ABSTRACT

VANFOSSEN, AMY LYNNE. Functional Genomic, Microbiological and Biochemical
Characterization of Plant Biomass Deconstruction by the Extrememly Thermophilic
Bacterium Caldicellulosiruptor saccharolyticus. (Under the direction of Robert M. Kelly.)

Rising energy prices, depletion of petroleum reserves and global warming have
made the development of renewable fuels a national priority. Molecular hydrogen as a
transportation fuel looms as an ethanol alternative, since it produces only water as a by-
product. A promising route to hydrogen is microbial because it is less environmentally
intensive than traditional chemical or electrochemical processes. Caldicellosiruptor
saccharolyticus (Csac), an extremely thermophilic bacterium, produces hydrogen from
cellulose-, hemicellulose and pectin-containing plant biomass. To understand the growth
physiology of this microorganism with an eye towards optimizing bioenergy vields, the Csac
genome was sequenced and a whole genome oligonucleotide microarray was developed
and implemented. Csac was studied with focus on plant biomass deconstruction. Previous
studies indicated that this bacterium co-fermented glucose and xylose without carbon
catabolite repression (CCR), an attractive physiological characteristic since these two
sugars are the major components of lignocellulose hydrolysates. Here, growth on glucose,
xylose, galactose, fructose, mannose and arabinose, and a mixture of all six
monosaccharides indicated that Csac preferred fructose (a hexose) and xylose and
arabinose (both pentoses). No microbiological or transcriptomic evidence for CCR was
found during growth on monosaccharide mixtures. Transcriptomes from growth on
monosaccharides and hemicelluloses were used to predict sugar substrates for most of the
24 putative carbohydrate ATP-binding cassette (ABC) transporters and one
phosphotransferase system (PTS) identified in the Csac genome. Broad growth substrate
preferences, diversity of ABC sugar transporters, and concomitant lack of CCR support

Csac's capacity to deconstruct plant biomass.



Another distinct feature of Csac and other similar organisms is the presence of novel
multi-domain glycoside hydrolases. This can also be attributed to two glycoside hydrolase
(GH)-laden loci in the Csac genome (Csac_1076-Csac_1080 and Csac_2404-2411).
Csac_2404-Csac_2411 encodes intracellular and extracellular GH10 glycoside hydrolases
that were found to not only breakdown xylan and xylan side-chains, but also hydrolyze
carboxymethyl cellulose (CMC). Csac_1076-Csac_1080 encodes several multi-domain,
extracellular glycoside hydrolases (GH). Within this locus is CelB (Csac_1078), a 118 kDa
enzyme so far unique to C. saccharolyticus, constructed of both a GH10 and GH5 domain
separated by a family 3 carbohydrate-binding module (CBM). CelB hydrolyzed xylan and
CMC, as well as barley B-glucan, glucomannan and arabinoxylan. CelB transcripts were
among the most highly transcribed (top 10%) in C. saccharolyticus during growth on
switchgrass and poplar.

Given the physiological and biochemical characteristics of Csac, this bacterium has
the potential for consolidated bioprocessing (biomass deconstruction and conversion to H,
by a single microorganism) and merits additional study in expanding efforts to replace

petroleum with biofuels produced from renewable feedstocks.
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ABSTRACT
Extremely thermophilic fermentative anaerobes (growth T, 2 70°C) have the capacity to
use a variety of carbohydrates as carbon and energy sources. As such, a wide variety of
glycoside hydrolases and transferases have been identified in these microorganisms. The
genomes of three model extreme thermophiles—an archaeon Pyrococcus furiosus
(Topt = 98°C), and two bacteria, Thermotoga maritima (To, = 80°C) and Caldicellulosiruptor
saccharolyticus (T = 70°C)—encode numerous carbohydrate-active enzymes, many of
which have been characterized biochemically in their native or recombinant forms. In
addition to their voracious appetite for polysaccharide degradation, polysaccharide
production has also been noted for extremely thermophilic fermentative anaerobes; T.
maritima generates exopolysaccharides that aid in biofilm formation, a process that appears

to be driven by intraspecies and interspecies interactions.

INTRODUCTION
Thermophilic ("heat loving") microorganisms can be found in every phyla of bacteria
and archaea so far described (93). In the latter parts of the twentieth century, the
established upper temperature for life was revised frequently as geothermal and
hydrothermal habitats gave rise to more and more thermophilic bacteria and archaea. This
led to a still-evolving nomenclature that currently classifies moderate thermophiles (50—
70°C) and extreme thermophiles (>70°C) based upon optimal growth temperatures (16);

those extreme thermophiles that grow optimally at 80°C and above are often referred to as



"hyperthermophiles." Extreme thermophiles inhabit a wide range of biotopes that include
terrestrial hot springs and solfataric fields, shallow submarine hydrothermal systems,
abyssal hot-vent environments, hot coal-refuse piles, and geothermally heated oil reservoirs
(16). The low solubility of O, at high temperatures and the presence of reducing gases
renders many of these biotopes anoxic, appropriate only for anaerobic or microaerophilic
microorganisms.

As with mesophilic organisms, extremely thermophilic anaerobes obtain their nutrient
and energy requirements by a variety of mechanisms. Despite their stark, biologically
restrictive habitats, many microorganisms in this group still rely upon simple and complex
carbohydrates for their carbon and energy sources. A survey of genome sequences for
several anaerobic extreme thermophiles (Table 1.1) reveals a surprisingly diverse set of
encoded proteins and enzymes that are devoted to the uptake, processing, and synthesis of
carbohydrates. As one would expect, the heterotrophic thermophiles possess an array of
glycoside hydrolases (GHs) and transferases (GTs), enzymes that are central to
carbohydrate mobilization and metabolism in all the three domains of life (53). GHs
specifically hydrolyze the glycosidic bond between two or more carbohydrates or between a
carbohydrate and a noncarbohydrate moiety and function during the mobilization of complex
carbohydrates for subsequent metabolism. GTs catalyze the transfer of a saccharide unit
from a donor molecule to a specific acceptor molecule, forming a new glycosidic bond, and
are required for the production of energy storage biopolymers and for the synthesis of
cellular material. While GHs are generally only found in a significantly large number in
heterotrophic organisms, even autotrophic extreme thermophile (e.g., Methanococcus

jannaschii) genomes can encode a wide array of carbohydrate-active enzymes that appear


http://www3.interscience.wiley.com/cgi-bin/fulltext/119397633/main.html,ftx_abs#t1#t1

to function in the cytosolic cycling of storage polymers, such as glycogen (22).

