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ABSTRACT
Phylogenetic, microbiological and comparative genomic analysis was used to examine the
diversity among members of the genus Caldicellulosiruptor, with an eye towards the capacity of
these extremely thermophilic bacteria to degrade the complex carbohydrate content of plant
biomass. Seven species from this genus (C. saccharolyticus, C. bescii, C. hydrothermalis, C.
owensensis, C. kronotskyensis, C. lactoaceticus, and C. kristjanssonii) were compared on the
basis of 16S rRNA phylogeny and cross-species DNA-DNA hybridization to a whole genome C.
saccharolyticus oligonucleotide microarray, revealing that C. saccharolyticus was the most
divergent within this group. Growth physiology of the seven Caldicellulosiruptor species on a
range of carbohydrates showed that, while all could be cultivated on acid pretreated
switchgrass, only C. saccharolyticus, C. besci, C. kronotskyensis, and C. lactoaceticus were
capable of hydrolyzing Whatman No. 1 filter paper. Two-dimensional gel electrophoresis of the
secretomes from cells grown on microcrystalline cellulose revealed that the cellulolytic species
also had diverse secretome fingerprints. The C. saccharolyticus secretome contained a
prominent S-layer protein that appears in the cellulolytic Caldicellulosiruptor species, suggesting
a possible role in cell-substrate interaction. Growth physiology also correlated with glycoside
hydrolase (GH) and carbohydrate-binding module (CBM) inventories for the seven bacteria,
deduced from draft genome sequence information. These inventories indicated that the absence
of a single GH and CBM family was responsible for diminished cellulolytic capacity. Overall, the
genus Caldicellulosiruptor appears to contain more genomic and physiological diversity than
previously reported, and this argues for continued efforts to isolate new members from high

temperature terrestrial biotopes.
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INTRODUCTION

Efforts directed at microbial deconstruction of lignocellulosic biomass for second generation
biofuels production (24) has renewed interest in previously studied high temperature (Top 2
70°C), carbohydrate-utilizing microorganisms from terrestrial niches. Over the past 30 years,
focus has been on establishing the upper thermal limits of life, such that hyperthermophiles (T
> 80°C) have been specifically examined for clues to the intrinsic basis of thermophily. However,
hyperthermophiles often originate from marine ecosystems, which typically lack crystalline
cellulose. Although enzyme systems that hydrolyze p-linked polysaccharides, such as xylan
(32), galactomannan (15), barley glucan (2) and laminarin (13, 14), are produced by certain
heterotrophic hyperthermophiles, primary cellulases that are highly active on crystalline
cellulose have not yet been identified in these microorganisms (6). But, at slightly lower optimal
growth temperatures — within the range 70-80°C — extremely thermophilic bacteria capable of
plant biomass degradation can be isolated from terrestrial freshwater ecosystems (30, 45). In
particular, the genus Caldicellulosiruptor, which belongs to the gram-positive bacteria, contains
members described as extremely thermophilic, anaerobic, cellulolytic/hemicellulolytic, low G+C,
and asporogenic (44). With optimal growth temperatures ranging from 70 to 78°C, certain
species within this genus hydrolyze cellulose at the highest known temperatures for biological
degradation of this complex carbohydrate (6, 22, 56). Interestingly, Caldicellulosiruptor species
lack a cellulosome, which is common to cellulolytic Clostridia (3), and instead secrete discrete
biomass-degrading enzymes directly into the extracellular milieu (49, 51). Members of the
genus Caldicellulosiruptor are also able to co-ferment Cs and Cg sugars, an important aspect for
consolidated bioprocessing, since both pentoses and hexoses are ultimately released during
biomass deconstruction (28, 52, 57).

Although Caldicellulosiruptor species were first isolated some two decades ago, there
have been only a limited number of reported efforts focusing on the microbial physiology and
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biochemistry of these bacteria (5, 54). However, with the genome sequences of
Caldicellulosiruptor saccharolyticus (51) and Caldicellulosiruptor bescii (29) now available, the
physiology of these bacteria can be examined more completely within the context of their
potential role in bioenergy applications. C. saccharolyticus, the type strain of the
Caldicellulosiruptor genus, first isolated from a freshwater hot spring in New Zealand, is capable
of growth on cellulose, hemicellulose and pectin (44). Recently, another finished genome of a
Caldicellulosiruptor species, C. bescii (formerly Anaerocellum thermophilum, 56), became
available (29), indicating that approximately 15% of the two genomes showed significant
differences (31). As other Caldicellulosiruptor species are isolated, 16S rRNA phylogeny has
been used to place isolates within the genus (36, 45), but without the benefit of complete
genome sequences for those isolates, the extent of genetic diversity is difficult to assess. In
order to determine the relationship among members of the genus Caldicellulosiruptor,
complementary in silico and microbiological methods for determining genomic relatedness were
used here. In addition to characterizing the physiological response to biomass or model
biomass compounds, draft genome sequence data were examined to decipher the enzymatic

basis for biomass deconstruction.

