
ABSTRACT 

BING, RYAN GORDON. Metabolic Engineering and Optimization of Non-native 

Solventogenic Lignocellulose Fermentation by the Extreme Thermophile Anaerocellum bescii. 

(Under the direction of Dr. Robert M. Kelly). 

 

Routes to alleviate global dependence on fossil derived fuels and chemicals are needed. 

While many fossil-fuels are electrifiable with sustainable technologies, not all products can be 

electrified. High energy density fuels, plastics, and chemical precursors, such as acetone, are 

examples of non-electrifiable petroleum-derived products. Replacement of oil requires low-cost 

renewable feedstocks. Plants, the most abundant biomass on Earth, could fill this role. However, 

the heterogeneous polymeric structure of plant biomassô primary component, lignocellulose, is 

difficult to convert into industrially relevant products.  

Combinations of mechanical, chemical, and biological methods have been employed for 

the conversion of lignocellulose. To compete with fossil-derived products, processes must be 

energy and economically efficient. Combined chemical and enzymatic methods are costly, 

requiring many process steps. Certain microorganisms, that naturally degrade lignocellulose, 

present an opportunity to convert lignocellulose in a single step (i.e., consolidated bioprocessing). 

These processes reduce costs by avoiding additional steps required for chemicals and exogenous 

enzyme treatments. However, none of these lignocellulolytic organisms currently produce 

desirable products at industrially relevant titers. 

Lignocellulolytic microorganisms, especially cellulose degraders, are relatively rare, 

primarily found among fungi and bacteria. Thermophilic, anaerobic, gram-positive bacteria, stand 

out as superior (hemi)cellulose degraders. Among these, the Caldicellulosiruptorales (Topt
  > 70̄ C) 

are the most thermophilic, employ large multi-domain extracellular carbohydrate degrading 

enzymes, natively produce H2, and offer unique industrial advantages due to their extreme 



thermophily. Of particular interest is Anaerocellum (f. Caldicellulosiruptor) bescii (Topt
  > 78̄ C), 

a genetically tractable bacterium that has been engineered to produce industrially important 

chemicals, such as ethanol, acetone, and 2,3-butanediol. 

In this work, the plant biomass degrading capabilities of Caldicellulosiruptorales and other 

thermophiles are evaluated. A. bescii is compared against a moderate lignocellulolytic 

thermophile, Acetivibrio thermocellus, on various plant biomasses, which has similar abilities to 

liberate carbohydrate from most plant biomasses. Unexpectedly, culturable moderate thermophiles 

were discovered to naturally occur in most plant biomasses. In contrast, extreme thermophiles (Ó 

75̄ C) resist contamination from life indigenous to plant biomass. The phylogeny, ecology, and 

taxonomy of the Caldicellulosiruptorales were reevaluated in context of newly sequenced 

genomes, highlighting their unique carbohydrate-consuming niche. 

Volatile chemicals produced in extreme thermophiles are advantagious, since they can be 

directly separated from fermentation vapor phase (i.e., bioreactive distillation). Industrial potential 

of bioreactive distillation was demonstrated by an in-depth technoeconomic analysis, including 

the design of an industrial biorefinery for the co-production of acetone and hydrogen. This work 

identified specific plant feedstock and A. bescii strain engineering targets. 

A. bescii fermentation of plant biomass, with varying lignin content and composition, 

revealed that the primary microbial degradation barrier relates to methoxy substitutions on 

phenolic rings of lignols. This contrasts with optimal lignin composition for chemical pretreatment 

that favors high S/G lignin ratios. Screening results from 133 genetically modified poplar trees 

with diverse lignin compositions confirm these findings. Additionally, poplar trees with low 

methoxy content achieve industrially relevant levels of microbial solubilization (Ó 65%) without 

any pretreatments and with no impact on tree fitness.  



Extensive metabolic and fermentative engineering efforts to improve ethanologenic A. 

bescii strains resulted in significant improvements in ethanol titer, productivity, and selectivity. A. 

bescii strain RKCB92, heterologously expressing a mutant bifunctional alcohol dehydrogenase, 

increased thermophilicity, selectivity, productivity, and titers compared to previous ethanologenic 

strains. Unexpected affects due to bicarbonate addition improved ethanol:acetate selectivity by 

more than 7-fold. This work establishes a new basis to build from to reach industrially relevant 

productivities. A. bescii is one step closer to industrial applicability. From gene-edited poplar to 

soybean hulls, feedstocks now exist that reach the required microbial solubilization. Additionally, 

A. bescii strains now achieve high enough titers and selectivity that laboratory evolution has a 

chance of reaching industrially relevance. 
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Summary 

The potential to convert renewable plant biomasses into fuels and chemicals by microbial 

processes presents an attractive, less environmentally intense alternative to conventional routes 

based on fossil fuels. This would best be done with microbes that natively deconstruct 

lignocellulose and concomitantly form industrially relevant products, but these two physiological 

and metabolic features are rarely and simultaneously observed in nature. Genetic modification of 

both plant feedstocks and microbes can be used to increase lignocellulose deconstruction 

capability and generate industrially relevant products. Separate efforts on plants and microbes are 

ongoing, but these studies lack a focus on optimal, complementary combinations of these disparate 

biological systems to obtain a convergent technology. Improving genetic tools for plants have 

given rise to the generation of low-lignin lines that are more readily solubilized by 

microorganisms. Most focus on the microbiological front has involved thermophilic bacteria from 

the genera Caldicellulosiruptor and Clostridium, given their capacity to degrade lignocellulose 

and to form bio-products through metabolic engineering strategies enabled by ever-improving 

molecular genetics tools. Bioengineering plant properties to better fit the deconstruction 

capabilities of candidate consolidated bioprocessing microorganisms has potential to achieve the 

efficient lignocellulose deconstruction needed for industrial relevance.  

 

Introduction  

Lignocellulose, as the predominant form of biomass on the planet, has potential to alleviate 

dependence on non-renewables if it can be converted into industrial chemicals (National Research 

Council, 2011; Caspeta et al., 2013; OôDea et al., 2020). Valorization of lignocellulose occurs in 

two main steps: deconstruction and conversion. Deconstruction aims to break down the polymeric 



   

3 

 

components of lignocellulose (cellulose, hemicellulose, and lignin) into simpler molecules that can 

be subsequently converted into products. Chemical and biological processes have been 

investigated for both steps of valorization (Lynd et al., 2005; Lange, 2007; Liao et al., 2020; OôDea 

et al., 2020). Deconstruction and conversion methods are often specific to a certain bio-polymer 

or components of a bio-polymer contained in the lignocellulose; as such deconstruction methods 

are often combined and tailored to a specific biomass source (Giovannoni et al., 2020; OôDea et 

al., 2020). Ideally, the valorization process should be as simple and concise as possible to 

maximize the technical and economic outcomes of the process.  

One typical process route consists of chemical or enzymatic pretreatment to fully or 

partially deconstruct the bio-polymers, followed by a fermentation to generate industrial products, 

such as ethanol (Himmel, 2015; Liu et al., 2020). Some fermentative organisms (such as 

Saccharomyces cerevisiae) utilize simple sugars, while others are lignocellulolytic (such as 

Clostridium thermocellum or Caldicellulosiruptor bescii) and degrade more complex bio-

polymers (Liu et al., 2020). Minimization or elimination of biomass pretreatment procedures has 

potential to make the valorization process more energy and economically favorable. Consolidated 

Bioprocessing (CBP) uses lignocellulolytic organisms to both deconstruct and convert 

lignocellulosic biomass into products, with or without pretreatment of the biomass, in a single step 

(Lynd et al., 2005). CBP pretreatments typically focus on reducing biomass recalcitrance by 

liberating cellulose and hemicellulose from lignin. CBP is currently limited by lignocellulolytic 

microbesô efficiency of biomass deconstruction and productivity of commodity chemicals (Lynd 

et al., 2005; Olson et al., 2012; Himmel, 2015; Liu et al., 2020).  

Careful choice and optimization of microbe-feedstock pairs is critical for an efficient 

deconstruction process. Here, microbe-feedstock pairings and related CBP processes are 
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considered in the context of their industrial potential. Industrially relevant feedstock and microbe 

options are discussed, as well as microbe-feedstock pairings, to highlight the need for optimization 

of specific microbe-feedstock pairs. 

 

Plant biomass feedstocks with industrial potential 

Second-generation biofuels 

Advances in bioenergy feedstock development aim to significantly reduce greenhouse gas 

emissions to combat climate change and provide sustainable energy and material resources 

(Alzagameem et al., 2019; Singh et al., 2019). First-generation biofuels are produced using starch 

and simple-sugar based feedstocks and have been widely applied for bioethanol and biodiesel 

production (Jiang et al., 2019; Mat Aron et al., 2020). However, large-scale application of first-

generation biofuels is limited because the edible feedstocks compete with food crops and require 

considerable arable land, fertilizer, and water supply (Mat Aron et al., 2020). Second-generation 

biofuels (including bioethanol and biodiesels, but also likely to diversify to include other fuels and 

non-fuel industrial chemicals, such as acetone, butanol, succinate, and others) are produced from 

non-edible lignocellulosic biomass, such as agro-forest residues, woody feedstocks, and industrial 

lignocellulosic wastes (Kucharska et al., 2018; Raud et al., 2019; Sharma and Saini, 2020). 

Lignocellulosic biomass is plant secondary cell walls (SCW) composed primarily of cellulose (40-

50%), hemicelluloses (25-30%), and lignin (25-30%) (Sharma and Saini, 2020). The ratio of these 

constituents varies across different plant species and genotypes within each species (Wierzbicki et 

al., 2019; Sharma and Saini, 2020). Environmental conditions, biotic stresses, and different stages 

of growth and development also affect lignocellulosic composition (Sharma and Saini, 2020). 

Second-generation biofuels are gaining traction due to their sustainable, scalable, and renewable 
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production on marginal lands that do not compete with agricultural food production (Jiang et al., 

2017; Jiang et al., 2019).  

C4 plants, such as Miscanthus and switchgrass (Panicum virgatum), have been extensively 

studied as potential feedstocks for bioenergy production. Other energy crops, including reed 

canary grass (Phalaris arundinacea), giant reed (Arundo donax), and alfalfa (Medicago sativa) 

(Chandel and Singh, 2011), also have been studied for their bioenergy potential.  Interests in these 

energy crops arise from their high-productivity across diverse environmental conditions and low 

water, nutrient, and fertilizer requirements (Chandel and Singh, 2011). However, their application 

as feed for livestock makes them an unattractive option for biofuel production (Chandel and Singh, 

2011; Mitchell et al., 2016). Woody crops (E.g. Populus, Salix, Eucalyptus, and their hybrids) are 

becoming an attractive source of bioenergy feedstock (Wei et al., 2019). The broad genetic 

variation of these species and the well-established breeding programs and transformation methods 

have permitted the exploration of genetic approaches to cell wall modification for enhancing 

lignocellulosic biomass deconstruction (Chanoca et al., 2019). Woody biomass makes up 57% of 

all carbon biomass on earth (Bar-On et al., 2018). The abundance of woody biomass availability, 

combined with fast-growth, makes short-rotation forest trees, such as Populus, Salix, Eucalyptus, 

and their hybrids, promising feedstock sources to meet the worldôs demands for sustainable 

bioenergy (Bryant et al., 2020).  

As mentioned above, the conversion of lignocellulosic feedstock into fuels and products 

requires the deconstruction of cellulose and hemicelluloses into monosaccharides mediated by 

microorganisms, chemical treatments, enzymatic processes, or combinations thereof (Hu and 

Ragauskas, 2012; Kucharska et al., 2018). The monosaccharides are then converted through 

fermentation to fuels and products (e.g., bioethanol, biobutanol, and acetone) (Qureshi et al., 2010; 
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Hu and Ragauskas, 2012; Kucharska et al., 2018). The carbohydrate-lignin complex formed in the 

SCW limits access of enzymes and microbes to the cellulose and hemicelluloses, making 

lignocelluloses recalcitrant to most microbial and enzymatic degradation (Hu and Ragauskas, 

2012; Li et al., 2014; Straub et al., 2020a). The antimicrobial properties of lignin and lignin-derived 

compounds (Kalinoski and Shi, 2019) and the structural heterogeneity of the lignin polymer also 

challenge the efficient deconstruction of lignocelluloses (Simmons et al., 2010).  Therefore, much 

effort has been made to overcome the recalcitrant barrier of lignocellulosic biomass for bio-based 

fuels and chemical production. Feedstock pretreatment can facilitate delignification or disruption 

of lignin-cellulose linkages to improve the accessibility of enzymes and cell-wall digestive 

microbes to cellulose and hemicelluloses (Bryant et al., 2020; Straub et al., 2020a). Common 

biomass pretreatments encompass physical methods (e.g., pyrolysis and mechanical particle-size 

reduction), chemical methods (e.g., acid, alkaline, ionic liquids, and ozonolysis), and physical-

chemical methods (e.g., steam, carbon dioxide, and ammonia fiber explosion) (Li et al., 2014).  

Pretreatment is often one of the most expensive steps in biofuel production because of the 

costly chemicals, enzymes, and energy required for delignification (Wyman, 2007; Engler and 

Jakob, 2013; Sykes et al., 2015). In addition, lignin degradation products are toxic to 

microorganisms and interact irreversibly with cellulose-degrading enzymes, limiting their activity 

(Parisutham et al., 2014). Pentose (xylose and arabinose) and hexose (glucose, galactose, and 

mannose) degradation products, such as furfural and hydroxymethylfurfural (HMF), commonly 

originate from pretreatments and inhibit fermentation, reducing the biofuel production efficiency 

(Wyman, 2007; Parisutham et al., 2014; Sykes et al., 2015). Therefore, low-recalcitrant feedstocks 

that require minimal or no pretreatment are of significant interest to the biofuel industry. Feedstock 

recalcitrance can be reduced by modifying the composition of lignocellulosic biomass using 
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genetic approaches such as conventional cross-breeding (Clifton-Brown et al., 2019), genetic 

engineering (Wang et al., 2018), and screening for natural genetic variants (Ralph, 1997; 

Vanholme et al., 2013). These studies have predominantly focused on the lignin biosynthetic 

pathway (Engler and Jakob, 2013) because the content and composition of lignin in SCW is one 

of the main determinants of feedstock recalcitrance to microbial and enzymatic deconstruction 

(Van Acker et al., 2014; Straub et al., 2020a). 

 

Genetic improvement of lignocellulosic feedstock by modulating lignin biosynthesis 

Lignin is a phenolic polymer formed by phenylpropanoid monomeric units, 4-coumaryl 

alcohol (H-unit), coniferyl alcohol (G-unit), and sinapyl alcohol (S-unit), also known as 

monolignols (Wang et al., 2018). Lignin provides essential roles in water transport, mechanical 

support, pathogen resistance, and abiotic stress response (Wang et al., 2014; Cesarino, 2019). The 

biosynthesis of lignin occurs in several consecutive reactions involving at least 11 different 

enzyme families and 24 metabolites (Sulis and Wang, 2020). The pathway is complex and 

regulated by a network of substrates and inhibitors that convert phenylalanine or tyrosine to 

monolignols through a metabolic grid (Li et al., 2014; Wang et al., 2014; Sulis and Wang, 2020). 

The monolignols are then transported to the lignifying zone and oxidized by peroxidases and 

laccases to phenoxy radicals for polymerization (Li et al., 2014; Sulis and Wang, 2020). The eleven 

enzyme families involved in monolignol biosynthesis are phenylalanine ammonia lyase (PAL), 

cinnamate 4 hydroxylase (C4H), 4 coumarate:CoA ligase (4CL), p hydroxycinnamoyl CoA: 

shikimate p hydroxycinnamoyltransferase (HCT), p-coumarate 3 hydroxylase (C3H), caffeoyl 

shikimate esterase (CSE), caffeoyl CoA O methyltransferase (CCoAOMT), cinnamoyl CoA 

reductase (CCR), coniferaldehyde 5 hydroxylase (CAld5H), 5 hydroxyconiferaldehyde O
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methyltransferase (AldOMT), and cinnamyl alcohol dehydrogenase (CAD) (Li et al., 2014; Wang 

et al., 2019b). 

Modifying the monolignol biosynthetic pathway can significantly alter lignin content, 

subunit composition, and the degree of ester linkages between lignin and carbohydrates (Chen and 

Dixon, 2007; Grabber et al., 2009; Li et al., 2014). Perturbing the expression of monolignol 

biosynthetic genes to alter lignin content and composition, has been demonstrated by transgenesis 

to modify lignocellulosic biomass deconstruction, saccharification, and fermentation efficiencies 

(Table 1) (Engler and Jakob, 2013; Chanoca et al., 2019). Downregulation of 4CL in Populus 

nigra L. × Populus maximowiczii A. (Min et al., 2013) and Populus trichocarpa (Min et al., 2012) 

reduced lignin content by 52% and increased the saccharification efficiency in greenhouse and 

field-grown transgenics by 330% for unpretreated biomass (Min et al., 2012; Min et al., 2013; 

Xiang et al., 2015). Similar results were observed for Pinus radiata (Wagner et al., 2009) and 

Pinus taeda (Edmunds et al., 2017). The downregulation reduced the overall lignin content in the 

transgenics and improved sugar release up to 280 and 320% for unpretreated and pretreated 

samples, respectively, compared to wild-type (Wagner et al., 2009; Edmunds et al., 2017). In 

switchgrass and Miscanthus sinensis, the downregulation of AldOMT reduced the total lignin 

content up to 15% and 63%, respectively (Fu et al., 2011b; Yoo et al., 2018b). Greenhouse-grown 

switchgrass transgenics exhibited increased saccharification efficiency up to 38% and 42% of 

ethanol yield per unit of biomass improvement (Fu et al., 2011b). The field-grown transgenics 

switchgrass also showed improved sugar release (9%-34%) and ethanol yield (21%-28%) 

compared to wild-type plants (Baxter et al., 2014).  

Recently, promising results targeting CCR, C3H, and CAD genes were achieved in energy 

crops and woody plants. Downregulation of CCR improved saccharification efficiency in 
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transgenic alfalfa by 67% compared to wild-type plants for unpretreated samples (Jackson et al., 

2008). Downregulation of CCR in field-grown Populus tremula x Populus alba increased the 

saccharification efficiency up to 139% and 95% for untreated and treated samples, while the 

bioethanol production from the transgenics increased up to 161% (Van Acker et al., 2014). In 

energy crops like alfalfa (Jackson et al., 2008), switchgrass (Fu et al., 2011a), and Brachypodium 

(Bouvier D'Yvoire et al., 2013), CAD-deficient lines improved saccharification yield ranging from 

5.5% to 89% compared to wild-type. In maize, the CAD-deficient plants increased bioethanol yield 

of 8% when expressed on a dry biomass basis (Fornalé et al., 2012). In P. tremula x P. alba, the 

CAD1-deficient plants showed improvements in glucose released by up to 81% compared to wild-

type (Van Acker et al., 2017). Moreover, xylose release was also higher in the transgenics (153% 

of wild-type), regardless of pretreatments  (Van Acker et al., 2017). Downregulation of CAD and 

C3H genes in P. trichocarpa increased the biomass solubilization, via microbial digestion by C. 

bescii, from 20% (wild-type trees) up to 79% in transgenic trees (Straub et al., 2019b). 

Carbohydrate solubilization was nearly 90% for transgenic lines compared to only 25% for wild-

type poplar (Straub et al., 2019b).  

 

Current limitations and perspectives in genetic engineering of lignin biosynthesis for 

feedstocks improvement  

Perturbation of monolignol biosynthetic genes frequently results in adverse plant growth 

and development (Table 1). The downregulation of CCR, CAD, C3H, C4H, and HCT has been 

correlated with penalties in biomass accumulation (Chen and Dixon, 2007; Jackson et al., 2008; 

Mansfield et al., 2012; Van Acker et al., 2014; Sykes et al., 2015; Straub et al., 2020a), which 

limits the transgenics' commercial applications (Panda et al., 2020). The negative impacts on 
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growth could be mitigated by altering lignin composition instead of reducing lignin content. 

Increasing the ratio of S- to G-subunits (S:G ratio) has been associated with longer linear lignin 

chains and greater access to surface cellulosic content by microbe-bound enzymatic complexes 

(Dumitrache et al., 2016), which facilitates the deconstruction of lignocellulosic biomass. In P. 

tremula × P. alba and switchgrass, the overexpression of CAld5H2 significantly increased the S:G 

ratio with no reported biomass penalties (Stewart et al., 2009; Wu et al., 2019). In wild-type P. 

trichocarpa natural variants, the glucose and xylose release and ethanol yield were strongly 

correlated positively with high S:G ratio (Studer et al., 2011; Yoo et al., 2018a). However, some 

studies have also reported no relationship between S:G ratio and sugar release (Straub et al., 

2020a). Therefore, sugar release may depend on pretreatment conditions and feedstock types 

(Pazhany and Henry, 2019). Alternative approaches for lignin modification have been carried out 

by incorporating novel monolignol subunits in lignin to reduce the rigidity of chemical bonds. The 

expression of feruloyl-CoA monolignol transferase (FMT) from Angelica sinensis in P. alba × 

Populus grandidentata resulted in the accumulation of ester bonds in the lignin structure by 

incorporation of coniferyl-ferulate (Wilkerson et al., 2014). An increase of 200% in glucose release 

was observed in the transgenics compared to wild-type (Wilkerson et al., 2014). Expression of a 

tyrosine-rich peptide (TYR) formed free radical coupling with monolignol precursors and resulted 

in lignin structures highly susceptible to protease cleavage that enhanced cellulase and 

hemicellulase hydrolysis of polysaccharides (Liang et al., 2008). The lignin content and 

morphology were unaffected in the transgenics but increased the release of sugars by 140% (Liang 

et al., 2008).  

Growth defects mediated by lignin perturbation have been associated with collapsed vessel 

elements (Wang et al., 2018) and reduced water conductivity (Muro-Villanueva et al., 2019). Cell-
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type specific perturbation of lignin genes in fiber cells while keeping the vessel cells intact has 

proven successful in reducing recalcitrance without compromising growth and development. In 

Arabidopsis, a vessel-specific expression of CCR in mutant plants harboring CCR loss-of-function 

restored biomass yield (De Meester et al., 2018). The hyper and hypo-accumulation of 

intermediate metabolites are also potential causes for transgenic growth defects. Hyper-

accumulation of these metabolites (e.g.,  cinnamic acid, flavonoids, ferulic acid) may block 

hormone signaling and antagonize reactive-oxygen species needed for cell division (Muro-

Villanueva et al., 2019). Hypo-accumulation of phenylpropanoids with intrinsic growth-promoting 

activity or compounds that indirectly affect plants' growth and development may also explain the 

altered transgenic phenotypes (Muro-Villanueva et al., 2019). The mechanistic insights into how 

the perturbation of monolignol genes influence plant growth and adaptation remain to be 

elucidated. To better understand how genetic changes may impact feedstock traits, a systems 

approach to integrating omics data (e.g., genomics, transcriptomics, proteomics, and 

metabolomics) from natural variants or engineered plants may be needed to facilitate 

understanding of genes, proteins, and metabolites associated with phenotype variations. Thus, the 

ideal genotypes may be designed for feedstock improvement. 

Given the clear interplay between biomass recalcitrance and productivity (Jackson et al., 

2008), genetic engineering of lignocellulosic feedstocks should be carefully designed to balance 

recalcitrance level with biomass retention. To identify the most influential wood traits associated 

with saccharification efficiency and biomass retention, Escamez et al. analyzed 65 characteristics 

related to wood chemistry, anatomy and structure, biomass production, and sugar release in 40 

genetically engineered hybrid aspen (Escamez et al., 2017). Using multivariate analyses and 

mathematical modeling, the authors identified traits strongly associated with total wood sugar 
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(TWS) yield, taking into consideration biomass production and sugar release (Escamez et al., 

2017). The biomass traits positively-correlated with TWS include height, diameter, wood density, 

cell wall thickness, modulus of elasticity, and galacturonic acid content (Escamez et al., 2017).  

In P. trichocarpa, a multi-omics integrative model of the lignin biosynthesis was developed 

to understand how changes in the expression of individual lignin pathway genes or combination 

of these genes affect 25 lignin and wood traits (Wang et al., 2018). The model was built using 239 

transcriptomic (RNA-seq) and proteomic (LC-MS/MS) libraries, 207 reaction and inhibition 

enzyme kinetic parameters, 220 wood chemistry datasets, 76 lignin compositions and structures 

data using 2D HSQC NMR, 236 enzymatic saccharification assays, and measurements of growth 

(221), modulus of elasticity measurements (416), and density (213) from ~2,000 engineered P. 

trichocarpa trees perturbed for 21 monolignol genes (Wang et al., 2018). The lignin and 

carbohydrate contents of the transgenics ranged beyond the natural phenotypic variation found in 

wild-type trees (Wang et al., 2018). In wild-type trees, the average of the C:L ratio, an important 

indicator of the potential maximum cellulosic yield for biofuels, and lignin content were 3% and 

22%, respectively (Wang et al., 2018). In contrast, the C:L ratio and lignin content in the 

transgenics ranged from 2% to 9% and 9% to 25%, respectively (Wang et al., 2018). Significant 

improvements in saccharification efficiency were also shown in the transgenics P. trichocarpa. 

The released glucose and xylose were increased up to 351% and 828% for unpretreated transgenic 

samples compared to wild-type trees (Wang et al., 2018). The information was integrated using 

advanced machine-learning algorithms to create a comprehensive systems model that predicts 

lignin content and linkages, carbohydrate composition and content, density, and growth from 

engineered tree variants (Wang et al., 2018; Matthews, 2019; Matthews et al., 2020). Machine 
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learning-based predictions of multigenic engineering strategies may advance feedstock design 

with superior deconstruction characteristics compared to traditional single-gene approaches. 

 

CRISPR-Cas Genome Editing in Feedstocks  

Feedstock improvement by lignin gene perturbation has been predominantly carried out 

using RNA interference (RNAi) and artificial microRNA (amiRNA). These approaches mediate 

gene suppression at the mRNA level (knockdown) and do not confer permanent silencing of target 

genes at the DNA level (knockout) (Boettcher and Michael, 2015). Altering gene transcript 

abundances leave much to be desired due to the unpredictable specificity and degree of 

modification (Tsai and Xue, 2015). The red-coloration of xylem, typically found when CAD, 

AldOMT, or CCR genes are downregulated, is often not uniform throughout the xylem tissue 

(Chanoca et al., 2019). The inconsistent downregulation of these genes by RNAi or amiRNA is a 

major problem because lignin genes are typically expressed in excess of what is required for 

normal wood formation (Shi et al., 2017; Zhang et al., 2020). The residual expression of down-

regulated genes, resulting from the instability of transcriptional suppression, may be sufficient to 

retain the recalcitrance of lignocellulosic feedstock. 

Recently developed genome editing technologies offer enormous potential for advancing 

the genetic improvement of feedstocks (Park et al., 2017; Bewg et al., 2018; Pazhany and Henry, 

2019). Editing genomic DNA to induce loss-of-function mutation enables precise heritable 

improvement of phenotypic traits, providing a powerful tool for the rapid production of superior 

trees (Gilles and Averof, 2014; Sander and Joung, 2014; Bewg et al., 2018). CRISPR (Clustered 

Regularly Interspaced Short Palindromic Repeats)-Cas (CRISPR-associated protein) recognizes 

DNA sequences through RNA-DNA base pairing. CRISPR-Cas generates double-stranded DNA 
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breaks repaired by non-homologous end joining (NHEJ) to induce mutations that would result in 

permanent loss-of-function of the target genes (Sander and Joung, 2014; Selle and Barrangou, 

2015). Targeted mutagenesis is a key genome editing application of CRISPR-Cas, and has been 

successfully demonstrated to be a game-changer for feedstock improvement (Fan et al., 2015; 

Zhou et al., 2015; Park et al., 2017; Wan et al., 2017; Yang et al., 2017; Van Zeijl et al., 2018). 

Use in transgenic poplar to knockout 4CL consistently reduced lignin content by 23%. The absence 

of observed off-target cleavage and homogeneity of wood discoloration, typically found in 4CL-

deficient trees (Zhou et al., 2015), are clear examples of how genome-editing technologies are 

superior to gene downregulation approaches. In switchgrass, CRISPR-Cas 4CL-knockout lines 

showed improved glucose release by up to 11% and xylose release by up to 32% compared to 

wild-type (Park et al., 2017). On the other hand, no differences in glucose and xylose released 

were found comparing wild-type and RNAi-4CL lines (Park et al., 2017), indicating that CRISPR-

Cas9 knockout lines are superior to the RNAi knockdown lines for lignocellulosic fuel potential 

(Park et al., 2017).  

CRISPR-based genome editing coupled with machine-learning design of multigenic 

strategies in energy and woody crops could be revolutionary for feedstocks improvement. Editing 

gene combinations could induce precise modulation of metabolic flux for lignin biosynthesis that 

attenuate the adverse growth effects of single-gene knockdowns. Using the machine-learning 

model for lignin biosynthesis, the impact of single versus multigene perturbation in lignin 

biosynthesis was simulated (Wang et al., 2018). The results suggested that changing the expression 

of an entire gene family is greater than the effects of changing the expression of individual genes 

within a family, and that individual family members may be functionally redundant to maintain 

wild-type lignin levels and wood formation (Wang et al., 2018). Specific combinatorial effects of 
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changing the expression of multiple genes may be necessary for trait modifications to alleviate 

negative effects on plant growth and adaptation (Wang et al., 2018). Hence, due to the complexity 

of SCW and particularly lignin biosynthesis, integrated systems approach using multi-omics data, 

genome-editing, and advanced machine-learning algorithms may help generate superior 

feedstocks that balance the recalcitrance reduction with biomass retention (Figure 1). 

 

Cellulolytic and hemicellulolytic microorganisms with industrial potential 

Lignocellulolytic microorganisms can be found across all domains of life: Bacteria, 

Archaea, and Eukarya, although the majority of research has focused on anaerobic bacteria and 

aerobic fungi (Montenecourt and Eveleigh, 1977; Hammel, 1997; Graham et al., 2011; Blumer-

Schuette et al., 2014; Gloster, 2020). Organisms employ a diverse set of enzymes to synergistically 

breakdown the biopolymers contained in lignocellulose. These include enzymes to breakdown 

cellulose, hemicelluloses, lignin, as well as minor constituents of lignocellulose like pectin (Bayer 

et al., 2008; Cann et al., 2020; Giovannoni et al., 2020; Gloster, 2020). Lignin is highly recalcitrant 

to degradation due to its heterogeneity and high energy requirements to break lignin polymeric 

bonds. As such, ligninases are less common than cellulases and hemicellulases, mostly found in 

aerobic fungi, but bacterial and limited anaerobic (low level lignin degradation in the facultative 

anaerobe Enterobacter lignolyticus) examples have been reported (Hammel, 1997; DeAngelis et 

al., 2013; Guadix-Montero and Sankar, 2018; Giovannoni et al., 2020). Only a handful of 

lignocellulolytic microbes have been studied in depth for fermentative applications like CBP, 

while many more have been investigated as sources for enzymes (cellulase, amylases, 

hemicellulases, pectinases, etc.) (Himmel, 2015; Lynd et al., 2017; Lee et al., 2020). Anaerobic 

bacteria have dominated CBP because they offer a suitable fermentative platform to produce 
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alcohols and organic acids that have industrial value. While aerobic fungi have received significant 

attention for their ability to secrete high levels of cellulases and hemicellulases that can be 

subsequently used for industrial enzymatic treatments, aerobes are less suited for CBP due 

difficulties directing carbon away from CO2 and biomass production to industrial products.  

Microbial degradation of the cellulose and hemicellulose components of lignocellulosic 

biomass has the potential to out-perform in vitro enzyme treatment. This was shown with the most 

thermophilic cellulose-degrading organisms known, C. bescii, where in vivo enzyme combinations 

never exceeded 25% of in vivo cellulose hydrolysis, indicating maximal degradation potential 

when C. bescii coordinates the synergy of its enzymes (Conway et al., 2018). CBP has focused on 

fermentative microbes that can deconstruct the carbohydrate fraction of lignocellulose, with less 

focus on lignin deconstruction due to the associated difficulties. However, some organisms are 

being studied for their ability to process lignin derivatives, such as Pseudomonas putida (Elmore 

et al., 2020).  