As genome sequence data for anaerobic extreme thermophiles have become
increasingly available, the capacity to gain broader (i.e., whole-organism or community)
insights into the biology and ecology of extreme habitats has grown immensely. The use of
functional genomics-based approaches has provided unprecedented insights into the
various mechanisms employed by these microorganisms' carbohydrate assimilation and
metabolism (90), and has helped to identify the specific genes and operons involved (8, 14,
100). For example, genomewide transcriptional response experiments for the
hyperthermophiles Pyrococcus furiosus and Thermotoga maritima have revealed that these
organisms respond in complex ways to the availability of different carbohydrates (27, 31, 32,
78). The results from these transcriptional analyses allowed the assignment of substrates to
transporters and enzymes, revealed the association of unannotated or poorly annotated
genes to operons and operons to pathways, and provided whole-organism views of the
complex (and at times temporal) interplay of various proteins/enzymes/pathways, many
previously unannotated and/or seemingly unaffiliated with these specific metabolic
strategies, used by the organism for substrate acquisition and metabolism.

This chapter will provide the reader with an overview of carbohydrate mobilization
and utilization for three model anaerobic extreme thermophiles: the archaeon P. furiosus
(44), the bacterium T. maritima (54), and Caldicellulosiruptor saccharolyticus (106). While
there are many thermophiles that have been studied to one extent or another, these three
organisms have an unusually high capacity to degrade and ferment a myriad of simple and
complex carbohydrates. Note that, while the genome sequences of T. maritima and P.

furiosus have been available since the beginning of this decade (98, 110), the sequence for



C. saccharolyticus was recently completed (http://genome.ornl.gov/microbial/csac). As
sequence data are generated faster than the definitive annotation of putative open reading
frames (ORFs) can be accomplished (through biochemical characterization and
bioinformatic methods) hence, many ORFs in sequenced genomes, even those that have
been available for quite some time, as yet have either no defined function or have a
biochemically characterized function with no clear associated physiological function. Thus,
the story of how anaerobic extreme thermophiles break down and create glycosidic linkages

to meet their nutritional, bioenergetic and ecological needs is not yet complete.

PYROCOCCUS FURIOSUS

P. furiosus is a hyperthermophilic archaeon of the order Thermococcales (88),
originally isolated from a geothermally heated shallow sea vent near Vulcano Island, ltaly
(44). P. furiosus is a motile, flagellated coccus, 0.8—-2.5 um in diameter, growing between 70
and 105°C, with an optimum temperature of 98—100°C (44). Each cell has approximately 50
monopolar polytrichous flagella, each measuring about 7 nm in width and 7 um in length
(44). The P. furiosus genome consists of 2065 protein-encoding ORFs in 1.9 Mb,
approximately half of which were assigned a functional role in the initial annotation (110).

In addition to peptides, P. furiosus can ferment a variety of glucosides with various
linkages, including starch, pullulan, glycogen, maltose, cellobiose, laminaran, barley glucan,
and chitin (42, 44, 48, 117). Little or no growth is observed with the monosaccharides
glucose, ribose, or xylose, possibly due to their thermal lability at the growth temperature of
this archaeon (42). Following polysaccharide or oligosaccharide hydrolysis, the resulting

glucose is metabolized via a modified, adenosine diphosphate (ADP)-dependent, version of


http://genome.ornl.gov/microbial/csac

the Embden—Meyerhof-Parnas pathway (EMP), generating acetate, alanine, CO,, and H; as
the major metabolic by-products (131). As with many H, producers, H; inhibits P. furiosus
growth to some extent (115), but such inhibition can be minimized by employing cultivation
conditions that maintain a low partial pressure of H, (117) or by coculturing P. furiosus with a
hydrogenotrophic hyperthermophilic methanogen (18). The presence of elemental sulfur
also removes the H, inhibition effect as it allows P. furiosus to divert €™ into H>S which is not

inhibitory to P. furiosus (115).

Pyrococcus furiosus a-specific glycoside hydrolases. Starch, comprising of
amylose and amylopectin, requires the action of several enzymes for complete hydrolysis;
a- and B-amylases, glucoamylase, and de-branching enzymes (pullulanases) reduce it to
oligosaccharides that are subsequently cleaved to release monosaccharides by a-
glucosidases. P. furiosus grows quite well on a-1,4- and a-1,6-linked glucosides, including
maltose and starch. In fact, the first hyperthermophilic GHs identified were a-specific GHs
from P. furiosus (21, 33, 38, 39, 73). Biochemically characterized a-specific GHs from P.
furiosus are listed in Table 1.2. The majority of the amylolytic enzymes listed have been
cloned and produced recombinantly in heterologous hosts. The amylopullulanase PF1935*
hydrolyzes a-1,4 linkages in starch as well as a-1,6 linkages in pullulan at optimal
temperatures above 120°C, and is dramatically upregulated when starch or maltose is the
carbon source (21, 78). Pullulanases are used in industrial starch processes for the
production of maltose syrups and high-purity glucose and fructose (37). The transcriptional
data suggest that PF1935* is a major component of the multienzyme system for starch

hydrolysis. Other P. furiosus enzymes believed to be involved are two a-amylases, one
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intracellular (PF0272), and one extracellular (PF0477); both have optimal activities for starch
hydrolysis at ~100°C (38, 73). However, of the two, only PF0272 is transcriptionally
upregulated to a significant extent during growth on starch and maltose (38). Lee et al. (78)
showed that this ORF is transcribed at high levels on maltose and proposed that it acts as
an intracellular 4-a-glucanotransferase, generating maltodextrins and glucose. The large
number of intracellular oligosaccharide-active enzymes encoded in the P. furiosus genome
demonstrates the level of polysaccharide hydrolysis achieved prior to intracellular transport.
Biochemical characterization of the intracellular isomaltase/a-glucosidase PF0132 showed
that this enzyme hydrolyzes maltose and isomaltose with similar catalytic efficiencies (30,
33) at 105-115°C (25). This ORF is transcribed at high levels on a number of a-glucans, but
is highest on pullulan, suggesting that its key role is in the processing of this a-glucan (78).
The capacity of the enzymes in Table 1.2 to hydrolyze starch and related a-glucosides
indicate that these have significant biotechnological potential (4, 13).