MATERIALS AND METHODS

Bacterial strains and growth on sugar substrates. Caldicellulosiruptor species used
in this study (Table 1) were obtained as axenic, freeze-dried cultures from the German
Collection of Microorganisms and Cell Cultures (DSMZ, http://www.dsmz.de), except for C.
bescii, which was provided by Michael W. W. Adams (University of Georgia, Athens, GA) and C.
owensensis, which was provided by James Elkins (Oak Ridge National Laboratory, Oak Ridge,
TN). Freeze-dried cells were resuspended in the recommended medium, and subcultured upon
growth into modified DSMZ medium 640 (trypticase, cysteine-HCI and resazurin were not
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added; the carbon source was increased to 5 g/L, and 10% (w/v) Na,S x 9H,0 was added to a
final concentration of 0.5%) and grown at 70°C with orbital shaking. For 24-hour cell density
measurements, each culture was subcultured in the respective carbon source three to four
times in serum bottles before inoculating a 50 mL batch culture in a 125 mL serum bottle under
N, headspace for 24 hr. Final cell counts were recorded using epifluorescence microscopy (25).
Reported cell densities are the average of two biological replicates for each carbon source
reported. Sugars and biomass used for carbon sources included: D-glucose (Sigma-Aldrich, St.
Louis, MO), D-xylose (Sigma-Aldrich), Avicel PH-101 (FMC) and dilute-acid pretreated
switchgrass (Panicum virgatum -20/+80 mesh fraction; pretreatment in a SUNDS reactor at the
National Renewable Energy Laboratory, 46). Dilute-acid treated switchgrass was used at 5 g/L
wet weight, which corresponds to 1.28g/L + 0.04g/L dry weight. In the case of cultures grown
on yeast extract, only DSMZ 640 medium was used, which already includes 1 g/L yeast extract

(BD Biosciences, Difco).

16S ribosomal RNA gene phylogenetic analysis. 16S rRNA sequences used for
phylogenetic analysis between Caldicellulosiruptor spp. and related species were downloaded
from the Ribosomal Database Project (12, http://rdp.cme.msu.edu). Sequences used for 16S
sequence identity were accessed from NCBI GenBank. Multiple sequence alignment of 16S
rRNA sequences was conducted using Clustal W (50) as a part of the Mega 4 program (48). A
16S rRNA phylogenetic tree was built using the Jukes-Cantor evolutionary distance model
followed by the neighbor-joining method. Bootstrap values were determined using 1000
replicates in Mega 4 (48). Sequence identity percentages were determined using the BLASTN

program (1).

Secretome isolation. For a comparison of secretomes, each Caldicellulosiruptor
species was transferred four times on modified DSM 640 medium, with either Avicel PH-101, D-
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xylose or D-glucose as a carbon source (see above). Supernatant was harvested from two 500
mL batch cultures, grown for 24 hours in 45 mm screw-top bottles. Briefly, the cultures were
centrifuged at 5000 rpm for 10 minutes to separate cells and insoluble Avicel from the medium,
with the resulting supernatant filtered through a bottle top 0.22 ym-pore size filter (Millipore) and
stored at 4°C with the addition of sodium azide (0.5% final concentration). Sterile-filtered
supernatant was further concentrated with ultrafiltration using a 10 kDa MWCO polyethersulfone
membrane (Millipore) to 100X, after which the concentrated supernatant was buffer exchanged
three times into 50 mM sodium phosphate buffer (pH 7.2). Total protein concentration was
estimated using the Bio-Rad protein assay reagent (Bio-Rad, CA) by the microassay for

microtiter plate method per the manufacturer’s protocol.

2-D gel electrophoresis of secretome. Buffer exchanged supernatant corresponding
to 100 or 150 ug protein was re-suspended in isoelectric focusing (IEF) buffer, per
manufacturer’'s recommendations (7 M urea, 2 M thiourea, 4 % (w/v) 3-[(3-cholamidopropyl)-
dimethylammonio]-1-propanesulfonate (CHAPS), 50 mM dithiothreitol, and 0.2% (vol/vol) Bio-
Lyte 3/10 ampholyte (Bio-Rad)). Protein was then loaded onto a 7 cm pl 4-7 Bio-Rad
ReadyStrip™ immobilized pH gradient (IPG) strip (Bio-Rad) for active rehydration at 50 V
overnight in a Protean isoelectric focusing cell (Bio-Rad). Isoelectric focusing and equilibration
of the IPG strips was done as described previously (35). The second dimension was run
through a NUPAGE® Novex 4-12% Bis-Tris gel (Invitrogen, Carlsbad, CA) using 1X MES buffer
(Invitrogen) and 0.5 % (w/v) low melting point agarose overlay. Gels were stained using
GelCode Blue stain reagent (Thermo Scientific) or Silver Stain Plus (Bio-Rad) and scanned on a
GS-710 densitometer (Bio-Rad). Identification of proteins from 2-D gels was performed by the
Genomic Sciences Laboratory at NCSU. For protein identification, a 1mm diameter core was

taken from a representative 2-D gel and subjected to trypsin digestion and subsequent
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identification was made after analysis by LC-ESI-MS/MS using a Thermo LTQ ion trap mass

spectrometer (Thermo Scientific).