 Among the hemicellulolytic and cellulolytic microbes, Clostridium 

thermocellum (Topt = 60°C), C.bescii (Topt = 78°C), and Thermoanaerobacter saccharolyticum 

(Topt = 60°C) have been the most investigated for industrial fermentative potential (Lynd et al., 

2017; Lee et al., 2020). Interestingly, these microbes are all moderate (Topt = 45-70°C) or extreme 

thermophiles (Topt > 70°C) (Freier et al., 1988; Lee et al., 1993; Yang et al., 2010). The limited 

focus on mesophiles is likely due to the unavailability of facile genetic systems (especially for 

fermentative anaerobes) and the potential industrial processing advantages of thermophiles 

(Blumer-Schuette et al., 2014). Other lignocellulolytic organisms, including mesophiles, that have 

been investigated include the anaerobic bacteria Clostridium cellulolyticum, Clostridium 

cellulovorans, Clostridium clariflavum, Caldanaerobius polysaccharolyticus, 
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Thermoanaerobacterium thermosaccharolyticum and other Caldicellulosiruptor species, as well 

as the aerobic fungus Trichoderma reesei (Table 2) (Desvaux, 2005; Artzi et al., 2014; Zurawski 

et al., 2015; Wen et al., 2019; Cann et al., 2020; He et al., 2020).  No characterized members of 

the Archaea reach the (hemi)cellulolytic levels of the bacteria and fungi mentioned. Current focus 

is on engineering natively lignocellulolytic microbes to produce industrial chemicals, rather than 

engineering model microbes (such as Escherichia coli and Saccharomyces cerevisiae) to be 

lignocellulolytic. This is because typical product-synthesis pathways require less genes than 

lignocellulose degradation pathways, making it difficult to match the native lignocellulolytic 

potential of the aforementioned microbes (Zverlov et al., 2005; Blumer-Schuette et al., 2014; Lynd 

et al., 2017; Lee et al., 2018). Some work has been done to insert genes encoding cellulases and 

hemicellulases into non-lignocellulolytic microbes, such as S. cerevisiae, that already produce high 

levels of commodity chemicals, but lignocellulosic substrate range remains narrow and 

productivity of products from cellulose remains low. (Fujita et al., 2002; Yanase et al., 2010; Lynd 

et al., 2017). Development of lignocellulolytic strains to produce industrially relevant quantities 

of products from lignocellulose requires tractable genetic systems, which are not widely available 

for lignocellulolytic microbes and are challenging to develop. C. thermocellum, T. 

saccharolyticum, and C. bescii have established genetic systems, but differ in their abilities to 

degrade biomass and produce products (Mai et al., 1997; Tyurin et al., 2004; Chung et al., 2012), 

as discussed below. 

 

Clostridium thermocellum 

C. thermocellum (DSMZ 1237, recent reclassification to Hungateiclostridium 

thermocellum (invalidated) (Zhang et al., 2018), and Acetivibrio thermocellus (Tindall, 2019) have 
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been proposed), is a cellulolytic, Gram-positive, obligate anaerobe with an optimal growth 

temperature of 60°C and a native ability to produce ethanol, acetate, lactate, H2, and CO2 as 

primary metabolic products, in addition to smaller quantities of isobutanol and 2,3-butandiol 

(Freier et al., 1988). C. thermocellum natively degrades cellulose and hemicellulose, uses hexoses, 

but is not capable of growing on pentoses (Demain et al., 2005). C. thermocellum utilizes large 

protein complexes known as cellulosomes to degrade biomass; these cellulosomes contain several 

catalytic domains as well as carbohydrate binding modules (Johnson et al., 1982; Gilbert, 2007). 

Recent work has tried to engineer C. thermocellum to be able to co-utilize pentoses and hexoses, 

with some success in allowing the metabolism of xylose and Avicel (microcrystalline cellulose) 

(Xiong et al., 2018). Xylose-induced degradation of xylooligosaccharides was demonstrated, 

however breakdown and co-utilization of both cellulose and hemicellulose has not been 

accomplished and is an active area of research (Xiong et al., 2018). While C. thermocellum excels 

at cellulose metabolism, the inability to utilize both five and six carbon sugars in lignocellulose 

remains a barrier that must be overcome for C. thermocellum to become an industrially relevant 

organism. Metabolic engineering for production of industrial chemicals has largely been directed 

at increasing and optimizing the native ethanol production of C. thermocellum (Lynd et al., 2017; 

Holwerda et al., 2020). This work is dominated by adaptive evolution strategies which have 

resulted in the isolation of strains with specific mutations that allow for improved ethanol 

production capability and tolerance (Tian et al., 2016; Holwerda et al., 2020). Additionally, 

significant work has focused on elimination of non-ethanol fermentation products (acetate, lactate, 

and hydrogen); this work has shown that deletion of acetate formation genes as well as 

hydrogenase genes results in growth defects that may be partially offset by adaptive laboratory 

evolution on high loadings of cellulose to achieve ethanol titers up to 29.9 g/L (Papanek et al., 
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2015; Holwerda et al., 2020). Some work has been done to produce non-native products in C. 

thermocellum, such as n-butanol, but so far has achieved only modest titers and productivities (357 

mg/L n-butanol) (Tian et al., 2019). 

 

Thermoanaerobacter saccharolyticum 

Thermoanaerobacter saccharolyticum is a hemicellulolytic, Gram-positive, obligate 

anaerobe with an optimal growth temperature of 60°C. Interestingly, T. saccharolyticum can 

effectively degrade xylan, but is unable to break down cellulose; it can metabolize many di- and 

monosaccharides. Fermentation products include ethanol, acetate, lactate, H2, and CO2 (Lee et al., 

1993). T. saccharolyticum has garnered significant attention for production of ethanol from 

hemicellulose (Lynd et al., 2017). In particular, T. saccharolyticum has shown potential to produce 

high levels of ethanol (upwards of 70 g/L on purified substrates, 31 g/L from biomass) (Herring et 

al., 2016). The large success in engineering T. saccharolyticum to provide high levels of ethanol 

has demonstrated an approach to achieve high yield of volatiles in a lignocellulolytic thermophile, 

and has inspired work with other thermophiles, like C. thermocellum (Argyros et al., 2011; 

Holwerda et al., 2020). T. saccharolyticum ethanol yield increases were achieved by knocking out 

genes involved in generating or reincorporating major products (acetate, lactate, hydrogen), 

followed by adaptive laboratory evolution on biomass to improve ethanol titers (Shaw et al., 2008; 

Shaw et al., 2011; Shaw et al., 2015; Herring et al., 2016). Consideration of industrial feasibility 

has driven other research for optimization of microbial bioreactive systems for higher industrial 

relevance. For instance, urease expression allowed urea to be used instead of ammonium salts 

(which are less expensive); this also allowed for higher ethanol titers without a need for pH control 

(Shaw et al., 2012). Taken together, studies with T. saccharolyticum have not only greatly 
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improved the production of ethanol from hemicellulose, but also has demonstrated a methodology 

that can potentially be applied to other lignocellulolytic thermophilic bacteria. 

 

Caldicellulosiruptor bescii 

C. bescii is a hemicellulolytic and cellulolytic, Gram-positive, obligate anaerobe with an 

optimal growth temperature of 78°C and natively forms acetate, lactate, H2, and CO2 as primary 

metabolic products (Yang et al., 2010). C. bescii utilizes a plethora of the multi-domain 

lignocellulolytic enzymes with catalytic and carbohydrate binding domains (secreted or bound to 

the surface-(S)-layer) that allow it to degrade a diverse set of carbohydrate polymers (Blumer-

Schuette et al., 2012; Brunecky et al., 2013; Zurawski et al., 2015; Conway et al., 2016; Brunecky 

et al., 2017; Conway et al., 2017; Conway et al., 2018; Blumer-schuette, 2020; Hamouda et al., 

2020). In contrast to cellulosomes, C. bescii (hemi)cellulolytic enzymes are soluble and much 

smaller and do not contain the modular cohesin-dockerin structure. In comparison with T. 

saccharolyticum and C. thermocellum, C. bescii has the advantage of being able to degrade and 

metabolize both the six and five-carbon sugars contained in cellulose and hemicellulose, but C. 

bescii does not possess the native ethanol production capability of the other two microbes. 

Metabolic engineering for production of commodity chemcials from C. bescii has largely targeted 

volatile chemicals, with success in producing ethanol (up to 3.5 g/L) and acetone (up to 0.5 g/L) 

(Williams-Rhaesa et al., 2018a; Straub et al., 2020b). Metabolic engineering efforts have not yet 

achieved comparable titers to those reported for C. thermocellum and T. saccharolyticum; with the 

most success involving the elimination of lactate production and expression of non-native enzymes 

leading to titers of industrially relevant products so far <5 g/L (Lipscomb et al., 2016; Williams-

Rhaesa et al., 2018a; Straub et al., 2020b). This is in part due to the lack of native ethanol 
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production pathways that could be optimized; non-native product titers in C. bescii (ethanol and 

acetone) are comparable to C. thermocellum (such as n-butanol) (Tian et al., 2019). Also, the 

genetic system for C. bescii has been steadily improved over the past decade, but still needs further 

refinement to accelerate strain development efforts (Chung et al., 2012; Lipscomb et al., 2016; 

Williams-Rhaesa et al., 2018b). As such, there exists significant potential to apply the workflow 

strategy from T. saccharolyticum (knockout of off-products, followed by continuous evolution) to 

C. bescii to improve productivity of commodity chemicals. To become industrially relevant, C. 

bescii must increase its titers of non-native products by an order of magnitude and eliminate off-

product formation. 

 

Microbe-feedstock pairings 

As biomass degradation enzymes vary significantly among C. thermocellum, T. 

saccharolyticum, and C. bescii, each microbe favors certain characteristics in a biomass substrate. 

Additionally, the microbes differ in their response to pretreatments of biomass, thus there is a need 

to identify favorable microbe-feedstock pairings and optimize pretreatments (if any).  

Many biomass growth substrates for these organisms have been investigated, including 

microcrystalline cellulose, poplar, and switchgrass (Figure 2). As microcrystalline cellulose can 

be degraded by C. thermocellum and C. bescii, but not by T. saccharolyticum, much of the work 

on CBP has focused on the first two organisms. Comparative assessment of C. bescii and C. 

thermocellum is challenging due to few direct comparisons, commonly disparate processing 

conditions of evaluated biomasses, and differing norms of reporting results. Notably most C. 

thermocellum biomass degradation studies include the autoclaving of biomass, which serves as 

hydrothermal pretreatment, and results are often reported as glucan mass solubilization 
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(Dumitrache et al., 2016; Paye et al., 2016; Balch et al., 2017; Lynd et al., 2017; Balch et al., 2020; 

Beri et al., 2020). On the other hand, C. bescii experiments have been typically done without 

autoclaving the biomass, but rather washing the biomass substrates with water at or below the 

fermentation temperature to remove soluble sugars; results are typically reported as total mass or 

carbohydrate solubilization (Basen et al., 2014; Chung et al., 2014; Zurawski et al., 2015; Straub 

et al., 2019a; Straub et al., 2019b). Both organisms have been tested with various pretreatments 

and processing steps (including alkaline, acid, hydrothermal, and mechanical), with C. 

thermocellum having been more extensively evaluated with pretreatments (Basen et al., 2014; 

Kothari et al., 2018; Straub et al., 2019a). Differences in biomass preparation and the limited 

number of side-by-side comparisons between C. thermocellum and C. bescii (Yee et al., 2012; 

Paye et al., 2016) makes direct comparison between the species difficult. A common point for 

comparison is solubilization of Avicel (microcrystalline cellulose), which is used extensively as a 

positive control in studies with these bacteria. While both organisms can completely solubilize low 

loadings (<10 g/L) of Avicel, reports so far show that C. thermocellum performs better under high 

loadings with 100% solubilization of up to 50 g/L, compared to 60% at 50 g/L loading for C. bescii 

(Basen et al., 2014; Holwerda et al., 2014).  

Both organisms have been extensively evaluated on both natural and transgenic 

switchgrass at various mass loadings, pretreatments, and processes. Three direct comparisons of 

C. thermocellum and C. bescii were done with autoclaved switchgrass and on acid pretreated 

switchgrass (transgenic and natural) (Yee et al., 2012; Paye et al., 2016; Holwerda et al., 2019).  

The acid pretreatment generated inhibitors for C. thermocellum and C. bescii which could be 

removed via a hot water wash for C. thermocellum but not C. bescii; this result agrees with another 

study on dilute-acid pretreated switchgrass fermented with C. bescii (Yee et al., 2012; Basen et al., 
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2014). Fermentation of 5 g/L autoclaved switchgrass showed C. thermocellum to solubilize higher 

amounts of glucans and xylans (58% and 58% respectively) from the substrate than C. bescii (24% 

and 30% respectively), although C. thermocellum is not capable of metabolizing the released 

pentose sugars, unlike C. bescii (Paye et al., 2016). A second direct comparison on autoclaved 

switchgrass reached similar conclusions for three sets of transgenic and non-transgenic control 

lines (Holwerda et al., 2019).  Comparison of these results with another study evaluating C. bescii 

on unpretreated transgenic and natural switchgrass shows some differences in total carbohydrate 

solubilization (Zurawski et al., 2017), possibly a result of the differences in the use of autoclave 

pretreatment or inconsistent media composition between studies, where  Paye et al. and Holwerda 

et al. use modified DSM 516 media with 0.33g/L NH4Cl, Zurawski et al. use modified DSM 671 

media with 1.0g/L NH4Cl.Further optimization of the C. bescii ï switchgrass (transgenic and 

natural) pairings revealed benefits from hydrothermal or mild alkali pretreatments, as did 

sequential fermentation and slow purging of a bioreactor that retained biomass, reaching up to 

70% carbohydrate solubilization (5 g/L loading) and 80% conversion of released carbohydrates to 

fermentation products (50 g/L in retained biomass bioreactor) (Zurawski et al., 2017; Straub et al., 

2019a). This indicates that an optimized pretreatment and processing condition for one microbe-

feedstock pair may not be well suited for another. These results show the importance of 

determining the microbe-specific processing conditions for a given biomass. C. thermocellumôs 

and C. besciiôs disparate optimal switchgrass processing conditions make comparison difficult. 

Where the dilute acid pretreatment would suggest C. thermocellum as the superior degrader, 

evaluation of C. bescii with alkaline pretreatments and slowly purged reactor systems, combined 

with its native ability to metabolize both five and six carbon sugars, indicates competitive or 

superior performance on switchgrass.  
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Poplar trees, natural and transgenic, have been paired with both C. thermocellum and C. 

bescii, where P. trichocarpa had total mass solubilization of 12-20% by C. thermocellum (natural 

poplar variant) and 20-25% by C. bescii (wildtype poplar) (Dumitrache et al., 2016; Straub et al., 

2019b; Straub et al., 2020a). Note that these values are mass solubilizations, not conversions, 

where C. thermocellum can solubilize some of the hemicellulose, but does not convert the five-

carbon sugars. Investigations into transgenic lines have shown potential for feedstock 

optimization, particularly in C. bescii with total mass solubilizations upwards of 80% and 

carbohydrate solubilization upwards of 90% with no pretreatments (Straub et al., 2019b). This 

same work also demonstrated the ability of C. bescii to degrade untreated poplar stem sections, 

eliminating the need to have energy intensive milling, while retaining 70% of mass solubilization 

(Straub et al., 2019b). Optimization of the C. bescii ï transgenic P. trichocarpa pair has shown 

promising results in generating a poplar tree line with improved unpretreated solubilization results 

while minimizing growth defects (Straub et al., 2020a). C. bescii has shown great potential to 

eliminate the need for pretreatment when paired with transgenic poplar; elimination or 

minimization of pretreatment in CBP could significantly reduce energy and economic costs 

making the process more industrially relevant. Two main barriers exist to the industrialization of 

the C. bescii  ï transgenic P. trichocarpa pair: reduction or elimination of growth defects in 

desirable transgenic poplar (discussed previously), and conversion to products at industrial levels. 

This work has highlighted the importance of co-optimizing microbe-feedstock pairs to achieve 

industrially relevant deconstruction efficiency, in contrast to independent improvement in 

microbes or feedstocks. There is potential to extend this work to other microbe-feedstock pairs.  

Most lignocellulolytic substrates contain more cellulose than hemicellulose (such as poplar 

and switchgrass), Consequently, T. saccharolyticum, which can only degrade the hemicellulose 
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component, has received less attention in monoculture; instead work has focused on sequential 

fermentation and coculturing (mostly in conjunction with C. thermocellum) to ferment pentoses 

released from hemicellulose (Wang et al., 2019a). As such, most of the microbe-feedstock pairs 

discussed involve C. thermocellum or C. bescii. However, due to optimal pH differences (T. 

saccharolyticum pH 6 and C. thermocellum pH 7), a related species, Thermoanaerobacterium 

thermosaccharolyticum, with optimal pH of 7, has recently gained interest for coculture with C. 

thermocellum, but has had less success in matching the high ethanol titers of T. saccharolyticum 

(Wang et al., 2019a; Beri et al., 2020). Recent work to degrade autoclaved corn fiber (a high 

hemicellulose substrate) with a sequential coculture of C. thermocellum-T. saccharolyticum and a 

coculture with T. thermosaccharolyticum showed upwards of 96% mass solubilization of 

carbohydrates, but was limited by utilization of saccharides derived from glucuronoarabinoxylan 

without addition of exogenous enzymes (Beri et al., 2020). The same work also indicated the 

capacity for glucuronoarabinoxylan degradation by Caldanaerobius polysaccharolyticus 

(hemicellulolytic, Topt=65-68°C, pHopt~7), which was too thermophilic to use in their coculture 

with C. thermocellum at 55°C (Beri et al., 2020; Cann et al., 2020). To become an effective CBP 

organism, C. thermocellumôs pentose utilization limitations must be overcome. There are two 

routes to a solution: optimization of a coculture or strain development to establish co-utilization 

of hexoses and pentoses. An industrially relevant co-culture would require identification of a 

hemicellulolytic microbe with optimal pH ~7, broad substrate appetite, high productivity of 

industrially relevant products, and ability to form a stable co-culture with C. thermocellum. Due 

to these challenges, metabolic engineering of C. thermocellum to co-utilize pentose and hexose 

sugar is likely a more feasible task. 
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Fermentation process optimization has been shown to dramatically increase deconstruction 

efficiency of biomass. One example is the slowly purged retained biomass bioreactor, mentioned 

previously for C. bescii on switchgrass, which maintained metabolic activity of the microbe 

allowing for improved biomass solubilization as well as doubling conversion of solubilized 

carbohydrates to fermentation products (Straub et al., 2019a). For C. thermocellum, continuous 

ball milling during fermentation (referred to as a cotreatment) has been shown to increase total 

carbohydrate solubilization in switchgrass (46 to 87%), corn stover (66 to 88%), and poplar (18 to 

88%). Interestingly, this process had no effect on solubilization with T. saccharolyticum, and 

inhibited the growth of Zymomonas mobilis and Bacillus subtilis, indicating that this process is not 

suitable for some organisms but can yield improvements for others (Balch et al., 2017; Balch et 

al., 2020). Continuous ball milling has not been tested with C. bescii. For CBP to become 

industrially relevant, process-optimizations need to be considered for specific microbe-feedstock 

pairs. The energy and economics of these processes need to be considered; pretreatments and 

cotreatments have potential to greatly increase the solubilization of available carbohydrates, but 

they can be energy and economically expensive. The gain in carbohydrate solubilization and 

subsequent conversion to a product must be larger than the energy and monetary costs of the 

treatments. 

 

Concluding Remarks 

Progress towards industrial scale conversion of lignocellulose to bioproducts relies on the 

efficient degradation and conversion of biomass into products in order to be energetically and 

economically favorable. Use of consolidated bioprocessing has potential to reduce energy and 

monetary costs by reducing process steps and pretreatments. Of the lignocellulolytic microbes 
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available, two paths are being explored in depth for industrial use. The first path is fermentation 

with C. thermocellum. This option benefits from native ethanol production that has been optimized 

to high titers but is limited by effective co-utilization of all carbohydrates contained in 

lignocellulose and low productivity of non-native products. The second path is fermentation with 

C. bescii. This option benefits from the native ability to release and co-utilize both pentose and 

hexoses contained in lignocellulose but is currently limited by the low productivity of commodity 

chemicals, which have to be engineered into the host. However, both paths are ultimately limited 

by the inability of either microbes or indeed, of any anaerobic microbe, to convert the lignin 

component of the biomass to useful products, as 100% total mass solubilization of lignocellulose 

cannot be achieved without deconstruction of lignin.  

Both C. thermocellum and C. bescii have demonstrated great capability to achieve high 

levels of biomass solubilization under various conditions, but the optimal conditions are microbe-

feedstock specific. The next step to improve CBP biomass deconstruction is to reduce the energy 

and economic costs of the deconstruction process while retaining high levels of carbohydrate 

solubilization. Complementary optimization of specific microbe-feedstock pairs has potential to 

reduce or eliminate the need for pre- and co-treatments. Development of transgenic feedstocks 

tuned to the unique deconstruction abilities of specific CBP microbes, while minimizing feedstock 

growth defects, is needed for an industrially optimized microbe-feedstock CBP pair. 

Additionally, significant advances are needed to bring non-native products to industrial 

relevance. While the work in T. saccharolyticum and C. thermocellum to optimize native ethanol 

production has led to outstanding advances, ethanol alone cannot satisfy the bioproduct future. 

Replacement of other petroleum derivatives and high energy density fuels will likely be needed. 
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For processes like consolidated bioprocessing to fit into the bioproduct future, capacity to 

generate high productivity of non-native commodity chemicals in lignocellulolytic microbes is 

required. 
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Figures and Tables 

Table 1. Genetic improvement of lignocellulosic feedstocks by modulating lignin biosynthesis. 

Target 

genes 
Species 

RNAi or 

CRISPR 
Main results achieved 

Greenhous

e or field-

grown 

Phenotypic observations Reference 

4CL 
P. nigra L. × P. 

maximowiczii A 

RNAi 

downregulation 

Lignin content reduced by 52% 
Total sugar saccharification efficiency 

increased by 245% without treatment 

Greenhouse Not reported (Min et al., 2013) 

4CL P. trichocarpa 
RNAi 

downregulation 

Lignin content reduced by 30% 

Total sugar saccharification increased by 
60% without pretreatment 

 

Greenhouse Not reported (Min et al., 2012) 

4CL P. trichocarpa 
RNAi 

downregulation 
Lignin content reduced by 45% Greenhouse Not reported (Xiang et al., 2015) 

4CL P. trichocarpa 
RNAi 

downregulation 

Lignin content reduced by 33% 

Total sugar saccharification efficiency 

increased by 330% without pretreatment 

Field Not reported (Xiang et al., 2015) 

4CL P. tremula x P. alba 
CRISPR-
knockout 

Lignin content reduced by 23% Greenhouse Not reported (Zhou et al., 2015) 

4CL P. radiate 
RNAi 

downregulation 
Lignin content reduced by 36% Greenhouse Not reported (Wagner et al., 2009) 

4CL P. taeda 
RNAi 

downregulation 

Lignin content reduced by 27% 

Glucose saccharification efficiency 
increased by 280% without pretreatment 

 

Greenhouse Not reported (Edmunds et al., 2017) 

4CL P. virgatum 
CRISPR-

knockout 

Lignin content reduced by 30% 
Glucose and xylose saccharification 

efficiency increased by 11% and 32% 

without pretreatment 

Greenhouse Not reported (Park et al., 2017) 

4CL P. trichocarpa 
RNAi 

downregulation 

Lignin content reduced by 51% 

Glucose and xylose saccharification 

efficiency increased by 300% and 554% 
without pretreatment 

Greenhouse Not reported (Wang et al., 2018) 

AldOMT P. virgatum 
RNAi 

downregulation 

Lignin content reduced by 15% 

Total sugar saccharification efficiency 

and ethanol yield increased by 38% and 
42% without pretreatment 

 

Greenhouse 

Tiller fresh weight ranging from +18% to -6% 

Tiller dry weight ranging from +11% to -2% 
Tiller height ranging from +4% to -4% 

Stem fresh weight ranging from +25% to -14% 

Stem dry weight ranging from +14% to -9% 
Stem height ranging from +4% to -4% 

(Fu et al., 2011b) 
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Table 1 (continued) 

 

Target 

genes 
Species 

RNAi or 

CRISPR 
Main results achieved 

Greenhous

e or field-

grown 

Phenotypic observations Reference 

AldOMT P. virgatum 
RNAi 

downregulation 

Lignin content reduced by 14% 

Total sugar saccharification efficiency 

and ethanol yield increased by 34% and 
28% after pretreatment 

Field 
Tiller height ranging from +7% to -15% 

Plant diameter ranging from +16% to -8% 

Dry weight ranging from +22% to -50% 

(Baxter et al., 2014) 

AldOMT M. sinensis 
RNAi 

downregulation 
Lignin content reduced by 63% Greenhouse 

Plant height ranging from -26% to -43% 

Leaf length ranging from -29% to -49% 

Fresh weight ranging from -73% to -89% 
Dry weight ranging from -60% to -84% 

(Yoo et al., 2018b) 

CCR M. sativa 
RNAi 

downregulation 

Lignin content reduced by 30% 

Total sugar saccharification efficiency 
increased by 67% without pretreatment 

Greenhouse 
Fresh weight ranging from -10% to -70 % 

Dry weight ranging from +5% to -70% 
(Jackson et al., 2008) 

CCR P. tremula x P. alba 
RNAi 

downregulation 

Total sugar saccharification efficiency 

and ethanol yield increased by 139% and 
161% without pretreatment 

Field Average biomass ranging from -16% to -24% 
(Van Acker et al., 

2014) 

CCR P. trichocarpa 
RNAi 

downregulation 

Lignin content reduced by 35% 

Glucose and xylose saccharification 

efficiency increased by 193% and 1161% 
without pretreatment 

Greenhouse 
Plant height ranging from -1% to -75% 

Stem volume ranging from -11% to -96% 
(Wang et al., 2018) 

CAD M. sativa 
RNAi 

downregulation 

Lignin content reduced by 12% 

Total sugar saccharification efficiency 

increased by 26% without pretreatment 

Greenhouse 
Fresh weight ranging from +10% to -55% 

Dry weight ranging from +15% to -55 % 
(Jackson et al., 2008) 

CAD P. virgatum 
RNAi 

downregulation 

Lignin content reduced by 22% 

Total sugar saccharification efficiency 

increased by 89% without pretreatment 

Greenhouse Not reported (Fu et al., 2011a) 

CAD B. distachyon 
RNAi 

downregulation 

Lignin content reduced by 26% 

Total sugar saccharification efficiency 

increased by 46% with pretreatment 

Greenhouse No biomass penalties were observed 
(Bouvier D'Yvoire et 

al., 2013) 

CAD P. tremula x P. alba 
RNAi 

downregulation 

Lignin content reduced by 13% 
Glucose and xylose saccharification 

improved increased by 81% and 153% 

with pretreatment 

Greenhouse 
Plant height ranging from +1% to -11% 

Fresh weight ranging from +14% to -6% 

(Van Acker et al., 

2017) 

CAD P. trichocarpa 
RNAi 

downregulation 

Lignin content reduced by 32% 

Wood biomass solubilization through C. 

bescii increased from 20% (wild-type) up 

to 78% in transgenics 

 

Total carbohydrate solubilization through 
C. bescii increased from 25% (wild-type) 

up to 90% in transgenics 

 
Ethanol yield increased by 587% 

Greenhouse 
Plant height reduced by 53% 

Stem volume reduced by 74% 

(Straub et al., 2019b; 

Straub et al., 2020a) 
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Table 1 (continued) 

 

 

 

Target 

genes 
Species 

RNAi or 

CRISPR 
Main results achieved 

Greenhous

e or field-

grown 

Phenotypic observations Reference 

C3H P. trichocarpa 
RNAi 

downregulation 

Lignin content reduced by 54% 

Wood biomass solubilization through C. 

bescii increased from 20% (wild-type) up 
to 79% in transgenics 

Total carbohydrate solubilization through 

C. bescii from 25% (wild-type) up to 

87% in transgenics 

Ethanol yield increased by 662% 

Greenhouse 
Plant height ranging from -9% to -38% 

Stem volume ranging from -5% to -50% 

(Straub et al., 2019b; 

Straub et al., 2020a) 

C3H and 

C4H 
P. trichocarpa 

RNAi 

downregulation 

Glucose and xylose saccharification 

efficiency increased by 189% and 561% 
without pretreatment 

Greenhouse 
Plant height ranging from -8% to -36% 

Stem volume ranging from -14% to -48% 
(Wang et al., 2018) 

PAL P. trichocarpa 
RNAi 

downregulation 

Lignin content reduced by 57% 

Glucose and xylose saccharification 
efficiency increased by 165% and 285% 

without pretreatment 

Greenhouse 
Penalties in height ranging from +6% to -15% 

Stem volume ranging from -14% to -36% 
(Wang et al., 2018) 

HCT P. trichocarpa 
RNAi 

downregulation 

Lignin content reduced by 31% 
Glucose and xylose saccharification 

efficiency increased by 186% and 315% 

without pretreatment 

 

Greenhouse 
Plant height ranging from -41% to -72% 
Stem volume ranging from -49% to -92% 

(Wang et al., 2018) 



   

32 

 

Figure 1. Schematic representation of the bioenergy feedstocks evolution. Compared to non-

woody starch-based and non-woody lignocellulosic-based feedstocks, forest trees store 

significantly higher amounts of carbon, reaching 57% of all carbon biomass on earth. The 

abundance of woody biomass availability makes short-rotation forest trees an extraordinary 

feedstock source to meet the worldôs demands for sustainable bioenergy (A). The integration of 

omics (e.g., genomics, transcriptomics, proteomics, and metabolomics) to advanced machine-

learning algorithms (B) is a powerful approach to design strategic genotypes of interest when 

combined with genome-editing technologies such as CRISPR-SpCas9 (C). Superior trees with 

enhanced wood traits, growth, and feedstocks deconstruction are essential for the cost-effective 

production of renewable fuels and chemicals (D). 
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Table 2: (Hemi)cellulolytic microbes with industrial potential 

 

 

 

Microbe Description 

Topt 

(°C) 
Carbohydrate 

deconstruction 

method 

Primary 

Native 

products 

Deconstruction 

Substrates 

Plant Biomass 

Growth Sugars 

Genetic 

System 
References 

pHopt 

Caldanaerobius 
polysaccharolyticus 

hemicellulolytic, Gram-positive, 

non-spore forming, thermophilic, 

anaerobic bacterium 

65-68 S-layer 

associated 

enzymes 

ethanol, 
acetate, 

formate, 

lactate, H2, 
CO2 

Hemicelluloses, 
pectins 

cellobiose, glucose, 

xylose, mannose, 
galactose, arabinose, 

fructose, rhamnose 

No 

(Cann et al., 2001; 

Han et al., 2012; 

Cann et al., 2020) 7 

Caldicellulosiruptor 

bescii 

(hemi)cellulolytic, Gram-positive, 
non-spore forming, extremely 

thermophilic, anaerobic bacterium 

78 
multi-catalytic 

domain 

secreted free 

and S-layer 
associated 

enzymes 

acetate, 
lactate, H2, 

CO2 

cellulose, 
hemicelluloses, 

pectins, starches 

cellodextrins, 
xylodextrins, 

glucose, xylose, 

arabinose, galactose, 
fructose, mannose, 

rhamnose 

Yes  
(Yang et al., 2010; 

Lee et al., 2020) 

7.2 

Clostridium 
cellulovorans 

cellulolytic, Gram-positive, spore-

forming, mesophilic, anaerobic 

bacterium 

37 

cellulosomes 

acetate, 

lactate, 

butyrate, 
formate, 

ethanol, H2, 

CO2,  

cellulose, 

hemicelluloses, 

pectins 

cellodextrins, xylan, 

glucose, galactose, 

fructose, mannose  

Yes 

(Sleat et al., 1984; 

Wen et al., 2017; 

Wen et al., 2019) 
7 

Clostridium 

cellulolyticum 

(hemi)cellulolytic, Gram-positive, 

spore-forming, mesophilic, 
anaerobic bacterium 

34 

cellulosomes 

acetate, 
lactate, 

ethanol, H2, 

CO2 

cellulose and 

hemicelluloses, 
pectins 

cellodextrins, 

xylodextrins, 
glucose, xylose, 

weakly (fructose, 

arabinose, galactose, 
mannose)   

Yes 

(Jennert et al., 2000; 

Guedon et al., 2002; 
Desvaux, 2005) 

7.2 

Clostridium clariflavum 

cellulolytic, Gram-positive, spore-

forming, thermophilic, anaerobic 
bacterium 

55-60 

cellulosomes 

acetate, 

lactate, 

formate, 
ethanol, H2, 

CO2 

Cellulose, 

hemicelluloses 

cellodextrins, 

(xylodextrins, 
xylose)a 

No 

(Shiratori et al., 

2006; Shiratori et 

al., 2009; Artzi et 
al., 2014; Izquierdo 

et al., 2014) 
7.5 

Clostridium 
thermocellum 

cellulolytic, Gram-positive, spore-

forming, thermophilic, anaerobic 

bacterium 

60 cellulosomes 

acetate, 

lactate, 
ethanol, H2, 

CO2 

cellulose, 

hemicelluloses, 

pectins, starches 

cellodextrins, 

(glucose, fructose, 

xylose)b 

Yes 

(Freier et al., 1988; 

Demain et al., 2005; 
Tripathi et al., 

2010) 
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Table 2: (Continued) 

 

Microbe Description 

Topt 

(°C) 
Carbohydrate 

deconstruction 

method 

Primary 

Native 

products 

Deconstruction 

Substrates 

Plant Biomass 

Growth Sugars 

Genetic 

System 
References 

pHopt 

Thermoanaerobacter 

saccharolyticum 

hemicellulolytic, Gram-positive, 

non-spore forming, thermophilic, 
anaerobic bacterium 

60 secreted and S-
layer 

associated 

enzymes 

acetate, 
lactate, 

ethanol, H2, 

CO2 

hemicelluloses, 

pectins, starches 

xylan, cellobiose, 
glucose, xylose, 

mannose, galactose, 

arabinose, fructose 

Yes 

(Lee et al., 1993; 

Shaw et al., 2010; 
Currie et al., 2014) 6 

Thermoanaerobacterium 
thermosaccharolyticum 

hemicellulolytic, Gram-positive, 

spore forming, thermophilic, 

anaerobic bacterium 

60 
secreted and S-

layer 
associated 

enzymes 

acetate, 

lactate, 

butyrate 
ethanol, n-

butanol, H2, 

CO2 

hemicelluloses, 
starches 

cellobiose, glucose, 

xylose, arabinose, 
galactose, fructose, 

mannose 

Yes 

(McClung, 1935; 

Collins et al., 1994; 
Demain et al., 2005; 

Shaw et al., 2010) 
7 

Trichoderma reesei 

(hemi)cellulolytic, filamentous, soft-

rot, mesophilic, aerobic, ascomycete 
fungus 

25-30 

secreted 

enzymes 

CO2, 
enzymes, 
biomass  

cellulose, 

hemicelluloses, 
pectins, starches 

cellodextrins, 

xylodextrins glucose, 

xylose, arabinose, 
galactose, fructose, 

mannose, rhamnose 

Yes 

(Smits et al., 1996; 

Pakula et al., 2005; 
Martinez et al., 

2008; Häkkinen et 

al., 2015; He et al., 
2020) 

4-6 
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Figure 2. Microbe-feedstock pairing for consolidated bioprocessing. (A) Production of 

industrially relevant chemicals from plant biomass by CBP microbes has been demonstrated from 

native and engineered metabolic pathways (chemicals in red), potential exists to engineer microbes 

to create other products (including chemicals in black). (B) Common substrates for 

(hemi)cellulolytic microbes include microcrystalline cellulose (Avicel), poplar (Populus 

trichocarpa pictured), and switchgrass (Panicum virgatum). (C) Example 4-day fermentation of 

poplar using Caldicellulosiruptor bescii. 
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Abstract 

Naturally occurring, microbial contaminants were found in plant biomasses from common 

bioenergy crops and agricultural wastes. Unexpectedly, indigenous thermophilic microbes were 

abundant, raising the question of whether they impact thermophilic consolidated bioprocessing 

fermentations that convert biomass directly into useful bioproducts. Candidate microbial platforms 

for biomass conversion, Acetivibrio thermocellus (basionym Clostridium thermocellum; Topt 

60°C) and Caldicellulosiruptor bescii (Topt 78°C), each degraded a wide variety of plant 

biomasses, but only A. thermocellus was significantly affected by the presence of indigenous 

microbial populations harbored by the biomass. Indigenous microbial growth was eliminated at Ó 

75°C, conditions where C. bescii thrives, but where A. thermocellus cannot survive. Therefore, 

75°C is the thermophilic threshold to avoid sterilizing pre-treatments on the biomass that prevents 

native microbes from competing with engineered microbes and forming undesirable by-products. 