The often imprecise nature of gene annotation makes it difficult, when insufficient
bench-top validation of the gene in question, or of any high similarity orthologs, is available,
to provide a detailed and accurate annotation. Genomic analysis showed that PF1939 has
homology to various cyclodextrin-hydrolyzing enzymes (137). Biochemical characterization
of this putative amylolytic enzyme revealed it to be, in fact, a novel neopullulanase, able to
hydrolyze a-amylase-resistant pullulan and B-cyclodextrin (137). Despite the homology, it is
distinct from other cyclodextrin-hydrolyzing enzymes, producing maltooligosaccharides
instead of maltose and lacking any transglycosylation activity (137). The cellular function of
PF1939 is unknown, however; transcriptional response experiments by Lee et al. (78) found

no induction by a variety of a-glucans, raising questions about its direct involvement in
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starch/pullulan degradation.

Pyrococcus furiosus B-specific glycoside hydrolases. Growth of P. furiosus on
various [-glucans revealed a preference for B-1,3- and f-1,3/-1,4 mixed-linkage
saccharides (42). The breakdown of -glucans involves synergistic action of (at least) three
enzymes: endo-1,4-glucanase (EglA) (11), laminarinase (LamA), and B-glucosidase (CelB)
(23, 76). These enzymes demonstrated much higher tolerance for glucose than their
mesophilic counterparts, with little or no inhibition of activity (41). In addition to CelB, other
B-specific exo-acting enzymes that have been identified include a B-glucosidase (BglA,
PF0442), with optimal activity against pNP-B-D-glucopyranoside at 100°C (59), and a B-
mannosidase (BglB, PF0356) which is 88% identical at the amino acid level with PH0501, a
biochemically characterized 3-mannosidase from Pyrococcus horikoshii (Table 1.3) (58).

Chitin can also serve as a growth substrate for P. furiosus. Chitin is processed by
two different chitinases (ChiA and ChiB) and B-N-acetylglucosaminidases (48). ChiA is an
endochitinase that is only active on chitooligomers, while ChiB is a chitobiosidase that
releases chitobiose from chitooligomers (48). Synergism was noted for these two enzymes
on colloidal chitin(48). The only other hyperthermophilic archaeon known to utilize chitin is
Thermococcus kodakaraensis, which produces several chitin-degrading enzymes related to

those in P. furiosus (125).

Carbohydrate uptake by Pyrococcus furiosus. In bacteria, cellobiose enters the
cell either by a phosphoenolpyruvate-dependent phosphotransferase system (PTS) or by a

binding protein-dependent adenosine triphosphate (ATP)-binding cassette (ABC)
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transporter. Analysis of the completed genome sequences of a variety of members of
Archaea demonstrates that PTSs are absent from these organisms (69). Growth studies
have shown P. furiosus reaches higher cell densities when grown on complex
oligosaccharides, suggesting that its ABC transporters, many of which had/have putative
annotations as oligopeptide transporters, have a preference for oligosaccharides containing
two to six sugar units (62).

Cellobiose/pB-glucoside, trehalose/maltose, and maltodextrin uptake by P. furiosus
ABC transporters has been examined with respect to substrate identification, binding
specificity/affinity and genomic locus (69, 70, 78). The cellobiose transport system is
homologous to the Opp (for Oligopeptide) family transporters, and has affinity not just for
cellobiose but also cellotriose, cellotetraose, cellopentaose, laminaribiose, laminaritriose,
and sophorose (69). Lee et al. (78) found that the CUT1 (for Carbohydrate Uptake) family
Mal-1 transporter (PF1739-1741 and PF1744), which recognizes and transports maltose
and trehalose, but not maltooligosaccharides, was upregulated with growth upon maltose,
starch, laminarin, cellobiose, and chitin. In contrast, the Mal-Il transporter (PF1933 and
PF1936-1938) is maltooligosaccharide-specific and is upregulated only on maltose and
starch. Both of these transporters are regulated by the repressor, TrmB. Repression of Mal-I
is relieved in the presence of maltose or trehalose, while the repression of Mal-Il is relieved
by sucrose and maltodextrins (80). Genome analysis revealed 16 other putative ABC
transporters, three of which were annotated as carbohydrate-specific (1). Transcriptional
analysis of maltose and starch-grown cells also revealed an upregulation of two
transmembrane permeases, PF1748 and PF1749, proximal to the Mal-I transporter operon

(1, 78). While originally annotated as an iron/thiamin ABC transporter-family set of



permeases, transcriptional data suggest that they may also (or additionally) function in

starch and maltose assimilation (78).

Other Pyrococcus species. A comparison of the P. furiosus genome with the
genomes of two closely related species: P. abyssi (http://www.genoscope.cns.fr/Pab) and P.
horikoshii (http://www.bio.nite.go.jp/ngac/e/ot3-e.html) with 1765 and 2061 predicted ORFs,
respectively, revealed 198 ORFs unique to P. furiosus and 240 ORFs unique to P. abyssi,
while P. horikoshii has 352 ORFs not found in P. abyssi or P. furiosus (45, 77). As with P.
furiosus, examination of the genomes of these two organisms reveals numerous GHs that
appear to function in the degradation of a- and 3-linked glucosides, though this assessment
is based primarily upon bioinformatic annotation, as only a few of these enzymes have as
yet been biochemically characterized. One GH that has been studied in vitro is a P.
horikoshiip-1,4-endoglucanase (PH1171) (3). Interestingly, this enzyme reportedly
hydrolyzes crystalline cellulose, in contrast to the homologous enzyme from P. furiosus

(PF0854) (3, 60).

THERMOTOGA MARITIMA
Representatives of the bacterial order Thermotogales have been found in a variety of
hydrothermal environments worldwide (31). Thermotoga maritima MSB8, the most studied
member of this order, was isolated from geothermally heated sea floors near Vulcano
Island, ltaly. T. maritima grows between 55 and 90°C, with an optimum at 80°C; befitting its
marine habitat, salt concentrations of 2.7% (w/v) were found to support optimal growth (54).

