hydrothermal treatments and microbial treatments was 

able to achieve over 70% conversion for both transgenic COMT3(+) and naturally occurring 

Cave in Rock. The majority of conversion occurred during the first hydrothermal and microbial 
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treatment steps. Characterization of the residual switchgrass found enzyme accessibility to 

increase, compared to untreated material primarily as a result of hemicellulose removal by C. 

bescii hydrolytic enzymes. In addition, hydrolytic enzymes causing cracks and crevices in the 

cellulose would increase the size of the lumen and increase accessibility. Brunecky et al. (35) 

found a key C. bescii cellulolytic enzyme, CelA, to drill holes in crystalline cellulose. 

Consistently, cellulose crystallinity remained constant or decreased after deconstruction by C. 

bescii indicating a capacity for hydrolyzing highly crystalline regions of cellulose present in 

switchgrass.  

Carbohydrate conversion and structural changes were found to primarily occur after 

one hydrothermal and microbial treatment creating a residual material enriched in lignin and 

decreased in carbohydrate. Additional hydrothermal and microbial treatments were unable to 

significantly increase conversion, modify carbohydrate composition or structural 

characteristics, indicating a material that is highly recalcitrant. The increased presence of lignin 

in this material suggests lignin content and structure, both in transgenic and control switchgrass 

lines to be limiting. Deconstruction of plant biomass by Clostridium thermocellum and an 

industrial cellulase mixture found cellulose crystallinity to remain constant after enzymatic 

degradation and lignin content and structure to be the primary factor in lignocellulose 

recalcitrance (28, 36). These results indicate transgenic switchgrass modified in the lignin 

biosynthesis pathway increases conversion by C. bescii compared to the wild type control but 

lignin content and structure eventually become a limiting factor for both transgenic and 

unmodified switchgrass lines.  The inability of further microbial and hydrothermal treatment 

to overcome the recalcitrance barrier indicates additional mechanical or chemical treatment is 

required to access the remaining ~30% of carbohydrate.  
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In conclusion, these experiments establish a baseline for evaluating and comparing 

future engineered strains of Caldicellulosiruptor and transgenic feedstocks. Transgenic 

material here was converted by C. bescii at increased rates without inhibition by lignin 

components.  The combination of hydrothermal treatment and transgenic modification with 

extremely thermophilic bacteria could realize significant economic advantages by increasing 

conversion and minimizing energy costs associated with cooling between pretreatment and 

hydrolysis/fermentation. Even though transgenic modification of the switchgrass lines tested 

here decreased recalcitrance it was unable to fully overcome lignocellulose recalcitrance.  

Moving forward, genetic modification of naturally less recalcitrant switchgrass lines such as 

Cave in Rock could realize the goal of complete carbohydrate conversion. 
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Supplementary Material 

Table 3.S1. Washed switchgrass composition before (none) and after hydrothermal 

treatment (thermal) 

  Composition (mg/g) 
 Treatment Carbohydrate Glucan Xylan Arabinan Inert 

COMT3(-) 
None 662 ± 24 361 ± 8 263 ± 13 39 ± 3 338 ± 24 

Thermal 712 ± 18 426 ± 11 266 ± 7 19 ± 0 288 ± 18 

COMT3(+) 
None 629 ± 9 339 ± 7 255 ± 3 35 ± 1 371 ± 9 

Thermal 725 ± 6 460 ± 6 247 ± 4 19 ± 1 275 ± 6 

MYB WT 
None 629 ± 16 365 ± 14 237 ± 3 26 ± 1 371 ± 16 

Thermal 732 ± 10 543 ± 5 180 ± 5 9 ± 0 268 ± 10 

MYB Trans 
None 654 ± 15 371 ± 16 250 ± 3 33 ± 4 346 ± 15 

Thermal 722 ± 10 502 ± 7 208 ± 4 12 ± 1 278 ± 10 

Cave in Rock 
None 646 ± 21 367 ± 11 247 ± 8 32 ± 3 354 ± 21 

Thermal 653 ± 5 474 ± 3 176 ± 4 3 ± 5 347 ± 5 
 

Table 3.S2. Initial and final switchgrass solubilization and product concentrations in 

bioreactors. 

  Acetate (mg/L) Glucan (mg/L) Xylan (mg/L) Arabinan (mg/L) 
Switchgrass Initial Final Initial  Final Initial Final  Initial Final  
COMT3(-) 124 ± 4 2096 ± 65 53 ± 0 0 ± 0 971 ± 38 91 ± 5 86 ± 1 5 ± 2 
COMT3(+) 149 ± 2 2636 ± 29 55 ± 6 11 ± 1 1244 ± 5 99 ± 2 114 ± 6 6 ± 0 
MYB WT 94 ± 1 1458 ± 122 91 ± 8 0 ± 0 688 ± 46 79 ± 4 100 ± 3 11 ± 2 

MYB Trans 95 ± 3 1934 ± 20 208 ± 10 0 ± 0 888 ± 15 70 ± 2 120 ± 2 10 ± 0 
 


