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TABLE 1 Extent of solubilization and fermentation products during growth on cellulose (Avicel) and switchgrass by Caldicellulosiruptor species”

Species Sample” Solubilization (%) Acetate (mM) Lactate (mM) Sugar (mM) Ethanol (mM)

C. bescii Avi 77.1 2.0 73+ 1.6 17.4 =49 5.8 +0.7 0.07 = 0.01
SWG 40.3 = 1.0 7.4+ 0.2 0.2 = 0.04 0.8 £0.1 0.17 = 0.08

C. kronotskyensis Avi 71.7 £ 2.6 6.4+ 1.1 11.8 £ 0.7 6.1+ 1.8 0.05 + 0.04
SWG 39.6 = 1.1 6.8 + 0.8 0.2 = 0.02 0.8 £ 0.04 0.22 = 0.05

C. saccharolyticus Avi 58.0 = 1.2 11.3 £ 1.7 12.1 = 0.5 1.0 £ 0.6 0.84 = 0.07
SWG 235*23 2.7 0.1 0.05 = 0.02 0.7 = 0.07 0.13 = 0.01

“ Data are means * standard deviations (n = 3).
b Avi, Avicel; SWG, switchgrass.

saccharolyticus did not liberate significantly more sugars than ex-
tended incubation at high temperatures (70°C). Fermentation
products and residual substrate composition were determined for
all three species following a 7-day incubation with cellulose and
switchgrass. Unpretreated switchgrass before incubation with
Caldicellulosiruptor species was found to contain 40.1% * 1.4%
glucan, 26.9% = 0.7% xylan, 2.7% = 0.2% arabinan, and 27.8%
* 3.1% inert components (lignin and ash) by weight. After deg-
radation by Caldicellulosiruptor species, the composition of
switchgrass did not change significantly; the relative fractions of
carbohydrate and inert components remained largely unchanged
following biosolubilization (Fig. 1C). This was consistent with
previous studies with C. bescii that found that lignin and carbohy-
drate solubilizations were proportional during degradation (31).

Caldicellulosiruptor species have not been found to utilize
lignin as a carbon source; accordingly, the carbohydrate fraction
solubilized from cellulose and switchgrass could be accounted for
by primary fermentation products (acetate, lactate, ethanol, and
carbon dioxide), cellulose and switchgrass degradation products
(acetate and soluble sugars), and Caldicellulosiruptor biomass to
greater than 92% carbon balance closure, assuming that CO, gen-
eration was equal to acetate generation on a molar basis (20) (Fig.
2). The acidic fermentation products for growth on cellulose and
switchgrass were the same for all three species, but lactate and
acetate concentrations varied (Table 1). For ~75% solubilization
of cellulose, C. bescii and C. kronotskyensis acetate levels reached
approximately 6 to 7 mM, with trace amounts of ethanol (<0.1
mM), and similar amounts of unfermented soluble sugar, 6 mM.
The formation of lactate is related to the impact of accumulating
levels of molecular hydrogen on Caldicellulosiruptor metabolism,
causing a shift toward this organic acid (32). Levels of lactate gen-
eration by C. bescii and C. kronotskyensis were also similar (~12
mM), as expected for the same amount of solubilization. Al-
though C. saccharolyticus solubilized <60% of cellulose, it also
generated high levels of lactate (12 mM) and significantly more
acetate (11.3 mM) and ethanol (0.8 mM) than the other two spe-
cies. The residual unfermented soluble sugar for C. saccharolyticus
was 1 mM, suggesting that C. saccharolyticus metabolized the Cgq
sugars released from cellulose solubilization to a greater extent
than the other two species. On unpretreated switchgrass, the same
major fermentation products were generated by each of the three
species. Acetate levels for C. bescii and C. kronotskyensis were com-
parable (~7 mM), but only trace amounts of lactate were pro-
duced. C. saccharolyticus, which solubilized switchgrass only
slightly more than the abiotic control, grew slowly and produced
correspondingly low levels of acetate (~3 mM) and lactate (0.05
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mM). For each of the three species on switchgrass, unlike the case
for cellulose, only small amounts of unfermented sugar (<1 mM)
remained at the time of harvest, reflecting the lower extents of
carbohydrate solubilization.