The rod-shaped (2 um by 0.6 um) gram-negative bacterium is surrounded by a sheath-like
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structure, resembling a toga that balloons at the ends. T. maritima's genome of 1.86 Mb
encodes 1877 ORFs (covering 95%) with a GC content of 46%; 54% of the coding regions
were assigned a function in the initial annotation (98). A re-evaluation of the genome
annotation by Kyrpides et al. increased the number of functional assignments for ORFs in
the genome from 1014 to 1178 (63%) (72). T. maritima has a high percentage of archaeal-
like genes (~24%), suggesting a significant amount of lateral gene transfer in its evolutionary
history (98).

T. maritima is a strictly anaerobic fermentative heterotroph that grows on a variety of
simple and complex sugars, including ribose, xylose, glucose, galactose, sucrose, maltose,
lactose, starch, and glycogen (117). Unlike P. furiosus, T. maritima is able to ferment non-
glucose-based sugars; however, the bacterium is unable to grow in the absence of sugars
with peptides as the sole carbon and energy source. T. maritima has a preference for
complex carbohydrates, as growth in the presence of monosaccharides is slower than
growth in the presence of oligo/polysaccharides (27). However, as with P. furiosus, the
increased thermal lability of the monosaccharide makes it impossible to describe this as a
wholly biological preference. T. maritima ferments carbohydrates primarily to acetate,
lactate, CO,, and H, through conventional EMP and Entner-Doudoroff (ED) glycolytic
pathways with a flux ratio of ~17:3 between the two (119). While primarily a fermenter, T.
maritima is able to grow in a respiratory mode using Fe(lll) as an electron acceptor (130).
When growing in a fermentative mode, T. maritima is even more susceptible to H,-induced
growth inhibition than P. furiosus. As with P. furiosus, the addition of sulfur eliminates this
effect; however, H,S production does not appear to be enzymatically facilitated energy

dissimilation or conservation (54, 118). T. maritima also does not produce ATP from S° or
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thiosulphate reduction (54, 98).

Polysaccharide degradation by Thermotoga maritima. T. maritima is adapted for
growth on sugars; ~7% of the predicted ORFs are involved in the breakdown and
metabolism of simple and complex carbohydrates (98). The genome encodes for the largest
number of GHs of any sequenced thermophile, consistent with its capacity to grow on a
wide range of polysaccharides and simple sugars (27). The immense library of thermostable
and thermoactive enzymes produced by this organism has generated great interest from the
biotechnology sector; these enzymes are excellent catalysts for the hydrolysis (under
industrially relevant conditions) of both simple and complex plant polymers that have

potential as renewable energy sources (31).

Thermotoga maritima a-specific glycoside hydrolases. Several a-specific GHs
from T. maritima have been biochemically characterized and whole-genome transcriptional
analysis has provided insights into the roles of specific GHs (Table 1.4). When T. maritima
was grown on starch, genes coding for a membrane-bound, endo-acting a-amylase,
TM1840, and an extracellular debranching pullulanase, TM1845, were stimulated, signifying
their cellular role in processing this polysaccharide (27). TM1840 hydrolyzes amylose/starch
but is less active on highly-branched polysaccharides, such as glycogen and pullulan (83).
TM1845 is a type | pullulanase, hydrolyzing pullulan efficiently but showing no significant
activity on amylose (71).

Full hydrolysis of starch is completed intracellularly; malto-oligosaccharides are
imported and hydrolyzed by the a-amylases TM1438 and TM1650 (6, 85). Also involved is

TM1834 (AglA), an intracellular a-glucosidase, that liberates glucose from maltose and
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maltotriose (15). This enzymes requires Mn?, oxidized nicotinamide adenine dinucleotide
(NAD"), and dithiothreitol (DTT) for full activity, similar to other members of family 4 GHs
(15). Ca*" dependence for a-amylases is common (PF0477, PF1935*, TM1840), but a Mn?®*
requirement is unusual for GHs (15). Surprisingly, transcriptional response experiments
have shown that TM1650 (a-amylase) and TM1834 (a-glucosidase) are constitutively
produced and unaffected by the presence of starch, suggesting that their primary role may
not be in starch degradation (27).

Pectin, a heteropolymer primarily comprised of a-1,4-linked galacturonic acid,
degradation is important in fruit-juice production and in textile and paper treatment. T.
maritima is one of the few extreme thermophiles that can use pectin as a carbon and energy
source (65). TM0433 (PelA), an extracellular pectate lyase that cleaves the backbone by
nonhydrolytic B-elimination, is implicated in the growth of T. maritima on pectin (65). The
enzyme is exo-acting, cleaving one to three sugars off the reducing end of the polymer (65).
Another enzyme, the exopolygalacturonase, PelB (TM0437), can hydrolyze the a-1,4-
linkages between two a-galacturonic acid residues and can remove galacturonate units from
the nonreducing ends of the molecule (102). Both pectin-degrading enzymes are highly

thermostable with optimal activity at 90°C (65, 102).

Thermotoga maritima B-specific glycoside hydrolases. T. maritima can also
process a variety of B-linked biopolymers, although there is no evidence of a complex,
multisubunit cellulosic degradation system akin to the cellulosome (Table 1.5). An
intracellular endo-B-1,4-glucanase (TM1524) and an extracellular exo-B-1,4-glucanase

(TM1525) have been isolated from T. maritima grown on cellobiose (19) and shown to be
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active on a variety of B-1,4-linked glucans. Transcriptional analysis revealed that both genes
were upregulated upon growth of T. maritima on carboxymethyl cellulose (CMC) as well as
B-1,3/1,4 barley glucan (26, 28). An extracellular endo-p-1,4-glucanase (TM0305) was also
induced by CMC, along with a variety of other polysaccharides (albeit to a lesser extent).
TMO0305 hydrolyzes B-glucans into oligosaccharides, which can then be transported into the
cell for subsequent degradation by TM1524 (26). When the substrate was switched from (3-
1,4 to B-1,3 glucans, transcription of TM0024, an extracellular laminarinase (19), and
TMO0025, an intracellular exo-glycosidase (28), was noted. These two enzymes can
completely hydrolyze laminarin to glucose in vitro and, hence, are believed to enable T.
maritima to grow on B-1,3-glucans (31).

T. maritima can also utilize mannan and xylan hemicelluloses. Growth on mannose
and mannan polysaccharides stimulates the transcription of several GH genes: TM1227,
TM1751, and TM1752 (28). Recombinant TM1227, an extracellular mannanase, and
TM1751, an intracellular B-specific endoglucanase (28), were examined biochemically in
order to properly assign a cellular function. TM1227 hydrolyzed mannan-based substrates,
but not glucans (26), while TM1751, homologous to some cellulosome-associated
endoglucanases, was active on both mannan-based and glucan-based polysaccharides,
signifying a major role in the breakdown of glucomannans (28).