Thermophiles that naturally grow at and above 75°C offer specific advantages as platform 

microorganisms for biomass conversion into fuels and chemicals.  

 

Introduction  

Production of renewable chemicals and fuels from lignocellulose has received significant 

attention due to the high abundance of these feedstocks, but complexities of the proposed 

bioprocesses and economic realities that relate to the fluctuating price of oil have created barriers 

to commercialization (Usmani et al., 2021). Many chemical, mechanical, and biological methods 

aimed at deconstructing the complex polymers in lignocellulose (mainly lignin, hemicellulose, 

cellulose) have been examined as a prequel to microbial conversion to desired products. Among 

the biological approaches, (hemi)cellulolytic microbes have been investigated to leverage their 
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native ability to break down polysaccharides, and subsequently could be metabolically engineered 

to convert fermentable sugars into industrially relevant products (Bing et al., 2021). So-called 

Consolidated BioProcessing (CBP) aims to use microbes that combine deconstruction and 

conversion to reduce or eliminate costs associated with pretreatments and need for exogenous 

enzymes (Olson et al., 2012). Pretreatments that may be needed to reduce biomass recalcitrance to 

degradation and conversion can be expensive and typically require a significant amount of energy 

input. Although recent developments for lignocellulosic pretreatments are advancing and 

becoming less energy and economically expensive (Chen et al., 2022, Hoang et al., 2021a, Hoang 

et al., 2021b), these pretreatments will still require significant energy input. Thus, elimination, or 

at least reduction, of pretreatments is desirable. 

Thermophilic bacteria stand out as candidates for CBP and pretreatment reduction. High 

temperature conditions offer several potential advantages, including novel product separation 

strategies, increased saccharification efficiency, and resistance to contamination (Bing et al., 2022; 

Blumer-Schuette et al., 2014). Two bacteria have received significant attention: the moderate 

thermophile Acetivibrio thermocellus (basionym: Clostridium thermocellum) (Tindall, 2019) (Topt 

60°C) and the extreme thermophile Caldicellulosiruptor bescii (Topt 78°C) (Blumer-Schuette et 

al., 2014; Lynd et al., 2017). A. thermocellus deploys enzymes packaged in cellulosomes to 

degrade cellulose and hemicellulose, and then selectively metabolizes the released hexoses, but 

not the pentoses, to natively make acetate, lactate, ethanol, and formate as primary water-soluble 

products (Blumer-Schuette et al., 2014; Freier et al., 1988). C. bescii uses freely secreted multi-

domain enzymes to degrade both hemicellulose and cellulose, and then metabolizes both pentoses 

and hexoses to natively make acetate and lactate as primary water-soluble products (Blumer-

Schuette et al., 2014; Yang et al., 2010). Both microbes have been genetically engineered to make 
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non-native useful products; efforts are ongoing to reach industrially relevant productivities 

(Holwerda et al., 2020; Straub et al., 2020; Tian et al., 2019; Williams-Rhaesa et al., 2018).  

One advantage of thermophilic microbes for bioindustrial processes is the minimization, 

or even lack, of requirements for sterilization to eliminate disruptive microorganisms. This would 

result in less expensive equipment and simplified bioprocessing procedures. However, the 

temperature at which this thermophilic advantage applies in specific cases, such as plant biomass 

conversion, has not been examined in detail. Here, thermophilic microbes were discovered to be 

naturally abundant on a range of untreated plant biomasses of various origins. Whether a 

thermophilic threshold exists for which plant biomass can be used directly without influences from 

the contaminating microbes was explored. Operation above this threshold would provide 

significant industrial processing advantages for conversion of lignocellulosic biomasses into useful 

bio-products. 

 

Materials and Methods 

Materials 

Plant biomass substrates were obtained as follows: wildtype and transgenic (Line i20-3-1) 

poplar (Populus trichocarpa, genotype Nisqually-1) were produced and provided by Dr. Jack 

Wang, as described in (Bing et al., 2022). Field grown cave-in-rock switchgrass (Panicum 

virgatum L.) from Monroe County, Iowa, USA, was obtained from the National Renewable Energy 

Laboratory (NREL). Wheat straw was received as a gift from Nature Energy (Denmark). 

Miscanthus ñIllinoisò and ñPinkò varieties were provided by Dr. Amy Grunden (NC State 

University). Sugarcane Bagasse was received as a gift from Dr. Sunkyu Park who indicated it was 

produced by a commercial sugar mill in Louisiana, USA. Corn stover was obtained from the 
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National Renewable Energy Laboratory (NREL). Soybean hulls used were the same ones used in 

(Bing et al., 2022) and were gifted by Dr. Marko Hakovirta who obtained them from a commercial 

soybean processing facility. Christmas tree greenery waste from 2018 harvest in Ashe County, 

North Carolina was generously provided by Dr. Jeff Owen and Brad Edwards via the Ashe County 

Cooperative Extension Office. Wet-milled (no steep liquor added) and dry-milled corn fiber was 

provided by Novozymes A/S. Spent coffee was purchased as whole beans from Oak City Coffee 

Roasters, Raleigh, NC (óYirgacheffeô product name), ground with an electric burr grinder 

(SHARDOR CG825B), used to make coffee in a pour-over method (16:1 mass ratio boiling water 

to grounds) to become spent coffee grounds. Beechwood xylan was purchased from Biosynth-

Carbosynth (YX45751). Avicel PH-101 was purchased from Millipore-Sigma. D-cellobiose was 

purchased from Biosynth-Carbosynth (OC04040). All other reagents were purchased from 

Thermo Fisher Scientific unless otherwise specified. 

 

Strains and culture media 

All cultures were carried out in sealed 125 mL serum bottles, with a 50 mL working 

volume, and were agitated by shaking at 150RPM in New Brunswick Innova 42 incubator shakers. 

Caldicellulosiruptor bescii (DSM 6725) and Acetivibrio thermocellus (DSM 1313) strains were 

originally obtained from DSMZ-German Collection of Microorganisms and Cell Cultures. C. 

bescii was cultured on modified defined DSM671 medium (D671) with 20mM MOPS (3-(N-

morpholino)propanesulfonic acid) with N2/CO2 (80/20 v/v, 5 psig) headspace at 75°C, as described 

previously (Bing et al., 2022; Zurawski et al., 2015). A. thermocellus and isolated moderate 

thermophiles were cultured at 60°C (unless stated otherwise) on either complex MTC (Holwerda 

et al., 2012) or modified defined LC medium (Holwerda et al., 2019). Compositions were identical 
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to those described except for resazurin was used at 0.25 µg/ml, MOPS was used at 20mM (instead 

of 5 g/L), and cysteine was used at 1g/L for both LC and MTC. Medium preparation was done by 

addition of several concentrated stocks. For MTC media: MTC-Salts-1 at 50x final concentration 

contained 50 g/L sodium sulfate, 75 g/L ammonium chloride, and 100 g/L urea; MTC-Salts-2 at 

50x final concentration contained 50 g/L magnesium chloride hexahydrate, 10 g/L calcium 

chloride dihydrate, and 5 g/L ferrous chloride tetrahydrate; MTC-Vitamins at 50x final 

concentration contained 1g/L pyridoxamine dihydrochloride, 0.2 g/L para-aminobenzoic acid, 0.1 

g/L D-biotin, and 0.1 g/L vitamin B12 (cyanocobalamin); MTC-Citrate at 25x final concentration 

contained 59.92 g/L citric acid anhydrous and 27.47 g/L potassium hydroxide; MTC-Trace-

Elements at 1000x final concentration contained 1.25 g/L manganese(II) chloride tetrahydrate, 0.5 

g/L zinc chloride, 0.125 g/L cobalt(II) chloride hexahydrate, 0.125 g/L nickel(II) chloride 

hexahydrate, 0.125 g/L copper(II) sulfate pentahydrate, 0.125 g/L boric acid, and 0.125 g/L sodium 

molybdate dihydrate; resazurin-stock at 100000x final concentration contained 25 mg/mL of 

resazurin sodium salt; 25x final concentration MOPS was prepared as 0.5M 3-(N-

morpholino)propanesulfonic acid; Dipotassium phosphate was prepared as a 1M stock and used 

as 174.2x final concentration. MTC media was prepared by addition of each liquid stock, brought 

to final volume with deionized water, then 5 g/L yeast extract, 1 g/L L-cysteine hydrochloride 

monohydrate, 2.5 g/L sodium bicarbonate, and sugar substrate (cellobiose at 5 g/L, unless 

otherwise stated) were added as solids. Medium pH was adjusted to 7.0 with sodium hydroxide, 

vacuum filter sterilized (0.22µm), sealed into bottles, and degassed by alternating vacuum and N2 

(5 psig) for 3 cycles. Bottles were allowed to heat up for 2 hours, or until resazurin indicator was 

clear, prior to inoculation. LC medium was prepared using several of the same stocks: MTC-

vitamins, MTC-Trace-Elements, resazurin-stock, MOPS stock, and dipotassium phosphate stock 
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(1M, expect it was used at 58.1x final concentration to reach 3 g/L). Additionally, 1M 

monopotassium phosphate was used at 68x final concentration to reach 2 g/L, and LC-Salts at 50x 

final concentration contained 5 g/L sodium sulfate, 10 g/L magnesium chloride hexahydrate, 2.5 

g/L calcium chloride dihydrate, 1.25 g/L ferrous chloride tetrahydrate, 0.175 g/L ferrous sulfate 

heptahydrate, and 25 g/L urea. LC media was prepared similarly as MTC with the addition of the 

carbohydrate source (5 g/L) and cysteine as solids to the liquids, followed by pH adjustment with 

sodium hydroxide to 7.0, filtering, sealing in bottles and degassing with N2. 

 

Preparation and use of substrates 

All biomass substrates were initially prepared by milling, sieving, and washing (3 times 

with 65°C water), as described previously (Bing et al., 2022; Straub et al., 2019). Beechwood 

xylan was used as received and not washed, due to the high fraction of soluble carbohydrates. The 

prepared substrate was added to serum bottles prior to addition of sterile filtered medium and 

degassing. For autoclaved substrate experiments, the washed and milled substrate was autoclaved 

for 60 min at 121°C after addition to serum bottles, but prior to the addition of sterile filtered 

medium and degassing.  

 

Quantitative saccharification  

Quantitative saccharification of the prepared plant biomass substrates was conducted as 

described previously to determine the lignin and carbohydrate content (Bing et al., 2022; Wang et 

al., 2018). Moisture content was determined by mass change after incubation of 0.5 g of substrate 

at 110°C for 16 h. 
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Inoculated substrate solubilization experiments 

All plant biomass substrates were used at 5 g/L carbohydrate loading. This loading was 

chosen for three reasons. It is commonly used in literature (Balch et al., 2020; Basen et al., 2014; 

Dumitrache et al., 2016; Holwerda et al., 2012; Straub et al., 2019; Zurawski et al.,2015). 

Standardizing to carbohydrate content instead of total mass aids comparison between biomasses. 

And, 5g/L carbohydrate is typically accepted for C. bescii and A. thermocellus as being within the 

carbohydrate limited growth scenario, minimizing convoluting variables (i.e. other limiting 

nutrients or excessive acidification). C. bescii was adapted to each substrate by reviving a freezer 

stock (stored in 15% glycerol) on D671 medium, as previously described (Bing et al., 2022; Wang 

et al., 2018), with 2 g/L Avicel, 2 g/L beechwood xylan, and 1 g/L cellobiose. After 2 days, a 2% 

inoculum was passaged to 5 g/L carbohydrate plant biomass substrate, 0.2 g/L Avicel, 0.2 g/L 

beechwood xylan, and 0.1 g/L cellobiose. After 3 days, a 2% inoculum was transferred to 5 g/L 

carbohydrate plant biomass substrate. Finally, after another 3 days, triplicate experimental cultures 

were started at 107 cells/mL on 5 g/L carbohydrate substrate (exact amount recorded). Cultures 

were harvested after 7 days. A. thermocellus was adapted in a similar manner except, freezer stocks 

were made with and revived on MTC (cellobiose) medium, followed by passage to LC medium 

with 2 g/L Avicel, 2 g/L beechwood xylan, and 1 g/L cellobiose. The rest of the passages were 

carried out on LC medium with the same substrate loadings as done for C. bescii. After cultures 

were harvested, samples were saved for detection of soluble products and solids were used to 

determine total mass solubilization as previously described (Bing et al., 2022; Straub et al., 2019). 

Quantitative saccharification on post-fermentation solids was done as described above. Total mass 

solubilization and post-fermentation quantitative saccharification results were used to determine 
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carbohydrate solubilization by calculating the amount of each carbohydrate present before and 

after fermentation. 

 

óUninoculatedô biomass substrate experiments 

All plant biomass substrates were used at 5 g/L carbohydrate loading. Culture medium was 

added directly to the plant biomasses, sealed, and degassed. Bottles were incubated for 7 days 

unless indicated otherwise. Cultures were harvested as done for óInoculated substrate 

solubilization experimentsô, with the exception that a 1 mL sample of the fermentation was taken 

prior to centrifugation. This additional sample was used for epifluorescence microscopy to 

determine cell density and detect contamination. 

 

Detection of fermentation products 

Fermentation products (acetate, formate, ethanol, lactate, pyruvate) and soluble sugars 

were separated by High-Performance Liquid Chromatography (HPLC) on a Phenomenex Rezex-

ROA column (300mm x 7.8mm) with 5mM sulfuric acid mobile phase at 60°C on a Waters Arc 

HPLC system. Quantification of components was done with a Waters 2414 refractive index (RI) 

detector at 50°C and a Waters 2998 photodiode array (PDA) detector. Xylose, glucose, 

cellobiose, xylobiose were quantifiable with the method, higher oligosaccharides eluted together 

and were thus identifiable as oligosaccharides, but unquantifiable. 

 

Determination of cell density and microbial detection by epifluorescence microscopy 

Culture samples were fixed by combining 1 mL of culture with 100 µL of 2.5% 

glutaraldehyde. Up to 80 µL of this sample was stained in 5 mL of 0.05% acridine orange and 
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imaged on a Nikon Eclipse 50i microscope, as previously described, except an Accu-Scope Excelis 

HD camera was used to record images of cells (Conway et al., 2016; VanFossen et al., 2011). 

Micrographs of cells were recorded at 150 ms exposure and gain set to 25 using the CaptaVision 

software. The number of fixed cells added to the acridine orange was reduced for higher density 

cultures to allow 20-40 cells per frame to be counted. Use of 80 µL allowed a minimum detection 

threshold of ~105 cell/mL. 

 

 Isolation of microbes from wheat straw  

The wheat straw culture (in LC medium) was passaged with a 2% inoculum to MTC 

medium at 60°C. Using genomic DNA extracted with the NEB Monarch Genomic DNA 

Purification Kit using the tissue lysis buffer and lysozyme to lyse cells, 16S Ribosomal Next-

Generation-Sequencing (Azenta Life Sciences/Genewiz service) was done on this starting sample. 

Strain purification was done on 1.5% agar MTC plates prepared with 2x concentration MTC and 

3% agar, which were mixed, cooled to 40°C, then poured into plates containing 100µL room 

temperature culture dilutions. Culture dilutions were made by quenching an actively growing 

culture in room temperature water, prior to sampling.  Factor of 10 serial dilutions of the culture 

was made in 1x MTC salts until a 10-5 dilution factor was reached. Dilutions and plating were 

carried out aerobically at room temperature. After the plates solidified (~5 min), they were placed 

into a pressure paint tank that was degassed by alternating vacuum and N2 for 6 cycles. The entire 

tank was then placed in an oven at 60°C for 2 days. Colonies were picked into MTC media, grown, 

and re-plated. A total of 5 rounds of plate purification were done. Genomic DNA extraction and 

16S ribosomal PCR-Sanger sequencing (Azenta Life Sciences/Genewiz service) was used to 

screen colonies during purification. 
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Results and Discussion 

Composition of plant biomasses 

Quantitative saccharification was done for fifteen biomasses (Fig. 1) that have been 

considered for conversion to bio-based fuels and chemicals (Beri et al., 2020; Kucharska et al., 

2018; Liu & Li, 2017; McNutt & He, 2019; Raud et al., 2019; Sharma & Saini, 2020; Usmani et 

al., 2021). These represent categories of lignocellulosic substrates spanning dedicated energy crops 

(both natural and transgenic varieties), agricultural wastes, and process-purified polysaccharides. 

Most have significant lignin content (Fig. 1A, 1B) that contribute to biomass recalcitrance to 

microbial attack. Xylan and Avicel (microcrystalline cellulose) are reported here to give context 

to lignocellulosics. While lignin content correlates with biomass recalcitrance, the types of lignin 

present are also important (Bing et al., 2021). Acid soluble (ASL) and insoluble (Klason) lignin 

(KL) were determined (Fig. 1B). KL typically represents a majority of plant lignin, while ASL is 

usually much lower. ASL represents lower-molecular weight lignin degradation products and are 

more easily formed from syringyl lignin (Yasuda et al., 2001). Here, corn fiber results are atypical, 

where roughly equal KL and ASL are seen. This could be due to interference by non-lignin 

components, such as proteins, which have been indicated for corn fiber previously (Kálmán et al., 

2006), or it might correlate to a lignin structural difference due to a high content of arabinoxylan, 

which crosslinks with lignin (Buranov & Mazza, 2008). Ultimately, the fermentable carbohydrate 

content of these biomasses is mainly hexose (glucose, galactose, mannose) and pentose sugars 

(xylose, arabinose) that can potentially be converted to bio-based products. Carbohydrate 

composition is variable between biomasses, reflecting the heterogeneity of plant polysaccharides, 

with the largest difference seen between whole-crop substrates (woods and grasses) compared to 

some of the agricultural wastes (corn fibers, soybean hulls, spent coffee) (Fig. 1C). While 
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galactose, arabinose, and mannose are typically minor components in whole-crop substrates, they 

often occur at higher levels in agricultural wastes. 

 

Thermophilic fermentation of unpretreated plant biomasses 

Although biomass conversion by A. thermocellus or C. bescii has been extensively studied, 

there have been no side-by-side comparisons on a range of different types of biomass without 

pretreatment; existing direct comparisons are mostly limited to pretreated switchgrass (Bing et al., 

2021). Here, both microbes were used to ferment the biomasses from Fig. 1 without pretreatment 

(Fig. 2). Biomass solubilization was generally comparable for the two bacteria, but with some 

striking differences (Fig. 2A/C/E). Looking at total carbohydrate solubilizations, A. thermocellus 

nearly completely solubilized corn fiber carbohydrate (91/96%, WMCF/DMCF), confirming 

previous results for A. thermocellus (Beri et al., 2020), while C. bescii solubilized much less 

(22/31%). C. bescii struggles to access the xylan/arabinose portion of corn fiber (Fig. 2C), 

indicating it may lack one or more enzymes responsible for solubilizing cross-linked arabinoxylan 

present in A. thermocellus. On the other hand, with poplar (Populus trichocarpa), C. bescii 

outperformed A. thermocellus on wildtype poplar (WT3-1, 31% vs 22%), but had more similar 

performance on a low-lignin transgenic poplar line (i20-3-1, 55% vs 60%). These poplar results 

are similar to previously reported values for P. trichocarpa, although some deviation is seen due 

to use of various transgenic and natural variants (Bing et al., 2022, Holwerda et al., 2019, Straub 

et al., 2019). A. thermocellus did better than C. bescii on many grass substrates, including Cave-

in-Rock switchgrass (47% vs. 38%), Miscanthus óPinkô (77% vs. 64%), sugarcane bagasse (51% 

vs 30%), and corn stover (59% vs. 41%). Switchgrass results are similar for C. bescii to previous 

work done with Cave-in-Rock switchgrass (Zurawski et al., 2015), A. thermocellus switchgrass 
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results are also comparable to literature (although autoclave pretreatment was used) for other 

switchgrass lines (Holwerda, 2019). Arabinose cross-linking is likely responsible for the 

differences between A. thermocellus and C. bescii on grasses and corn fiber. Notably, no 

significant difference was seen for wheat straw (47% vs 46%), making it the only grass that A. 

thermocellus did not perform better on. It is uncertain why the Miscanthus óIllinoisô was 

significantly more recalcitrant than the óPinkô variety, for both A. thermocellus and C. bescii (16% 

and 4%, respectively). C. bescii performed best on soybean hulls (82% vs. 57%) and spent coffee 

(91% vs. 10%). Why A. thermocellus was not able to solubilize more of the soybean hulls is 

unclear, considering their low-lignin content. High lignin content (33%) of spent coffee likely 

makes it highly recalcitrant to A. thermocellus, notably however C. bescii seems unhindered by 

the high lignin. Taken together, soybean hulls and spent coffee results suggest an advantage for C. 

bescii on mannan-rich substrates compared to A. thermocellus. Neither bacterium was able to 

solubilize Christmas greenery or Miscanthus óIllinoisô to appreciable extents.  

Fig. 2A shows that each bacterium could completely solubilize Avicel carbohydrate, but only 

C. bescii could grow on xylan, as expected (Basen et al., 2014, Holwerda et al., 2012); A. 

thermocellus was unable to consume xylan since it does not metabolize pentose sugars. Acetate 

was the predominant soluble fermentation product of C. bescii on all biomasses tested, with minor 

amounts of lactate detected at higher solubilizations (Fig. 2B). A. thermocellus produced mostly 

acetate and ethanol, and occasionally formate (Fig. 2D). Fig. 2C/E show monosaccharide-specific 

solubilizations for each biomass for C. bescii (Fig. 2C) or A. thermocellus (Fig. 2E); generally, 

the ratio of monosaccharides solubilized is similar for a given biomass between the two microbes, 

even if the total solubilization is different. For example, with sugarcane bagasse, A. thermocellus 

solubilizes more total carbohydrates than C. bescii, which is represented by a balanced increase in 
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solubilization of all four monosaccharides. This indicates that whatever mechanism reduces 

recalcitrance of sugarcane bagasse to A. thermocellus, it uniformly opens up access to all sugar 

types. Conversely, there are a few biomasses where this is not the case, such as corn fiber (high 

arabinoxylan content, discussed previously) or spent coffee, where A. thermocellus appears unable 

to access any mannose and minimal glucose compared to C. bescii. 

Taking a closer look at Fig. 2B/D, some residual, soluble sugars are left after fermentation in 

several cases for C. bescii (mostly glucose and xylose). This occurs at higher solubilizations when 

the pH is not controlled. C. bescii acidifies the medium to a point where it ceases to grow and 

consume sugars, yet secreted enzymes that continue to hydrolyze sugars. Unexpectedly, for A. 

thermocellus, only small amounts (xylose) were left over, in just a few cases. Accumulation of 

released pentose mono- and oligosaccharides was expected, as A. thermocellus can solubilize, but 

not consume, pentoses. This is seen in Fig. 2E, where pentoses (xylose and arabinose) are 

solubilized from the biomasses, yet little to no residual pentoses are observed in Fig. 2D. This 

raised the question: What is fermenting the pentose sugars in the A. thermocellus cultures at 60°C?  

 

Abundance of indigenous thermophiles in plant biomasses 

A clue to why pentose sugars did not accumulate in A. thermocellus cultures came from control 

experiments where biomass was incubated in growth media at the relevant temperatures without 

inoculation of A. thermocellus or C. bescii. Unexpectedly, the media became turbid and microbial 

fermentation products were detected (acetate, ethanol). A systematic analysis revealed that all 

plant biomasses under study, with exception of Christmas greenery, naturally harbored significant 

numbers of thermophilic microbes.  These grew at 60°C in A. thermocellus medium (LC) after a 

7-day incubation, in many cases with cell counts of ~108 cells/mL (Fig. 3A).  However, they did 
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not grow at 75°C in C. bescii medium (D671). Although low cell counts (<106 cells/mL) were 

observed at 75°C for microbes naturally present on sugarcane and corn stover (Fig. 3A), a 2% 

inoculation of MTC (cellobiose) medium from these 75°C cultures had growth at 60°C, but not at 

75°C.  As expected, xylan and Avicel showed no evidence of microbial growth at either 

temperature (Fig. 3A). Note that all biomasses were washed with 65°C water three times prior to 

any experimentation to attempt to remove soluble material from the biomasses. Xylan was not 

washed, as it was mostly soluble at 65°C (hence, the high solubilization in Fig. 2B).  

The nature of thermophilic microbes naturally present on the plant biomasses was investigated. 

Clearly, some are able to utilize the plant biomass as carbon and energy sources at 60°C, although 

not at 75°C (Fig. 3A). Growth of native microbes at 60°C was confirmed using 1-day and 7-day 

sugarcane bagasse incubations, where indigenous microbes grew at 60°C in both A. thermocellus 

and C. bescii medium, but no growth was detected in either medium at 75°C even after seven days 

(Fig. 3D). The extent to which these indigenous microbes could solubilize the biomass in which 

they are harbored was determined (Fig. 3B), as was their fermentation products (Fig. 3C). This 

helped to better understand the contribution these indigenous thermophiles may have on the 

solubilization and conversion of plant biomasses by pure cultures of consolidated bioprocessing 

thermophiles at both 60 and 75°C. Most biomasses, when incubated without inoculation, were 

solubilized to much less extent compared to when they were inoculated with A. thermocellus or C. 

bescii. For example, A. thermocellus, for 9 of 13 biomasses, reached at least 40% solubilization 

after 7 days at 60°C (Fig. 2A and supplemental material), but in general <10% was solubilized at 

60°C without inoculation (Fig. 3B), indicating that most indigenous microbes tend to be less 

lignocellulolytic than A. thermocellus. Total mass solubilizations corresponding to the 

carbohydrate solubilizations reported in Fig. 2A and 5A are provided in the supplemental material. 
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Importantly, uninoculated biomass solubilizations were even higher at 75°C (Fig. 3B), where the 

indigenous microbes are largely inactive (Fig. 3A). Hence, some biomass material is solubilized 

without microbial action, and this is evident from the acetate that is released by chemical 

deacetylation at 75°C (Fig. 3C), despite attempts to prevent abiotic solubilization by washing the 

substrates at 65°C prior to experiments. One would expect abiotic biomass solubilization to be less 

extensive at 60°C than at 75°C. However, 60°C acetate levels meet or exceed 75°C level for many 

of the biomasses (Fig. 3C), indicating that the indigenous microbes are fermenting at 60°C. Less 

frequently, lignocellulolytic behavior is detected from the native microbes at 60°C. This was the 

case for wheat straw and soybean hulls, where one of three replicates solubilized to a much higher 

extent; this is also why the error bars are large. The replicates solubilized 32% of the wheat straw 

and 50% of the soybean hull total mass at 60°C, compared to <13% for 75°C and other 60°C 

replicates (Fig. 3B and supplemental material).  Moreover, these cultures produced ethanol and 

significantly more acetate (Fig. 3C), demonstrating the indigenous microbial ability to solubilize 

and convert these biomasses at 60°C. Comparing these uninoculated results with A. thermocellus 

inoculated fermentations (Fig. 2A and supplemental material), total mass solubilizations were 

surprisingly similar, with uninoculated wheat straw slightly lower than A. thermocellus (32% vs 

45%) and uninoculated soybean hulls slightly exceeding that of A. thermocellus (50% vs 48%). 

Together these results show that indigenous microbes are breaking down most plant biomasses 

at 60°C, and specifically those where acetate levels are the same or higher at 60°C than at 75°C. 

These biomasses include switchgrass, wheat straw, Miscanthus, sugarcane bagasse, corn stover, 

dry mill corn fiber, and soybean hulls.  Moreover, some native microbes have the ability to meet 

or possibly exceed A. thermocellusôs capacity to degrade some plant biomass, as seen for wheat 

straw and soybean hulls. This calls into question the precise role of A. thermocellus in the 
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deconstruction of some types of biomass.  Clearly, indigenous thermophiles play little to no role 

in biomass conversion at 75°C by C. bescii since they grow poorly, if at all (Fig. 2A). For C. bescii 

fermentations, wheat straw and soybean hull total mass were solubilized by 43% and 74%, 

respectively, compared uninoculated cultures at 6% and 12%, respectively (Figs. 2A/3B and 

supplemental material).   

Characterization of representative thermophilic microbes indigenous to the plant biomasses 

was done. Representative indigenous microbes were imaged by epifluorescence microcopy from 

sugarcane bagasse and wheat straw incubated at 60°C (supplemental material). Metagenomic 

analysis (16S ribosomal NGS service from Azenta Life Sciences) of the wheat straw culture 

passaged to MTC (Cellobiose) medium, at a genus level, contained 63% Thermoclostridium, 31% 

Thermoanaerobacter, 2% Symbiobacterium, with the remainder unclassified. Similar microbial 

diversity, with greater abundance the order Bacillales, was seen on non-autoclaved wet-milled corn 

fiber that was intentionally inoculated with A. thermocellus, indicating the ability of indigenous 

microbes to co-metabolize with A. thermocellus (supplemental material). Two bacterial strains 

were isolated from the wheat straw culture by a series of plate purifications on solid MTC 

(cellobiose) medium, and their genomes sequenced. The first is a strain of Thermoclostridium 

stercorarium, which matches reported behavior of the type strain. Thermoclostridium 

stercorarium (type strain) is reported to grow up to 70°C with a Topt of 65°C. It is hemicellulolytic 

and cellulolytic and consumes both hexose and pentose sugars (Madden, 1983). The isolated 

Thermoclostridium stercorarium strain was confirmed to grow at 70°C, but not 75°C, and readily 

grows on wheat straw and Avicel. The second isolated strain is a Thermoanaerobacter species. 