The results here indicate that there are significant differences
among the three species in the capacity to utilize and convert
biomass substrates. The levels of organic acids produced on cellu-
lose and switchgrass and the residual amounts of soluble sugars
reflect the extent to which the breakdown of biomass through
enzymatic processes is coordinated with conversion (carbohy-
drate transport and fermentative metabolism) by the three spe-
cies. For example, it is interesting that although C. saccharolyticus
solubilized less plant biomass, this species nonetheless produced
high levels of organic acids with minimal amounts of unfermented
sugars, suggesting a highly productive fermentative metabolism.
These data illustrate potentially important physiological differ-
ences within the genus Caldicellulosiruptor in choosing candidates
for consolidated bioprocessing through metabolic engineering.
These differences likely reflect distinct roles of these bacteria in
their communities of origin in terrestrial hot springs. The follow-
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FIG 2 Carbon balance of carbohydrate substrates and products from Caldi-
cellulosiruptor growth on cellulose and unpretreated switchgrass. Carbon bal-
ances were as follows: for cellulose, 95.8% = 13.2% for C. bescii, 92.2% *+ 3.9%
for C. kronotskyensis, and 96.4% * 1.5% for C. saccharolyticus; for switchgrass,
95.1% = 3.4% for C. bescii, 99.3% * 2.1% for C. kronotskyensis, and 100.7% *
0.5% for C. saccharolyticus. Values are means = standard deviations (n = 3).
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TABLE 2 Transcriptional response of Caldicellulosiruptor species during growth on cellulose (Avicel) and switchgrass

Total no. of No. of extracellular No. of ABC
Species Nucleotides (Mb)  genes Avi” SWG* CAZymes Avi®  SWG" transporters  Avi®  SWG”
C. bescii 2.93 2,776 129 (98) 243 (167) 20 0 9(8) 20 2(2) 11 (8)
C. kronotskyensis ~ 2.84 2,583 64 (48) 106 (81) 31 0 8(4) 28 0 13 (9)
C. saccharolyticus ~ 2.97 2,760 211 (165) 257 (160) 19 1(1) 7¢(6) 24 1(1) 16(11)
Core NA 1,922 9 18 14 0 4 16 0 6

“ Number of genes upregulated on cellulose or switchgrass. Numbers in parentheses indicate genes in core genome. Avi, Avicel; SWG, switchgrass; NA, not applicable.

ing genomic and transcriptomic analysis describes differences in
cellulolytic capacity and metabolism between the three species.
Genomic comparison of C. bescii, C. kronotskyensis, and C.
saccharolyticus. A comparative analysis of the sequenced ge-
nomes for C. bescii (2,776 ORFs), C. kronotskyensis (2,583 ORFs),
and C. saccharolyticus (2,760 ORFs) was done to identify features
that could be directly connected to observed differences in bio-
mass solubilization for the three species (Table 2). Genome-wide
homology (95.6% identity at the nucleotide level) is highest for the
two Russian isolates (C. bescii and C. kronotskyensis). Homology of
C. saccharolyticus to the other two species is lower but still rela-
tively high, with 80.3% and 79.6% nucleotide identity to C. bescii
and C. kronotskyensis, respectively (17). Homologous protein se-
quences were identified by sequence clustering using UCLUST
software (drive5) (based on 50% identity and 50% coverage) (33),
genes from all three species were organized into 3,223 families
with 885 singletons (family with only a single gene). The related-
ness among all three species (1,799 gene families in the core ge-
nome) was much higher than for either unique or common fam-
ilies for two species (Fig. 3). The unique gene families for each of
three species, C. bescii (338 gene families), C. kronotskyensis (234
gene families), and C. saccharolyticus (346 gene families) relate at
some level to their differential abilities to degrade and convert
complex carbohydrates. For biomass deconstruction, the extra-
cellular carbohydrate-active enzymes (CAZymes) are particularly
important; there are 14 in the core genome and a total of 20, 31,
and 19 for C. bescii, C. kronotskyensis, and C. saccharolyticus, re-
spectively (Table 2). Note that unlike C. bescii and C. kronotskyen-
sis, which have three GH48 domains, the C. saccharolyticus ge-
nome encodes only a single GH48 domain, represented in CelA
(14); GH48 domains were found to be a determinant for cellulose
hydrolysis capacity in Caldicellulosiruptor species (17, 18). As dis-
cussed below, the lack of GH48 domains in C. saccharolyticus’s
genome may relate to a decreased cellulolytic capacity compared