Genomic microarray hybridization. Genomic DNA (gDNA) was harvested from
Caldicellulosiruptor species grown to early stationary phase on modified DSMZ 640 plus
cellobiose (Sigma). Cells were harvested by centrifugation at 5,000 rpm and DNA was isolated,
as previously described (18), with the addition of 100mg/mL lysozyme (Sigma) during cell lysis.
Genomic DNA was partially digested with Hae 1ll (NEB) and amino allyl dUTP (Ambion) was
incorporated along with dNTPs (Roche) using Klenow fragment (NEB) and random nonamers
(Sigma). Labeling with Cy™3 or Cy5 NHS ester dye (GE Healthcare) occurred in 0.1M sodium
carbonate buffer, pH9. Unincorporated dye was removed using Qiaquick spin columns
according to manufacturer's recommendations (Qiagen). Cy dye labeled gDNA was hybridized
to a C. saccharolyticus whole genome oligonucleotide microarray chip (52) using a two-slide,
dye-flip experimental design. Genomic DNA from C. saccharolyticus served as the reference

control in each dye-flip.

DNA microarray data analysis. Microarray slides were scanned with a Packard
BioChip Scanarray 4000 scanner (Perkin-Elmer, Waltham, MA). Signal intensity for each spot
was calculated using ScanArray Express (v2.1.8; Perkin-Elmer) before importing into JMP
Genomics 4.0 (SAS, Cary, NC) for normalization and application of mixed effects model
analysis (43, 55). A Pearson correlation coefficient was calculated by comparing all normalized
signal intensities from the tester strain versus C. saccharolyticus and computed using Excel
2007 (Microsoft). During normalization and analysis, tester strain versus C. saccharolyticus
signal intensity ratios were converted into logarithm base 2 (log,) format. The log, ratios for
each tester strain were plotted versus the location of the gene probe in the C. saccharolyticus

genome to create the pair-wise scatter plots.
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DNA microarray accession numbers. Data from the M-CGH experiments are
available through the Gene Expression Omnibus (GEO) database at NBCI
(http://www.ncbi.nim.nih.gov/geo/). The C. saccharolyticus microarray platform used in this
study is available under accession GPL6681. The experimental series accession number is
GSE23606. Anova normalized log, ratios plus raw data used in this study for each dye flip can
be found under the following experimental sample accession numbers: GSM578915,

GSM578916, GSM578917, GSM578918, GSM578919 and GSM578920.

Glycoside hydrolase (GH), polysaccharide lyase and carbohydrate binding motif
(CBM) annotation. Finished and draft genome sequence data were provided by the
Department of Energy Joint Genome Institute, with annotation for the finished genome
sequences of C. bescii (29, CP001393), C. hydrothermalis (CP------ ) and C. owensensis
(CP002216) and draft genome sequences of C. kristjanssonii (AX------- ), C. kronotskyensis (AX-
------ ), and C. lactoaceticus (AX-------) completed at the Oak Ridge National Laboratory.
Annotation for the finished genome of C. saccharolyticus was completed manually (51,
CP000679). These finished and preliminary annotations were examined for potential enzymes
of interest, which were then cataloged based on homology to other CAZy annotated enzymes
using BlastP (1), InterProScan (27), and the CAZy database (10, http://www.cazy.org). CAZy
annotated enzymes for C. saccharolyticus and C. bescii were accessed directly from the CAZy

database.

RESULTS AND DISCUSSION

The genus Caldicellulosiruptor. Since the first description of a Caldicellulosiruptor