The indigenous Thermoanaerobacter sp. isolated here grew well at 60°C, but weakly at, and not 

above, 70°C. Slow growth was observed at room temperature (20-25°C). It readily formed spores. 
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It did not solubilize lignocellulose to any appreciable extent (tested on wheat straw, corn fiber, and 

Avicel). When the two indigenous Thermoclostridium and Thermoanaerobacter were cultured in 

MTC (cellobiose) medium at 60°C, both produced acetate and ethanol, which could account in 

part for the fermentation products seen in the uninoculated plant biomass cultures at 60°C (Fig. 

3C). The properties of these two bacteria naturally found on plant biomass are consistent with the 

results obtained by incubating uninoculated plant biomass at 60°C.  

 

Thermophilic threshold to prevent indigenous microbial growth 

To assess if, and at what temperature, a thermophilic threshold exists where indigenous 

microbes minimally impact biomass degradation and conversion, uninoculated sugarcane bagasse 

was incubated at a range of temperatures (Fig. 4). The experimental design was that used to obtain 

the data shown in Fig. 3, except that a range of temperatures rather than biomasses was evaluated. 

Both A. thermocellus (LC) and C. bescii (D671) medium were tested at each temperature to 

account for possible influence the medium had on the growth of the indigenous microbes. As 

shown in Fig. 4A, sugarcane bagasse incubated at temperatures at or above 75°C showed no 

significant growth of indigenous microbes in either medium. This was not the case at 70°C or 

lower, where high cell densities were observed, particularly for D671 medium. D671 may be more 

favorable for microbial growth compared to LC medium due to lower phosphate content, broader 

vitamin selection, and presence of ammonium rather than urea as the nitrogen source. Observed 

cellular growth corresponded to total mass solubilization (Fig. 4B) and fermentation products (Fig. 

4C), in a similar manner to what was observed for the range of biomasses in Fig. 3. With the 

exception that a small amount of formate was observed in some D671, 60°C cases that had the 

highest cell density. Again, as temperature increased, so did the abiotic solubilization and 
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deacetylation, which can clearly be seen for 75°C, 80°C, and 90°C cases where no growth 

occurred, but total mass solubilization and acetate released increased with temperature. These 

results establish that 75°C and above prevents growth of indigenous microbes from the plant 

biomass. To determine the temperature required to sufficiently sterilize the biomass, several 

conditions were tested. Both wet-milled corn fiber (WMCF) and sugarcane bagasse (SB) were 

autoclaved for 1 h at 121°C prior to a 7-day uninoculated incubation, where no growth of the 

indigenous organisms was observed at 60°C on the biomass, nor when passaged to MTC 

(cellobiose) medium at 60°C. In contrast, when the uninoculated sugarcane biomass was incubated 

for 7 days at 90°C (same cultures as 90°C data points in Fig. 4 A/B/C, no growth observed) and 

then passaged to MTC (cellobiose) medium, robust growth was observed in 5 of the 6 MTC 

cultures at 60°C. Thus, autoclaving for 1 h at 121°C is sufficient to sterilize the biomass, but a 7-

day incubation at 90°C is not. This supports the notion that the indigenous thermophiles primarily 

exist as spores on the biomass. These readily survive 90°C and grow when incubated at 

temperatures below 75°C. 

 

Indigenous microbial effects on unpretreated plant biomass fermentations  

Do indigenous thermophiles, which are present in a wide range of plant biomasses, constitute 

a problem for the conversion of lignocelluloses into bio-based fuels and chemicals? While these 

organisms could contribute to the production of acetate and in some cases ethanol, other products 

of greater utility and value are envisioned through Consolidated Bioprocessing (Bing et al., 2021; 

Usmani et al., 2021) and indigenous microbes would divert carbon away from them.  Additionally, 

microorganisms specifically engineered to produce such products would be at a competitive 

disadvantage with respect to the naturally occurring species. To minimize sterilization costs, 
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engineered microbial strains used for biomass conversion would either need to be able to grow at 

a temperature that the native microbes cannot (Ó 75ÁC) or be able to outcompete them.  

A hypothetical case for industrial biomass fermentation to produce bio-based fuels and 

chemicals from wet-milled corn fiber and sugarcane bagasse by A. thermocellus (60°C) and C. 

bescii (75°C) is shown in Fig. 5. For A. thermocellus on wet-milled corn fiber, autoclaving the 

biomass has a significant negative effect on total carbohydrate released (91% vs. 83%), with most 

of this accounted for by reduced glucose solubilization; autoclaving has a positive effect on C. 

bescii (22% vs. 35%), accounted for by increased solubilization of all sugars, especially xylose 

and arabinose. The effect of autoclaving on the sugar release from sugarcane bagasse of lower 

magnitude. Compared to unsterilized washed biomasses, autoclaved substrates had a slight benefit 

on sugar solubilization by C. bescii, and a negative impact on A. thermocellus. This is consistent 

with autoclaving serving as a mild hydrothermal treatment, allowing microbes to access slightly 

more carbohydrates, which can be seen for C. bescii where no contamination grows in either case 

(autoclaved or not). However, autoclaving eliminates the indigenous microbes that grew at 60°C, 

which actually results in a slight reduction in observed carbohydrate solubilization for A. 

thermocellus. As carbohydrate solubilizations seen in Fig. 5A for both autoclaved and not 

autoclaved cases only differ slightly, A. thermocellus is still primarily responsible for the biomass 

solubilizations seen. 

In contrast, autoclaving to remove natural microbes had a major impact on product formation 

by A. thermocellus at 60°C (Fig. 5B). With sugarcane bagasse, autoclaving resulted in a 56% 

decrease in acetate produced, although ethanol titers were similar.  In addition, residual C5 

oligosaccharides were detected with autoclaving, which is consistent with expected behavior of A. 

thermocellus as it only consumes hexose sugars.  This also demonstrates that the indigenous 
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thermophiles are responsible for consuming the pentoses and producing significant amounts of 

acetate. The effect of autoclaving biomass prior to inoculation with A. thermocellus was even more 

dramatic for corn fiber (Fig. 5B). The yield of end products (ethanol plus acetate) dropped by 

almost 90% (51 mM to 6 mM) and no ethanol was detected. Hence, the 27 mM ethanol produced 

at 60°C (without autoclaving) must be generated by indigenous thermophiles and not by A. 

thermocellus. Metagenomic analysis (16S) of the non-autoclaved WMCF inoculated with A. 

thermocellus showed only 38% of the culture to be A. thermocellus; an abundance of other bacteria 

were present (supplemental material). Even larger amounts of residual C5 sugars were found if 

autoclaving was used, consistent with corn fiber being very rich in pentose sugars, more so than 

sugarcane bagasse, and confirming that such sugars are removed by the corn fiber natural microbial 

population. In contrast to these A. thermocellus results, end-product yields from 75°C biomass 

conversions with C. bescii were essentially unchanged with autoclaving (Fig. 5B). Hence, C. bescii 

at 75°C was able to ferment unsterilized biomass without interference from natural microbial 

populations, while A. thermocellus was impacted quite dramatically in the absence of sterilization 

to the point where product yields can drop precipitously as they are not generated by A. 

thermocullus.  

 

Industrial processing implications for extreme thermophiles  

The thermophilic threshold to resist indigenous microbial influence on plant biomass 

fermentations was determined in this work to be 75°C. Lignocellulosic substrates were found to 

naturally harbor thermophiles that readily grow in media typically used for consolidated 

bioprocessing thermophiles. Operation above this threshold would reduce energy and economic 

costs associated with sterilization and pretreatments in industrial plant biomass fermentations. This 
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validates the assumption that thermophily allows for minimized sterilization requirements when 

fermenting plant biomasses with thermophiles that grow at or above 75°C, but not those that grow 

near 60°C. 

The first systematic comparison of two consolidated bioprocessing microbes, A. thermocellus 

and C. bescii, on 15 different biomasses, without pretreatment, showed that they had a similar 

ability to degrade most of them, with notable advantages for A. thermocellus on corn fiber and for 

C. bescii on soybean hulls and spent coffee. However, A. thermocellus is limited by its inability to 

use pentose sugars and its considerably lower growth temperature readily allow indigenous 

microbes to grow and significantly influence fermentation products. Due to this, biomass 

fermentation by A. thermocellus risks contamination without energy intensive biomass 

sterilizations or pretreatments. Further, addressing the significant amount of work done to engineer 

co-cultures with A. thermocellus to allow pentose conversion to desired products (Beri et al., 2020; 

Demain et al., 2005), use of such a co-culture without a sterilizing pretreatment is most likely not 

feasible, as both A. thermocellus and co-culture microbe(s) would need to outcompete native 

thermophiles present on the biomass. In any case involving engineered microorganisms operating 

significantly below 75°C, sterilizing pretreatments or a competitive growth advantage is required 

to avoid contamination. Conversely, for thermophiles growing at or above this threshold 

temperature this is not required. This is the case for C. bescii, which readily degrades biomass and 

ferments both pentoses and hexoses completely independent of and unaffected by the indigenous 

microbes, thus eliminating the need for sterilizing pretreatments or co-culturing. 
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Conclusion 

Plant biomasses were shown to harbor an abundance of culturable moderate thermophiles with 

a 75°C upper threshold for growth. The use of engineered lignocellulolytic microbes that grow 

optimally at or above 75°C avoid the need to pretreat biomasses to remove the indigenous 

population that would otherwise divert carbon flux away from targeted products and possibly 

disrupt the workings of the microbial platform. Extreme thermophiles provide an attractive option 

to reduce costs associated with sterilizing pretreatments, however, more work needs to be done in 

order to achieve industrially relevant productivities of chemicals from these microorganisms. 

 

Supplementary material 

E-supplementary data for this work can be found in e-version of this paper online. 

Additionally, they are provided in Appendix A. 
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Figures and Tables 

 
 

Figure 1. Lignin and carbohydrate composition of plant biomass substrates. Results of 

quantitative saccharification of 15 lignocellulosic substrates. All samples were run in triplicate, 

error bars represent ±1 standard deviation. (A) Total lignin and total carbohydrate composition on 

a dry mass basis. (B) Lignin composition details as weight percentages of total dry mass. Acid 

insoluble lignin is also known as Klason Lignin (KL), acid soluble lignin (ASL) is soluble in 3% 

sulfuric acid. (C) Carbohydrate compositional details as weight percentages of total dry mass. 

Biomass abbreviations: WT3-1 = wildtype poplar, i20-3-1 poplar = lower lignin transgenic poplar 

line, CIR = Cave-In-Rock, Miscanthus non-transgenic varieties óIllinoisô and óPinkô, Christmas 

greenery = waste trimmings from Christmas trees, WM = wet-milled, DM = dry-milled, Xylan = 

beechwood xylan.   
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Figure 2. Fermentation of washed plant biomass by Caldicellulosiruptor bescii and Acetivibrio 

thermocellus. Plant biomasses were milled, sieved, and washed, but otherwise untreated. C. bescii 

fermentations were conducted at 75°C, A. thermocellus fermentations were conducted at 60°C. All 

substrate loadings were 5 g/L carbohydrate and run for 7-days. All samples run in triplicate, error 

bars represent ±1 standard deviation. (A) Total carbohydrate solubilization after fermentation by 

either bacteria. (B) Water-soluble compounds produced during fermentation by C. bescii. (C) 

Monosaccharide-specific carbohydrate solubilization from fermentation by C. bescii. (D) Water-

soluble compounds produced during fermentation by A. thermocellus (E) Monosaccharide-

specific carbohydrate solubilization from fermentation by A. thermocellus. Biomass abbreviations: 

WT3-1 = wildtype poplar, i20-3-1 poplar = lower lignin transgenic poplar line, CIR = Cave-In-

Rock, Miscanthus non-transgenic varieties óIllinoisô and óPinkô, Christmas greenery = waste 

trimmings from Christmas trees, WM = wet-milled, DM = dry-milled, Xylan = beechwood xylan.   
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Figure 3. Natural abundance of culturable thermophiles in plant biomasses. All substrates 

were incubated at 5 g/L carbohydrate loading without inoculation (other than any indigenous 

microbes in the substrates). 60°C incubations used LC medium (LC-60°C) and 75°C incubations 

used D671 medium (D671-75°C). All samples were run in triplicate, error bars represent ±1 

standard deviation. (A) Cell densities for the biomass incubations after 7 days. (B) Total mass 

solubilization of the biomasses after 7 days, on a dry mass basis. (C) Water-soluble compounds 

produced after 7 days. (D) Cell densities for sugarcane bagasse native microbes at 1 day and 7 

days using LC and D671 medium at both 60°C and 75°C. Biomass abbreviations: WT3-1 = 

wildtype poplar, i20-3-1 poplar = lower lignin transgenic poplar line, CIR = Cave-In-Rock, 

Miscanthus non-transgenic varieties óIllinoisô and óPinkô, Christmas greenery = waste trimmings 

from Christmas trees, WM = wet-milled, DM = dry-milled, Xylan = beechwood xylan.   
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Figure 4. Temperature threshold to minimize indigenous microbial activity on plant 

biomass. Sugarcane bagasse was incubated for 7 days at various temperatures (60°C, 65°C, 

70°C, 75°C, 80°C, and 90°C) in both LC and D671 medium without inoculation (other than any 

indigenous microbes in the substrates). (A) Cell densities at day 7 for each temperature and 

medium. (B) Total mass solubilization on a dry mass basis for each condition. (C) Water-soluble 

compounds produced in each condition. 
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Figure 5. Consequences of indigenous microbes on biomass fermentation, case study: 

Fermentations of wet-milled corn fiber and sugarcane bagasse. C. bescii (75°C) and A. 

thermocellus (60°C) 7 day fermentations of washed or washed and autoclaved plant biomass (wet-

milled corn fiber or sugarcane bagasse). Abbreviations: Cbe = C. bescii, Ath = A. thermocellus, 

washed = biomass is only washed, autoclaved = biomass is both washed and autoclaved. Left of 

vertical dashed lines are data for wet-milled corn fiber fermentations, right of the dashed line are 

data for sugarcane bagasse fermentations. All samples were run in triplicate; error bars represent 

±1 standard deviation.  (A) Carbohydrate solubilization for each substrate and condition, total 

carbohydrate is the sum of the monosaccharide-specific carbohydrate solubilizations. Inset pie 

charts represent the composition of each plant biomass prior to fermentation (subset of data from 

Fig. 1). (B) Water-soluble compounds produced in each condition. * Indicates presence of 

unquantified oligosaccharides >DP2 (Degree-polymerization of 2), observed by HPLC. 
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Supplemental Material 

Table S1. Plant Biomass Total Mass and Carbohydrate Solubilization by C. bescii*  

Substrate 

Total Mass 

Solubilization 

(%) 

Mass 

Solubilization 

standard 

deviation 

Carbohydrate 

Solubilization 

(%) 

Carbohydrate 

Solubilization 

standard deviation 

Poplar WT3-1 26.4 0.2 31.4 0.8 

Poplar i20-3-1 50.9 0.5 54.9 2.7 

Cave-In-Rock 

Switchgrass 
39.5 0.3 37.6 0.8 

Wheat Straw 43.3 0.1 46.0 1.4 

Miscanthus Illinois 12.4 1.0 4.1 0.3 

Miscanthus Pink 54.4 0.6 64.0 2.5 

Sugarcane Bagasse 31.2 0.9 30.4 1.5 

Corn Stover 41.4 0.1 40.6 1.3 

Christmas 

Greenery Waste 
12.0 0.2 11.4 0.5 

Wet-Milled Corn 

Fiber (WMCF) 
24.7 0.6 22.1 1.7 

Dry-Milled Corn 

Fiber (DMCF) 
27.3 0.1 30.7 0.6 

Soybean Hulls 74.1 0.4 82.0 2.5 

Spent Coffee 68.2 0.6 90.8 6.9 

Beechwood Xylan 94.0 0.6 100.0 0.0 

Avicel 86.5 1.0 100.0 0.0 

Autoclaved Wet-

Milled Corn Fiber 
35.5 1.0 34.7 2.7 

Autoclaved 

Sugarcane Bagasse 
32.1 0.5 30.8 0.9 

*Total mass solubilizations from plant biomass fermentations by C. bescii for 7 days at 75°C 5 

g/l carbohydrate loading. Data were used in combination with post-fermentation quantitative 

saccharification analysis to determine carbohydrate solubilization results. These carbohydrate 

solubilizations are also presented in Ch.2 Fig. 2A/5A. 
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Table S2. Plant Biomass Total Mass and Carbohydrate Solubilization by A. thermocellus* 

Substrate 

Total Mass 

Solubilization 

(%) 

Mass 

Solubilization 

standard 

deviation 

Carbohydrate 

Solubilization 

(%) 

Carbohydrate 

Solubilization 

standard deviation 

Poplar WT3-1 21.2 0.7 22.3 0.9 

Poplar i20-3-1 55.2 2.1 59.5 3.7 

Cave-In-Rock 

Switchgrass 
44.6 1.5 47.2 3.1 

Wheat Straw 45.1 0.8 46.8 1.6 

Miscanthus 

Illinois 
22.3 0.5 16.4 0.6 

Miscanthus 

Pink 
62.5 3.2 76.9 5.4 

Sugarcane 

Bagasse 
49.4 0.8 51.2 1.2 

Corn Stover 54.4 1.4 58.8 1.7 

Christmas 

Greenery Waste 
8.4 0.7 5.3 0.5 

Wet-Milled 

Corn Fiber 

(WMCF) 

79.5 1.4 91.0 11.4 

Dry-Milled 

Corn Fiber 

(DMCF) 

68.5 0.5 96.1 3.3 

Soybean Hulls 47.9 1.0 57.3 2.5 

Spent Coffee 11.3 1.9 10.0 1.8 

Beechwood 

Xylan 
No Growth 

Avicel 92.3 1.1 100.0 0.0 

Autoclaved 

Wet-Milled 

Corn Fiber 

76.0 0.4 83.4 5.7 

Autoclaved 

Sugarcane 

Bagasse 

43.8 1.7 46.9 2.7 

*Total mass solubilizations from plant biomass fermentations by A. thermocellus for 7-days at 

60°C, 5 g/l carbohydrate loading. Data were used in combination with post-fermentation 

quantitative saccharification analysis to determine carbohydrate solubilization results. These 

carbohydrate solubilizations are also presented in Ch.2 Fig. 2A/5A. 
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Table S3. 16S Metagenomic analysis of Select Cultures with Indigenous and non-Indigenous 

Microorganisms 

Lowest Taxonomic  

Rank Classified 
Identification  Relative Abundance (%)a 

Wheat Straw Cultureb 

Species Thermoclostridium stercorarium 62.7 

Genus Thermoanaerobacter 30.6 

Order Clostridiales 2.1 

Species Symbiobacterium thermophilum 2.0 

Order Bacillales 0.5 

Genus Thermoanaerobacter 0.4 

Wet-Milled Corn Fiber Culture 

(Inoculated with Acetivibrio thermocellus) 

Species Acetivibrio thermocellus 38.0 

Order Bacillales 31.3 

Species Thermoclostridium stercorarium 14.9 

Family Paenibacillaceae 12.0 

Kingdom Bacteria (unclassified further) 1.8 

Order Clostridiales 1.1 

Species Symbiobacterium thermophilum 0.3 

Summarized results for 16S ribosomal next-generation sequencing (service from Azenta Life 

Sciences) 
aRemaining percentages represent < 0.2% of relative abundance each, no additional orders 

represented. bPassage of the indigenous microbes that grew on wheat straw to MTC (cellobiose) 

medium. 
cWet-milled corn fiber (not autoclaved) inoculated with 1E7 cells/ml of A. thermocellus, 7-day 

culture, 16S sequencing done directly on corn fiber fermentation sample. 

 

 

  



   

82 

 

 
 

Figure S1. Micrographs of indigenous microbes. From sugarcane bagasse (LC-60°C), wheat 

straw (LC-60°C), and two strains isolated from the wheat straw: Thermoclostridium stercorarium 

and Thermoanaerobacter sp. (based on 16S ribosomal sequence similarity). 

 

 

 
 

Figure S2. Indigenous microbial growth evaluations. Growth (or no growth) of indigenous 

microbes as measured by epifluorescence microscopy and visual turbidity in several conditions. 

Autoclaved sugarcane bagasse (SB) and wet-milled corn fiber (WMCF) were incubated for 7 days 

in LC or D671 medium at 60°C or 75°C, respectively, without inoculation. Sugarcane bagasse 

cultures incubated at 90°C for 7 days (data points seen in Fig. 4A, 4B, and 4C) were passaged to 

MTC (cellobiose) medium at 60°C. Visual turbidity growth assessment of the MTC cultures at 2 

days is shown in the serum bottle images. 
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Abstract 

Reported here are complete genome sequences for two anaerobic, thermophilic bacteria 

isolated from wheat straw: a (hemi)cellulolytic Thermoclostridium stercorarium subspecies 

(3,029,933 bp) and a hemicellulolytic Thermoanaerobacter species (2,827,640 bp). Discovery of 

indigenous thermophiles in plant biomass suggests that high temperature microorganisms are more 

ubiquitous than previously thought. 

 

Announcement 

Microbes that degrade lignocellulosic plant biomass have received significant attention for 

production of bioproducts from renewable, sustainable feedstocks; in particular, thermophilic 

bacteria stand out as major candidates for this process and have thermostable, thermoactive 

enzymes of possible industrial relevance (1). Incubation of wheat straw (provided by Nature 

Energy, Ørbækvej 260, 5220 Odense, Denmark) in ólow-carbonô (LC) medium (2) at 60ÁC 

unexpectedly revealed thermophilic microbes harbored in the plant biomass (taxonomic analysis, 

Figure 1) (3). Two anaerobic bacteria, Thermoclostridium stercorarium subsp. RKWS1 and 

Thermoanaerobacter sp. RKWS2, were previously isolated from the wheat straw culture (3). 

RKWS1 is (hemi)cellulolytic and RKWS2 is non-cellulolytic; each consumed a variety of soluble 

saccharides found in plant biomass (3). The genome sequences of these two strains were obtained 

to provide further insight into thermophiles with a particular focus on their carbohydrate-active 

enzymes.  

Bacteria strains were cultured at 60°C for 16-20h in liquid MTC-cellobiose medium with 

150RPM agitation in a New Brunswick Innova 42 shaker (2,3). Genomic DNA of each isolate was 

extracted using NEB Monarch Genomic DNA Purification Kit (New England Biolabs, USA), 
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according to the manufacturerôs instructions for gram-positive bacteria with ótissue lysis bufferô 

and lysozyme. Sequencing was performed on a MinION Mk1B with an R9.4.1 flow cell (FLO-

MIN106D) using the Native Barcoding Kit 24 (SQK-NBD112.24), according to manufacture 

protocols without DNA size selection (Oxford Nanopore Technologies, UK). DNA quantification 

was performed using a Qubit 4.0 and 1X dsDNA HS Assay Kit (Invitrogen, Q33231). Multiplexed 

samples were sequenced for 72 h with live high-accuracy GPU base-calling using Guppy v6.1.5 

through MinKNOW v5.1.8 (Oxford Nanopore Technologies, UK). Read quality was evaluated 

using MinionQC v1.4.2 (4). Read metrics are provided in Table 1. 

 

Reads were initially trimmed as part of the Guppy base-calling workflow. High quality 

reads were sub-sampled using NanoFilt v2.8.0 with 500 bp length and Q10 read quality cut-offs 

(5). Corrected reads were generated from this subset using Canu v2.2 read self-correction module 

(6). Flye v2.9.1 (7) assembled corrected reads into a single circularised contig for each strain. The 

assembled genomes were rotated to start from the dnaA gene predicted by Prodigal v2.6.3 (8) using 

the FIXSTART task in Circlator v1.5.5 (9). Read mapping was performed using GraphMap v0.5.2 

(10) with sorting and indexing done by samtools v1.15.1 (11). Further assembly error correction 

and polishing was performed using Pilon v1.24 (12)  and Medaka v1.0.3 (Oxford Nanopore, 

Technologies, UK), respectively. Quality and statistics of the final assemblies were assessed using 

Quast v5.2.0 (13), Pilon with the --fix flag set to ñnoneò (12), and CheckM v1.2.1 using a reduced 

genome tree (14) (Table 1). Pilon detected no major misassembly events in the final assemblies. 

Finished genomes were annotated with PGAP v2022-08-11.build6275 (15). Average amino-acid 

identities were calculated with Get_Homologues v22082022 (16, 17), average nucleotide identities 

were calculated with OrthoANI v0.93.1 (18), and the taxonomic tree was generated by NCBI 
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BLASTn Tree View using 16S sequences (19). Except where specified, default parameters were 

used for all software. 

 

Data availability statement 

BioProject, BioSample, and genome accession numbers for RKWS1 and RKWS2 

assemblies are given in Table 1. The other genomes used for 16S BLASTn and average identity 

(amino acid and nucleotide) calculations are: CP014673.1, CP014672.1, CP003992.2, 

NR_126170.1, CP016502.1, CP021850.1, CP001348.1, CP002403.1, ON077455.1, CP000924.1, 

CP009170.1, CP000923.1, CP002032.1, AE008691.1, LT838272.1, CP017237.1, CP001393.1, 

CP020921.1 
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Figures and Tables 

Table 1: Read, Assembly, and Quality Metrics of Assembled Genomes from Wheat Straw 

Isolates 
 Thermoclostridium stercorarium subsp. 

RKWS1 

Thermoanaerobacter sp. 

RKWS2 

Number of Reads 2,070,295 39,215 

Read N50 3,236 bp 8,710 bp 

Total Read Bases 4,292,610,863 bp 178,628,474 bp 

Genome Size 3,029,933 bp 2,827,640 bp 

GC Content 42.13% 34.54% 

Coverage of 

corrected reads 41X 39X 

Reads Mapped 99.73% 99.96% 

Completeness 95.63% 96.89% 

Contamination 2.10% 1.50% 

Predicted Genes 2,831 2,982 

BioProject PRJNA886731 PRJNA886731 

BioSample SAMN31140365 SAMN31140398 

Genome Assembly CP110889.1 CP110888.1 

Reads SRX18233911 SRX18233910 

 

https://www.ncbi.nlm.nih.gov/bioproject/886731
https://www.ncbi.nlm.nih.gov/bioproject/886731
https://www.ncbi.nlm.nih.gov/biosample/31140365
https://www.ncbi.nlm.nih.gov/biosample/31140398
https://www.ncbi.nlm.nih.gov/nuccore/CP110889.1/
https://www.ncbi.nlm.nih.gov/nuccore/CP110888
https://www.ncbi.nlm.nih.gov/sra/SRX18233911
https://www.ncbi.nlm.nih.gov/sra/SRX18233910
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Figure 1: Taxonomic Evaluation for Wheat Straw Isolates. Average amino acid 

identities (AAI, left of diagonal line, from Get_Homologues) and average nucleotide identities 

(ANI, right of diagonal line, from OrthoANI) for RKWS1 and RKWS2 compared with 9 other 

species each to span several taxonomic levels (RKWS1 ï subspecies, species, genus; RKWS2 ï 

species, genus, family). The taxonomic tree was generated from NCBI BLASTn Tree View of the 

16S ribosomal sequences for each species. 
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Abstract 

Genome sequences for three extremely thermophilic, lignocellulolytic Caldicellulosiruptor 

species were closed, improving previous reported multiple-contig assemblies. All 14 classified 

Caldicellulosiruptor spp. now have closed genomes. Genome closure will enhance bioinformatic 

analysis of the species, including identification of CAZymes and for comparison against other 

Caldicellulosiruptor species and lignocellulolytic microorganisms. 

 

Announcement 

Extremely thermophilic Caldicellulosiruptor have the ability to degrade and metabolize 

complex polysaccharides from plant biomass, including cellulose, hemicellulose, pectin, and 

starch (1-5). There are 14 classified Caldicellulosiruptor strains, all with genome assemblies, but 

three remained unclosed: C. acetigenus DSM 7040 [Cace] (6), C. morganii DSM 8990 [Cmor] 

(7), and C. naganoensis DSM 8991 [Cnag] (7). Recently, C. kristjanssonii and C. lactoaceticus 

were reclassified as strains of C. acetigenus despite the DSM 7040 assembly being 37 contigs (8). 

Here, the remaining classified Caldicellulosiruptor genomes were closed to improve comparisons 

both within and outside the genus. Cultures, originally acquired from DSMZ-German Collection 

of Microorganisms and Cell Cultures, were maintained in modified defined DSM516 medium with 

15% glycerol at -80°C (4). Cultures were anaerobically grown at 75°C in modified DSM516 

medium. 

All methods were per manufacturerôs instructions unless otherwise noted. NEB Monarch 

Genomic DNA Purification Kit (New England Biolabs, USA) was used to purify genomic DNA 

from liquid cultures using the ñtissue lysis bufferò and lysozyme. DNA was barcoded and 

sequenced using Oxford Nanopore Technologies (UK) Ligation Sequencing Kit (SQK-LSK109), 
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Native Barcoding Expansion 1-12 (EXP-NBD104), and a R9.4.1 flow cell (FLO-MIN106D) on a 

MinION Mk1B; no DNA size selection was used. A Qubit 4.0 with 1X dsDNA-HS Assay Kit 

(Invitrogen, Q33231) quantified DNA. Barcoded libraries were pooled and sequenced for 72h. 

MinKNOW v5.1.8 (Oxford Nanopore Technology, UK) was used with Guppy v6.1.5 live high-

accuracy GPU base calling. MinionQC evaluated the read quality (9). Long read metrics are 

provided in Table 1. 

Long reads were trimmed during base-calling by Guppy and filtered with NanoFilt v2.8.0 

using read cut-offs of 500 bp length and Q10 quality (10). Flye assembler (v2.9.1 for Cace, v2.8.1 

for Cmor/Cnag) was used to assemble and circularize genomes from ONP long reads (11). 

Circlator v1.5.5 (12) FIXSTART task was used to rotate the circularized assemblies to start at the 

dnaA gene predicted by Prodigal v0.5.2 (13). Assemblies were error-corrected with both Nanopore 

long reads and previously published Illumina short reads (6-7) (see Table 1) using Pilon v1.24 

(14). Short reads were trimmed with Trimmomatic (v0.36 for Cace, v0.39 for Cmor/Cnag) using 

the following parameters: TruSeq3-PE.fa adapter sequence, 2 seed mismatches, 30 palindrome 

clip threshold, 10 simple clip threshold, leading and trailing set to 3 bp, sliding window set to 4 bp 

and phred 15, minimum length set to 36 bp, and average quality set to phred 30 (15). Read mapping 

was done with Bowtie2 (v2.4.5 for Cace, v2.2.5 for Cmor/Cnag) (16) for short reads and 

GraphMap v0.5.2 (17) for long reads; samtools (v1.15.1 for Cace, v1.13 Cmor/Cnag) (18) was 

used to sort and index. Lastly, assemblies were polished with BWA v0.7.17 (19) mapped short 

reads using PolyPolish v0.5.0 (20). Finalized assemblies were evaluated with Pilon with --fix flag 

of ñnoneò (14), Quast v5.2.0 (21), and CheckM v1.2.1 with reduced genome tree (22) (Table 1). 

No major misassembles were detected with Pilon. PGAP v2022-08-11.build6275 (23) was used to 

annotate final genomes. Unless indicated, software default parameters were used. 