Cbes
338
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FIG 3 Homologous gene families for C. bescii, C. kronotskyensis, and C. sac-
charolyticus. Numbers of gene families, as determined by UCLUST, with 50%
identity and 50% coverage are shown.
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to those of the other two species. In addition, although its genome
encodes 50% more extracellular CAZymes than the other two spe-
cies (Table 2), C. kronotskyensis did not solubilize the biomasses
tested here any better than C. bescii (Table 1; Fig. 1B). There are 16
ABC carbohydrate transporters in the core genome (Table 2), with
totals of 20, 28, and 24 in C. bescii, C. kronotskyensis, and C. sac-
charolyticus, respectively. Coordination between CAZymes and
ABC transporters would seem to be important to optimize utili-
zation of the carbohydrate content of plant biomass for Caldicel-
lulosiruptor species. It is also worth noting that C. saccharolyticus
has 16 gene families linked to amino acid transport and metabo-
lism, which is 10 or more than for either C. bescii or C. kronotsky-
ensis. It is likely that there are subtle differences among the three
species that are not easily correlated with genome sequence. In
particular, the regulation of carbon flux through central metabo-
lism is key to high levels of carbohydrate conversion.

Core genome transcriptome for growth on biomass sub-
strates. While differences in lignocellulose degradation capacity
among the three Caldicellulosiruptor species can be viewed at the
level of genome sequence, regulation of genes that relate to this
capacity can provide additional insights into specific microbial
strategies. In principle, the same carbohydrate deconstruction and
utilization processes as utilized by the three Caldicellulosiruptor
species for growth on cellulose should also be employed during
growth on switchgrass, given that cellulose is a major component
of lignocellulose. However, this was not the case in this study. Nor
was there strong consensus among the three species for genes dif-
ferentially transcribed during growth on the two substrates, even
within the core genome. Differential transcription (2-fold or
more) of genes that are conserved among the three species (core
genome) is represented in Fig. 4 (referenced to the ORF numbers
in the C. bescii genome), for growth on cellulose (purple) com-
pared to switchgrass (green), with intensity of color indicative of
level of gene transcription. C. saccharolyticus has the largest num-
bers of differentially transcribed genes on cellulose and switch-
grass (211 and 257, respectively), followed by C. bescii (129 and
243, respectively) and then C. kronotskyensis (64 and 106, respec-
tively). Extracellular GHs (CAZymes) were exclusively responsive
to switchgrass (except for one core GH in C. saccharolyticus) (Ta-
ble 2), reflecting the heterogeneity of this substrate. This differen-
tial response to switchgrass was also the case for carbohydrate
ABC transporters, many of which are part of the core genome; 6
out of 16 of these responded to switchgrass in all three species.
Three transporters were upregulated on cellulose in the core ge-
nome, but none were differentially regulated in all three species.
Two transporters, upregulated only in C. bescii (Athe_0595-0598
[locus tags in a range of Athe_0595 to Athe_0598] and Athe_2552-
2554), belong to the CUT1 family, a family considered to trans-
port both di- and oligosaccharides (34) (see Table S1 in the sup-
plemental material). Previous work proposed the substrates for
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FIG 4 Core genome transcriptome for C. bescii, C. kronotskyensis, and C. saccharolyticus. All genes in the core genome differentially regulated 2-fold or more in
one or more species are shown. Green indicates upregulation on switchgrass, and purple indicates upregulation on cellulose. Gene clusters for specific functions
are indicated by letters defined in the center. Locus tags in C. bescii (outer ring) are used for reference.

these transporters to be xyloglucan and unknown, respectively
(35). The other, the only di- or oligopeptide (DPP/OPP) trans-
porter in the core genome (Athe_1913-1917, Calkro_0798-0802,
Csac_1028-1032) (Fig. 4, C3), was upregulated on switchgrass in
C. bescii and on cellulose in C. saccharolyticus and constitutively
transcribed in C. kronotskyensis. DPP/OPP transporters are impli-
cated in the transport of peptides, nickel, heme, and sugars (34).
The broad specificity of this transporter and differences in regu-
lation between the species imply that it could perform a range of
transport functions in Caldicellulosiruptor species.