Thermostable xylanases are of great importance for the pulp and paper industries
and increasingly in the biofuels sector, where high temperatures (65-70°C) are encountered
in bioprocessing operations, such that xylanases from T. maritima are highly attractive
candidates for the breakdown of hemicellulose feedstocks (29, 112, 122, 139).

Transcriptional response experiments with T. maritima grown on birchwood xylan revealed
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that two extracellular endo-acting xylanases (TM0061 and TM0070) and an intracellular exo-
acting B-xylosidase (TMO0O076) were transcribed at high levels (27). A debranching a-
glucuronidase (TMO0055), an acetyl xylan esterase (TMO0077), and an a-glucosidase
(TM0752) were all upregulated on xylan, though not to the same level as the other enzymes
(27). Another a-glucuronidase, TM0434, is also upregulated in xylan-grown cells, but is
oddly much less thermostable than most other T. maritima enzymes, with an optimal
temperature of only 60°C. TM0434 also has an unusual cofactor dependence—Mn?* and 2-
mercaptoethanol (123). DTT can substitute as the reducing agent, but Mn?" is strictly

required, similar to the a-glucosidase TM1834.

Carbohydrate uptake by Thermotoga maritima. The general and specific
components of a PTS are missing from the T. maritima genome (98). As such, the uptake of
most carbohydrates likely occurs via binding protein-dependent ABC transporters; in fact,
84% of the identifiable transport proteins in the T. maritima genome are of the ABC-type
(98). Many of these transporters were initially annotated as putative oligopeptide
transporters; however, biochemical studies coupled with a thorough transcriptional and
subsequent in vitro analysis resulted in the re-annotation of many as sugar-specific
transporters (27, 31, 32, 97). Perhaps surprisingly, the binding proteins for extremophilic
ABC transporters appear to retain the canonical "Venus flytrap" structure typical of their
mesophilic counterparts (1, 68). Substrate specificities were assigned for many of the T.
maritima transporters based upon transcriptional analysis; however, these assignments
have also mostly been verified and detailed by in vitro binding studies (31, 32, 97). A

maltose-binding protein [myelin basic protein (MBP), TM1839], for instance, was found to
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bind maltose, maltotriose, and trehalose, with binding efficiency increasing with temperature

(97, 133).

Other Thermotogales. T. maritima is not the only member of the Thermotogales
with a variety of carbohydrate-degrading enzymes. Thermotoga neapolitana (Top = 80°C),
isolated from a hydrothermal vent at Lucrino near Naples, Italy (12), is also able to grow on
a wide variety of a- and B-linked glycans through the action of thermostable and
thermoactive GHs. T. neapolitana enzymes, with orthologs in T. maritima, that have been
studied in vitro include an a-galactosidase (63), a laminarinase (141), and two cellulases
(endo-1,4-B-glucanases), all of which are optimally active above 100°C (17, 63, 141). T.
neapolitana produces several unique GHs as well. One example is a 1,4-B-D-glucan
glucohydrolase (GghA), which hydrolyzes cellotetraose, cellotriose, cellobiose, and lactose
(31, 89). A draft sequence of the T. neapolitana genome is available in GenBank (GenBank
accession NC-06811).

The beginning of this decade saw the isolation and description of still other
Thermotogales, including Thermotoga petrophila and Thermotoga naphthophila (124). The
genome of T. petrophila, isolated from the Kubiki oil reservoir in Japan, has recently been
sequenced (http://genome.ornl.gov/microbial/tpet/). It differs slightly from T. maritima and T.
neapolitana with respect to utilization of certain sugars, growing weakly on cellulose and not
at all on xylose as sole carbon sources (124). Given that the organism came from an oil well,
attempts were made to grow it on hydrocarbons, including kerosene, light-oil, A-heavy oil
and crude oil, but without success (124). It has also become evident that there is immense

genetic diversity even between different strains of T. maritima. A comparison of strain
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MSBS8, corresponding to the published genome sequence and the standard laboratory T.
maritima strain, and strain RQ2 by suppressive subtractive hybridization revealed over 300
genes in strain RQ2 that are distinct from strain MSB8 (99). Many of these genes are
associated with sugar transport and polysaccharide degradation, suggesting that strain RQ2

is even more dependent on the degradation of polysaccharides than MSB8.

CALDICELLULOSIRUPTOR SACCHAROLYTICUS

Previously, the most extensively studied anaerobic cellulolytic thermophiles were the
rod-shaped, spore-forming members of the bacterial genus Clostridium, especially
Clostridium thermocellum. This organism produces a multisubunit complex, the cellulosome,
to degrade cellulose and hemicellulose, and ferments the resulting sugars to ethanol and
short-chain aliphatic acids (120). Other anaerobic thermophilic bacteria have been reported
recently, including cellulolytic species from New Zealand thermal springs (120). While none
of these isolates exceed the cellulolytic capacity of C. thermocellum, some are able to
produce enzymes with optimal activities 10 to 15°C above those from Clostridia species
(107). The strain that produces the most active and stable cellulolytic enzymes, TP8T 6331,
was initially named Caldocellum saccharolyticum, but was later renamed Caldicellulosiruptor
saccharolyticus (106).

The original isolate of C. saccharolyticus was taken from a piece of wood
downstream from a 78°C pool in the Tokaanu thermal area of New Zealand (120). C.
saccharolyticus is a nonmotile, nonflagellated, oval-ended straight rod (107), 0.4—0.6 um by
3.0—4.0 um, occurring singly and in pairs (106). It is a strict, fermentative anaerobe, growing

between 45 and 80°C (T, =70°C), and monosaccharides, disaccharides, and
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polysaccharides can all serve as carbon sources for this organism (106, 107). Previous
studies with C. saccharolyticus have shown the strain to be phenotypically and genetically
distinct from cellulose-degrading, sporogenous Clostridium species (106). The major
phenotypic differences between C. saccharolyticus and clostridia is its ability to degrade a
wide range of polysaccharides, despite the absence of a cellulosome complex, at
temperatures greater than 70°C, and the fact that it is asporogenous (120). The strain is
also different from other asporogenous, thermophilic organisms in the genera
Thermoanaerobacter, Thermoanaerobacterium, and Thermoanaerobium, as it is capable of
utilizing a wide range of cellulose forms, including microcrystalline cellulose (106).