   

97 

 

Data availability statement 

Accession numbers are provided in Table 1 for the BioProject, BioSample, Nanopore long 

reads, and new genome assemblies. Also provided in Table 1 are accession numbers for previously 

published short reads used and the best previous assembly for the microorganism. Note that raw 

short reads were downloaded from the JGI GOLD portal and not NCBI, but both links are 

provided. 
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Table 1. Previous and New Assembly information for three Caldicellulosiruptor species  

Strain 
Caldicellulosiruptor 

acetigenus DSM 

7040 

Caldicellulosiruptor 

morganii DSM 8990 

Caldicellulosiruptor 

naganoensis DSM 8991 

Best Previous Assembly (multiple contigs) 

Assembly Size 2,589,957 bp 2,488,483 bp 2,514,985 bp 

Assembly 

Contigs 

37 2 12 

Contig N50 142,649 bp 2,097,568 bp 1,295,458 bp 

Assembly GCA_000421725.1 GCA_000955745.1 GCA_000955735.1 

New Assembly Information (completely closed) 

Genome Size 2,739,610 bp 2,474,467 bp 2,494,610 bp 

GC Content 36.33% 36.50% 35.30% 

Coverage 

(Long Reads) 

237x 123x 253x 

Coverage (All 

Reads) 
1228X 1776X 1783X 

Reads Mapped 99.83% 99.94% 99.65% 

Completeness 99.52% 95.07% 96.01% 

Contamination 0.00% 1.11% 2.39% 

Predicted 

Genes 
2,664 2,413 2,477 

BioProject PRJNA904341 PRJNA904341 PRJNA904341 

BioSample SAMN31840423 SAMN31840452 SAMN31840465 

Genome 

Assembly 

CP113866 CP113865 CP113864 

Reads and Read metrics 

Nanopore 

Long Reads 

SRX18439046 SRX18439047 SRX18439048 

Number of 

Long Reads 

316,279 94,245 76,424 

Long Read 

N50 

15,829 bp 6,161 bp 22,843 bp 

Total Long 

Reads 

762,266,968 bp 351,989,952 bp 667,303,418 bp 

Short Reads 

(Data 

published 

previously ) 

SRX301888 

JGI: 

CalaceDSM7040_FD 

Project 1013583 (6) 

SRX1880054 

JGI: 

CalspRB8DSM8990_FD  

Project 1017510 (7) 

SRX1879649 

JGI: 

ThecelNA1DSM8991_FD  

Project 1017504 (7) 
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https://genome.jgi.doe.gov/portal/pages/dynamicOrganismDownload.jsf?organism=CalspRB8DSM8990_FD
https://genome.jgi.doe.gov/portal/CalspRB8DSM8990_FD/CalspRB8DSM8990_FD.info.html
https://www.ncbi.nlm.nih.gov/sra/SRX1879649%5baccn%5d
https://genome.jgi.doe.gov/portal/pages/dynamicOrganismDownload.jsf?organism=ThecelNA1DSM8991_FD
https://genome.jgi.doe.gov/portal/pages/dynamicOrganismDownload.jsf?organism=ThecelNA1DSM8991_FD
https://genome.jgi.doe.gov/portal/ThecelNA1DSM8991_FD/ThecelNA1DSM8991_FD.info.html
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Abstract 

The order Thermoanaerobacterales currently consists of fermentative anaerobic bacteria, 

including the genus Caldicellulosiruptor. Caldicellulosiruptor are represented by thirteen species; 

all, but one, have closed genome sequences. Interest in these extreme thermophiles has been 

motivated not only by their high optimal growth temperatures (² 70°C), but also by their ability to 

hydrolyze complex carbohydrates including, for some species, both xylan and microcrystalline 

cellulose. Caldicellulosiruptor species have been isolated from geographically diverse thermal 

terrestrial environments located in New Zealand, China, Russia, Iceland and North America. 

Evidence of their presence in other terrestrial locations is apparent from metagenomic signatures, 

including volcanic ash in permafrost. Here, phylogeny and taxonomy of the genus 

Caldicellulosiruptor was re-examined in light of new genome sequences. Based on whole genome 

analysis of 15 strains, including average nucleotide identity (ANI), average amino acid identity 

(AAI), and Genome Taxonomic Database assessment, a new order, Caldicellulosiruptorales, is 

proposed containing the family Caldicellulosiruptoraceae, consisting of two genera, 

Caldicellulosiruptor and Anaerocellum. Furthermore, the order Thermoanaerobacterales also was 

re-assessed, using 91 genome-sequenced strains, and should now include the family 

Thermoanaerobacteraceae containing the genera Thermoanaerobacter, Thermoanaerobacterium, 

Caldanaerobacter, the family Caldanaerobiaceae containing the genus Caldanaerobius, and the 

family Calorimonaceae containing the genus Calorimonas. Another outcome of ANI/AAI analysis 

indicates the need to reclassify several previously designated species in the 

Thermoanaerobacterales and Caldicellulosiruptorales by condensing them into strains of single 

species. Comparative genomics of carbohydrate-active enzyme inventories suggested 
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differentiating phenotypic features, even among strains of the same species, reflecting available 

nutrients and ecological roles in their native biotopes. 

 

Contribution to the Field Statement 

Those fermentative anaerobic bacteria that are thermophilic have received recent attention 

for their ability to process carbohydrates in plant biomass to biotechnological products. Most 

bacteria belonging this group were isolated before genome sequencing became available such that 

their classification was based on 16S rRNA phylogeny. Now, genome sequence information can 

be used to re-visit the taxonomy of this group to update classification. Thermophilic fermentative 

anaerobes include the genus Caldicellulosiruptor which are among the most thermophilic bacteria 

yet isolated. These extreme thermophiles grow optimally above 70°C and, in many cases, can 

degrade microcrystalline cellulose in addition to many forms of hemicellulose. Currently assigned 

to the order Thermoanaerobacteriales, comparative genome sequence analysis now suggests that 

they should be classified in a new order to be designated as Caldicellulosiruptorales, containing 

the genera Caldicellulosiruptor and Anaerocellum. At the same time, the order 

Thermoanaerobacteriales also requires some restructuring to be consistent with genome sequence 

information now available. Not only all anaerobic fermentative thermophiles important 

environmental microbes but they offer a renewable route to bio-based fuels and chemicals through 

metabolic engineering, 

 

Introduction  

Fermentative anaerobes are biotechnologically relevant microorganisms; the push for 

renewable energy has identified them as microbial platforms because of their ability of convert 
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plant polysaccharides, including in some cases microcrystalline cellulose, into industrially 

important products, such as acetone, butanol and ethanol (Bing et al., 2022). In fact, bioprocesses, 

used to produce industrial solvents prior to the emergence of petrochemicals, have received 

renewed attention in recent years with the development of molecular genetic tools to facilitate 

metabolic engineering of fermentative anaerobes (Lee et al., 2012;Charubin et al., 2018).  

The taxonomy of fermentative anaerobes (Wagner and Wiegel, 2008), a taxonomically 

heterogeneous group, is in flux, and not without some controversy (Robitzski, 2022). For example, 

re-naming of the phylum óFirmicutesô to óBacillotaô, which includes fermentative anaerobes, was 

proposed to reflect the fact that it also contains aerobic bacteria from the genus Bacillus (Oren and 

Garrity, 2021). The wide availability of genome sequences has displaced 16S rRNA gene sequence 

as the primary standard for differentiating one microbe from another. This may ultimately lead to 

purely alphanumeric designations for microorganisms, replacing the binomial nomenclature 

devised by Linnaeus centuries ago that still serves as the basis for the International Code of 

Nomenclature of Prokaryotes (Akst, 2021). For now, genus-species designations remain the 

taxonomic standard, such classifications can now be assessed using whole genome sequence 

comparisons. Absent from this characterization, however, is phenotypic information that is central 

to discerning features that ultimately define the microbiology. Phenotype can map to small sections 

of the genome not apparent from phylogenetic analysis or taxonomy. 

Within the phylum Bacillota (formerly Firmicutes) are many thermophilic fermentative 

anaerobes currently assigned to the order Thermoanaerobacterales. These bacteria are sources of 

thermostable enzymes (i.e., glycoside hydrolases) capable of hydrolyzing complex plant 

polysaccharides (Blumer-Schuette et al., 2008;Blumer-Schuette et al., 2014;Conway et al., 

2016;Conway et al., 2018) present in lignocellulosic biomass (Zeldes et al., 2015;Straub et al., 
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2017;Straub et al., 2019;Straub et al., 2020)). This biotechnological perspective serves as 

motivation to re-visit the taxonomy and phylogeny of fermentative anaerobes currently assigned 

to the order Thermoanaerobacterales to assess whether current classifications are consistent with 

emerging genome sequence information. Of particular interest here is the placement of those 

extremely thermophilic Thermoanaerobacterales (Topt >70°C) that are currently all assigned to the 

genus Caldicellulosiruptor (Blumer-Schuette et al., 2010;Blumer-Schuette, 2020). 

Table 1 lists the 13 species (and two strains) currently assigned to the genus 

Caldicellulosiruptor for which genome sequences are available, in addition to information about 

their genomes and isolation sites. Genomes average 2.71 ° 0.18 Mb with 2 604 ° 181 ORFs and 

G+C content of 35.6 ° 0.5%. Note that it was recently proposed that Caldicellulosiruptor 

acetigenus is actually composed of three previously described species (C. acetigenus, C. 

kristjanssonii, C. lactoaceticus) (Habib et al., 2021) and should be re-classified into a single 

species and associated strains. Members of Caldicellulosiruptor are globally distributed (Blumer-

Schuette, 2020). Caldicellulosiruptor saccharolyticus (f. Caldocellum saccharolyticum) (Luthi et 

al., 1990;Gibbs et al., 1992), the first named species discovered, was isolated from a piece of wood 

downstream from a 78°C pool in Taupo, New Zealand, as were many other thermophilic isolates 

from similar sites in New Zealand that were not designated with taxonomic classifications at that 

time (Patel et al., 1986). From that group, Caldicellulosiruptor danielii and Caldicellulosiruptor 

morganii were eventually named when their genome sequences were reported (Lee et al., 2018). 

Caldicellulosiruptor species have since been isolated from globally diverse thermal features (e.g., 

Yellowstone National Park, USA; Hveragerði, Iceland; Nagano Prefecture, Japan; Kamchatka, 

Russia; Changbai, China) and, based on metagenomic data (Blumer-Schuette, 2020), yet 

uncharacterized species likely inhabit neutral, terrestrial, thermal features wherever they occur on 
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earth. To date, Caldicellulosiruptor bescii (Kataeva et al., 2009;Yang et al., 2010a) (f. 

Anaerocellum thermophilum (Svetlichnyi, 1990)) has been the focus of most studies of these 

bacteria, given the availability of molecular genetic tools (Chung et al., 2014;Lipscomb et al., 

2016) and biotechnological potential (Lee et al., 2020;Bing et al., 2022) of this species. Not only 

has C. bescii been engineered to produce industrial chemicals (Williams-Rhaesa et al., 2018;Straub 

et al., 2020), but can also degrade and ferment transgenic lignocellulose (Straub et al., 2019). With 

the recent availability of additional complete genome sequences (Kataeva et al., 2009;Elkins et al., 

2010;Lee et al., 2015;Mendoza and Blumer-Schuette, 2019;Habib et al., 2021;Bing et al., 2023b), 

it is essential that we re-visit the classification of the Caldicellulosiruptor and its taxonomic 

placement within the order Thermoanaerobacterales to give an updated phylogenetic perspective 

on these biotechnologically-important microorganisms. 

 

Materials and Methods 

Unless noted otherwise, all computer software parameters used were default parameters.  

Strain and genome sequence information 

Genome assemblies for currently classified Thermoanaerobacterales (based on NCBI 

taxonomy, March 2023) were obtained from the National Center for Biotechnology Information 

(NCBI). The list of species strains and accession numbers are provided in Table S1. 16S ribosomal 

RNA gene sequences were retrieved based on NCBI annotations for the most complete 16S rRNA 

sequence found in these assemblies.  

Isolation location coordinates for the Caldicellulosiruptor were obtained primarily through 

isolation literature and NCBI biosample information. When needed, locations were estimated as 

óbest possibleô from information contained in the literature (e.g., town names or geographical 
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features). Supplemental Tables S2 and S3 contain detailed information on the locations and their 

accuracy. Geographical distances between locations were calculated via a webserver employing 

the formula developed by Thaddeus Vincenty (Vincenty, 1975) 

(https://stevemorse.org/nearest/distancebatch.html). 

Phylogenetic analysis: 16S ribosomal RNA and Genome Taxonomy Database (GTDB) 

16S rRNA gene sequences were aligned using Clustal Omega (v. 1.2.4) (Sievers et al., 

2011) using flags ñ--outfmt fa --distmat-out --full --full -iter --percent-id --guidetree-outò. The 

percent identities output was used for 16S rRNA identity matrices, which were color coded based 

on proposed 16S rRNA taxonomic rank ñMinimum Sequence IDò values (Yarza et al., 2014). The 

16S rRNA alignment was inputted into FastTree (v. 2.1.11) (Price et al., 2010) to generate a 

distance tree using flags ñ-nt -gtr -gammaò. The tree was visualized and formatted on the 

Interactive Tree of Life (iTOL) (Letunic and Bork, 2006). The 16S rRNA tree was mid-point 

rooted with Dendroscope 3 (Huson and Scornavacca, 2012). 

Additionally, the distance tree for all Bacteria was obtained from the Genome Taxonomy 

Database (GTDB) (bac120_r207.tree) (Parks et al., 2018;Parks et al., 2020;Parks et al., 2021) . 

Subsequently, dendroscope 3 was used to prune the tree such that only currently classified 

Thermoanaerobacterales remained (based on NCBI taxonomy, March 2023). The pruned tree was 

then visualized and formatted in iTOL. A color-blind friendly divergent color palette was applied 

to the different genera (determined by Chroma.js Color Palette Helper, https://vis4.net/palettes) 

(colors: #1d1b73, #243694, #2b53af, #2d74be, #009ba7, #b1ab14, #ba971c, #c5801d, #d36219, 

#f00000). The same genera colors were applied to the 16S rRNA tree. 

Average identity calculations and pangenome analysis 

https://stevemorse.org/nearest/distancebatch.html
https://vis4.net/palettes
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Average nucleotide identities (ANI) were generated with pyani (v. 0.2.12) (Pritchard et al., 

2016) average_nucleotide_identity.py BLAST+ method (ANIb) (flag ñ-m ANIbò). Final 

bidirectional ANIb values were generated by averaging the ANIb values representing the two 

orientations of the same strain pairs. Average amino acid identities (AAI) were calculated with 

GET_HOMOLOGUES (v22082022) (Contreras-Moreira and Vinuesa, 2013;Vinuesa and 

Contreras-Moreira, 2015) with flags ñ-A ït 0 ïMò. A composite ANIb/AAI matrix of the 91 

genomes was calculated and heat-mapped based on the min/max values (40.4-100%) using the 

Inferno colormap. This same colormap scale was maintained for all ANIb/AAI figures. 

Core and pangenome analysis was also completed using GET_HOMOLOGUES. For this, 

the flags ñ-A ït 0 ïc ïz ïP ïMò were used. Then compare_clusters.pl was used to generate the 

core, soft core, and pangenomes. Finally, parse_pangenome_matrix.pl with ñ-f core_Tettelinò was 

used to generate pan/core genome graphs. 

Analysis of Carbohydrate Active Enzymes (CAZymes) 

For annotation of carbohydrate active enzymes, dbCAN (v 3.0.7) (Zhang et al., 2018, 

Zheng et al., 2023) was locally run with the run_dbcan command using protein .faa files of 

translated nucleotide coding sequences as input and flags ñ--signalP=true --gram Pò to use SignalP 

v 4.1 (Nielsen, 2017). The dbCAN output was then curated where all glycosyl transferases (GTs) 

were removed, and a consensus was generated between the three prediction algorithms (HMMER, 

eCAMI, and DIAMOND), where annotations that had agreement between at least 2 prediction 

algorithms was used as the consensus. Any proteins that had positive hits on only a single 

algorithm were subjected to a BLAST search on the NCBI webserver against the NCBI database 

to obtain an annotation. Any coding sequence deemed to not be involved in carbohydrate 

catabolism, based on the BLAST search annotation, were removed from the analysis, along with 
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any coding sequences corresponding to proteins under 100 amino acids. For the 

Caldicellulosiruptorales, remaining proteins representing the ñCAZysomeò of each strain were 

input into GET_HOMOLOGUES for Pan/Core/Soft-core analysis, as described above for whole 

genomes. The resulting Core/Soft-cores of the Caldicellulosiruptorales were then analyzed for 

CAZyme annotation and predicted function (Table S4). 

Substrate Use Evaluation of Caldicellulosiruptor diazotrophicus 

Three strains of Caldicellulosiruptorales were obtained from DSMZ-German Collection of 

Microorganisms and Cell Cultures GmbH: DSM 6725 (C. bescii), DSM 18901 (C. 

hydrothermalis), and DSM 112098 (C. diazotrophicus). Strains were adapted to substrates and 

grown in 125 ml serum bottles, as described previously (Bing et al., 2023a) where modified D671 

media with cellobiose (Biosynth-Carbosynth, OC04040) was used for routine growth. All cultures 

were grown at 75°C with 150 rpm shaking in a New Brunswick Innova 42 incubator shaker. 

Adaption to beechwood xylan (Biosynth-Carbosynth, YX45751), wet-milled corn fiber (WMCF, 

provided by Novozymes A/S), or Avicel PH-101 (Millipore-Sigma) was done by passages of 5E8 

cells (final 1E7 cells/ml starting cell density) from 5 g/l cellobiose cultures to 0.5 g/l cellobiose 

and 4.5 g/l carbohydrate equivalent of substrate (xylan, WMCF, or Avicel). Cell growth was 

monitored by epifluorescence microscopy, as previously described (Bing et al., 2023a). Once cells 

reached 5E8 cells/ml or after 3 days, 5E8 cells were passaged to 5 g/l carbohydrate equivalent of 

substrate alone. Culture growth was monitored for 7 days. C. bescii (DSM 6725) and C. 

hydrothermalis (DSM 18901) were included as controls for expected growth phenotypes on the 

substrates. All strains were expected to grow on cellobiose, xylan, and WMCF, but only C. bescii 

grows on microcrystalline cellulose (Avicel). The phenotype observed is robust growth of C. bescii 

on all substrate adaptions and final passages; C. hydrothermalis had robust growth on cultures 
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containing cellobiose, xylan, and WMCF, weak growth on the adaption passage to Avicel 

(containing 0.5 g/L cellobiose) and no growth on Avicel alone.  

 

Results 

Proposed Changes to the Classification of the Thermoanaerobacterales and the Genus 

Caldicellulosiruptor 

16S ribosomal RNA gene sequence and Genome Taxonomy Database (GTDB) phylogeny 

comparison is shown in Figure 1; this suggests some re-classification is warranted. There are 

significant differences between the 16S rRNA and GTDB trees, highlighting the improvements 

seen in GTDB over 16S rRNA by including 120 marker proteins instead of only 16S rRNA. Here 

we employ the GTDB-tk tool to run increase the multiple sequence alignment length from GTDBôs 

default of ~5,000 to ~20,000 amino acids. Note that Thermodesulfobium was recently moved to 

its own phylum (Frolov et al., 2023), although at the time of creation, NCBI taxonomy had not yet 

been updated to reflect this. Also note that several of the genera have been moved to the order 

Moorellales (Lv et al., 2020), as of March, 2023 NCBI Taxonomy had not yet reflected this, so 

they are still included in this analysis. Reclassification is further supported by Average Nucleotide 

Identity (ANI) and Average Amino Acid Identity (AAI) comparisons of genome-sequenced strains 

currently assigned to the order Thermoanaerobacterales (Figure 2), including 15 strains within the 

genus Caldicellulosiruptor (Table 1). It is clear that changes in taxonomy are in order. This can 

be seen in Figure 2A, where many groups have Ò 70% ANI and Ò 50% AAI. Color coding in 

Figure 2B reflects previously proposed taxonomic grouping thresholds for 16S rRNA identities 

(Yarza et al., 2014). Although the 16S rRNA analysis is less clear than ANI/AAI, as expected, 

only a few current Thermoanaerobacterales genera are indicated as having Order level or lower 



   

111 

 

relatedness by 16S rRNA. ANI/AAI results indicate several species from the genera 

Thermoanaerobacter, Moorella, Carboxythermus, Thermoanaerobacterium, and 

Caldicellulosiruptor need to be consolidated as strains of previously described species (Table 2). 

For example, Thermoanaerobacter ethanolicus (type strain JW200, the first isolate from this 

group) should now include an additional 6 strains currently assigned as T. thermohydrosulfuricus 

WC1, T. thermohydrosulfuricus DSM 569, T. sp. RKWS2, T. siderophilus SR4, T. weigelii 

RT8.B1, and T. indiensis BSB-33, all of which share ANIb ² 97%.  

To further investigate the proposed re-classification of the Thermoanaerobacterales, a 

genome-wide assessment was done (Figure 3). Based on ANI/AAI analysis, the currently 

designated genus Caldicellulosiruptor locates on the fringe of the Thermoanaerobacterales 

(Figure 2). This supports the recently proposed reclassifying of C. lactoaceticus and C. 

kristjanssonii as subspecies of Caldicellulosiruptor acetigenus (Habib et al., 2021), given that their 

ANIs are all ² 97% (Figure 3). Note that C. acetigenus was previously reclassified from 

Thermoanaerobium acetigenum, based on 16S rRNA sequencing and physiological properties 

(Onyenwoke et al., 2006). Taking into account GTDB and ANI/AAI analysis, we propose that the 

current genus Caldicellulosiruptor should be split into two genera. C. changbaiensis, C. sp. F32, 

C. saccharolyticus, C. naganoensis, and C. morganii should remain in the genus 

Caldicellulosiruptor, recognizing that the type strain from this group was C. saccharolyticus 

(Rainey et al., 1994). The strains share an ANIb > 83% (> 89% if C. morganii is excluded) (Figure 

3). Note, C. morganii is the most divergent of the Caldicellulosiruptorales; it is more closely related 

to these Caldicellulosiruptor species than the other Caldicellulosiruptorales, as such, it remains 

assigned to the genus Caldicellulosiruptor. This assignment is also confirmed by the GTDB-tk 

analysis.  
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A case can be made that C. saccharolyticus, C. sp. F32 and C. changbaiensis CBZ are the 

same species (ANIôs ² 95% and agreement GTDB-tk) (Table 2); in fact, C. saccharolyticus and 

C. sp. F32 have been designated as such by the China General Microbiological Culture Collection 

(CGMCC). However, the C. sp. F32 genome is currently in 127 contigs; as such, confidence in its 

taxonomic placement is lower than the other Caldicellulosiruptor strains. C. danielii, C. 

hydrothermalis, C. diazotrophicus, C. owensensis, C. obsidiansis, C. bescii, C. kronotskyensis, and 

C. acetigenus share ANIôs ² 87%; these species should be assigned to the genus ñAnaerocellumò, 

in view of the fact that the type strain, C. bescii, was originally named Anaerocellum thermophilum 

(Svetlichnyi, 1990;Kataeva et al., 2009;Yang et al., 2010a). What we now term A. bescii and A. 

kronotskyensis should be considered the same species, given that their ANI is 96% (Table 2; 

Figure 3); as such, A. kronotskyensis 2002 is designated as A. bescii strain 2002. Two other 

kronotskyensis strains (2006, 2902) were classified as this species based on 16S rRNA 

(Miroshnichenko et al., 2008) but have no available genome sequences; as such, these might also 

be strains of A. bescii but without genome sequences this cannot be further verified. Note that 

between these two groups, Caldicellulosiruptor and Anaerocellum, ANIôs are Ò 82%, further 

supporting the proposed re-classification. The core genome for the family is 1,248 genes, with 

1,496 genes in the Anaerocellum core and 1,367 in the Caldicellulosiruptor core. The pan genome 

for the family is 3,833 genes, with 3,527 and 3,027 genes for Anaerocellum and 

Caldicellulosiruptor pan genomes, respectively; the pan genomes remain open (Figure S1).  

Another outcome of the analyses here is that the taxonomy above the species level of the 

Order Thermoanaerobacterales must also be re-considered. Based on GTDB-tk and ANI/AAI 

analysis, the revised order should consist of the Family Thermoanaerobacteraceae containing the 

genera Thermoanaerobacter, Thermoanaerobacterium, Caldanaerobacter, the Family 
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Caldanaerobiaceae containing the genus Caldanaerobius, and the Family Calorimonaceae 

containing the genus Calorimonas. The core and pan genomes of the Thermoanaerobacteraceae, 

respectively are: 306 / 6 915 for the family, 1 308 / 3 510 for Caldanaerobacter, 815 / 4 087 for 

Thermoanaerobacter, and 1 374 / 4 419 for Thermoanaerobacterium (Figure S1). All other 

current Thermoanaerobacterales are divergent enough that that they should belong to a different 

class or phylum. The genera Caldicellulosiruptor and Anaerocellum belong in a separate 

Order/Family: Caldicellulosiruptorales/Caldicellulosiruptoraceae. Together, the 

Thermoanaerobacterales and Caldicellulosiruptorales likely comprise their own Class 

(Thermoanaerobacteria), but without comprehensive evaluation of the Class Clostridia, this could 

not be fully established here (Table S5). The GTDB-tk tree indicates the need for a broader 

evaluation of Clostridia as noted by the placement of Mahella, which according to the published 

GTDB taxonomy (~5,000 amino acid alignment) belongs to Clostridia, with 

Caldicellulosiruptorales and Thermoanaerobacterales in a separate class. However, our GTDB-tk 

analysis (~20,000 amino acid alignment) suggests the Mahella is more closely related to 

Caldicellulosiruptorales than Thermoanaerobacterales. 

 

Global distribution of the order Caldicellulosiruptorales and relationship to Taxonomy 

The wide global distribution of the Caldicellulosiruptorales is evident from the isolation 

sites of currently named species as well as from signatures detected in community analyses 

(Figure 4, (Blumer-Schuette, 2020)). Given the closely related microbiological features of 

members of the Caldicellulosiruptorales, it is interesting to consider how these species became 

globally distributed and the relationships between geography, physiochemical features of isolation 

sites, and strain relatedness. The fact that all known members of the Caldicellulosiruptorales grow 
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best at temperatures above 70°C differentiates them from almost all other characterized bacteria, 

which are mostly mesophilic or moderately thermophilic (Topt Ò 65ÁC). Community analyses of 

terrestrial hot springs indicate that, above 65°C, Caldicellulosiruptorales dominate 

(Vishnivetskaya et al., 2015;Lee et al., 2018). Based on the global presence of 

Caldicellulosiruptorales in low-salinity terrestrial thermal sites (> 65°C) and the relatedness of 

strains isolated in various regions, additional areas likely to harbor novel strains of 

Caldicellulosiruptorales can be identified. These areas are detailed in Figure 4, both circled in the 

map (4A) with details provided below the map. There is a notable absence of isolated 

Caldicellulosiruptorales from Africa and South America, although there are thermal features on 

these continents hospitable to Caldicellulosiruptorales. Presence of widespread thermal features 

and high similarity of strains currently isolated from North America and Iceland may indicate that 

additional more divergent Caldicellulosiruptorales exist in these areas, which would reflect the 

diversity seen in China, Kamchatka, Japan, and New Zealand. 

It is also interesting to consider how the globally distributed Caldicellulosiruptorales 

compare with respect to geographic separation of isolation sites and overall genetic relatedness. 

Figure 4B shows how geographical distance between isolation sites for Caldicellulosiruptorales 

(Table S2) relates to AAI and ANI. While it is not surprising that species and strains isolated from 

immediate proximity to each other can have high AAI/ANI values, it is interesting that some 

species from isolation sites separated by thousands of kilometers are also closely related. Further, 

several strains isolated from relatively close sites have lower AAI/ANI values, indicating close 

proximity of isolation does not always infer high strain similarity even within the same genus.  

Thus, from available genomic data, there is no correlation between geographical spacing of 

isolation sites and ANI/AAI for the Caldicellulosiruptorales, at least at for distance > 50 km. 
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Presumably, at some smaller distance (i.e., < 50 km), there could be a correlation, where multiple 

strains from a single geothermal feature, or very near-by thermal features, could have high 

relatedness. The Icelandic strains (A. acetigenus) may hint at this possibility due to their high 

relatedness and close proximity of isolation. However, at the same time, species isolated < 100 km 

from each other have much lower relatedness, like those from New Zealand (C. morganii, C. 

saccharolyticus, A. danielii) or Japan (C. naganoensis, A. diazotrophicus). 

 

Carbohydrate utilization in the Caldicellulosiruptorales and Thermoanaerobacterales 

Comparing and contrasting the underlying metabolism, physiology, and ecology of 

microorganisms goes beyond 16S rRNA, GTDB-tk, and ANI/AAI analyses. Interest in the 

Caldicellulosiruptorales was initially driven by their ability to degrade lignocellulosic biomass and 

the inventory of carbohydrate active enzymes (CAZymes) supporting this characteristic (Blumer-

Schuette et al., 2014). Specifically, within the group of CAZymes are intracellular, extracellular, 

and surface-layer Glycoside Hydrolases (GHs) that process carbohydrates; many of these enzymes 

have multiple domains and associated carbohydrate binding modules (CBMs) (Blumer-Schuette 

et al., 2010;Conway et al., 2016;Conway et al., 2017;Conway et al., 2018;Crosby et al., 

2022;Laemthong et al., 2022). Figure 5 summarizes GH inventories separated by GH family 

(Drula et al., 2022), for the 15 genome sequenced Caldicellulosiruptorales and 37 sequenced 

strains within the revised Thermoanaerobacterales. It is evident that the GH inventory varies 

widely across genera and species, and even across strains within a species. To this point, A. 

acetigenus str. acetigenus has 15 or more total CAZymes, and 20 or more GH containing 

CAZymes, than either of the other two strains of this species.   
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A wide variety of GH family domains are found in all Caldicellulosiruptorales genomes; 

collectively these enable degradation of carbohydrates found in lignocellulosic biomass to recruit 

them as carbon and energy sources. Enzyme functions associated with these domains include xylan 

hydrolysis (GH3, GH10), exo-acting cleavage of -glycans (GH2, GH3, GH5, GH42), hydrolysis 

of -glucans, such as starch and pullulan (GH13, GH31, GH36), pectin degradation (GH28), 

hydrolysis of galactomannans (GH5, GH42), mannooligosaccharide phosphorylation (GH130), 

cellobiose phosphorylation (GH94), and hydrolysis of peptidoglycan or chitin (GH23). Domains 

related to cleavage of terminal glucose residues from ɓ-glycosides (GH1) and -glucans (GH15), 

as well as endo acting ɓ-glucanase or -arabinosidase (GH51), are found in all but one species. 

Domains related to the hydrolysis of phosphorylated - and -glycosides (GH4), phosphorylases 

(GH65), uncapping of glucuronic acid decorated xylooligosaccharides (GH67), and hydrolysis of 

unsaturated glucuronyl/galacturonyl linkages (GH105) are present in all but two species. GH9 and 

GH48 domains (and CBM3) are central to enzymes that catalyze microcrystalline cellulose 

hydrolysis, notably present in the multi-domain cellulase, CelA (Conway et al., 2017) one or both 

of these GH domains are present in all five Caldicellulosiruptor species and six of ten 

Anaerocellum species. Strains lacking these cellulases are unable to grow on microcrystalline 

cellulose (Avicel). Of note here, A. diazotrophicus (which lacks these enzymes) was reported in 

its isolation paper to grow on Avicel (Chen et al., 2021b). However, as part of this work, A. 

diazotrophicus was readily cultured on cellobiose, beechwood xylan, and corn fiber, but no growth 

was observed on Avicel at 75°C. This result reinforces that Caldicellulosiruptorales lacking GH9 

and GH48 domains cannot grow on microcrystalline cellulose. Both strongly cellulolytic and non-

cellulolytic (or weakly cellulolytic) species are found in most Caldicellulosiruptorales isolation 

biotopes (Vishnivetskaya et al., 2015;Lee et al., 2018). This reflects the cooperative nature of 
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microbial communities. For example, not all species in a biotope need to be cellulolytic to utilize 

lignocellulose, but instead some species can degrade cellulose through extracellular GHs thereby 

enabling scavenging of the resulting oligosaccharides by non-cellulolytic species. Interestingly, 

common to all members of the Caldicellulosiruptorales are peptidoglycan lyases / chitinase 

(GH23) and peptidoglycan / chitin binding domains (CBM50). This implicates degradation of 

bacterial or fungal cell wall remnants to support acquisition of substrates in otherwise nutritionally 

sparse biotopes.  

In the Thermoanaerobacterales genomes, highly represented GH families (GH1-5, GH13, 

GH15, GH23, GH31, GH36, GH65, GH130) mirror what is seen in the Caldicellulosiruptorales, 

with two exceptions. GH18 domains (chitinases, lysozymes) are common to the 

Thermoanaerobacterales, but absent in the Caldicellulosiruptorales. None of the genome 

sequenced Thermoanaerobacterales are known to degrade crystalline cellulose, and accordingly, 

none contain genes encoding GH9, GH48, and CBM3 domains, which are important for 

microcrystalline cellulose degradation. It is also interesting that many Thermoanaerobacterales 

lack GH10/11 domains that relate to xylan hydrolysis (Thermoanaerobacterium, Caldanaerobius 

polysaccharolyticus, and some Thermoanaerobacter are exceptions). Among the 

Thermoanaerobacterales, Thermoanaerobacterium have the most diversity in CAZymes, 

reflecting their hemicellulolytic activity. Similar trends are seen with other CAZyme domains 

(carbohydrate binding modules, polysaccharide lysases, and carbohydrate esterases, Figure S2). 