Certain genomic loci responded similarly in all three species
during growth on cellulose compared to switchgrass. For example,
the xylan utilization locus (Fig. 4, A) responded at high levels to
switchgrass in all three species, as did many sets of ABC carbohy-
drate transporters (Fig. 4, C1 to C6), homologs of which were
previously annotated in C. saccharolyticus (35). Growth on cellu-
lose triggered expression of purine metabolism (Fig. 4, H) and
ribosomal protein biosynthesis (Fig. 4, I) genes in all three species,
likely the result of the higher growth rates on this less recalcitrant
substrate. Nonetheless, although a total of 517 different genes in
the core genome were differentially transcribed for the cellulose
versus switchgrass contrast (Fig. 4), only 27 of these responded in
all three species (Table 2). This suggests that at the level of gene
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regulation, significant differences exist among the species, which
relate to their deconstruction and conversion of lignocellulose.
Mlustrative examples of these differences are discussed below.
Fermentative metabolism. As reported in Table 1, fermenta-
tive product concentrations for cellulose and switchgrass conver-
sion varied across the three species; some insights into these dif-
ferences could be obtained from their transcriptomes. For
example, C. saccharolyticus generated large amounts of organic
acids and correspondingly low levels of unfermented soluble sug-
ars for growth on cellulose (Table 1), indicative of extensive car-
bohydrate utilization. This metabolic activity was reflected in the
transcriptome, where 8 out of 10 genes involved in pyruvate me-
tabolism are transcribed at higher levels on cellulose in C. saccha-
rolyticus than in C. bescii and C. kronotskyensis, in the respective
transcriptomes (see Table S2 in the supplemental material). This
is also indicated in Fig. 4, where the inner ring shows relatively
high transcription levels of many genes on cellulose (purple). For
C. saccharolyticus, much more so than for C. bescii and C. kro-
notskyensis, cellulose triggered genes related to molybdenum co-
factor biosynthesis (Fig. 4, D), hydrogen metabolism (E), sulfur
transport and metabolism (F), and uracil synthesis and purine
metabolism (G). Hydrogen production in Caldicellulosiruptor is
linked to acetate production (36) and plays an important role in
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FIG 5 Transcriptional response of Che-type chemotaxis systems and flagellar genes in Caldicellulosiruptor species. Gene type is indicated on the inner ring: core
Che component (light blue), additional Che component (gray), enzyme (orange) or flagella (pink). Tracks from outer to inner: for transcription level (LSM), C.
bescii, cellulose (A); C. bescii, switchgrass (S); C. kronotskyensis, cellulose; C. kronotskyensis, switchgrass; C. saccharolyticus, cellulose; C. saccharolyticus, switch-
grass; for differential transcription (Diff), C. bescii (Be), C. kronotskyensis (Kr), and C. saccharolyticus (Sa). Locus tags and transcription values can be seen in Table

S3 and $4 in the supplemental material.