C. saccharolyticus is gram-positive, with a GC content of 35.2%. Its 2.97-Mb genome
has only recently been completed (http://genome.ornl.gov/microbial/csac), and its initial
annotation revealed 2695 ORFs; approximately 20% of the ORFs are involved in
carbohydrate degradation, transport, and metabolism. This fact, in addition to the wide
variety of carbohydrates that support its growth, suggests that C. saccharolyticus will yield a

plethora of industrially relevant GHs.

Carbohydrate utilization by Caldicellulosiruptor saccharolyticus. C.
saccharolyticus has the ability to use a variety of polysaccharides, including xylan, cellulose,
pullulan, pectin, mannan, and starch for growth (40, 106). Fermentation of sugars by the
organism in nitrogen-rich medium results in the production of hydrogen, acetate, lactate, and
traces of ethanol (57, 106). Experiments with *C-labeled glucose showed the canonical
EMP pathway to be the main route for glycolysis (36). As with T. maritima and P. furiosus,

H> and acetate inhibit the growth of the microorganism, though it is much more tolerant of H,
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than other thermophiles, including T. maritima and P. furiosus; H, levels that are inhibitory to
P. furiosus grown on pyruvate and T. maritima grown on glucose (1.6 kPa and 2 kPa,
respectively), were observed to diminish C. saccharolyticus growth on sucrose by only 7%
(129).

Because the biofuels revolution is getting more attention for political and economic
reasons, interest in H, as a possible nonhydrocarbon fuel of the future is growing. H,
production will need to be, at least in the short term, a decentralized process, due to
significant storage and transportation problems. Therefore, biological production of large
amounts of H, is a very attractive option. Dark fermentation to produce H,, while not the only
biological means for its synthesis, is doubly attractive, as it will take advantage of the
enormous technological advancements that will undoubtedly be made as part of the
Department of Energy's biofuels mission
(http://genomicsgtl.energy.gov/biofuels/index.shtml). C. saccharolyticus is receiving a great
deal of attention, as it provides an immense variety of cellulolytic and hemicellulolytic
enzymes that can be utilized for upstream processing of cellulosic feedstocks in biofuels
processes, and it is an excellent candidate for an industrial H, producer. Previous studies on
the production of H, by C. saccharolyticus growing on paper-sludge hydrolysate indicated
that both glucose and xylose were cofermented, with xylose consumption higher than
glucose; however, less H, was produced from xylose than from glucose (57). The
cofermentation of these two sugars is an unusual but biotechnologically very desirable
microbial characteristic, raising questions about the regulation of carbohydrate utilization in
C. saccharolyticus. Catabolite repression generally prevents mesophiles from cofermenting

sugars, while yeast, an organism employed for bioethanol production, does not naturally
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possess the enzymatic repertoire to process non-glucan hemicellulosic substrates.

Caldicellulosiruptor saccharolyticus a-specific glycoside hydrolases. A short
list of the C. saccharolyticus GHs previously studied is provided in Table 1.6. Unfortunately,
the lack, until recently, of a genome sequence, and by extension transcriptional data, has
precluded biochemical analysis of the C. saccharolyticus enzymatic machinery to the same
depth as P. furiosus and T. maritima. Several groups have, however, strived to provide a
glimpse of the mechanisms by which C. saccharolyticus degrades cellulosic materials. While
more B-specific than a-specific GHs have been identified (prior to release and annotation of
the genome), a type | extracellular pullulanase from C. saccharolyticus was identified using
a genomic library screen (2). It was highly active on pullulan, hydrolyzing a-1,6-bonds, but

not a-1,4-bonds, producing maltotriose as the only end-product.

Caldicellulosiruptor saccharolyticus B-specific glycoside hydrolases. Initial
attempts to purify native cellulolytic enzymes from C. saccharolyticus were complicated by
the multiplicity of glycosidic activities (116). To address this issue, genes encoding
cellulases, mannanases, and xylanases were identified by screening C. saccharolyticus
genomic libraries in Escherichia coli hosts (49, 87). Even without genome sequence data,
these studies demonstrated that, though lacking a full cellulosome, C. saccharolyticus
possesses a multitude of large, multidomain enzymes. There are more than 60 GHs
apparent in the final genome sequence of C. saccharolyticus. We have identified other
putative xylanases and mannanases, which underlies the capability of this bacterium to

hydrolyze paper-sludge hydrolysate (57). A three-domain, cellulolytic enzyme, CelB
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(Csac_1078), found screening the library contains both exo-1,4-B-glucanase activity, akin to
a xylanase cellobiohydrolase, in the first domain, and endo-1,4-B-glucanase activity in its
third domain. A second enzyme discovered through the same technique (Csac_1076) was
described as a cellulase, though only one of its four domains showed (endo) activity toward
cellulose (127). A mannanase gene was found encoded between the two cellulase genes.
This enzyme comprises four domains, with domain 1 hydrolyzing only mannan, and domain
4 hydrolyzing CMC, oat spelt xylan, and lichenin (49).

While screening for xylan-degrading enzymes, five related ORFs (Csac_2404-2408)
were identified. One of these, xynA, had xylanase/B-xylosidase activity, while another, xynB,
was not active on xylan, but did have B-xylosidase activity (87). Further characterization of
XynA showed that its optimum temperature and thermal stability were among the highest
reported for xylanases from any microorganism (86). The importance of thermally active and
hyperstable hemicellulases for industrial purposes suggests that other as yet
uncharacterized C. saccharolyticus xylanases will prove attractive targets for enzyme

discovery efforts.

Carbohydrate uptake by Caldicellulosiruptor saccharolyticus. In contrast to T.
maritima and P. furiosus, components of a putative PTS (Csac_2437-2440) have been
identified from the newly available genome sequence. This locus comprises general El and
HPr proteins (Csac_2437 and Csac_2438) and sugar-specific components Ellbc and Ella
(Csac_2439 and Csac_2440). The presence of these and other putative PTS components,
shown in Figure 1.1, would suggest that this constitutes a minor part (if not the major part) of

solute transport in C. saccharolyticus. Conversely, approximately 160 ABC transporter
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ORFs were also identified, many of which are found in close proximity to genes for GHs and
carbohydrate-responsive regulator family proteins. The relative importance of PTS
compared to ABC transporters for carbohydrate uptake by C. saccharolyticus remains to be

determined.