species (45), to date 33 16S rRNA sequences from various Caldicellulosiruptor species and
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isolates have been deposited in NCBI GenBank and collected in the Ribosomal Database
Project (12, http://rdp.cme.msu.edu). Out of the deposited 16S rRNA sequences, only nine
species have been described in the literature and eight are available from a culture collection
(see Table 1). Members of this genus are typically isolated from biomass in freshwater
geothermal springs, with the one exception being C. owensensis which was isolated from
sediment at Owens Lake, CA (Table 1, 26). When this study was initiated, only two
Caldicellulosiruptor genome sequences were publically available: C. saccharolyticus (51) and C.
bescii (56). On a genomic level, the G+C nucleotide content of Caldicellulosiruptor species is
low (~35-36%), and has resulted in their placement in the gram positive phylum Firmicutes (45),
which also includes other celluloytic species, such as Clostridium thermocellum (39). However,
taxonomic classification within this branch of the thermophilic Firmicutes relies heavily on 16S
rRNA phylogeny (33) and phenotype. Alternatively, common concatenated protein sequences
were created to construct a phylogenetic tree, which placed C. saccharolyticus with cellulolytic
members of the genus Clostridium (21). By aligning 16S rRNA sequences to construct a
phylogenetic tree of the nine deposited Caldicellulosiruptor species, it revealed that species
tend to cluster based on geographical location (Figure 1) and that 16S rRNA sequence identity
within the genus ranges from 94.8 to 99.4%. According to 16S rRNA analysis, C.
saccharolyticus is the most phylogenetically divergent member of the genus Caldicellulosiruptor
(94.4 to 96.6% rRNA identity), which may relate to its being the sole representative from New
Zealand included in the analysis. However, when rRNA sequences from other New Zealand
isolates were added to the phylogenetic tree, C. saccharolyticus still remains divergent from
both groups (data not shown).

Regardless, 16S phylogenetic distances can only capture a small portion of the true
genetic diversity in closely related species (47). Previous work concerning the genetic diversity
within the genus Caldicellulosiruptor concentrated mainly on the cellulolytic and xylanolytic
enzymes of C. saccharolyticus (4), and other New Zealand Caldicellulosiruptor isolates, such as
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Caldicellulosiruptor sp. Tok7B.1 (19) and Caldicellulosiruptor sp. Rt69B.1 (38). While 16S
phylogenetic analysis is useful for quickly assigning new isolates to taxonomic groups, it is clear
that a more comprehensive measure of genetic relatedness is needed, especially in light of the

increased interest in microbes capable of crystalline cellulose hydrolysis at high temperatures.

Microarray-based genomic hybridization. In order to further explore genetic
diversity of publicly available Caldicellulosiruptor species, seven species, obtained from the
German Collection of Microorganisms and Cell Cultures were surveyed for genetic similarity to
C. saccharolyticus using microarray-based comparative genomic hybridization (M-CGH). Since
the first publicly available genome for a Caldicellulosiruptor species was C. saccharolyticus, a
whole genome oligonucleotide chip had previously been designed (51) and was used for the M-
CGH. Genomic DNA from six additional Caldicellulosiruptor species was hybridized to the C.
saccharolyticus oligonucleotide chip, using genomic DNA from C. saccharolyticus as a control in
each dye flip. Plotting log, hybridization ratios (LSMeans intensity values of test species versus
C. saccharolyticus converted to log base 2) of each species provided a visual comparison of
genetic divergence from C. saccharolyticus (FIG. 2A-F). As log, hybridization ratios approach
zero, those ORFs, and by extension the organism are considered to be more genetically similar
to C. saccharolyticus. The more genetically divergent the species tested were from C.
saccharolyticus (based on M-CGH analysis), the more the plots of log, ratios will deviate from
the horizontal axis (17). In addition, pair-wise scatter plots of hybridization intensity from
unknown versus reference strains have previously been used to assess levels of diversity
between strains (11). In this study, pair-wise scatter plots of LSMeans intensity values were
used to compare the hybridization profile of each tester species versus C. saccharolyticus to
experimentally calculate genetic distance. For each tester species, genetic distance was

reported as a Pearson correlation coefficient (r), a measure of how close the pair-wise scatter
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plots of probe intensity of the tester strain versus C. saccharolyticus converge to a straight line
(FIG. 2A-F).

Of all the species tested, C. hydrothermalis had a hybridization profile most similar to C.
saccharolyticus (FIG. 2B, r = 0.86), followed by C. bescii (FIG. 2A, r = 0.76), whereas C.
kristjianssonii, C. kronotskyensis, C. lactoaceticus and C. owensensis were not as closely
related (FIG. 2C-G, r = 0.55, 0.44, 0.48, 0.55, respectively). In the case of C. bescii compared
to C. saccharolyticus, a higher Pearson correlation coefficient was expected, since extensive
similarity had been noted when comparing their finished genomes (29, 31). In the case of the
other Caldicellulosiruptor species, the experimental (M-CGH) data indicate a greater amount of
genetic divergence from C. saccharolyticus (r= 0.86 to 0.44) than the in silico measure (16S
rRNA) would indicate (94.4 to 96.6%). Unlike 16S phylogeny, geographical localization seems
to have no effect on similarity of hybridization profiles or Pearson correlation coefficients, since
C. bescii, C. hydrothermalis and C. kronotskyensis were all isolated from geothermal hot springs
in the Kamchatka peninsula (Table 1, FIG. 2A-B and D). Use of the M-CGH technique is a
potentially powerful tool to assess genetic diversity of new Caldicellulosiruptor isolates from the
environment. Overall, it appears that the genus Caldicellulsiruptor is more genetically diverse
than would be expected if only 16S rRNA sequence identity were taken into consideration. The
question then becomes whether or not the different species use similar enzymes and metabolic

strategies for biomass deconstruction.