metabolism by recycling reducing equivalents, NADH and re-
duced ferrodoxin (Fd™?) generated during glycolysis. Genes en-
coding the reduced ferredoxin-dependent hydrogenase cluster
(EchA to EchF; Csac_1534-1539) and genes required for its mat-
uration (HypA to HypF; Csac_1540-1545) were upregulated on
cellulose, especially in C. saccharolyticus (Fig. 4, E). The sulfate
(cysteine) assimilation gene cluster (Csac_1631-1643) was differ-
entially upregulated in C. saccharolyticus during growth on cellu-
lose (Fig. 4, F), consistent with the fact that hydrogenases and
ferredoxin contain Fe-S clusters (37). Note that the molybdenum
cofactor biosynthesis proteins upregulated in C. saccharolyticus
(Fig. 4, D) also contain Fe-S clusters (38). In contrast, homologs
within the sulfate assimilation locus (Fig. 4, F) in C. bescii
(Athe_1182-1194) and C. kronotskyensis (Calkro_1504-1516)
were transcribed at low levels, possibly relating to lower levels of
fermentative metabolism. The strong response of genes related to
reducing power generation needed to drive metabolic processes in
C. saccharolyticus is consistent with the higher levels of carbohy-
drate conversion observed (Table 1).

Chemotaxis and motility. Processes related to the detection
and pursuit of cellulose and hemicellulose as primary growth sub-
strates have not been considered to any extent for lignocellulose-
degrading microorganisms. Initially discovered in Escherichia coli,
the Che-type chemotaxis system is known to sense extracellular
chemicals and modulate cellular motility via flagellar rotation
(39). The core set of proteins in this system consists of methyl-
accepting chemotaxis proteins (MCPs), a scaffolding protein
(CheW), a histidine kinase (CheA), and the response regulator
(CheY). The methyl-accepting chemotaxis proteins (MCPs)
sense environmental signals (Fig. 5), which are then transmit-
ted through a scaffolding protein (CheW) to a histidine kinase
(CheA) that phosphorylates the response regulator (CheY).
Phosphorylated Che-Y then interacts with the flagellar motor
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to control motility. Most chemotactic systems contain addi-
tional components that modulate MCP methylation (CheR
and CheB) and/or phosphatases (CheC, CheX, and/or CheZ)
that aid in dephosphorylating CheY (40-43). The genomes of
C. bescii and C. kronotskyensis each contain four loci containing
the Che-type signal transduction pathway core components,
while C. saccharolyticus contains only two (Fig. 5, IT and IV). Loci
I and II are associated with diguanylate cyclases/phosphodies-
terases (DGC/PDE), and locus IV is associated with flagellum/
pilus biosynthesis and structural genes (Fig. 5). This implies that
the Che-type systems play an integral part in regulation of flagel-
lum-based motility and cyclic di-3’,5'-guanylate (cyclic di-GMP)
turnover in Caldicellulosiruptor species. This relationship is sup-
ported by the transcriptome, with genes in each locus highly tran-
scribed and differentially upregulated on cellulose (Fig. 5; see also
Tables S3 and S4 in the supplemental material), implicating these
chemotaxis systems in how Caldicellulosiruptor species identify
and utilize cellulosic substrates.

Two of the Che-type chemotaxis systems are associated with
diguanylate cyclases/phosphodiesterases (Fig. 5, I and II); these
enzymes are responsible for the production and conversion of
cyclic di-GMP and are known to be involved in regulating the
switch from planktonic growth to biofilm formation (44). In fact,
C. saccharolyticus generates elevated intracellular levels of cyclic
di-GMP during biofilm formation (45), and another Caldicellulo-
siruptor species, C. obsidiansis, forms cellulose-degrading biofilms
(46, 47). The precise relationship between the DGC/PDE and the
Che-type system has not been studied for Caldicellulosiruptor. In
other Firmicutes these domains are contained in a single protein.
Likewise, the Proteobacteria Caulobacter crescentus and Pseudomo-
nas aeruginosa are described to contain the Che-Y and DGC/PDE
domains in a single protein, with Che-Y phosphorylation modu-
lating DGC/PDE activity (48-50). The two DGC/PDE-associated
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Che loci (Fig. 5, I and II) are conserved and highly transcribed in
both C. bescii and C. kronotskyensis. Furthermore, 13 of the 20
genes were differentially upregulated on cellulose in C. kronotsky-
ensis, with only three differentially regulated in C. bescii and none
in C. saccharolyticus. As such, chemotaxis systems may be integral
to cellulose utilization by C. kronotskyensis and less so for C. bescii
and C. saccharolyticus. The two DGC/PDE associated with Che-
type loci are unique to the genus Caldicellulosiruptor and have
differing architectures. The DGC/PDE associated with locus II
contains a PAS sensor domain coupled with the GGDEF and EAL
domains typically associated with DGC/PDE enzymes (51, 52).
Transcription of this enzyme was very high on switchgrass in C.
bescii and very low in C. saccharolyticus (Fig. 5, I1; see also Table S3
in the supplemental material). Interestingly, in C. kronotskyensis,
this gene is truncated and only contains the PAS domain, suggest-
ing a complete loss in function as a DGC/PDE. Although there are
no other DGC/PDE enzymes in C. kronotskyensis with identical
PAS-GGDEF-EAL architecture, functionality may be supple-
mented by several other DGC/PDE enzymes in the C. kronotsky-
ensis genome. The other DDC/PDE-associated locus, locus I, is
missing in C. saccharolyticus yet is highly transcribed in the other
two species (Fig. 5, I; see also Table S3), in which it contains only
the GGDEF and EAL domains. It is unlikely that the presence of
the second DGC/PDE-containing locus in C. bescii and C. kro-
notskyensis is redundant, as many of the genes are transcribed to
transcription levels greater than 8-fold higher than average across
the genome. Instead, the functional output of this locus may give
C. bescii and C. kronotskyensis an advantage for cellulose utiliza-
tion over the less cellulolytic C. saccharolyticus.