POLYSACCHARIDE FORMATION BY THERMOPHILIC ANAEROBES

Thermophilic microorganisms produce polysaccharides to facilitate a variety of
cellular functions, and this property is by no means restricted to the anaerobes. Various
thermoacidophilic archaea, including members of the genera Thermococcus and Sulfolobus,
have been observed to accumulate intracellular polysaccharides, such as glycogen, when
grown with sucrose as a carbon source (67). In addition, Sulfolobus (101), Thermococcus
(109), and Thermotoga (108) species produce exopolysaccharides (EPS) that can act
indirectly as extracellular storage polymers, and therefore as the predominant subsequent
substrates for the various GHs they possess, for which no other source of its substrate has
been identified in their natural extreme environments. In addition to cellular functions, EPS
mediates adhesion, allowing cells to attach to other cells and solid surfaces, forming a
matrix of cells, with the EPS commonly referred to as a biofilm. Pure cultures of T. maritima
(108), Archaeoglobus fulgidus (51), and Thermococcus litoralis (109) formed significant
biofilms under a variety of experimental conditions. Cocultures of T. maritima and the H,-
consuming methanogen Methanococcus jannaschii also developed significant biofilms (56,
95), with polysaccharides comprising ~5% of the dry biomass. Analysis of the coculture
polysaccharide found 91.2% glucose, 5.2% ribose, and ~2.7% mannose (56).

The basics of thermophilic biofilm formation appears to proceed in much the same
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way as for mesophiles and involves the initial attachment of cells to a solid support,
production of EPS, early biofilm development, mature biofilm development, and the
subsequent detachment of cells (66). Analysis of biofilm formation for a variety of mesophilic
bacteria has indicated that the expression of select genes is required for transition between
sessile and planktonic cells (35, 55). These key genes were found to be involved in
chemotaxis, motility, EPS synthesis, and stress response. The expression of these specific
genes has been linked to quorum-sensing behavior in a number of bacterial species.
Quorum sensing describes the coordination of microbial communitywide events, such as
biofilm formation, through the use of chemical signaling molecules called autoinducers. The
ability of cells to participate in quorum sensing allows for rapid response to changes in
environmental conditions, including fluctuations in availability of nutrients, defense against
other microorganisms, and the avoidance of toxic compounds (5, 92).

Although hyperthermophiles have been shown to form biofilms, the pathways utilized
and role of quorum sensing had not been addressed (74, 104, 108). The cocultivation of T.
maritima and M. jannaschii resulted in a fivefold increase in T. maritima cell densities when
compared to monocultures, as well as an increase in EPS formation (56). Increased
biomass production from the cocultivation of methanogens and fermentative anaerobes is
due to the methanogen serving as a hydrogen sink, thereby eliminating inhibitory levels of
hydrogen (95). In addition, studies indicate that microbial interactions, such as
heterotroph:methanogen syntrophy, are enhanced by the formation of biofilms held together
or engulfed by EPS (34).

Transcriptional response data from the cocultivation experiments, in conjunction with

previous studies of EPS production in mesophilic bacteria, provided the basis for a proposed
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EPS production pathway in T. maritima, as shown in Figure 1.2. As expected, a large
number of ABC transporters were upregulated. In addition, TM1788 and TM1163, an AdrA
regulator and diguanylate cyclase, respectively, were also upregulated in the high cell
density cocultures of T. maritima and M. jannaschii, while TM1184, a cyclic di-guanosine
monophosphate (di-GMP) phosphodiesterase, was downregulated under the same
conditions. The diguanylate cyclase and cyclic di-GMP phosphodiesterase act to cycle
between cyclic di-GMP, an allosteric activator of cellulose synthase, and GTP (111).
Because cyclic di-GMP serves as a second messenger for many extracellular signals and
has been linked to a host of cell density—dependent responses, it is believed to be
associated with quorum-sensing responses, although no definitive link has been made (24).
The transcriptional analysis revealed a strong differential regulation of the TM0504
gene in the cocultivation of T. maritima and M. jannaschii at high cell densities compared to
low cell density pure cultures. Examination of the TM0504 gene, which codes for a 42 amino
acid peptide, revealed a double Gly motif similar to the cleavage site of immature peptide
autoinducers found in Streptococcus pneumoniae and lactic acid bacteria, giving rise to the
possibility of peptide-based quorum-sensing mechanisms in T. maritima (52). The genome
locus also includes a putative oligopeptide ABC transporter (TM0500-503); the lack of a
periplasmic-binding protein suggested that this transporter may function as an exporter for
the mature form of this peptide. A synthetic version of TM0504, lacking the first 14 amino
acids and corresponding to the predicted mature length peptide, dosed into pure cultures of
T. maritima during early log phase elicited a similar, albeit diminished response to that
observed with the coculture. EPS production was observed 30 min after dosing, but not 10

min after dosing, suggesting that a period of time was necessary for uptake of the peptide
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and the subsequent response (56). Transcriptional analysis revealed four GTs were
upregulated in both the cocultivation with M. jannaschii and in pure cultures dosed with the
peptide (56).

The identification of TM0504 as a possible signaling peptide involved in the
production of EPS brings into question the role of other small peptides that may play a role
in a variety of cellular functions. Further examination of microbial genomes sequenced to
date reveals a large proportion of small ORFs lack functional annotation due in part to the
lack of comparative sequence information. Studies have shown that a number of these
peptides, despite lacking readily identifiable structural features, are involved in inter- and
intraspecies signaling, antimicrobial behavior, surface adhesion, and substrate acquisition
(9, 46, 75). Understanding the details of EPS formation in hyperthermophilic microorganisms
will require determining what signals expression of key genes and how cells respond to such
signals. The most likely system is a two-component regulatory system consisting of a
histidine kinase and response regulator, which are present in both T. maritima, and C.

saccharolyticus (47).