Caldicellulosiruptor growth physiology. Growth on various sugar substrates has
been reported in Caldicellulosiruptor species isolation papers (8, 22, 26, 36, 37, 41, 44, 56).
However, a direct comparison across the entire genus with respect to carbohydrate utilization
has not been done. To conduct such a comparison, the seven Caldicellulosiruptor species were
grown on various simple (Cs and Cg) and complex sugars, in addition to dilute acid pretreated
biomass. Cell density measurements at 24 hr were calculated for Caldicellulosiruptor species
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on Avicel, pretreated switchgrass, glucose, xylose, and yeast extract. Cell density
measurements on yeast extract serve as a control, since the growth medium contained no
supplemental carbohydrate source. All Caldicellulosiruptor species were previously reported to
grow on xylose, and the only significant difference in xylose growth observed here was that the
cell density of C. saccharolyticus was 10-fold higher than C. kristjanssonii (FIG. 3). Consistent
with the isolation paper for C. lactoaceticus (37), no growth on glucose was observed, while the
rest of the species were capable of growth on glucose. Similar to C. lacfoaceticus, some
cellulolytic Clostridia have shown similar substrate specialization, such as CI. thermocellum,
which will preferentially grow on cellobiose versus glucose as a carbon source, and requires
long acclimation times to grow on glucose (34).

When dilute acid pretreated biomass (switchgrass) was used as a growth substrate, all
species were able to grow to cell densities higher than 108 cells/mL, indicating that the spectrum
of polysaccharides present in the biomass (~50% glucan and 8% xylan, 46), support growth of
all of the Caldicellulosiruptor species tested. It is interesting to note that pretreated switchgrass
slightly inhibited growth in comparison to growth on Avicel in some cases (C. saccharolyticus, C.
bescii, C. kronotskyensis and C. lactoaceticus), yet in other cases stimulated growth (C.
kristianssonii, and C. owensensis). Inhibition of growth on pretreated switchgrass by the more
cellulolytic Caldicellulosiruptor spp. could result from the presence of sugar dehydration
products and phenolics. In the case of the less cellulolytic Caldicellulosiruptor spp., stimulation
of growth by pretreated switchgrass could be related to the easier accessibility of
polysaccharides (xylan and amorphous cellulose, for example) that are more suitable for
growth, even though growth inhibitors are presumably present (23).

The most striking difference between the Caldicellulosiruptor species was their ability to
grow on microcrystalline cellulose (Avicel, FIG. 3). It is a defining characteristic of the genus to
grow on crystalline cellulose (44), although three species (C. saccharolyticus, C. bescii and C.
kronotskyensis) grew to cell densities roughly 10 and 100-fold higher on this substrate than
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some of the other members (C. kristianssonii, C. hydrothermalis and C. owensensis,
respectively). Growth on Avicel may not be a definitive indication of an organism’s capacity to
hydrolyze the crystalline areas of cellulose, since Avicel also contains less-ordered, amorphous

regions as well (42).

Secretome analysis. To further examine diversity within the genus Caldicellulosiruptor,
especially with respect to cellulolytic ability, the Avicel-induced secretome of various
Caldicellulosiruptor species was examined and compared to their xylose-induced secretome.
Supernatant from Avicel-induced collected from all Caldicellulosiruptor species was capable of
hydrolyzing carboxymethylcellulose (CMC, data not shown), although only four species were
capable of deconstructing Whatman No. 1 filter paper during growth (FIG. 4D). CMC hydrolysis
implies the presence of endo-acting cellulases in all of the Caldicellulosiruptor species;
however, the deconstruction of crystalline cellulose requires exo-acting cellulases (34).