Caldicellulosiruptor species are known to contain flagella (3, 8,
12, 30). Locus IV (Fig. 5, IV) is associated with flagellar structural
and biosynthesis genes. The type IV pilus assembly gene, pilZ, is
directly adjacent to cheA, -W, -C, and -D. In addition to cell mo-
tility, flagella are known to play an integral role in biofilm forma-
tion (53). Both flagellar genes and Che system genes are highly
transcribed on cellulose and switchgrass, with 36 out of 38 associ-
ated genes highly transcribed in one or more species (Fig. 5, IV; see
also Tables S3 and S4 in the supplemental material). This tran-
scriptional response implies that colonization of both cellulose
and switchgrass is important for the deconstruction and utiliza-
tion of these substrates by all three species. It is likely that flagellar
regulation is more complex than the Che type system, in which
CheY is responsible for modulating flagellar rotation (40). Other
studies have shown that cyclic di-GMP plays a role in modulating
flagellar rotation through interaction with the type IV pilus as-
sembly, PilZ (54, 55). Furthermore, work with other Firmicutes
found that cyclic di-GMP levels directly regulate transcription of
type IV pilus genes (56, 57). In Caldicellulosiruptor, cellulose iden-
tification and biofilm formation likely involve a complex regula-
tory network including cyclic di-GMP, flagellar genes, and
Che-type systems (Fig. 5). The occurrence and differential regu-
lation of these systems in Caldicellulosiruptor species suggests a
role for these systems in how these bacteria sense, colonize, and
deconstruct cellulosic substrates.

In addition to cyclic di-GMP, genes related to biosynthesis of
purines were triggered by growth on cellulose. These include a
Che-type locus conserved in C. bescii and C. kronotskyensis asso-
ciated with an inosine/guanosine/xanthosine phosphorylase fam-
ily protein, a type of purine-nucleoside phosphorylase, the exact
function of which is unknown. Similar to the diguanylate cyclase,
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the purine-nucleoside phosphorylase may play a role in intracel-
lular signaling. Several other loci (Athe_1443-1453, Calkro_1257-
1267, Csac_1990-2000) involved in purine metabolism were also
upregulated on cellulose (Fig. 4, G and H) and could be involved
in producing signaling molecules (cyclic di-GMP and cyclic AMP)
or other important purine-containing molecules involved in en-
ergy transfer (NADH and ATP) and nucleotide structure (DNA
and RNA).