Based on CAZyme inventory, Caldicellulosiruptorales have a broader carbohydrate appetite than 

the Thermoanaerobacterales, especially with respect to crystalline cellulose. 
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Discussion 

Clearly, keeping taxonomy up to date in the face of expanding genome sequence databases 

is challenging. Fortunately, bioinformatic analyses, using tools such as ANI, AAI, and GTDB, can 

be used to update taxonomy to more accurately reflect phylogeny, although heuristics and criteria 

for classification have not been universally established. Many fermentative anaerobes were 

isolated decades ago, prior to the use of whole genome sequence data, such that their taxonomy 

required updating. While classifications with 16S rRNA sequencing greatly improved taxonomy 

beyond phenotypic classifications, many misclassifications persist. The Genome Taxonomy 

Database, using 120 markers for bacteria, allows for classifications above the genus level to be 

readily discerned. This work shows, at least for the former Thermoanaerobacterales, that at the 

genus level and below, whole-genome comparison (ANI/AAI) is needed for accurate reflection of 

phylogeny by taxonomy. GTDB has reasonable accuracy at and below the genus level, but several 

disagreements between the available GTDB  taxonomy (~5,000 amino acid alignment) and the 

expanded GTDB-tk (~20,000 amino acid alignment) and ANI/AAI were found. These include the 

split of the genus Caldicellulosiruptor and species/strain designations of T. weigelii and A. 

kronotskyensis. A robust method for taxonomic classification should go beyond 16S rRNA 

identities and published GTDB taxonomy by using GTDB-tk for accurate classification down the 

genus level, and then use ANI/AAI for precise genus/species/strain placement.  

Efforts to update the taxonomy of NCBI classified Thermoanaerobacterales to better reflect 

their phylogeny shows that many strains do not belong in the Order Thermoanaerobacterales.  

Among the findings are that the Caldicellulosiruptorales occupy a distinct phylogenetic niche that 

differentiates them from the Thermoanaerobacterales. Furthermore, the genus Caldicellulosiruptor 

should be divided into two genera: Caldicellulosiruptor and Anaerocellum. Reflected in the 
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distance between these Orders is their thermophilicity; Caldicellulosiruptorales preference for 

higher temperature allows them to occupy biotopes distinct from the Thermoanaerobacterales. 

Previous examination of a wide range of lignocellulosic plant biomasses revealed that 

Thermoanaerobacterales were present but dormant at ambient temperatures, and could be 

stimulated and grown up to about 65°C. However, no evidence of Caldicellulosiruptorales were 

indicated in any of the biomasses (Bing et al., 2023a), and a threshold for growth of indigenous 

microbial life harbored within plant biomass (Ò 70ÁC) was proposed.  

The Caldicellulosiruptorales are asporogenous, such that their dispersal would not involve 

transport of spores. However, they are dormant at lower temperatures and, like other asporogenous 

extreme thermophiles, can remain in a viable state even after exposure to low temperatures for 

long times (Milojevic et al., 2022). The dispersal of óthermosporesô through ocean currents may 

explain the wide distribution of moderate thermophiles in marine environments world-wide. 

Moreover, asporogenous extreme thermophiles associated with ocean floor black smokers and 

other types of thermal vents could disperse through oceanic fluid motion and microbial motility. 

However, how terrestrial extreme thermophiles, such as the Caldicellulosiruptorales, spread 

globally is less clear. Certainly, volcanic activity and aerosols thereby formed could serve as a 

vector for dispersal through clouds and atmospheric processes. This is likely the best explanation 

for the global distribution of Caldicellulosiruptorales and may explain how metagenomic 

signatures of these bacteria have been found in volcanic ash permafrost and non-thermal, terrestrial 

environments. As is evident from Figure 4, many thermal, pH-neutral terrestrial biotopes that 

could harbor Caldicellulosiruptorales are yet unexplored and metagenomic analysis of these sites 

could prove useful in validating the proposed revisions to taxonomy; exploration of surrounding 
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non-thermal features could gain further insight into the dispersal of terrestrial extreme 

thermophiles. 

Ultimately, small segments of the genome may define microbiological characteristics that 

cannot be gleaned from global genomic analysis. We show here that when carbohydrate ñappetiteò 

is mapped to CAZyme inventory, the Caldicellulosiruptorales differ from the 

Thermoanaerobacterales in that many species of the former, but not the latter, can degrade 

microcrystalline cellulose. Most geographical regions harbor both cellulolytic and weak/non-

cellulolytic Caldicellulosiruptorales, which could suggest a possible existence of 

Caldicellulosiruptorales communities, where the non-cellulolytic species benefit from cellulases 

secreted by the cellulolytic species. In extremely thermophilic terrestrial environments, these non-

cellulolytic Caldicellulosiruptorales potentially fill the environmental niche occupied at lower 

temperatures by other hemicellulolytic and oligosaccharide-consuming organisms, such as 

Thermoanaerobacterium and Thermoanaerobacter species. The latter two genera are often found 

along with cellulolytic Clostridia (such as Thermoclostridium stercorarium and Acetivibrio 

thermocellus), forming moderately thermophilic plant biomass degrading communities with 

diversity spanning multiple Orders (Liu et al., 2008;Bing et al., 2023a). Further, metagenomic 

analyses to date indicate that microbial biodiversity in terrestrial hot springs decreases with 

increasing temperature (Lee et al., 2018), such that the gene pool becomes more limited. In line 

with this, Caldicellulosiruptorales seem to be the only plant biomass degraders in their higher 

temperature (Ó 70ÁC) environments (based on available isolation and metagenomics reports for 

these thermal features). Caldicellulosiruptorales seem to have evolved to occupy multiple niches 

normally filled by multiple Orders of bacteria at lower temperatures. Due to the more limited 

microbial diversity in these extreme temperatures, Caldicellulosiruptorales species have evolved 
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to harbor a broad array of CAZymes, allowing them to degrade and consume a wide range of 

polysaccharides, as the presence of other polysaccharide degrading microorganisms is less likely.  

Specialization of Caldicellulosiruptorales to their localized environment likely drives the 

gain and loss of CAZymes. How the Caldicellulosiruptorales acquire new CAZymes is not at all 

understood. The majority of their CAZymes have low homology (via NCBI BLAST search) 

outside of the Caldicellulosiruptorales, suggesting vertical gene transfer and evolution is 

responsible for the origin of these CAZymes. Caldicellulosiruptoraceae all contain a plethora of 

transposases encoded in their genomes; this could also potentially aid in the movement of genes, 

including CAZymes, within their own genomes or between other Caldicellulosiruptorales. 

Possible evidence for this is found in species with fragmented glucan degradation loci (GDL), 

including A. acetigenus (all three strains) and C. morganii (Lee et al., 2018), where transposases 

are annotated immediately adjacent to GDL fragments. A more detailed evaluation of the role of 

transposases in the Caldicellulosiruptorales and their communities is obviously needed.  

Caldicellulosiruptorales clearly have evolved to fit their environmental niche, where they 

excel at scavenging a variety of carbohydrates available in their environment. Indeed, CAZyme 

inventory of the Caldicellulosiruptorales reflect the types of biomasses common to their locales 

including (hemi)celluloses, pectin, and starches found in woods and grasses, as well as their fruits 

and seeds. Less obvious sources of carbohydrate could include chitin or peptidoglycan in 

fungal/bacterial cell walls, or lichenin (ɓ1,3; ɓ1,4 glucan) and galactomannan rich organisms like 

mosses and lichens, including Icelandic moss (which occurs outside of Iceland in most regions 

containing Caldicellulosiruptorales, Table 1, (Ingólfsdóttir, 2000)). CAZyme inventory of 

Caldicellulosiruptorales varies by species; some like A. kronotskyensis have broad appetites for 

available carbohydrates. A. kronotskyensis contains 44 out of the 51 GH domains present in the 
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Caldicellulosiruptorales pangenome and those missing GH domains are relatively rare across the 

family. Other Caldicellulosiruptorales that lack cellulases, or have fewer CAZymes, either live in 

environments with more limited sources of carbohydrates, or have evolved to live in communities 

with other strains, occupying narrower ecological roles. The latter can be seen for A. acetigenus 

strains, which vary widely in CAZyme inventory despite highly localized geographic proximity 

and high genome-wide identity. It is possible that these strains may exist in communities together 

where only a subpopulation degrade cellulose (such as A. acetigenus lactoaceticus). However, in 

order to prove this, a more detailed evaluation of Caldicellulosiruptorales communities is needed. 

In context of major research interests in the Caldicellulosiruptorales related to lignocellulose 

degradation, novel CAZymes likely still exist in environments not yet sampled, harbored in 

undiscovered strains. Consideration of polysaccharides local to isolation environments could aid 

in finding CAZymes or strains capable of degrading specific substrates. 

Beyond CAZymes, the most differentiating feature between the Caldicellulosiruptorales 

and Thermoanaerobacterales is thermophilicity, given that the differences in optimal growth 

temperatures exceed 10°C. This is reflected by the AAI of homologous proteins, where increased 

protein thermostability likely maps to changes in amino acid sequence to maintain function at 

higher temperatures. As many aspects of fermentative anaerobic metabolism should be highly 

conserved, many proteins must evolve to become more (or less) thermostable. As such, the revised 

taxonomy containing two Orders (Caldicellulosiruptorales and Thermoanaerobacterales) reflects 

this phylogenic divergence. While the revisions here improve the taxonomy of the 

Thermoanaerobacterales and Caldicellulosiruptorales, many unresolved taxonomic issues still 

remain for strains no longer a part of the Thermoanaerobacterales, as well as Class and Phyla 
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classifications for the Clostridia. In any event, bioinformatic tools are useful for taxonomy and 

phylogeny but phenotype and ecology must still lean heavily on microbiological details. 
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Figures and Tables 

Table 1. Isolation and genome sequence information of species currently assigned to genus Caldicellulosiruptor  

Species Isolation site Isolation environment 
Genome 

(Mb) 
ORFs G+C (%) Ref 

saccharolyticus Taupo, New Zealand Wood in hot spring pool (48°C) 2.97 2,924 35.2 
(van de Werken et al., 

2008) 

changbaiensis 
Changbai Mountains, 

China 
Hot spring sediment (83°C, pH 7) 2.91 2,833 35.1 

(Mendoza and Blumer-

Schuette, 2019) 

sp. str. F32 Qingdao, China Biocompost 2.38* 2,426 35.2 (Ying et al., 2013) 

naganoensis  
Nozawaonsen, 

Nagano Pref., Japan 

Hot spring mud & sediment  

(75-85°C, pH 9.0) 
2.49 2,473 35.3 (Lee et al., 2015) 

morganii  Rotorua, New Zealand Hot spring (63°C, pH 8.8) 2.48 2,413 36.5 (Lee et al., 2015) 

danielii Waimangu, New Zealand Hot spring 2.83 2,714 35.8 (Lee et al., 2015) 

hydrothermalis 
Pauzhetka, Kamchatka, 

Russia 
Terrestrial neutral hot spring 2.77 2,679 36.1 

(Blumer-Schuette et al., 

2011) 

diazotrophicus 
Nakabusa,  

Nagano Pref., Japan 

Hot spring N2-poor biomats  

(78.3°C, pH 8.5-8.9) 
2.60 2,449 34.8 (Chen et al., 2021b) 

owensensis 
Owens Lake, 

CA, USA 

Freshwater pond sediment in Dry 

Lake Bed (32°C, pH 9.0) 
2.43 2,333 35.4 

(Blumer-Schuette et al., 

2011) 

obsidiansis 
Yellowstone Nat. Park, 

WY, USA 
Hot spring (66°C, pH 5.0) 2.53 2,404 35.2 (Elkins et al., 2010) 

bescii 
Valley of Geysers,  

Kamchatka, Russia 

Hot spring caused waterlogged 

foot of a geyser (90°C, pH 6.5) 
2.93 2,828 35.2 (Yang et al., 2010b) 

kronotskyensis 
Valley of Geysers,  

Kamchatka, Russia 
Terrestrial neutral hot spring 2.84 2,623 35.1 

(Blumer-Schuette et al., 

2011) 

acetigenus 

(acetigenus) 

Hveragerði-Hengill, 

Iceland 

Hot spring biomats and sediments 

(55-75°C, pH 8.0-8.7) 

2.74 2,643 36.3 

(Onyenwoke et al., 

2006;Habib et al., 2021) 

acetigenus 

(kristjanssonii) 
2.80 2,712 36.0 

acetigenus 

(lactoaceticus) 
2.67 2,601 36.1 

*Genome sequence not closed; 127 contigs 
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Figure 1. Phylogenic trees of currently classified Thermoanaerobacterales based on 16S 

rRNA sequence identity and Genome Taxonomy Database (GTDB-tk) analysis. Left tree 

structure was generated by FastTree from a CLUSTAL-Omega alignment of 16S ribosomal RNA 

sequences. The 16S rRNA was subsequently midpoint rooted with Dendroscope 3. Right tree 

structure is a subset of the óbac120ô tree from the Genome Taxonomy Database (GTDB, release 

207), all nodes and leaves not containing a currently classified Thermoanaerobacterales were 

eliminated. Bootstrap values between 75-100% are depicted with black circles with white outlines 

with, scaled as indicated by the legends. All other bootstrap values are <75%.  A color-blind 

friendly divergent color palette was applied to the GTDB tree to indicate members of the same 

genus; 16S tree nodes were colored to match the GTDB color pattern. Caldicellulosiruptor was 

split in two colors to show the proposed division into Anaerocellum and Caldicellulosiruptor. 

Letters ñAò, ñBò, and ñTò indicate nodes that represent GTDB revised Phyla. 
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Figure 2. Identity matrix assessment of 91 currently classified Thermoanaerobacterales. A. 

Whole-genome average nucleotide identity (ANIb, upper left triangle) and average amino acid 

identity (AAI, lower left triangle). B. 16S ribosomal RNA identities from CULSTAL-Omega 

alignment, color map of taxonomic ranks is based on ñMinimum Sequence IDò (Yarza et al., 

2014). C. Strain name to number key for (A) and (B). White outline boxes indicated current 

NCBI genus classifications, genera with more than 1 strain present are labeled to the left of each 

matrix in (A) and (B).
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Figure 3. Genome-wide (ANIb/AAI) assessment of the reclassified orders: 

Caldicellulosiruptorales and Thermoanaerobacterales. A. Whole genome average nucleotide 

identity (ANIb, upper left triangle) and average amino acid identity (AAI, lower right triangle) for 

the revised Thermoanaerobacterales and Caldicellulosiruptorales (color heatmap scale is the same 

used in Figure 2). Expanded views with details shown in 3B (Thermoanaerobacterales) and 3C 

(Caldicellulosiruptorales). White boxes represent updated genus classifications. 
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Table 2. Proposed taxonomic reclassification of species currently assigned to order Thermoanaerobacterales  

Proposed Species Name Strain (T type) 
Heterotypic synonyms based on NCBI Taxonomy 

(March 2023) 
Justification/notes 

Thermoanaerobacter 

ethanolicus 

JW200T Thermoanaerobacter ethanolicus 

ANI/AAI (97 -99/90-94%) for all strains 

General agreement with GTDB-tk.  

T. weigelli listed as separate species in ~5,000aa MSA GTDB taxonomy, but has >97% 
ANI with all strains and agrees with ~20,000aa MSA GTDB-tk analysis.  

SR4 Thermoanaerobacter siderophilus 

BSB-33 Thermoanaerobacter indiensis 

WC1 Thermoanaerobacter thermohydrosulfuricus 

L77-66 Thermoanaerobacter thermohydrosulfuricus  

RT8.B1 Thermoanaerobacter weigelii 

RKWS2 Thermoanaerobacter sp. RKWS2 

Thermoanaerobacter 

pseudethanolicus 

39ET Thermoanaerobacter pseudethanolicus  

ANI/AAI (98 -100/94-96%). GTDB-tk agreement. AKo-1 Thermoanaerobacter brockii subsp. finnii  

X514 Thermoanaerobacter sp. X514 

Thermoanaerobacter 

uzonensis 

JW/IW-010T Thermoanaerobacter uzonensis  
ANI/AAI (97/91%). GTDB-tk agreement. 

YS13 Thermoanaerobacter sp. YS13 

Thermoanaerobacter 
thermocopriae 

JT3-3T Thermoanaerobacter thermocopriae  

ANI/AAI (98 -99/93%). GTDB-tk agreement. Ab9 Thermoanaerobacter italicus  

A3 Thermoanaerobacter mathranii subsp. mathranii 

New Species AMPT Moorella thermoacetica  
ANI/AAI (93/85%) support split from other M. thermoacetica as a new species. GTDB-

tk agreement. 

Moorella sp. Hama-1 Hama-1T Moorella sp. Hama-1 ANI/AAI & GTDB -tk agreement 

Moorella sp. E308F 
E308FT Moorella sp. E308F 

ANI/AAI (99/90%), GTDB-tk agreement. 
E306M Moorella sp. E306M 

Moorella sp. SLA38 SLA38T Moorella sp. SLA38 ANI/AAI, GTDB -tk agreement. 

Carboxydothermus 

hydrogenoformans 

Z-2901T Carboxydothermus hydrogenoformans 
ANI/AAI (98/91%). GTDB-tk agreement. 

JW/AS-Y7 Carboxydothermus ferrireducens  

Thermoanaerobacterium 

aotearoense 

SCUT27T Thermoanaerobacterium aotearoense ANI/AAI (100/94%), GTDB-tk agreement. Note T. saccharolyticum NTOU1 & JW-

SL-YS485 are separated 
JW-SL-YS485 Thermoanaerobacterium saccharolyticum  

Thermoanaerobacterium 

sp. PSU-2 
PSU-2T Thermoanaerobacterium sp. PSU-2 ANI/AAI and GTDB-tk agreement 

New Genus sp. RBIITD RBIITDT Thermoanaerobacterium sp. RBIITD ANI/AAI/GTDB -tk indicated as species of a new genus. 

Biomaibacter acetigenes SP2 Thermoanaerobacteraceae bacterium SP2 
~5,000aa MSA GTDB taxonomy placed this unclassified Thermoanaerobacterales as B. 

acetigenes 

Syntrophomonas sp. 

UBA4844 
Kuro-4 Gelria sp. Kuro-4 

Gelria sp. Kuro-4 is likely a member of Syntrophomonas based on ~5,000aa MSA 

GTDB taxonomy.  

Caldicellulosiruptor 

saccharolyticus 

Tp 8T.6.3.3.1 T Caldicellulosiruptor saccharolyticus  
ANI/AAI: Csac/CF32 (96/91%), Csac/Ccha: (95/86%), Ccha/CF32: (95/90%)  

GTDB-tk agreement 
CBZ Caldicellulosiruptor changbaiensis 

F32 Caldicellulosiruptor sp. F32 

Anaerocellum bescii 
Z-1320T Anaerocellum bescii Abes/Akro ANI/AAI (96/89%).  

GTDB-tk agreement 2002 Anaerocellum kronotskyensis 2002 
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Figure 4. Biogeographic distribution of current and putative isolation sites for 

Caldicellulosiruptorales. A. Strains with genome sequences are labeled, and isolation sites 

marked. Presence of Caldicellulosiruptorales in multi-omics and community analysis are marked 

with ñXò. Circled areas are predicted to harbor Caldicellulosiruptorales. Listed in the table below 

are details of these areas and isolation sites. B. Whole genome average amino acid identity (AAI) 

and average nucleotide identity (ANI) for strain pairs with genome sequences plotted against the 

distance separating their isolation sites; color coded based on pairings within and outside the two 

proposed genera (Caldicellulosiruptor and Anaerocellum).  Reference list: 1 - (Alaska 

Department of Natural Resources, 1984); 2 - (Berry, 1980;Elkins et al., 2010;Hamilton-Brehm et 

al., 2010;Vishnivetskaya et al., 2015;Lee et al., 2018); 3, 8, 9, 11  - (Johnson, 2010); 4 - 

(Fernandez-Turiel, 2005); 5 - (Nielsen, 1993;Mladenovska, 1995;Sonne-Hansen, 1997;Bredholt 

et al., 1999;Onyenwoke et al., 2006;Orlygsson, 2010); 6 - (Sahm et al., 2013); 7 - (Johnson, 

2010;Wirth et al., 2012); 10 - (Johnson, 2010;Hniman, 2011); 12- (Rainey et al., 

1993;Miroshnichenko et al., 2008;Sahm et al., 2013;Vishnivetskaya et al., 2015;Vishnivetskaya, 

2022); 13- (Zhang, 2007;Qiu, 2011;Ying et al., 2013;Bing, 2015;Liu, 2015;Zhang et al., 2016); 14 

- (Pandit et al., 2016;Pandit et al., 2018a;Pandit et al., 2018b); 15 - (Sissons et al., 1987;Rainey et 

al., 1993;Rainey et al., 1994;Lee et al., 2015;Lee et al., 2018); 16 - (Svetlitchnyi et al., 2013;Lu et 

al., 2014); 17 - (Sayeh, 2010); 18 - (Taya, 1988;Rainey et al., 1993;Narihiro, 2009;Lee et al., 

2015;Cheng et al., 2018;Lee et al., 2018;Nishihara et al., 2018;Chen et al., 2021a;Chen et al., 

2021b). 
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Figure 5. Distribution of glycoside hydrolases among the Caldicellulosiruptorales and Thermoanaerobacterales. Boxes indicate 

number of coding sequences (CDS) that contain at least one of the indicated GH domain family. CDS were only counted once, even if 

the CDS contained multiple domains. Color coding heat map was applied based on the number of CDS present for the respective enzyme 

classes. Gray boxes indicate that class of GH was not detected (value of 0). Genus-species nomenclature reflects taxonomy changes 

proposed here. Genus abbreviations: A: Anaerocellum, C: Caldicellulosiruptor, Cb: Caldanaerobius, T: Thermoanaerobacter, Th: 

Thermoanaerobacterium, Ca: Caldanaerobacter, Cm: Calorimonas, NG: New Genus. 
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Supplemental Material 

The following supplemental data tables and files are only available in the e-version due to their 

large size: 

Table S6. BLAST+ Average nucleotide identity data from pyani 

Table S7. Average amino acid identity data from GET_HOMOLOGUES 

Table S8. 16S ribosomal RNA identity data from Clustal Omega. 

Table S9. Curated dbCAN output. 

Data File S1. ZIP file with output data from dbCAN, prior to curation. 

Data File S2. ZIP file with clustered pangenome matrices from GET_HOMOLOGUE
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Figure S1. Pan, core, and softcore genome assessment of genera and families within the new Caldicellulosiruptorales and 

Thermoanaerobacterales 

  



   

135 

 

 
Figure S2. CAZyme summary (not including GHs) for the Caldicellulosiruptorales and Thermoanaerobacterales. 
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Table S1. Thermoanaerobacterales strains and assembly accession numbers obtained from NCBI 

 

NCBI Accession # Bacterial Strain 

GCA_000024605.1 Ammonifex_degensii_KC4 

GCA_003368535.1 Ammonifex_thiophilus_SR 

GCA_004345675.1 Caldanaerobacter_subterraneus_DSM_13054 

GCA_013004485.1 Caldanaerobacter_subterraneus_str._1523vc 

GCA_000156275.2 Caldanaerobacter_subterraneus_subsp._pacificus_DSM_12653 

GCA_024807135.1 Caldanaerobacter_subterraneus_subsp._tengcongensis_MB4 

GCA_000473865.1 Caldanaerobacter_subterraneus_subsp._yonseiensis_KB-1 

GCA_900129075.1 Caldanaerobius_fijiensis_DSM_17918 

GCF_000427425.1 Caldanaerobius_polysaccharolyticus_DSM_13641 

GCA_002207765.1 Calderihabitans_maritimus_KKC1 

GCA_026914305.1 Caldicellulosiruptor_acetigenus_acetigenus_DSM_7040 

GCA_000166695.1 Caldicellulosiruptor_acetigenus_kristjanssonii_I77R1B 

GCA_000193435.3 Caldicellulosiruptor_acetigenus_lactoaceticus_6A 

GCA_000022325.1 Caldicellulosiruptor_bescii_DSM_6725 

GCA_003999255.1 Caldicellulosiruptor_changbaiensis_CBS-Z 

GCF_000955725.1 Caldicellulosiruptor_danielii_Wai35.B1 

GCA_017347585.1 Caldicellulosiruptor_diazatrophicus_YA01 

GCA_000166355.1 Caldicellulosiruptor_hydrothermalis_108 

GCA_000166775.1 Caldicellulosiruptor_kronotskyensis_2002 

GCA_026810225.1 Caldicellulosiruptor_morganii_DSM_8990 

GCA_026914285.1 Caldicellulosiruptor_naganoensis_DSM_8991 

GCA_000145215.1 Caldicellulosiruptor_obsidiansis_OB47 

GCA_000166335.1 Caldicellulosiruptor_owensensis_OL 

GCA_000016545.1 Caldicellulosiruptor_saccharolyticus_DSM_8903 

GCF_000404025.1 Caldicellulosiruptor_sp._F32 

GCA_008274215.1 Calorimonas_adulescens_A05MB 

GCA_013409775.1 Carboxydothermus_ferrireducens_DSM_11255 

GCA_000012865.1 Carboxydothermus_hydrogenoformans_Z-2901 

GCA_001950325.1 Carboxydothermus_islandicus_SET 

GCA_001950255.1 Carboxydothermus_pertinax_Ug1 

GCF_000429345.1 Desulfovirgula_thermocuniculi_DSM_16036 

GCA_019668485.1 Gelria_sp._Kuro-4 

GCA_000213255.1 Mahella_australiensis_50-1_BON 

GCA_009735625.1 Moorella_glycerini_DSM_11254 

GCA_002995755.1 Moorella_humiferrea_DSM_23265 

GCA_001594015.1 Moorella_mulderi_DSM_14980 

GCA_006538385.1 Moorella_sp._E306M 



   

137 

 

Table S1. (Continued) 

NCBI Accession # Bacterial Strain 

GCA_006538365.1 Moorella_sp._E308F 

GCA_023734095.1 Moorella_sp._Hama-1 

GCF_024733845.1 Moorella_sp._SLA38 

GCA_002995805.1 Moorella_stamsii_DSM_26217 

GCA_006228565.1 Moorella_thermoacetica_39073-HH 

GCA_008121875.1 Moorella_thermoacetica_ATCC_31490 

GCA_008121895.1 Moorella_thermoacetica_ATCC_33924 

GCA_001729945.1 Moorella_thermoacetica_DSM_103132 

GCA_001874605.1 Moorella_thermoacetica_DSM_103284 

GCA_001874065.1 Moorella_thermoacetica_DSM_11768 

GCA_001874085.1 Moorella_thermoacetica_DSM_12797 

GCA_001875245.1 Moorella_thermoacetica_DSM_12993 

GCA_001875325.1 Moorella_thermoacetica_DSM_21394 

GCA_001267435.1 Moorella_thermoacetica_DSM_2955 

GCA_001267405.1 Moorella_thermoacetica_DSM_521 

GCA_001875265.1 Moorella_thermoacetica_DSM_7417 

GCA_000576385.2 Moorella_thermoacetica_Y72 

GCA_000946815.1 Syntrophaceticus_schinkii__Sp3 

GCA_000305935.1 Thermacetogenium_phaeum_DSM_12270 

GCA_900176005.1 Thermanaeromonas_toyohensis_ToBE 

GCA_000175295.2 Thermoanaerobacter_brockii_subsp._finnii_Ako-1 

GCA_003722315.1 Thermoanaerobacter_ethanolicus_JW200 

GCF_000373165.1 Thermoanaerobacter_indiensis_BSB-33 

GCA_000025645.1 Thermoanaerobacter_italicus_Ab9 

GCA_000763575.1 Thermoanaerobacter_kivui_LKT-1 

GCA_000092965.1 Thermoanaerobacter_mathranii_subsp._mathranii_str._A3 

GCA_000019085.1 Thermoanaerobacter_pseudethanolicus_ATCC_33223 

GCA_000262445.1 Thermoanaerobacter_siderophilus_SR4 

GCA_026240795.1 Thermoanaerobacter_sp._RKWS2 

GCA_000019065.1 Thermoanaerobacter_sp._X514 

GCA_000806225.2 Thermoanaerobacter_sp._YS13 

GCF_001310975.1 Thermoanaerobacter_thermocopriae_JCM_7501 

GCA_900102395.1 Thermoanaerobacter_thermohydrosulfuricus_DSM_569 

GCA_000353265.2 Thermoanaerobacter_thermohydrosulfuricus_WC1 

GCA_900129115.1 Thermoanaerobacter_uzonensis_DSM_18761 

GCA_000147695.3 Thermoanaerobacter_wiegelii_Rt8.B1 

GCA_003615265.1 Thermoanaerobacteraceae_bacterium_SP2 
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Table S1. (Continued) 

NCBI Accession # Bacterial Strain 

GCF_009905255.1 Thermoanaerobacterium_aotearoense_SCUT27 

GCF_017874545.1 Thermoanaerobacterium_butyriciformans_USBA-19 

GCA_000307585.2 Thermoanaerobacterium_saccharolyticum_JW/SL-YS485 

GCF_000747665.1 Thermoanaerobacterium_saccharolyticum_NTOU1 

GCA_002102475.1 Thermoanaerobacterium_sp._PSU-2 

GCA_900205865.1 Thermoanaerobacterium_sp._RBIITD 

GCA_000145615.1 Thermoanaerobacterium_thermosaccharolyticum_DSM_571 

GCA_002701205.1 Thermoanaerobacterium_thermosaccharolyticum_GSU5 

GCA_000328545.1 Thermoanaerobacterium_thermosaccharolyticum_M0795 

GCA_002238085.1 Thermoanaerobacterium_thermosaccharolyticum_M5 

GCA_008632855.1 Thermoanaerobacterium_thermosaccharolyticum_SP-H2 

GCA_002250075.1 Thermoanaerobacterium_thermosaccharolyticum_TG57 

GCA_000189775.3 Thermoanaerobacterium_xylanolyticum_LX-11 

GCA_003815015.1 Thermodesulfitimonas_autotrophica_DSM_102936 

GCA_003057965.1 Thermodesulfobium_acidiphilum__3127-1 

GCA_000212395.1 Thermodesulfobium_narugense_DSM_14796 

GCF_004353525.1 Zhaonella_formicivorans_k32 
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Table S2. Geographic location of Anaerocellum and Caldicellulosiruptor strains with genome 

sequences 

 
Strain Isolation Location Coordinates Accuracy 

A. acetigenus 

lactoaceticus 6A 

Hveragerði, Iceland 63.99999969805945,  

-21.20000165572973 

Reported from NCBI BioSample. 

A. acetigenus 

kristjanssonii 

I77R1B 

Hveragerði, Iceland 

(Spring 2) 

64.03988080973024, 

-21.19250103556199 

Approximate based on Literature 

for Spring 2, DOI: 

10.1128/aem.45.6.1785-1789.1983 

A. acetigenus 

acetigenus DSM 

7040 

Hveragerði-Hengill 

geothermal area, Iceland 

64.00083352044722, 

-21.199771777303628 

Reported from NCBI BioSample. 

A. obsidiansis OB47 Obsidian Pool, 

Yellowstone National 

Park, Wyoming, USA 

44.61008437049065, 

-110.43885536441783 

Exact for Obsidian Pool. 

A. owensensis OL Owens Lake, California, 

USA 

36.4436095143034, 

-117.95151922845143 

Reported from NCBI BioSample. 

A. hydrothermalis 

108 

Pauzhetka, Kamchatka, 

Russia 

51.57646208458411, 

156.83165572489034 

Estimated based on Pauzhetka. 

A. diazotrophicus 

YA01 

Nakabusa Hot Springs, 

Nagano Prefecture, 

Japan 

36.38894503923128, 

137.7395248662653 

From Isolation Paper. 

A. kronotskyensis 

2002 

Valley of Geysers, 

Kronotsky National 

Park, Kamchatka, Russia 

54.107990565180074, 

159.4269946355822 

NCBI BioSample. 

A. bescii DSM 6725 Velikan Geyser, Vallye 

of Geysers,, Kronotsky 

National Park, 

Kamchatka, Russia 

54.435995422905414, 

160.14597522546904 

Velikan Geyser (estimated). 

A. danielii Wai35.B1 Waimangu, New 

Zealand 

-38.28288446929304, 

176.39737532629564 

Estimate based on Waimangu. 