Two-dimensional SDS-PAGE was also used to visualize the proteins secreted into the
extracellular milieu during growth on Avicel and xylose, a Cs sugar capable of supporting growth
for all Caldicellulosriuptor species used in this study (FIG. 3). The majority of Avicel-induced
secretomes of Caldicellulosiruptor species capable of deconstructing filter paper displayed more
proteins present (C. bescii, C. kronotskyensis and C. lactoaceticus) when compared to the less
cellulolytic C. hydrothermalis, C. kristianssonii and C. owensensis (FIG. 4A-B, D). The
secretome of C. saccharolyticus, however, contained one predominant high molecular weight
protein spot that was identified by LC/MS/MS as an S-layer protein (Genbank accession:
YP_001181219). The microbial S-layer is a self-assembling protein coat implicated in
protection from extreme environments, the creation of a Gram® “periplasm”, enzyme
immobilization, and in some cases possibly adhesion (16). A higher total protein loading level
was also used to determine if there were more protein spots present in the Avicel-induced
secretomes of C. hydrothermalis, C. kristjanssonii, C. lactoaceticus, C. owensensis and C.
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saccharolyticus (FIG. 4B). While some additional spots were visible using a higher total protein
loading level and silver staining in all Caldicellulosiruptor species tested, only C. lactoaceticus
appeared to have significantly more higher molecular weight protein spots visible (FIG. 4B).
Analysis of xylose-induced secretomes also demonstrated that the S-layer protein is also
a predominant feature of the C. saccharolyticus secretome (FIG. 4C). Why an S-layer domain
protein is the prominent feature of the C. saccharolyticus, Avicel (FIG. 4A), xylose (FIG. 4C) and
glucose (not shown) induced secretome is as yet unknown. Notably, in all xylose-induced
secretomes a distribution of high and low molecular weight protein spots were observed with the
exception of C. saccharolyticus. For the more cellulolytic Caldicellulosiruptor species, their
Avicel-induced secretome profile matched closely to their xylose-induced profile (FIG. 4A and
FIG. 4C). However, for C. hydrothermalis, C. kristianssonii and C. owensensis, more protein
spots are observed in their xylose-induced profiles versus their Avicel-induced profiles (Fig. 4A-

C).

Caldicellulosiruptor glycoside hydrolase inventory. As mentioned above, only two
(C. bescii and C. saccharolyticus) of the nine described Caldicellulosiruptor currently have
publically available genome sequences (29, 51). Due to renewed interest in biomass-degrading
microbes, five additional genome-sequencing projects are underway; three of which are finished
(C. hydrothermalis, C. kronotsyensis and C. owensensis), to help pin-point what makes some
species more cellulolytic than others in the genus. Draft and finished versions of these genome
sequences were examined for glycoside hydrolase (GH) family diversity.

Previous studies looking into Caldicellulosiruptor diversity have identified glycoside
hydrolases, mostly cellulases and xylanases, produced by selected species (4, 19). Here, the
biomass deconstruction-related glycoside hydrolase (GH) inventory, inferred from each draft
and finished genome sequence, was examined to provide insights into the observed differential

responses to microcrystalline cellulose. Based on the differential responses of each
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Caldicellulosiruptor to microcrystalline cellulose, the GHs potentially involved in cellulose
hydrolysis were cataloged according to CAZy GH families (10, http://www.cazy.org). Of the
eleven GH families described in the literature as being endo- or exo- acting cellulases (10, 53;
see CAZy database for updates), four are present in some, but not all Caldicellulosiruptor
species (GH5, GH9, GH44 and GH48, Table 2). All Caldicellulosiruptor species have at least
one GH5 enzyme (potentially an endo-acting cellulase, (10) present in their genome, supporting
the previously mentioned observation that all species were able to hydrolyze CMC. It is
interesting to note that the three Caldicellulosiruptor species that did not grow well on
microcrystalline cellulose (FIG. 3) and had less diverse Avicel-induced secretome profiles (FIG.
4A-B, Chyd, Ckri and Cowe) and were missing representatives from GH9, GH44 and GH48
(Table 2, C. hydrothermalis and C. owensensis), or GH48 (Table 2, C. kristjianssonii). Both GH9
and GH48 are part of the multi-domain cellulase enzyme, CelA, in C. bescii and C.
saccharolyticus (49, 58). When catalytic activity was characterized for CelA from C. bescii, the
C-terminal portion of the enzyme containing the GH48 domain was responsible for hydrolysis of
microcrystalline cellulose in an exo-acting manner (58). It appears then that missing an enzyme
containing a GH48 catalytic domain impedes Caldicellulosiruptor species’ ability to hydrolyze
and grow on crystalline cellulose. In addition to the catalytic portion of cellulase enzymes, non-
catalytic carbohydrate binding motifs (CBM) involved in binding to biomass were also cataloged
according to established CAZy families (7, 10). A particular crystalline cellulose-binding CBM
family, CBM3, is present in multi-domain enzymes from C. bescii, C. kristianssonii, C.
kronotskyensis and C. saccharolyticus (Table 3). One of these multi-domain enzymes, CelA
has been cloned and characterized in both C. saccharolyticus and C. bescii and in the case of
C. bescii shown to have activity on crystalline cellulose (49, 58). In the case of a free cellulase
from CI. thermocellum, Cell, the presence of a C-terminal CBM3 module was determined to be
essential for crystalline cellulose hydrolysis (20). The absence of CBM3 from the genomes of
C. hydrothermalis and C. owensensis, which also lack exo-acting cellulases, indicates that the
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CBM3 family may be an additional determinant for a Caldicellulosiruptor species’ ability to
hydrolyze crystalline cellulose.