Relationship of CAZyme genome inventory to biomass de-
construction. Within the genus Caldicellulosiruptor, plant bio-
mass deconstruction is driven to a large extent by CAZymes (1,
16). As mentioned above, the C. kronotskyensis genome encodes
the most extracellular CAZymes, with 31, followed by C. bescii and
C. saccharolyticus, with 20 and 19, respectively (Table 2). Fourteen
of these CAZymes are present in all three species, implying that
differences in solubilization are related to the other 23 CAZymes,
some unique and some common to two species. Collectively, the
three genomes contain 21 carbohydrate-active catalytic domains,
including GHs, carbohydrate esterases (CEs), and polysaccharide
lyases (PLs) (Fig. 6). GH domains are the majority, with GH fam-
ily 5 (GH5), endo-1,4-B-glucanases and (3-mannanases (58), be-
ing the most highly represented. The second most highly repre-
sented family is GH family 10 (GH10), endo-1,4-B-xylanases,
indicative of the importance of both cellulose and hemicellulose
deconstruction in Caldicellulosiruptor species.

Carbohydrate esterases impact mechanical strength of the
plant cell wall by removing a variety of polysaccharide side chain
substitutions, including acetyl, feruloyl, and methoxy groups (59,
60). The three species each contain three CE family 4 (CE4) pro-
teins, while the other CE family protein, CE8, is present only in C.
kronotskyensis. None of these carbohydrate esterase domain-con-
taining enzymes are highly transcribed in either species, suggest-
ing a minor role in switchgrass deconstruction. PLs are responsi-
ble for cleaving uronic acid-containing polysaccharides, such as
pectin (61). Differences in the PL inventory could play a role in
switchgrass degradation, as several extracellular PLs are contained
in the genomes of C. bescii and C. kronotskyensis but not C. sac-
charolyticus. Pectin forms a major component of primary cell wall
structure in dicots (poplar) and, to a lesser extent, in monocots
(switchgrass) (62). Many of these extracellular PLs are highly tran-
scribed and differentially upregulated on switchgrass, implying an
important role in lignocellulose deconstruction (Fig. 7 and 8; see
also Table S5 in the supplemental material). Deletion of the extra-
cellular PLs in C. bescii (Athe_1853-1854) impaired growth on
switchgrass and poplar (63). These PLs were upregulated on
switchgrass and may aid the removal of pectin. The absence of PLs
in C. saccharolyticus’'s genome may leave certain cellulose and
hemicellulose moieties concealed, impairing switchgrass decon-
struction.

The xylan degradation locus (XDL) and glucan degradation
locus (GDL) in Caldicellulosiruptor species are involved in pro-
cessing C5 and C6 sugars, respectively (17, 35). The XDL contains
two multidomain xylanases with GH10 and GH43 catalytic activ-
ities and carbohydrate binding module (CBM) family 6 and 22
binding domains (CBM22-CBM22-GH10 and GH43-CBM22-
GH43-CBM6), two ABC carbohydrate transporters annotated for
xylooligosaccharide transport, and several intracellular CAZymes
(16, 35); as mentioned above, the genes in the XDL were highly
responsive in all three species growing on switchgrass (Fig. 7). The
GDL consists solely of extracellular multidomain CAZymes and
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FIG 6 Carbohydrate-active extracellular enzyme domains encoded in the Caldicellulosiruptor genome. (A) Number of extracellular catalytic domains corre-
sponding to CAZyme families (http://www.cazy.org) with signal peptides (http://www.cbs.dtu.dk/services/SignalP/). GH, glycoside hydrolase; PL, polysaccha-
ride lyase; CE, carbohydrate esterase. (B) Total number of carbohydrate utilization genes in C. bescii, C. kronotskyensis, and C. saccharolyticus.