C. saccharolyticus 

DSM 8903 

Taupo, New Zealand, 

Pool "TP8" 

-38.69040431276735, 

176.082611902028 

Estimate based on Taupo. 

C. changbaiensis 

CBS-Z 

Changbai Mountains, PR 

China 

42.00064801767541, 

128.00005661569054 

From Isolation paper. 

C. naganoensis DSM 

8991 

Nozawa Hot Spring, 

Nagano Prefecture, 

Japan 

36.922310847622164, 

138.44656157706171 

Estimated based on Nozawa hot 

spring area, as paper indicates 

various springs were sampled. 

C. morganii DSM 

8990 

Rotorua, New Zealand, 

Pool "RT8" 

-38.1446745457477, 

176.23821611757128 

Estimate based on Rotorua. 

C. sp. F32 Qingdao, China 36.09, 120.33 Estimated from JGI project and 

NCBI list source of Qingdao 

China. 
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Table S3. Geographic locations of Multi-Omics and Community Analyses indicating presence of 

Caldicellulosiruptorales 

Locations Coordinates Accuracy 

Furnas Valley, São Miguel, Azores 
37.772721576328635, 

-25.30392883797686 
Location of Calderia do Esguicho. 

China, Unknown China No coordinates used. 

Donghai County, Lianyungang City, Jiangsu 

Province 
34.741469070352686, 

118.48474755614258 
Based on map in sampling article. 

Yongtai, Fujian, China 
25.860377487277727, 
118.80436393237706 

Based on Yongtai County, China. 

Tianjin, China (Distillery waste water) plus 

Cow Manure (local source, China) 
39.108139861822465, 
117.17617684448227 

Coordinates for Tianjin 

University. 

France, exact location unknown 
48.759071020613824, 

2.3027915438617756 

Coordinates for Antony, France, 

location for first author. 

Rhineland and Cologne area North Rhine-

Westphalia Germany 
50.92670915924826, 
6.913254403515724 

Coordinates for Cologne, 

Germany, samples were collected 

over wide area in Germany. 

University of Szeged, Hungary, plus 

presumably local pig manure and maize 

silage 

46.24979384920978, 

20.146111411643428 
Coordinates for University. 

Hengil area in Grensdalur Iceland 
64.08374063577554, 

-21.31084701318881 

Estimate based on Hengil area in 

Grensdalur Iceland. 

India, exact unknown 
21.150610902892534, 
79.08335315304316 

Nagpur India, Author location. 

Livestock Research Station, Anand 

Agricultural University, Anand, Gujarat, 

India 

22.528354449631927, 

72.97015647123158 
From sampling article. 

Gujarat and Tamil Nadu, India  

22.535255533655562, 

72.97095121633015; 
13.162693559589751, 

80.24391766719994 

Animal Sciences centers listed in 

article. 

liquid fertilizer manufacturing facility in 

Chikujo, Fukuoka Prefecture, Japan 
33.610793122702795, 

131.0139074016804 

Estimated based on Chikujo, 

Fukuoka Prefecture, Japan. 

Nakabusa Hot Springs, Nagano Prefecture, 

Japan 
36.38891912882188, 

137.74778316441768 
Listed in article. 

Japan, unknown   No coordinates used. 

Neatherlands, unknown   No coordinates used. 

Phang-nga and Yala provinces, Thailand 

8.452814338773287, 
98.46829577668683; 

6.251535672760729, 

101.25195206804126 

Estimated based on Phang-nga 

and Yala provinces. 

Tunisia 
36.69200290582738, 
8.85627643498648 

Estimated based on map in article. 

Wyoming USA Obsidian pool 
44.61078548683452, 

-110.44007480369517 
Obsidian Pool, exact. 

Wyoming USA Obsidian pool 
44.61078548683452, 

-110.44007480369517 
Obsidian Pool, exact. 

Permafrost near active volcanos on 

Kamchatka Russia 

56.79000218861431, 

161.32293184604683; 
56.07273995784991, 

160.52165439958011 

Coordinates listed in article. 
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Table S4. Detailed list of CAZymes in the core and soft core CAZysome of the Caldicellulosiruptorales 

CAZymes in the core and soft core CAZysome of the Caldicellulosiruptorales 

Family Family Anaerocellum Anaerocellum Caldicellulosiruptor Caldicellulosiruptor 

Core Soft Core Core Soft Core Core Soft Core 

20 27 33 40 23 41 

Family Core Details 

Consensus CAZyme Annotation Expected Enzyme Activity 
Missing 

in strains 
Annotation Conflicts 

CBM22+GH10 endo-ɓ-xylanase n/a Aace, Aobs,Csac +CBM22; Alac +CBM9 

CBM41+GH13+CBM20  Ŭ-amylase / pullulanase n/a 
2 copies each with various CBMs (20, 41,48); 

Caldicellulosiruptors have no CBM48 

CBM48+GH13  Ŭ-amylase / Ŭ-glucosidase n/a Alac, Cmor reverse order 

CBM50 chitin or peptidoglycan binding n/a Abes CBM20 

CE4 acetyl xylan esterase / chitin deacetylase n/a   

CE4 acetyl xylan esterase / chitin deacetylase n/a   

CE9 
N-acetylglucosamine 6-phosphate 

deacetylase 
n/a   

GH1 
ɓ-glucosidase/ galactosidase/ 

mannosidase/ xylosidase 
n/a Aobs GH127 

GH13  Ŭ-amylase / Ŭ-glucosidase n/a Cnag has 2 copies 

GH13  Ŭ-amylase / Ŭ-glucosidase n/a   
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Table S4. (Continued) 

Family Core Details 

Consensus CAZyme Annotation Expected Enzyme Activity 
Missing 

in strains 
Annotation Conflicts 

GH130 ɓ-1,4-mannosylglucose phosphorylase n/a   

GH130 ɓ-1,4-mannosylglucose phosphorylase n/a   

GH2 
ɓ-galactosidase/ mannosidase/ 

glucuronidase/ endo-ɓ-mannosidase 
n/a   

GH23 lysozyme type G/peptidoglycan lyase n/a   

GH23 lysozyme type G/peptidoglycan lyase n/a   

GH3 
ɓ-glucosidase/ 1,4-ɓ-xylosidase/ exo-

xyloglucanase 
n/a   

GH31 
 Ŭ-glucosidase/galactosidase/ 

mannosidase 
n/a   

GH36 Ŭ-galactosidase n/a   

GH42 
 ɓ-galactosidase/  Ŭ-L-
arabinopyranosidase 

n/a   

GH94 cellobiose phosphorylase n/a All have Ó2 copies; Aace, Ahyd, Akro have 3 

Family Soft Core Additional CAZymes 

CBM28+GH5 
endo-1,4-glucanase, likely binds non-

cyrstalline cellulose or ɓ-(1,3)(1,4)-glucans 
Cmorg Alac +CBM17; Aobs, Aowe GH5 only 

CBM50 chitin or peptidoglycan binding Cmorg   

CE20  xyloglucan acetylestarerase Cnag   

CE4 acetyl xylan esterase / chitin deacetylase Cmorg   

GH10 endo-ɓ-xylanase Cnag Adan, GH105 
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Table S4. (Continued) 

Consensus CAZyme Annotation Expected Enzyme Activity 
Missing 

in strains 
Annotation Conflicts 

Family Soft Core Additional CAZymes 

CBM28+GH5 
endo-1,4-glucanase, likely binds non-

cyrstalline cellulose or ɓ-(1,3)(1,4)-glucans 
Cmorg Alac +CBM17; Aobs, Aowe GH5 only 

CBM50 chitin or peptidoglycan binding Cmorg   

CE20  xyloglucan acetylestarerase Cnag   

CE4 acetyl xylan esterase / chitin deacetylase Cmorg   

GH10 endo-ɓ-xylanase Cnag Adan, GH105 

GH15 glucoamylase Csac   

GH51 
endoglucanase/ xylanase/ 

cellobiohydrolase/ Ŭ-L-arabinofuranosidase 
Cnag   

Anaerocellum Core (Not contained in Family Core) 

CBM35 Bind xylan/ mannan/ ɓ-galactan n/a   

GH105 
unsaturated rhamnogalacturonyl/ ɓ-
glucuronyl/ Ŭ-galacturono hydrolase 

n/a Alac has 2 copies 

GH28 polygalacturonase/rhamnogalacturonase n/a Alac has 2 copies 
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Table S4. (Continued) 

Consensus CAZyme Annotation Expected Enzyme Activity 
Missing 

in strains 
Annotation Conflicts 

Anaerocellum Core (Not contained in Family Core) 

GH4 
maltose-6-phosphate glucosidase/ Ŭ-

glucosidase/ Ŭ-galactosidase/ 6-phospho-
ɓ-glucosidase/ Ŭ-glucuronidase/ Ŭ-

galacturonase/ palatinase 

n/a   

GH4 n/a Aace, Akro, Aowe have 2 copies 

GH67 Ŭ-glucuronidase n/a   

Anaerocellum Soft Core (Not contained in Family Soft Core) 

CBM50 chitin or peptidoglycan binding Aobs   

GH106 Ŭ-L-rhamnosidase Alac   

GH13  Ŭ-amylase / Ŭ-glucosidase Adan   

GH130 ɓ-1,4-mannosylglucose phosphorylase Aowe   

GH2 
ɓ-galactosidase/ mannosidase/ 

glucuronidase/ endo-ɓ-mannosidase 
Alac   

GH65 Ŭ,Ŭ-trehalase/ various sugar 
phosphorylase 

Aowe   

GH65 Aowe   

Caldicellulosiruptor Core (Not contained in Family Soft Core) 

GH30 
endo-ɓ-1,4-xylanase/ ɓ-glucosidase/ ɓ-

xylosidase/ ɓ-1,6-glucanase 
n/a   

GH5 
endo-ɓ-1,4-glucanase/ endo-ɓ-1,4-

xylanase 
n/a   

SLH Surface layer protein n/a   
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Table S4. (Continued) 

Consensus CAZyme Annotation Expected Enzyme Activity 
Missing 

in strains 
Annotation Conflicts 

Caldicellulosiruptor Soft Core (Not contained in Family Soft Core) 

CBM50 chitin or peptidoglycan binding Cmor   

CE5 acetyl xylan esterase / cutinase Cmor   

GH13  Ŭ-amylase / Ŭ-glucosidase Cmor   

GH13  Ŭ-amylase / Ŭ-glucosidase Cmor   

GH130 ɓ-1,4-mannosylglucose phosphorylase Cnag   

GH26 ɓ-mannanase/ ɓ-1,3-xylanase/ lichenase Cnag   

GH28 polygalacturonase/rhamnogalacturonase Cnag   

GH29 Ŭ-L-fucosidase Cmor   

GH5+CBM28 
endo-1,4-glucanase, likely binds non-

cyrstaline cellulose or ɓ-(1,3)(1,4)-glucans 
Cmor   

GH65 Ŭ,Ŭ-trehalase/ various sugar 
phosphorylase 

Cmor   

GH65 Cmor   

GH9+CBM3+CBM3+CBM3+GH48 Cellulase (CelA) CF32 Cmor has extra CBM3 
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Table S5. Proposed taxonomic reclassification of currently assigned Thermoanaerobacterales 

Table S5. Proposed taxonomic reclassification of currently assigned Thermoanaerobacterales  

Higher Taxonomic Reclassifications 

Taxonomic Level Reclassified Thermoanaerobacterales Justification/Notes 

Order: Caldicellulosiruptorales 

Family: Caldicellulosiruptoraceae 
Genera: Caldicellulosiruptor and Anaerocellum 

Combined ANI/AAI of all former Thermoanaerobacterales 

plus agreement with GTDB at Family and Order level 

Order: Thermoanaerobacterales 
Families: Caldanaerobiaceae, 

Thermoanaerobacteraceae, and Calorimonaceae 
Based on GTDB, consistent with ANI/AAI evaluations 

Family: Caldanaerobiaceae Genus: Caldanaerobius New Family, based on GTDB and consistent with ANI/AAI 

Family: Calorimonaceae Genus: Calorimonas New Family, based on GTDB/ANI/AAI 

Family: Thermoanaerobacteraceae 
Genera: Caldanaerobacter, Thermoanaerobacter, 

Thermoanaerobacterium 

Caldanaerobacter and Thermoanaerobacter remain in this 

family, Thermoanaerobacterium was placed here, all other 

removed. Based on GTDB and consistent with ANI/AAI 

Higher Taxonomic Issues Identified but Not Resolved 

Class: Thermoanaerobacteria 
Likely split from class Clostridia containing 

Thermoanaerobacterales and Caldicellulosiruptorales 

GTDB and ANI/AAI, cannot be fully established without 

evaluation of Class Clostridia 

All other current Thermoanaerobacterales outside of Caldicellulosiruptor, Anaerocellum, Calorimonas, Caldanaerobacter, Thermoanaerobacter, 

Thermoanaerobacterium, and Caldanaerobius are likely in a different Class or Phylum than the true Thermoanaerobacterales. GTDB suggests a split of 

Firmicutes into multiple phyla which could place some of the remaining Thermoanaerobacterales in different Phyla (GTDB Firmicutes_A and Firmicutes_B). 

Substantial additional work is needed to resolve these taxonomic inconsistencies. 
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CHAPTER 6: Reclassifications within order 

Thermoanaerobacterales: dichotomization of genus 

Caldicellulosiruptor forming Anaerocellum gen. nov. within 

Caldicellulosiruptoraceae fam. nov., Caldicellulosiruptorales ord. 
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Abstract 

The order Thermoanaerobacterales includes moderately and extremely thermophilic 

bacteria that ferment simple and complex carbohydrates to organic chemicals, molecular 

hydrogen, and carbon dioxide. Recently, the taxonomy of these anaerobic microorganisms was 

reanalyzed based on genome sequences employing Average Nucleotide Identity (ANI), Average 

Amino Acid Identity (AAI) and the Genome Taxonomy DataBase pipeline (GTDB-tk), although 

the taxonomic proposals were not validly published. The work herein describes these 

reclassification proposals to include the following: genus Caldicellulosiruptor is split to form a 

second genera of closely related bacteria, Anaerocellum gen. nov., and both genera are placed 

within the family Caldicellulosiruptoraceae fam. nov., Caldicellulosiruptorales ord. nov., 

separated from the order Thermoanaerobacterales within the class Clostridia. Within the 

Thermoanaerobacterales, the genus Caldanaerobius is transferred to Caldanaerobiaceae fam. 

nov. and the genus Calorimonas is transferred to Calorimonaceae fam. nov. Additionally, several 

current species are unified as subspecies, which emends the species descriptions and automatically 

creates the species type subspecies: Anaerocellum acetigenus subsp. lactoaceticus comb. nov., 

Anaerocellum acetigenus subsp. kristjanssonii comb. nov., Anaerocellum bescii subsp. 

kronotskyensis comb. nov., Caldicellulosiruptor saccharolyticus subsp. changbaiensis comb. 

nov., Thermoanaerobacter ethanolicus subsp. siderophilus comb. nov., Thermoanaerobacter 

ethanolicus subsp. indiensis subsp. nov., Thermoanaerobacter ethanolicus subsp. 

thermohydrosulfuricus comb. nov., Thermoanaerobacter ethanolicus subsp. weigelii comb. nov., 

Thermoanaerobacter pseudethanolicus subsp. finnii comb. nov., Thermoanaerobacter 

thermocopriae subsp. italicus comb. nov., Thermoanaerobacter thermocopriae subsp. mathranii 

comb. nov., Thermoanaerobacter thermocopriae subsp. alimentarius comb. nov., and 
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Carboxydothermus hydrogenoformans subsp. ferrireducens comb. nov. Additionally, three 

Caldicellulosiruptorales with previously not validly published names are proposed here: 

Anaerocellum danielii sp. nov., Caldicellulosiruptor morganii sp. nov., and Caldicellulosiruptor 

naganoensis sp. nov. The previously proposed illegitimate subspecies name Caldanaerobacter 

subterraneus subsp. pacificus (Sokolova et al. 2001; Fardeau et al. 2004) was corrected to subsp. 

pacificum. Several emended descriptions are also made: Caldicellulosiruptor gen. emend., 

Thermoanaerobacter gen. emend., and Thermoanaerobacter brockii sp. emend. 

 

Abbreviations 

Average nucleotide Identity (ANI), average amino acid identity (AAI), Genome Taxonomy 

Database (GTDB), ribosomal ribonucleic acid (rRNA), deoxyribonucleic acid (DNA), Open 

reading frames (ORFs), amino acids (aa), Interactive Tree Of Life (iTOL). 

 

Introduction 

Many fermentative anaerobic bacteria have drawn scientific and biotechnological interest 

due to their ability to solubilize Ŭ- and ɓ-specific carbohydrates, which is foundational for a wide 

range of natural and industrial processes. These processes range from composting and anaerobic 

digestion of wastes to conversion of renewable biomass to useful products (1-3). Within this group 

are Gram-positive, moderate and extremely thermophilic bacteria, many of which were initially 

classified within the order Thermoanaerobacterales based on physiological traits and metabolic 

characteristics. Though some strains were taxonomically placed based on sequence data analysis 

(i.e., 16S rRNA sequence identities and average nucleotide identities (ANI)), the order 

Thermoanaerobacterales requires taxonomic reassessment; even a 16S rRNA-based phylogeny 
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analysis clearly showed this need (4). Of particular interest here is the genus Caldicellulosiruptor, 

asporogenous bacteria with optimal growth temperatures as high as 78°C, capable of growth on 

complex carbohydrates found in lignocellulosic biomass, including in some cases microcrystalline 

cellulose (5-7). The Caldicellulosiruptor are clear outliers among the Thermoanaerobacterales, as 

the most thermophilic members. Re-classification of these bacteria using available genome data 

and bioinformatics tools was recently reported, but without validated new taxonomic proposals 

(4). The well-established ANI threshold of ~95% was used to designate members of the same 

species (8-10). ANI is further supported by average amino acid identities (AAI). Additionally, the 

Genome Taxonomy Database Tool Kit (GTDB-tk) (11-15) was employed to assess taxonomic 

ranks above the species level, using the Bac120 markers with 200 amino acids (aa) per marker 

(multiple sequence alignment of ~24,000 columns (4)). Here, these taxonomic reclassifications are 

formally proposed. This reclassification includes the division of the genus Caldicellulosiruptor 

into two genera and the designation of a new order and family containing these genera, as well as 

re-classifying several species within the orders Thermoanaerobacterales and 

Caldicellulosiruptorales into sub-species. 

 

Methods 

Genome sequence data 

Genome sequence data was downloaded from the National Center for Biotechnology 

Information (NCBI) in March 2023. Supplemental Table S1 in Bing et al., 2023 (4) contains the 

full list of strains and accession numbers used for ANI, AAI, and GTDB-tk analysis. Genome 

sequence accession numbers used for the creation of the phylogenic tree in this study can be found 

in Figure 1. 
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Phylogenetic tree reconstruction 

A refined version of the phylogenic tree from Bing et al., 2023 (4) was created using the 

Genome Taxonomy DataBase Toolkit (GTDB-tk) ñde_novo_wfò workflow (11-15). The Bac120 

marker set with up to 200 aa per gene marker was used, resulting in ~24,000 column multiple 

sequence alignment; the phylum Thermodesulfobiota was used as the out-group for tree rooting. 

The GTDB reference database was not used, consistent with the methodology reported previously 

(4). The original 91 genomes used were reduced to 62 by the elimination of non-type strains for 

most species that did not have subspecies reclassifications (for example, many of the Moorella 

thermoacetica strains, among others). The exceptions to this were Thermoanaerobacterium 

aotearoense SCUT27, Thermoanaerobacterium saccharolyticum NTOU1, and 

Thermoanaerobacter thermohydrosulfuricus DSM 569 since type strain sequences were not 

available for these species. Note that Thermoanaerobacter thermohydrosulfuricus DSM 569 

(=LL77-66) has 100% DNA-DNA hybridization to the type strain (DSM 567=E100-69) (16). The 

phylogenic tree was visualized using the Interactive Tree of Life (iTOL) (17).  

 

Results  

Re-assessment of the Thermoanaerobacterales through ANI, AAI, and GTDB-tk analysis 

in Bing et al., 2023 suggested taxonomical changes (4). A refined phylogenic tree based on this 

work can be found in Figure 1. This analysis provided the basis for splitting the genus 

Caldicellulosiruptor into two genera, Caldicellulosiruptor gen. emend. and Anaerocellum gen. 

nov. that belong to Caldicellulosiruptorales ord. nov. and Caldicellulosiruptoraceae fam. nov. and 

re-classifying several species within each genus as subspecies. Recently, two Caldicellulosiruptor 
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species (Caldicellulosiruptor lactoaceticus and Caldicellulosiruptor kristjanssonii) were proposed 

as later heterotypic synonyms of Caldicellulosiruptor acetigenus (18). This work confirms that the 

three strains are all members of the same species (>97% ANI). However, to recognize their 

significant differences in optimal growth temperature (ranging from 65°C to 78°C), utilization of 

carbon sources (i.e. crystalline cellulose), and major fermentation products (i.e. lactate, acetate) 

(19-21), the strains are proposed as three subspecies, each retaining their original species epitaph. 

Based on an ANI of 96%, Caldicellulosiruptor kronotskyensis is transferred to a subspecies of 

Caldicellulosiruptor bescii. Similarly, based on an ANI value of 95%, Caldicellulosiruptor 

changbaiensis is transferred to a subspecies of Caldicellulosiruptor saccharolyticus. Note, that 

Caldicellulosiruptor sp. F32 (CGMCC 1.5183) likely also belongs to C. saccharolyticus (95% 

ANI); in fact, the China General Microbiological Collection Center (CGMCC) lists it as C. 

saccharolyticus, but the genome is currently in 127 contigs, and the culture is only available 

through CGMCC. Thus, the genus Anaerocellum gen. nov., now includes: Anaerocellum 

acetigenus (with subsp. acetigenus comb. nov., subsp. lactoaceticus comb. nov., subsp. 

kristjanssonii comb. nov.), Anaerocellum bescii, genus type (with subsp. bescii comb. nov. and 

subsp. kronotskyensis comb. nov.), Anaerocellum obsidiansis sp. nov., Anaerocellum owensensis 

comb. nov., Anaerocellum diazotrophicus comb. nov., Anaerocellum hydrothermalis comb. nov., 

and Anaerocellum danielii sp. nov. The revised genus Caldicellulosiruptor contains 

Caldicellulosiruptor morganii sp. nov., Caldicellulosiruptor naganoensis sp. nov., C. 

saccharolyticus (with subsp. saccharolyticus comb. nov. and subsp. changbaiensis comb. nov).  

ANI analysis indicates the need to unify several Thermoanaerobacter, 

Thermoanaerobacterium, and Carboxydothermus species, subspecies, and strains that have > 95% 

ANI. As such, five species and strains are unified as subspecies of the same epitaph under 
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Thermoanaerobacter ethanolicus (>97% ANI): T. ethanolicus, Thermoanaerobacter siderophilus, 

ñThermoanaerobacter indiensisò, Thermoanaerobacter thermohydrosulfuricus, and 

Thermoanaerobacter weigelii . Thermoanaerobacter brockii subsp. finnii, the only member of its 

species with a genome sequence, was transferred to Thermoanaerobacter pseudethanolicus 

(99.97% ANI), but other members of Thermoanaerobacter brockii were not assessed due to a lack 

of genome sequence data. Notably, the previous reclassification of T. pseudethanolicus compared 

T. brockii subspecies to T. pseudethanolicus via DNA-DNA hybridization, concluding that they 

were different species (22). However, they also highlighted disagreement between previously 

published DNA-DNA hybridization values for T. brockii subspecies and their own measurements. 

Here, based on the published genome sequences of T. brockii subsp. finnii Ako-1 

(GCF_000175295.2) and T. pseudethanolicus 39E (GCF_000019085.1), the strains are the same 

species with 99.97% ANI and 96.27% AAI. Thermoanaerobacter sp. X514 (ATCC BAA-938) 

was placed as a heterotypic synonym of T. pseudethanolicus (97.9% ANI). T. sp. X514 is likely 

on the subspecies level, but currently only exists in a single culture collection. T. sp. X514ôs ability 

to reduce iron by consuming hydrogen (23) is unique among T. pseudethanolicus. As such, an 

appropriate subspecies epitaph (although currently present only in a single culture collection) 

could be óhydrogenoferrireducensô [hy.dro.ge.no.fer.ri.re.duôcens. N.L. neut. n. hydrogenum, 

hydrogen; L. neut. n. ferrum, iron; L. pres. part. reducens, leading back, converting to a different 

state, in chemistry converting to a different oxidation state; N.L. masc. n. hydrogenoferrireducens, 

hydrogen utilizing iron reducer]. Four species and subspecies are unified under 

Thermoanaerobacter thermocopriae (ANI >98%): T. thermocopriae, Thermoanaerobacter 

italicus, Thermoanaerobacter mathranii subsp. mathranii, and Thermoanaerobacter mathranii 

subsp. alimentarius. Carboxydothermus ferrireducens was unified with Carboxydothermus 
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hydrogenoformans as subspecies (97.7% ANI). This work supports the subspecies placement of 

Caldanaerobacter subterraneus subsp. pacificus (24) (based on ANI with other Caldanaerobacter 

subterraneus subspecies), but the subspecies epitaph ópacificusô was illegitimate as its basionym 

was Carboxydobrachium pacificum (25); the subspecies name was corrected to pacificum. 

This work utilized all genome sequences for the Thermoanaerobacterales available 

through NCBI (as of March 2023), excluding those assembled from metagenomes and engineered 

strains. As such, a few additional observations can be made, but do not yet fully support 

reclassification proposals. Thermoanaerobacterium saccharolyticum str. JW-SL-YS485 should 

likely be moved as a heterotypic synonym of Thermoanaerobacterium aotearoense (99.97% ANI 

for strains JW-SL-YS485 and SCUT27), with other T. saccharolyticum strains remain unchanged. 

However, genome sequences are unavailable for the type strains of T. saccharolyticum (B6A-

RI=DSM 7060=ATCC 49915) and T. aotearoense (JW/SL-NZ613=DSM 10170), making ANI 

based taxonomic placement not possible at this time. Thermoanaerobacter sp. RKWS2 is a 

member of T. ethanolicus (98% ANI). Thermoanaerobacter sp. YS13 is a member of 

Thermoanaerobacter uzonensis (97% ANI), but not available in culture collections. 

Thermoanaerobacterium sp. RBIITD is sufficiently divergent compared to other 

Thermoanaerobacterium (76.6-79.9% ANI) such that it likely belongs to a novel genus, but again, 

is unavailable in culture collections to confirm and place the strain. 

GTDB-tk analysis was used with expanded amino acid sequence alignment (200 aa per 

Bac120 marker, ~24,000 aa compared to the ~5,000 aa alignment for the published GTDB 

taxonomy at https://gtdb.ecogenomic.org/) (4). Based on the GTDB-tk analysis (Figure 1), two 

new families are formed within the Thermoanaerobacterales. The genus Caldanaerobius is 

transferred to Caldanaerobiaceae fam. nov. and the genus Calorimonas is transferred to 

https://gtdb.ecogenomic.org/
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Calorimonaceae fam. nov., each family contains a single genus. Further evaluation of other 

Thermoanaerobacterales without representative genome sequences is needed to determine if other 

genera belong in these families. 

The analysis here supports designating the order Moorellales ord. nov. (26) to contain 

genera Calderihabitans, Moorella, Zhaonella, and Thermoanaeromonas that were formerly 

members of order Thermoanaerobacterales, as well as Thermodesulfobiota phyl. nov., 

Thermodesulfobiia classis nov., Thermodesulfobiales ord. nov. (27) containing family 

Thermodesulfobiaceae which was formerly a member of order Thermoanaerobacterales. 

Additionally, the following genera should not remain as members of the Thermoanaerobacterales: 

Syntrophaceticus, Thermoacetogenium, Carboxydothermus, Ammonifex, Thermodesulfitimonas, 

Desulfovirgula, Gelria, and Mahella; without broader evaluation of Class Clostridia, their exact 

placement is currently uncertain. Additionally, other Thermoanaerobacterales without genome 

sequences likely need additional evaluation. However, the scope of this work is to re-evaluate 

taxonomy based on available genome sequence data, and not overhaul the entire order 

Thermoanaerobacterales.  

 

Taxonomic proposal descriptions 

Anaerocellum Svetlichny et al. 1990 gen. nov.  

Anaerocellum [An.ae.ro.cellôum. Gr. Pref. an not; Gr. N. aer air; cellum from N.L. N. cellulose 

cellulose, N.L. neut. n. Anaerocellum anaerobic cellulose utilization] (originally proposed by 

Svetlichnyi et al., 1990 (28), but not validly published). 

Description: Straight rod-shaped cells are extremely thermophilic, strictly anaerobic, 

chemoorganotrophic, bacteria. Cells typically stain gram-negative but have gram-positive type cell 
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wall structures. Natural habitats are terrestrial near neutral to slightly alkaline (pH 5-9) hot springs. 

Cells do not form spores. Conflicting reports of presence of flagella and motility, but genome 

annotations contain flagella associated proteins and motility is sometimes seen (29). Cells grow 

between 40-90°C (optimum 65-78°C) with no growth detected below 37°C or above 92°C between 

pH 5.0-9.5. Optimum pH is 6.5-7.0. Cells utilize carboxymethyl-cellulose (CMC), cellobiose, 

glucose, lactose, maltose, mannose, starch, sucrose, xylans, xylose and a wide range of 

unprocessed plant biomasses including hardwoods, grasses, and agricultural wastes (5, 30). Many 

species can grow on various other carbohydrates including: arabinose, galactose, glycogen, 

fructose, mannitol, mannan, pectin, raffinose, rhamnose, trehalose, sorbitol, and arabinoxylan. No 

growth is observed on acetate, chitosan, glycerol, inulin, lactate, pyruvate, or xylitol. All members 

of the genus are capable of carboxymethyl cellulose (CMC) hydrolysis; some but not all can utilize 

crystalline cellulose as carbon and energy source. Specific growth rates as fast as 0.75 h-1
 are seen 

when grown on cellobiose, with slower growth on other substrates, such as plant biomasses 

containing lignin. Major fermentation end products are acetate, H2, and CO2. Lactate is also formed 

to varying extents by most species; more lactate is produced when cultures are grown without 

shaking. Some species are capable of producing ethanol at low levels. Genomes are 2.43-2.93 Mb 

encoding 2333-2828 ORFs with a G+C content of 34.8-36.3 mol% (4). 

Type species: Anaerocellum bescii. 

 

Anaerocellum acetigenus (Nielsen et al. 1994) Onyenwoke et al. 2006 emend. 

Anaerocellum acetigenus [a.ce.ti.geǋnus. N.L. net. n. acetum vinegar; N.L. inf. v. genere to 

produce; N.L. masc. adj. acetigenus vinegar- or acetic acid-producing]. 



   

165 

 

Description: Per Onyenwoke et al., 2006 (21) with the following changes. A. acetigenus should 

contain three subspecies. Cells are 1.5-9.4 by 0.7-1.0 µm in size. Grows between 45-82°C with 

optimal temperature between 65-78°C. Cells grow on cellobiose, CMC, lactose, maltose, pectin, 

starch, xylan, and xylose. Some subspecies are capable of growing crystalline cellulose (Avicel) 

and other carbohydrates including arabinose, galactose, and fructose. Some subspecies are capable 

of producing lactate. 

Type strain:  Anaerocellum acetigenus subsp. acetigenus str. X6B (=DSM 7040=ATCC BAA-

1149) 

 

Anaerocellum acetigenus subsp. acetigenus (Nielsen et al. 1994) Onyenwoke et al. 2006 comb. 

nov.  

Anaerocellum acetigenus subsp. acetigenus [a.ce.ti.geǋnus. N.L. net. n. acetum vinegar; N.L. inf. 

v. genere to produce; N.L. masc. adj. acetigenus vinegar- or acetic acid-producing]. 

Description: Per Onyenwoke et al., 2006 (21). 

Type strain: A. acetigenus subsp. acetigenus str. X6B (=DSM 7040=ATCC BAA-1149) 

 

Anaerocellum acetigenus subsp. lactoaceticus Mladenovska et al. 1997 comb. nov.  

Anaerocellum acetigenus subsp. lactoaceticus [lac.to.a.ce.ti.cus. N.L. neut. adj. lacticum, lactic; 

from L. neut. n. lac (gen. lactis), milk; N.L. masc. adj. aceticus, acetic; from L. neut. n. acetum, 

vinegar; N.L. masc. adj. lactoaceticus, referring to production of lactic and acetic acids as major 

fermentation products] 

Description: Per Mladenovska et ali.e.,995 (20) and unification with species A. acetigenus (18), 

except that A. acetigenus subsp. lactoaceticus is placed at the subspecies level to recognize 
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differences in growth substrates (i.e. crystalline cellulose) and fermentation products (i.e. lactate, 

for which the subspecies name is partly derived) compared to A. acetigenus subsp. acetigenus. 