Other glycoside hydrolases potentially involved in biomass deconstruction were also
identified, including those involved in hemicellulose (xylanases, mannanases and
xyloglucanases) and pectin hydrolysis. The genomes of the Caldicellulsiruptor species
sequenced collectively contain four out of six described GH families that hydrolyze the B-1,4-
xyloside linkages of xylan, three out of four described GH families that hydrolyze the B-1,4-
mannoside linkages of mannan , and four out of five described xyloglucanase GH families that
hydrolyze the B-1,4-glucan linkages (Table 2, 10). In addition, many different CBM families
capable of binding to xylan (Table 3, CBM®6, 9, 22, and 36) are present in all Caldicellulosiruptor
species, and in the case of C. hydrothermalis and C. lactoaceticus a CBM family (CBM 27)
involved in binding to mannan is present (Table 3). All Caldicellulosiruptor species sequenced
can hydrolyze the backbone of all three major types of hemicellulose (Table 2). It is interesting
to note that for the above-mentioned cellulase and hemicellulase GH families, only C.
kronotskyensis posses all families collectively present in the genus Caldicellulosiruptor. Having
such a wealth of biomass deconstruction related GH families present in the genome of C.
kronotskyensis indicates that it is well suited for CBP, especially where the biomass feedstock
contains a range of hetero-polysaccharides. In addition, all Caldicellulosiruptor species produce
GHs and polysaccharide lyases (PL) capable of degrading galacturonan and
rhamnogalacturonan, the two major components of pectin (9). Overall, for hemicellulose and
pectin degrading enzymes, no two Caldicellulosiruptor species have the same GH/PL profile,
indicating that each has evolved a specific strategy for handling complex biomass hydrolysis.
This raises the prospect for exploiting this non-redundant biomass-degrading capability in multi-
Caldicellulosiruptor species communities for CPB. Additionally, with the discovery of novel
multi-domain GH enzymes in the draft genome sequences, additional efforts at isolating yet to
be discovered Caldicellulosiruptor species are warranted.
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SUMMARY

Although 16S rRNA phylogeny suggests that the members of the genus Caldicellulosiruptor are
closely related, experimental data using M-CGH indicated that there is a great deal of genetic
diversity on a whole-genome scale across the genus. In fact, the use of M-CGH can be a useful
tool for identifying new isolates of Caldicellulosiruptor species. With additional whole genome
sequences becoming available, a genus-wide oligonucleotide microarray could also be
designed to quickly identify the presence of desirable genes encoding GHs and CBMs in novel
Caldicellulosiruptor isolates (40). When the growth physiologies of Caldicellulosiruptor species
were compared, all species were capable of robust growth on pretreated switchgrass biomass,
an important characteristic for CBP. Interestingly, all species showed differential abilities to
grow on microcrystalline cellulose, the main polysaccharide component of biomass. In addition,
differential secretome profiles indicate that each Caldicellulosiruptor species uses different
strategies for interaction with complex polysaccharides and simple sugars in their environment.
The production of copious amounts of an S-layer protein from one of the cellulolytic members of
the genus also hints at possible non-cellulosomal methods of substrate interaction along the cell
surface. When preliminary draft genome sequences were searched for enzymes involved in
biomass hydrolysis, some of the differential response to crystalline cellulose appears to be the
result of the presence or lack of GH enzymes involved in cellulose hydrolysis. Cataloging
biomass-degradation related GH families from the genus Caldicellulosiruptor provided a
preliminary look into the genomic diversity of the genus Caldicellulosiruptor. Further analysis of
the roles of biomass-degrading related GH families in the sequenced Caldicellulosiruptor
genomes will also help to pair up synergistic partners for multi-species CBP. Additional
comparative genomics studies are currently underway that aim to look more comprehensively at

the most thermophilic cellulose-hydrolyzing genus discovered to date.
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Table 1. Caldicellulosiruptor species available from DSMZ

Organism Location GC content (%)  Topt (°C) DSMZ Accession #
C. bescii® Kamchatka, Russia 35.2 75 6725
C. saccharolyticus® Taupo, New Zealand 35.3 70 8903
C. hydrothermalis® Kamchatka, Russia 36.4 65 18901
C. kristjanssonii® Hveragerdi, Iceland 35.0 78 12137
C. kronotskyensis® Kamchatka, Russia 35.1 70 18902
C. lactoaceticus’® Hveragerdi, Iceland 35.2 68 9545
C. owensensis® Owens Lake, CA, USA 36.6 75 13100
C. acetigenus Iceland 35.7 70 7040

@ A complete genome sequence for C. bescii (formerly A. thermophilum) is available (accession
CP001393)
® A complete genome sequence for C. saccharolyticus is available (accession CP000679)
¢ Additional species currently being sequenced at JGI
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Table 2. Biomass deconstruction related GH families present in selected Caldicellulosiruptor spp.