was highly transcribed on both switchgrass and cellulose (Fig. 7  hibited growth on cellulose and switchgrass (64). The fact that all
and 8), indicating the importance of GDL enzymes for the degra-  three species contain CelA but solubilize cellulose and switchgrass
dation of both homogenous and heterogenous cellulosic sub- to different extents implies that this cellulase may be necessary but
strates. Inspection of the GDL more closely gives insight into dif-  not solely responsible for high levels of lignocellulose deconstruc-
ferences between the three species that relate to cellulose and tion. The other two GH48-containing enzymes in C. bescii
switchgrass solubilization (Fig. 8). C. bescii and C. kronotskyensis  (Athe_1860 and Athe_ 1857) and C. kronotskyensis (Calkro_0861
have three GH48 domain-containing enzymes, while C. saccharo-  and Calkro_0853) are paired with GH74 and GH10 domains, typ-
Iyticus contains only one, CelA. Deletion of CelA in C. bescii in-  ically associated with xylanase and xyloglucanase activities, re-
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FIG 7 Transcription of CAZymes and ABC carbohydrate transporters in C. bescii, C. kronotskyensis, and C. saccharolyticus core and noncore genomes. Gene type
is indicated on the inner track: carbohydrate transporter (light purple), intracellular CAZyme (light orange), or extracellular CAZyme (light green). Xylan
degradation locus (X) and glucan degradation locus (G) genes are indicated. Tracks from outer to inner: for transcription level (LSM), C. bescii, cellulose (A); C.
bescii, switchgrass (S); C. kronotskyensis, cellulose; C. kronotskyensis, switchgrass; C. saccharolyticus, cellulose; C. saccharolyticus, switchgrass; for differential

transcription (Diff), C. bescii (Be), C. kronotskyensis (Kr), and C. saccharolyticus (Sa). Locus tags and transcription values can be seen in Table S5 in the
supplemental material.
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spectively (58). Homologous versions of these enzymes
(Csac_1085 and Csac_1078) are found in C. saccharolyticus, al-
though these do not contain GH48 domains. These enzymes were
transcribed at very high levels in all three species, especially on
switchgrass, where they are represented among the highest genes
in the transcriptome (Fig. 8). The missing GH48 domains in the C.
saccharolyticus enzymes raise the possibility that the lower C. sac-
charolyticus biomass solubilization capacity (Table 1) relates to the
absence of these domains. Biochemical characterization of these
enzymes from all three species is under way.

The fact that C. bescii and C. kronotskyensis achieved equiva-
lent levels of cellulose and switchgrass solubilization implies
that the additional GHs encoded in the C. kronotskyensis ge-
nome do not contribute significantly to this process. This is sup-
ported by the transcriptome data, as these additional GH genes
are mostly transcribed at low levels on cellulose and switch-
grass (Fig. 7, Ckro Only). The only exceptions are an extracel-
lular GH13 (Calkro_2177) and a multidomain S-layer homol-
ogy domain-containing protein (Calkro_0402), with a GH10.
Several putative xylanases unique to C. saccharolyticus (Fig. 7,
Csac Only) were highly transcribed on one or both substrates,
although these did not seem to provide any advantage for switch-
grass solubilization (Table 1).

Conclusion. The difference in biomass solubilization and con-
version capacity for C. saccharolyticus compared to the other two
Caldicellulosiruptor species examined in this study is related not
only to gene content but also to gene regulation. CAZyme inven-
tory, more specifically the presence of additional GH48 domain-
containing enzymes and polysaccharide lyases, appears to be ad-
vantageous for C. bescii and C. kronotskyensis in deconstruction of
lignocellulosic substrates. But factors other than carbohydrate ac-
tive enzymes likely play an important role since C. kronotskyensis,
which has the most CAZymes, was not more effective in biomass
deconstruction than C. bescii. A potential role for substrate sens-
ing, signal transduction and chemotaxis in how Caldicellulosirup-
tor species utilize biomass is supported by genomic and transcrip-
tomic evidence. Although C. saccharolyticus has an apparent
deficiency in the ability to deconstruct lignocellulosic substrates,
this is balanced with an increased fermentative intensity. It is im-
portant to keep in mind that in natural biotopes inhabited by
Caldicellulosiruptor, plant biomass utilization is likely a commu-
nity-based phenomenon, with individual species contributing in
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both general and specialized ways. Incorporating the most impor-
tant features into a single organism through metabolic engineer-
ing needs to be weighed against using multiple species functioning
synergistically. The approach employed in this study makes use of
microbiological, genomic, transcriptomic, and chemical analyses
and provides an insightful basis for comparing Caldicellulosirup-
tor species with respect to plant biomass deconstruction. The in-
formation obtained using this approach establishes a basis for
choosing platform strains for metabolic engineering efforts.
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