Type strain: A. acetigenus subsp. lactoaceticus str. 6A (DSM 9545) 

 

Anaerocellum acetigenus subsp. kristjanssonii Bredholt et al. 1999 comb. nov. 

Anaerocellum acetigenus subsp. kristjanssonii [krist.jans.sonôi.i. N.L. gen. masc. n. kristjanssonii, 

of Kristjansson, named after Jakob K. Kristjansson]. 

Description: Per Bredholt et al., 1999 (19) and unification with species A. acetigenus (18) except 

that A. acetigenus subsp. kristjanssonii is placed at the subspecies level to recognize differences 

in characteristics compared to A. acetigenus subsp. acetigenus, including a higher optimal growth 

temperature (78°C versus 65-68°C), growth substrates (i.e. crystalline cellulose, arabinose) and 

fermentation products (i.e. formate and lactate). 

Type strain: A. acetigenus subsp. kristjanssonii str. I77R1B (DSM 12137=ATCC 700853) 

 

Anaerocellum bescii Yang et al. 2010 sp. emend. 

Anaerocellum bescii [bescôi.i. N.L. gen. neut. n. bescii, of BESC, the BioEnergy Science Center 

of the US Department of Energy located in Oak Ridge, TN, USA]. 

Description: Per Yang et al., 2010 (31) with the following changes. A. bescii should contain two 

subspecies. Temperature growth range from 42-90°C, pH 6-8, with optimal of 70-78°C, pH 7. May 

have flagella. Genome size of 2.84-2.93 Mb encoding 2623-2828 ORFs and G+C content of 35.1-

35.2 mol%. 

Type strain: Anaerocellum bescii subsp. bescii (ATCC BAA-1888=DSM 6725) 
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Anaerocellum bescii subsp. bescii Yang et al. 2010 comb. nov. 

Anaerocellum bescii subsp. bescii [bescôi.i. N.L. gen. neut. n. bescii, of BESC, the BioEnergy 

Science Center of the US Department of Energy located in Oak Ridge, TN, USA]. 

Description: Per Yang et al., 2010 (31). 

Type strain: Anaerocellum bescii subsp. bescii (ATCC BAA-1888=DSM 6725) 

 

Anaerocellum bescii subsp. kronotskyensis Miroshnichenko et al. 2008 comb. nov. 

Anaerocellum bescii subsp. kronotskyensis [kro.no.tôsky.en.sis. N.L. masc./fem. 

adj. kronotskyensis, pertaining to Kronotsky National Park, Kamchatka, Russia, from where the 

type strain was isolated]. 

Description: Per Miroshnichenko et al., 2008 (32).  

Type strain: Anaerocellum bescii subsp. kronotskyensis 2002 (DSM 18902=VKM B-2412). 

 

Anaerocellum diazotrophicus Chen et al. 2021 comb. nov. 

Anaerocellum diazotrophicus [di.a.zo.troôphi.cus. Gr. adv. dis, two, double; N.L. neut. n. azotum, 

nitrogen; Gr. masc. adj. trophikos, nursing, tending or feeding; N.L. masc. adj. diazotrophicus, 

one that feeds on dinitrogen]. 

Description: Per Chen et al., 2021 (33).  

Type strain: Anaerocellum diazotrophicus YA01 (DSM 112098=JCM 34253). 
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Anaerocellum hydrothermalis Miroshnichenko et al. 2008 comb. nov. 

Anaerocellum hydrothermalis [hy.dro.therôma.lis. N.L. masc./fem. adj. hydrothermalis, pertaining 

to hydrothermal vents]. 

Description: Per Miroshnichenko et al., 2008 (32). 

Type strain: Anaerocellum hydrothermalis 108 (DSM 18901=VKM B-2411). 

 

Anaerocellum obsidiansis Hamilton-Brehm et al. 2010 sp. nov. 

Anaerocellum obsidiansis [ob.si.dianôsis. N.L. adj. obsidiansis, from Obsidian Pool, Yellowstone 

National Park, WY]. Note: Hamilton-Brehm et al. 2010 proposed this name but did not validly 

publish it. 

Description: Per Hamilton-Brehm et al., 2010 (34).  

Type strain: Anaerocellum obsidiansis OB47 (ATCC BAA-2073=JCM 16842) 

 

Anaerocellum owensensis Huang et al. 1998 comb. nov. 

Anaerocellum owensensis [owens.enôsis. N.L. masc./fem. adj. owensensis, pertaining to Owens 

Lake, CA, USA.] 

Description: Per Huang et al., 1998 (35).  

Type strain: Anaerocellum owensensis OL (ATCC 700167=DSM 13100). 

 

Anaerocellum danielii Lee et al. 2018 sp. nov.  

Anaerocellum danielii [dan.ielôi.i. N.L. gen. masc. n. danielii, named for Roy Daniel]. Note: (30) 

proposed this name but did not validly publish it. 
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Description: Based on work from Lee et al., 2018 (30) and Rainey et al., 1993 (36). Anaerocellum 

danielii are obligately anaerobic, extremely thermophilic, rod-shaped bacteria isolated from a hot 

spring in Waimangu, New Zealand. They have Gram-positive type cell walls. Optimal growth 

occurs near 75°C and grows in pH 5.5 - 7.5. Cells can utilize, as carbon sources, arabinose, 

fructose, galactose, glucose, xylose, cellobiose, maltose, sucrose, arabinogalactan, amorphous 

cellulose, microcrystalline cellulose, carboxymethyl cellulose, chitin, locust bean gum, guar gum, 

karaya gum, inulin, laminarin, lichenin, pectin, starch, glycogen, xylan, mannan, and plant 

biomasses (such as switchgrass and poplar). Major fermentation products are acetate, H2, CO2 with 

minor amounts of lactate. Genome is 2.83 Mb with G + C content of 35.8 mol% and 2,714 ORFs. 

Type strain: Anaerocellum danielii Wai35.B1 (DSM 8977). 

 

Caldicellulosiruptor Rainey et al. 1995 gen. emend. 

Caldicellulosiruptor [ Cal.di.cel.lu.lo.si.rup.tor. L. masc. adj. caldus, hot; N.L. neut. 

n. cellulosum, cellulose; L. masc. n. ruptor, breaker; N.L. masc. n. Caldicellulosiruptor, cellulose-

breaker living under hot conditions]. 

Description: Per Rainey et al., 1994 (37) rejecting the emended description by Onyenwoke et al., 

2006 (21) with the following changes. Ten strains were removed from Caldicellulosiruptor and 

placed in Anaerocellum gen. nov. Additional unification of Caldicellulosiruptor species leaves 

three remaining species in the genus. All these members can grow on crystalline cellulose, filter 

paper, and CMC as carbon and energy source. Onyenwoke et al., 2006 (21) emended description 

is transferred with the moved species to Anaerocellum. Additionally, conflicting reports of 

presence of flagella, but genome annotations contain flagella associated proteins. Cells grow from 

40-90°C and pH 5.5-9.5 with optimums from 70-75°C and pH 7.0-8.3. 
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Type species: Caldicellulosiruptor saccharolyticus. 

 

Caldicellulosiruptor morganii Lee et al. 2018 sp. nov. 

Caldicellulosiruptor morganii [mor.ganôi.i. N.L. gen. masc. n. morganii, named for Hugh Morgan] 

Note: (30) proposed this name, but did not validly publish it. 

Description: Based on Lee et al., 2018 (30) and Rainey et al., 1993 (36). Caldicellulosiruptor 

morganii are strictly anaerobic, extremely thermophilic bacteria isolated from a hot spring in 

Rotorua, New Zealand. Cells are rod shaped with flagella and < 2.5 µm in length with gram-

positive type cells walls. Cells can utilize a wide range of polysaccharides including amorphous 

cellulose, crystalline cellulose, carboxymethyl cellulose, locust bean gum, guar gum, laminarin, 

lichenin, pullulan, and plant biomasses (such as switchgrass and poplar). They have a narrower 

reported range of soluble carbohydrates they can utilize, namely, cellobiose. Fermentation end 

products include acetate, lactate, CO2, and H2. Genome is 2.48 Mb with G + C content of 36.5 

mol% and 2,413 ORFs (4). 

Type strain: Caldicellulosiruptor morganii RT8.B8 (DSM 8990). 

 

Caldicellulosiruptor naganoensis Lee et al. 2018 sp. nov. 

Caldicellulosiruptor naganoensis [na.ga.no.enôsis. N.L. masc./fem. adj. naganoensis, referring to 

the isolation of NA10 from Nagano Prefecture, Japan] Note: Lee et al. 2018 proposed this name, 

but did not validly publish it. Note that ''Thermoanaerobacter cellulolyticus'' Taya et al., 1988 (38) 

has been used previously to refer to the strain, but was also never validly published. 

Description: based on Bing et al., 2023, Lee et al., 2018, and Taya et al., 1988 (4, 30, 38). 

Caldicellulosiruptor naganoensis are obligately anaerobic, non-spore forming, extremely 
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thermophilic bacteria isolated from an alkaline hot spring in Nagano Prefecture, Japan. They stain 

gram-negative but contain gram-positive type cell walls. Cells are rod shaped (0.6 ï 0.9 x 1.8 ï 

4.0 µm) and have peritrichous flagella. Cells grow between 50-85°C with optimal growth at 75°C 

and between pH 6.0 - 9.5 with optimal at pH 8.1. Forms lenticular colonies of 0.5 ï 0.8 mm in 

diameter when emended or circular colonies of 1 ï 2 mm diameter on the surface. Carbon source 

growth substrates include: galactose, glucose, fructose, mannose, xylose, cellobiose, lactose, 

maltose, sucrose, raffinose, crystalline cellulose, carboxymethyl cellulose, starch, and xylan. 

Fermentation products are acetate, H2, and CO2 with minor amounts of lactic acid. Genome is 2.49 

Mb with G+C content of 35.3 mol% and 2,473 ORFs. 

Type strain: Caldicellulosiruptor naganoensis NA10 (DSM 8991=IFO 14436=NBRC 14436). 

 

Caldicellulosiruptor saccharolyticus Rainey et al. 1995 sp. emend. 

Caldicellulosiruptor saccharolyticus [sac.cha.ro.lyôti.cus. Gr. neut. n. sakchar, sugar; N.L. masc. 

adj. lyticus, able to lose, able to dissolve; from Gr. masc. adj. lytikos, dissolving; N.L. masc. 

adj. saccharolyticus, breaking up polysaccharides]. 

Description: Per Rainey et al., 1994 (37) except the species now contains two subspecies. 

Additionally, Caldicellulosiruptor sp. str. F32 (Ying et al., 2013) (39) belongs to this species but 

is unavailable in culture collections. Species description is modified to indicate cells are 2-4 x 0.4-

0.7 µm in size growing from 40-90°C and pH 5.5-8.6, with optimum of 70-75°C and pH 7.0-7.8. 

Utilizes both carboxymethyl cellulose and microcrystalline cellulose. 

Type strain:  Caldicellulosiruptor saccharolyticus subsp. saccharolyticus Tp 8T.6.3.3.1 (ATCC 

43494=DSM 8903). 
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Caldicellulosiruptor saccharolyticus subsp. saccharolyticus Rainey et al. 1995 comb. nov. 

Caldicellulosiruptor saccharolyticus subsp. saccharolyticus [sac.cha.ro.lyôti.cus. Gr. neut. 

n. sakchar, sugar; N.L. masc. adj. lyticus, able to lose, able to dissolve; from Gr. masc. adj. lytikos, 

dissolving; N.L. masc. adj. saccharolyticus, breaking up polysaccharides]. 

Description: Per Rainey et al., 1994 (37). With the addition, that some subspecies have broader 

pH and temperature ranges, such that the species range is 40°C-90°C and pH 5.5-8.6. 

Type strain: Caldicellulosiruptor saccharolyticus subsp. saccharolyticus Tp 8T.6.3.3.1 (ATCC 

43494=DSM 8903). 

 

Caldicellulosiruptor saccharolyticus subsp. changbaiensis Bing et al. 2015 comb. nov. 

Caldicellulosiruptor saccharolyticus subsp. changbaiensis [chang.bai.enôsis. N.L. masc./fem. 

adj. changbaiensis, pertaining to the isolation of the organism from the Changbai Mountains, PR 

China]. 

Description: Per Bing et al., 2015 (40) with the addition that compared to C. saccharolyticus 

subsp. saccharolyticus, C. saccharolyticus subsp. changbaiensis has a broader pH and temperature 

range and is able to grow in sorbitol. Note that Bing et al., 2015 (40) indicated incorrectly that C. 

saccharolyticus subsp. saccharolyticus cannot utilize CM-cellulose; all C. saccharolyticus 

subspecies can utilize CM-cellulose. 

Type strain: Caldicellulosiruptor saccharolyticus subsp. changbaiensis CBS-Z (DSM 

26941=CGMCC 1.5180). 

 

Caldicellulosiruptoraceae fam. nov.  

Caldicellulosiruptoraceae [Cal.di.cel.lu.lo.si.rup.to.ra.ceôae. N.L. masc. n. Caldicellulosiruptor 
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type genus of the family; L. fem. pl. n. suff. ïaceae ending to denote a family; N.L. fem. pl. n. 

Caldicellulosiruptoraceae, family of the genus Caldicellulosiruptor]. 

Description: Caldicellulosiruptoraceae are gram-positive, rod-shaped, obligate anaerobic, 

extremely thermophilic, chemoorganotrophic bacteria. Cells grow up to 90°C, but typical optimum 

is 70-78°C. All members exhibit carboxymethyl cellulose hydrolysis and some members can grow 

on crystalline cellulose. Cells grow on a range of mono-, di-, and polysaccharides. Family belongs 

to the order Caldicellulosiruptorales and contains two genera: Anaerocellum and 

Caldicellulosiruptor. 

Type genus: Caldicellulosiruptor Rainey et al. 1995. 

 

Caldicellulosiruptorales ord. nov.  

Caldicellulosiruptorales [Cal.di.cel.lu.lo.si.rup.to.raôles. N.L. masc. n. Caldicellulosiruptor type 

genus of the order; L. fem. pl. n. suff. ïales, ending to denote an order; N.L. fem. pl. n. 

Caldicellulosiruptorales, order of the genus Caldicellulosiruptor]. 

Description: Caldicellulosiruptorales are gram-positive, rod-shaped, obligate anaerobic, 

extremely thermophilic, chemoorganotrophic bacteria. Cells grow on a range of mono-, di-, and 

polysaccharides. Cells typically produce terminal fermentation products of acetate, CO2, H2, and 

sometimes lactate and ethanol. Contains a single family, Caldicellulosiruptoraceae. 

Type genus is Caldicellulosiruptor Rainey et al. 1995. 

 

Thermoanaerobacter Wiegel and Ljungdahl 1982 gen. emend. 

Thermoanaerobacter [Ther.mo.a.nae.ro.bac.ter. Gr. masc. adj. thermos, hot; Gr. pref. an-, not 

(here: inseparable prefix); Gr. masc. n. aêr (gen. aeros), air; N.L. masc. n. bacter, rod; N.L. masc. 
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n. Thermoanaerobacter, rod which grows in the absence of air at elevated temperatures]. 

Description: Per Lee et al., 2007 and Wiegel & Ljungdahl, 1981 (41, 42), with amendments to 

unify several species as subspecies: T. siderophilus, T. indiensis, T. thermohydrosulfuricus, and T. 

weigelii are unified as subspecies of T. ethanolicus. T. brockii subsp. finnii is transferred to T. 

pseudethanolicus as a subspecies, and T. sp. str. X514 (ATCC BAA-938) is placed as a heterotypic 

synonym of T. pseudethanolicus. T. italicus, T. mathranii (including subsp. alimentarius) are 

unified as subspecies of T. thermocopriae.  

Type species: Thermoanaerobacter ethanolicus. 

 

Thermoanaerobacter ethanolicus Wiegel and Ljungdahl 1982 sp. emend. 

Thermoanaerobacter ethanolicus [e.tha.noôli.cus. N.L. neut. n. ethanol, ethanol; L. masc. adj. 

suff. -icus, suffix used with the sense of pertaining to; N.L. masc. adj. ethanolicus, indicating the 

production of ethanol]. 

Description: Thermoanaerobacter ethanolicus are anaerobic chemoorganotrophs. Cells are rods, 

between 0.3-0.8 µm wide and 13 µm long, and motile. While Gram-stains yield variable results, 

they have Gram-positive cell membrane structure. Surface colonies are white, round, and 0.5-4 

mm in diameter. Spore production is variable. The optimal growth temperature is 60-71 °C, and 

growth occurs between 37-78 °C and 4.4-9.9 pH. The G+C content is between 32-39 mol%. This 

species contains five subspecies: T. siderophilus, T. indiensis, T. thermohydrosulfuricus, and T. 

weigelii are unified as subspecies of T. ethanolicus, which automatically creates T. ethanolicus 

subsp. ethanolicus. Thermoanaerobacter sp. RKWS2 is placed as a strain of T. ethanolicus as 

Thermoanaerobacter ethanolicus str. RKWS2.  
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Type strain: Thermoanaerobacter ethanolicus subsp. ethanolicus JW 200 (ATCC 

31550=DSM2246). 

 

Thermoanaerobacter ethanolicus subsp. ethanolicus Wiegel and Ljungdahl 1982 comb. nov. 

Thermoanaerobacter ethanolicus subsp. ethanolicus [e.tha.noôli.cus. N.L. neut. n. ethanol, 

ethanol; L. masc. adj. suff. -icus, suffix used with the sense of pertaining to; N.L. masc. 

adj. ethanolicus, indicating the production of ethanol]. 

Description: Unchanged from Wiegel & Ljungdahl, 1981 (42). 

Type strain: Thermoanaerobacter ethanolicus subsp. ethanolicus JW 200 (ATCC 

31550=DSM2246). 

 

Thermoanaerobacter ethanolicus subsp. siderophilus Slobodkin et al. 1999 comb. nov. 

Thermoanaerobacter ethanolicus subsp. siderophilus [si.de.ro.phi.lus. Gr. masc. n. sidêros, 

iron; N.L. adj. philus -a -um, friend, loving; from Gr. adj. philos -ê -on, loving; N.L. masc. 

adj. siderophilus, iron-loving]. 

Description: Unchanged from Slobodkin et al., 1999 (43). 

Type strain: Thermoanaerobacter ethanolicus subsp. siderophilus SR4 (DSM 12299=VKM B-

2767) 

 

Thermoanaerobacter ethanolicus subsp. indiensis Pal 2014 subsp. nov. 

Thermoanaerobacter ethanolicus subsp. indiensis [in.di.enôsis. L. fem. n. India, India; N.L. 

masc./fem. adj. indiensis]. 
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Description: Pal, 2014 (44) proposed name ñThermoanaerobacter indiensisò (not-validly 

published) and Bhattacharya et al., 2015 (45) proposed BSB-33 as a subspecies of T. 

thermohydrosulfuricus. BSB-33 upon unification under T. ethanolicus, BSB-33 is placed as a 

subspecies with name indiensis. Description is pulled from Bhattacharya et al., 2015, Bhowmick 

et al., 2009, and Pal, 2014 (44-46). Cells of this subspecies are anaerobic, Gram-positive rods that 

are 0.5 µm wide by 2 µm long. Optimal growth temperature is 60-65 °C, and growth occurs 

between 50-75 °C. Optimal pH is 6.5, and growth can occur between 5.5-8.5 pH. Cells can use 

lactate, acetate, glucose, and pyruvate as electron donors. This subspecies is a dissimilatory metal 

reducing bacterium, capable of reducing Fe(III), Co(III), U(VI), and Cr(VI) at °60C when growing 

with lactate, pyruvate, or peptone. 

Type strain: Thermoanaerobacter ethanolicus subsp. indiensis BSB-33 (DSM 25103=ATCC 

BAA-2171). 

 

Thermoanaerobacter ethanolicus subsp. thermohydrosulfuricus (Klaushofer and Parkkinen 

1965) Lee et al. 1993 comb. nov. 

Thermoanaerobacter ethanolicus subsp. thermohydrosulfuricus [ther.mo.hy.dro.sul.fu.ri.cus. Gr. 

masc. adj. thermos, hot; N.L. masc. adj. hydrosulfuricus, pertaining to hydrogen sulfide; N.L. 

masc. adj. thermohydrosulfuricus, indicating that the organism grows at high temperatures and 

reduces sulfite to H2S]. 

Description: Unchanged from Lee et al., 1993 (47).  

Type strain: Thermoanaerobacter ethanolicus subsp. thermohydrosulfuricus E100-69 (ATCC 

35045=DSM 567=LMG 6659=NCIMB 10956) 
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Thermoanaerobacter ethanolicus subsp. weigelii Cook et al. 1996 comb. nov. 

Thermoanaerobacter ethanolicus subsp. weigelii [wie.gelôi.i. N.L. gen. masc. n. wiegelii, of 

Juergen Wiegel, in recognition of his contributions to the study of thermophilic anaerobes]. 

Description: Per Cook et al., 1996 (48).  

Type strain: Thermoanaerobacter ethanolicus subsp. weigelii RT8.B1 (DSM 10319=BCRC 

80218). 

 

Thermoanaerobacter brockii (Zeikus et al. 1983) Lee et al. 1993 sp. emend. 

Thermoanaerobacter brockii [brockôi.i. N.L. gen. masc. n. brockii, of Brock, named for Thomas 

Dale Brock who pioneered studies on the physiology and ecology of thermophiles]. 

Description: Per Lee et al., 1993 (47) and emended by Cayol et al., 1995 (49) with the following 

changes. Subspecies T. subsp. brockii finnii is removed when transferred to T. pseudethanolicus. 

Description of species cell size changes such that rods are 0.5 to 1.0 by 1 to 20 µm. 

Type strain: Thermoanaerobacter brockii subsp. Brockii HTD4 (ATCC 33075=DSM1457) 

 

Thermoanaerobacter pseudethanolicus Onyenwoke et al. 2007 sp. emend.  

Thermoanaerobacter pseudethanolicus [Gr. masc./fem. adj. pseudês, false; N.L. masc. 

adj. ethanolicus, a bacteria-specific epithet; N.L. masc. adj. pseudethanolicus, a false 

(Thermoanaerobacter) ethanolicus].  

Description: Per Cayol et al., 1995, Onyenwoke et al., 2007, and Roh et al., 2002 (22, 23, 49) 

Thermoanaerobacter pseudethanolicus are Gram-positive, anaerobic thermophiles. Cells are 

motile. They are capable of fermenting carbohydrates including xylose and glucose. With primary 

fermentation products of ethanol and CO2. Sometimes produce minor amounts of lactate and 
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acetate. Capable of reducing thiosulfate to H2S. Grow from 40-75°C (60-65°C optimal). This 

species contains two subspecies. T. subsp. brockii finnii is transferred as a subspecies of 

pseudethanolicus. This automatically created T. pseudethanolicus subsp. pseudethanolicus. 

Thermoanaerobacter sp. X514 is placed as a heterotypic synonym of Thermoanaerobacter 

pseudethanolicus.  

Type strain: Thermoanaerobacter pseudethanolicus subsp. pseudethanolicus 39E (ATCC 

33223=DSM 2355). 

 

Thermoanaerobacter pseudethanolicus subsp. pseudethanolicus Onyenwoke et al. 2007 comb. 

nov. 

Thermoanaerobacter pseudethanolicus subsp. pseudethanolicus [Gr. masc./fem. adj. pseudês, 

false; N.L. masc. adj. ethanolicus, a bacteria-specific epithet; N.L. masc. adj. pseudethanolicus, a 

false (Thermoanaerobacter) ethanolicus].  

Description: Per Onyenwoke et al., 2007 (22).  

Type strain: Thermoanaerobacter pseudethanolicus subsp. pseudethanolicus 39E (ATCC 

33223=DSM 2355). 

 

Thermoanaerobacter pseudethanolicus subsp. finnii  (Schmid et al. 1986) Cayol et al. 1995 

comb. nov. 

Thermoanaerobacter pseudethanolicus subsp. finnii [finnôi.i. N.L. gen. masc. n. finnii, of Finn, 

named for Robert K. Finn who made important contributions to the development of the ethanol 

vacuum fermentation process]. 

Description: Per Cayol et al., 1995 (49). 
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Type strain: Thermoanaerobacter pseudethanolicus subsp. finnii AKO-1 (ATCC 43586=DSM 

3389). 

 

Thermoanaerobacter thermocopriae (Jin et al. 1988) Collins et al. 1994 sp. emend. 

Thermoanaerobacter thermocopriae [ther.mo.co.priôa.e. Gr. fem. adj. thermê, heat; Gr. fem. 

n. kopria, dunghill; N.L. gen. fem. n. thermocopriae, of heat compost]. 

Description: Based on descriptions of the subspecies (50-53).Thermoanaerobacter 

thermocopriae are anaerobic thermophiles. Optimal growth range is 60-70 °C, and growth was 

observed between 45-78 °C. They form straight rods, 0.3-0.7 µm wide by 1.4-8 µm long. They 

demonstrate variable Gram-stain, but have a Gram-positive cell membrane structure, with variable 

endospore production. Arabinose, cellobiose, fructose, glucose, lactose, maltose, and variable 

other carbohydrates are utilized. Products of fermentation include ethanol, lactate, and acetate. 

This species contains four subspecies. T. italicus and T. mathranii (both subsp. mathranii and 

subsp. alimentarius) were unified with T. thermocopriae as subspecies, automatically creating T. 

thermocopriae subsp. thermocopriae.  

Type strain: Thermoanaerobacter thermocopriae subsp. thermocopriae JT3-3 (ATCC 

51646=IAM 13577=JCM 7501). 

 

Thermoanaerobacter thermocopriae subsp. thermocopriae (Jin et al. 1988) Collins et al. 1994 

comb. nov. 

Thermoanaerobacter thermocopriae subsp. thermocopriae [ther.mo.co.priôa.e. Gr. fem. 

adj. thermê, heat; Gr. fem. n. kopria, dunghill; N.L. gen. fem. n. thermocopriae, of heat compost]. 

Description: Per Jin et al., 1988 (51).  
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Type strain: Thermoanaerobacter thermocopriae subsp. thermocopriae JT3-3 (ATCC 

51646=IAM 13577=JCM 7501). 

 

Thermoanaerobacter thermocopriae subsp. italicus Kozianowski et al. 1998 comb. nov. 

Thermoanaerobacter thermocopriae subsp. italicus [i.taôli.cus. L. masc. adj. italicus, pertaining to 

Italy, where the organism was isolated]. 

Description: Per Kozianowski et al., 1997 (52).  

Type strain: Thermoanaerobacter thermocopriae subsp. italicus Ab9 (DSM 9252=JCM 16815). 

 

Thermoanaerobacter thermocopriae subsp. mathranii (Larsen et al. 1998) Carlier et al. 2007 

comb. nov. 

Thermoanaerobacter thermocopriae subsp. mathranii [ma.thraôni.i. N.L. gen. masc. n. mathranii, 

of Mathrani, in honor of the late Indra M. Mathrani, who contributed to the understanding of 

thermophilic anaerobes from hot springs during his short career]. 

Description: Per Larsen et al., 1997 (53).  

Type strain: Thermoanaerobacter thermocopriae subsp. mathranii A3 (DSM 11426=AIP 

130.05=CIP 108742). 

 

Thermoanaerobacter thermocopriae subsp. alimentarius Carlier et al. 2007 comb. nov. 

Thermoanaerobacter thermocopriae subsp. alimentarius [a.li.men.taôri.us. L. masc. 

adj. alimentarius, related to food].  

When T. mathranii was unified with T. thermocopriae, both existing T. mathranii subspecies 

epitaphs were retained (mathranii and alimentarius). 
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Description: Per Carlier et al., 2006 (50).  

Type strain: Thermoanaerobacter thermocopriae subsp. alimentarius AIP 505.99 (CCUG 

49566=CIP 108280). 

 

Caldanaerobacter subterraneus subsp. pacificum Sokolova et al. 2001 comb. nov. 

Caldanaerobacter subterraneus subsp. pacificum [pa.ciôfi.cum. L. neut. adj. pacificum peaceful, 

pertaining to the Pacific Ocean, from the western part of which the type strain was isolated.] 

Note that (24) previously purposed the illegitimate subspecies epitaph ópacificusô, with basionym 

from Carboxydobrachium pacificum (25).  

Description: Per Sokolova et al., 2001 (25). 

Type strain: Caldanaerobacter subterraneus subsp. pacificum JM (ATCC BAA-271=DSM 

12653). 

 

Carboxydothermus hydrogenoformans Svetlichny et al. 1991 sp. emend. 

Carboxydothermus hydrogenoformans [hy.dro.ge.no.for.mans. N.L. neut. n. hydrogenum, 

hydrogen (that which produces water, so called because it forms water when exposed to oxygen); 

from Gr. neut. n. hydôr, water; from Gr. ind. v. gennaô, to produce; L. pres. part. formans, 

forming; N.L. part. adj. hydrogenoformans, hydrogen-forming]. 

Description: Per Svetlichny et al., 1991 (54), with amendments made by Slobodkin et al., 2006 

(55) except that Carboxydothermus ferrireducens (Slobodkin et al. 1997) Slobodkin et al. 2006 is 

unified with Carboxydothermus hydrogenoformans Svetlichny et al. 1991 as subspecies. 

Type strain: Carboxydothermus hydrogenoformans subsp. hydrogenoformans Z-2901 (ATCC 

BAA-161=DSM 6008). 
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Carboxydothermus hydrogenoformans subsp. hydrogenoformans Svetlichny et al. 1991 comb. 

nov. 

Carboxydothermus hydrogenoformans subsp. hydrogenoformans [hy.dro.ge.no.for.mans. N.L. 

neut. n. hydrogenum, hydrogen (that which produces water, so called because it forms water when 

exposed to oxygen); from Gr. neut. n. hydôr, water; from Gr. ind. v. gennaô, to produce; L. pres. 

part. formans, forming; N.L. part. adj. hydrogenoformans, hydrogen-forming]. 

Description: Per Svetlichny et al., 1991 (54). 

Type strain: Carboxydothermus hydrogenoformans subsp. hydrogenoformans Z-2901 (ATCC 

BAA-161=DSM 6008). 

 

Carboxydothermus hydrogenoformans subsp. ferrireducens (Slobodkin et al. 1997) Slobodkin 

et al. 2006 comb. nov. 

Carboxydothermus hydrogenoformans subsp. ferrireducens [fer.ri.re.duôcens. L. neut. n. ferrum, 

iron; L. pres. part. reducens, converting to a different state; N.L. part. adj. ferrireducens, reducing 

(ferric) iron]. 

Description: Per Slobodkin et al., 2006 (55).  

Type strain: Carboxydothermus hydrogenoformans subsp. ferrireducens JW/AS-Y7 (DSM 

11255=VKM B-2392). 

 

Caldanaerobiaceae fam. nov.  

Caldanaerobiaceae [Cal.da.nae.roôbia.ceôae  N.L. masc. n. Caldanaerobius type genus of the 

family; L. fem. pl. n. suff. ïaceae ending to denote a family; N.L. fem. pl. n. Caldanaerobiaceae, 

family of the genus Caldanaerobius]. 
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Description: Caldanaerobiaceae are obligately anaerobic, rod-shaped, thermophilic bacteria that 

have Gram-positive type cell walls, but may stain Gram-negative. Cells are chemoorganotrophic 

consuming a wide range of saccharides. Member of the order Thermoanaerobacterales. 

Type genus: Caldanaerobius. 

 

Calorimonaceae fam. nov.  

Calorimonaceae [Ca.lo.ri.moôna.ceôae N.L. fem. n. Calorimonas type genus of the family; L. fem. 

pl. n. suff. ïaceae ending to denote a family; N.L. fem. pl. n. Calorimonaceae, family of the genus 

Calorimonaceae]. 

Description: Calorimonaceae are obligately anaerobic, rod-shaped, thermophilic, Gram-positive 

bacteria. Cells are chemoorganotrophs. This family belongs to the order Thermoanaerobacterales. 

Type genus: Calorimonas. 
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Figure 1. Phylogenetic tree of Thermoanaerobacterales, Caldicellulosiruptorales, and 

Moorellales. Names in bold text are those affected by taxonomic reclassifications proposed in 

this paper. GTDB-tk workflow was used to create a revised version of the tree from (4). The 

phylum Thermodesulfobiota, which was previously classified as Thermoanaerobacterales, was 

used as the outgroup. The tree was visualized in iTOL to format and add the bootstrap legend 

and visualization. 

 

  