Organism Cellulose® Xylan Mannan
1° 3 5 9 44 48 94 5 10 11 39 43 51 67 2 5 26 36
C. bescii v v v v v v v v v v v v v v v v v
C. hydrothermalis v v v v v v v v v v v v v
C. kristjanssonii v v v v v v v v v v v v v
C. kronotskyensis v v v v v v v v v v v v v v v
C. lactoaceticus v v v v v v v v v v v v v
C. owensensis v v v v v v v v v v v v v
C. saccharolyticus v v v v v v v v v v v v v v v v
Organism Xyloglucan Pectin
1 3 5 16 29 31 35 44 74 95 | 28 78 88 105 P1° P3 P9
C. bescii v v v v v v v v v v v
C. hydrothermalis v v v v v v v v v v
C. kristjanssonii v M v v v v v v v v
C. kronotskyensis v v v v M v v v v v v v v
C. lactoaceticus v v v v v v v v v v v
C. owensensis v v v v v v v v v
C. saccharolyticus v v v v v v v v v v v v

? For each polysaccharide, GH families that hydrolyze the polysaccharide (shaded) and the resulting products (not shaded) are listed
° Numbers represent GH and polysaccharide lyase families as designated by the CaZY database, (see http://www.cazy.org)

° P, polysaccharide lyase family as designated by the CaZY database




Table 3. Selected CBM Families That Bind to Biomass

Organism CBM3*® CBM6 CBM9 CBM22 CBM27 CBM28 CBM36 CBM54

Cellulose B_?{Lir;n Xylan Xylan Mannan C[S:?glglltlc?asr? Xylan Xylan

Cbes® v v v v v

Chyd v v v v v

Ckri v v v v

Ckro v v v v v v v
Clac v v v v v

Cowe v 4 v

Csac v v v v v

@ CBM families are noted by their family number designated by the CaZY database and also the substrate that they
have been reported to bind to

All species are noted as: Cbes, C. bescii; Chyd, C. hydrothermalis; Ckri, C. kristjanssonii; Ckro, C. kronotskyensis;
Clac, C. lactoaceticus; Cowe, C. owensensis; Csac, C. saccharolyticus.
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FIG. 1. Neighbor-joining 16S rRNA phylogenetic tree of Caldicellulosiruptor species
and members from related genera. The scale represents 0.02 substitutions per

nucleotide position. Bootstrap values are based on 1000 replicates. T, type strain.

FIG. 2. Logaratios for genomic DNA based M-CGH of tested Caldicellulosiruptor
species versus C. saccharolyticus: (A) C. bescii, (B) C. hydrothermalis, (C) C.
kristjanssonii, (D) C. kronotskyensis, (E) C. lactoaceticus, (F) C. owensensis. Loga
ratios indicate the fold hybridization differences between the tester and reference
samples converted to a log base 2 format. r, corresponding Pearson correlation
coefficients signifying linear relationships between LSMeans hybridization levels of each

Caldicellulosiruptor species tested versus C. saccharolyticus.

FIG. 3. Comparison of Caldicellulosiruptor spp. growth on selected substrates. All
substrates were present at 5 g/l in modified DSMZ 640 medium except yeast extract
which is present at 1 g/l in modified DSMZ 640 medium. Species order was ranked with
respect to growth levels on Avicel. All species are noted as: Cbes, C. bescii; Chyd, C.
hydrothermalis; Ckri, C. kristjanssonii; Ckro, C. kronotskyensis; Clac, C. lactoaceticus;

Cowe, C. owensensis; Csac, C. saccharolyticus.

FIG. 4. 2-D SDS-PAGE gels of secretomes from Caldicellulosiruptor species. (A) Avicel-
induced, 100 ug protein loaded, (B) Avicel-induced, 150 ug protein loaded and silver
stained, (C) Xylose-induced, 100 ug loaded, (D) Filter paper deconstruction cultures. All

species are noted as: Cbes, C. bescii; Chyd, C. hydrothermalis; Ckri, C. kristjanssonii;



Ckro, C. kronotskyensis; Clac, C. lactoaceticus; Cowe, C. owensensis; Csac, C.

saccharolyticus. N/D, not determined.
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—— Caldicellulosiruptor saccharolyticus DSM 8903 (T), Csac_R0049
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30 L Caldicellulosiruptor saccharolyticus DSM 8903 (T), Csac_R0007

Thermoanaerobacter cellulolyticus str. NA 10B, L09183

Clostndium thenmocellum ATCC 27405 (T), Cthe_R0041
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93 Thermoanaerobacter pseudethanolicus ATCC 33223, Teth_R0009
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