SUMMARY
Extreme thermophiles are evolutionary slow organisms that are not only interesting from a
phylogenetical point of view, but their requirement for high temperatures also makes their
enzymes ideal candidates for use in industrial processes. At present, many GHs from P.
furiosus and T. maritima have been characterized biochemically and genetically. C.

saccharolyticus, while less studied, also has great potential as a source of important
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glycolytic enzymes. The organism also serves as a model for comparison to the novel
signaling system identified in T. maritima and linked to EPS production. Transcriptional
response analysis can facilitate genomewide exploration of issues involving carbohydrate
metabolism and complement in vitro biochemical studies in C. saccharolyticus, as it has
previously in P. furiosus and T. maritima. Though much has been done, detailed
understanding of these organisms' metabolism in order to fully exploit their enzymatic and

metabolic capacity to process carbohydrates is still an ongoing process.
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ABSTRACT
Caldicellulosiruptor saccharolyticus is an extremely thermophilic, Gram-positive anaerobe,
which ferments cellulose-, hemicellulose- and pectin-containing biomass to acetate, CO,
and hydrogen. Its broad substrate range, high hydrogen-producing capacity, and ability to
co-utilize glucose and xylose make this bacterium an attractive candidate for microbial
bioenergy production. Here, the complete genome sequence of C. saccharolyticus,
consisting of a 2,970,275 base pair circular chromosome encoding 2,679 predicted proteins,
is described. The genome reveals an extensive polysaccharide hydrolyzing capacity for
cellulose, hemicellulose, pectin and starch, coupled to a large number of ABC transporters
for monomeric and oligomeric sugar uptake. Components of the Embden-Meyerhof and the
non-oxidative pentose phosphate pathways are all present, however, no evidence exists for
an Entner-Doudoroff pathway. Catabolic pathways for a range of sugars, including
rhamnose, fucose, arabinose, glucuronate, fructose, and galactose, were identified. These
pathways lead to the production of NADH and reduced ferredoxin. NADH and reduced
ferredoxin are subsequently used by two distinct hydrogenases to generate hydrogen.
Whole-genome transcriptome analysis revealed significant upregulation of the glycolytic
pathway and an ABC-type sugar transporter during growth on glucose and xylose, indicating
that C. saccharolyticus co-ferments these sugars unimpeded by glucose-based catabolite
repression. The capacity to simultaneously process and utilize a range of carbohydrates
associated with biomass feedstocks represents a highly desirable feature of this

lignocellulose-utilizing, biofuel-producing bacterium.
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INTRODUCTION

Microbial hydrogen production from biomass has been recognized as an important
route for renewable energy (15, 47). For biohydrogen production from plant polysaccharides,
high temperature microorganisms are well-suited, as anaerobic fermentation is
thermodynamically favored at elevated temperature (17, 43). The extremely thermophilic
bacterium Caldicellulosiruptor saccharolyticus DSM 8903, a fermentative anaerobe initially
isolated from wood in the flow of a thermal spring in New Zealand, first received attention for
its capacity to utilize cellulose at its optimal growth temperature of 70 °C (37). Further work
showed that C. saccharolyticus: (1) can utilize a wide range of plant materials including
cellulose, hemicellulose, starch and pectin, (2) has a very high hydrogen vyield (almost 4 H,
per mole of glucose) (13, 20, 48), and (3) can ferment Cs and Cg sugars simultaneously.
These features led to the development of bioprocessing schemes based on C.
saccharolyticus. For example, H, production is now being investigated using a two-step
process in which H, and acetate from biomass hydrolyzates are generated in one
bioreactor, with the acetate fed to a second bioreactor to be used by phototrophic organisms
(Rhodobacter spp.) to produce additional H, at the expense of light (10). To provide a basis
to fully exploit the biohydrogen producing capacity of C. saccharolyticus, its complete
genome was sequenced and analyzed in conjunction with transcriptome information for this
bacterium grown on glucose and xylose. The comparative and functional genomics
approach that is employed here is referred to as “hydrogenomics”. Insights arising from this
effort reveal that C. saccharolyticus has the capacity to process and utilize a broad range of

sugars, ultimately forming hydrogen from their catabolism.
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MATERIALS AND METHODS
Cultivation and DNA isolation. C. saccharolyticus (DSM 8903/ATCC 43494) was
cultured overnight on DSMZ 640 medium at 70 °C with glucose (50 mM) as carbon and
energy source. Cells were harvested and genomic DNA was isolated according to the
method of (35) using guanidinium thiocyanate. Residual protein was removed in an
additional  purification step with SDS and proteinase K, followed by

chloroform/isoamylalcohol extraction and isopropanol precipitation.

Genome sequencing and assembly. High molecular weight genomic DNA was
provided to the US Department of Energy Joint Genome Institute (http://www.jgi.doe.gov/)
for cloning and shotgun sequencing. A combination of small (average insert sizes: 3 and 8
kb) and large (40 kb, fosmid) insert libraries were prepared and used for analysis as
indicated at http://www.jgi.doe.gov/. The complete final assembly was released on 8-May-
2007 and listed under GenBank accession #CP000679 (http://genome.jgi-

psf.org/finished_microbes/calsa/calsa.home.html).

Genome annotation and comparative analysis. Critica (2) and Glimmer (14)
software programs were used for coding region detection and gene identification. TMHMM
2.0 (23) was used to predict transmembrane helices in translated sequences. SignalP
v2.0b2 (33) was used to predict the presence and location of N-terminal signal peptides. All
automatic gene and function predictions were manually checked using BLAST programs (1),
InterPro (31) and the Integrated Microbial Genomes (IMG) system (28) and corrected if

necessary. Protein functions were checked with Carbohydrate-Active enzymes (CAZy;
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http://lwww.cazy.org (12)) classification. The comparative analysis was conducted based on
the assignment and classification of Clusters of Orthologous Groups of proteins (COG) (44)

by the IMG system.

Growth experiments and RNA isolation. C. saccharolyticus was subcultured
(overnight) 3 times on the substrate of interest in modified DSMZ 640 medium before
inoculating a pH-controlled (pH = 7) 1-liter fermentor containing 4 gram substrate per liter.
Cells were grown at 70 °C until mid-logarithmic phase (~ODegg = 0.3-0.4) and harvested by
centrifugation and rapid cooling to 4 °C and stored at -80 °C. Total RNA was isolated using
a modified Trizol (Invitrogen) protocol in combination with an RNA easy kit (Qiagen). Quality
was tested with the Experion Bioanalyzer (Biorad) and cDNA was constructed with

Superscript Il reverse transcriptase (Invitrogen).

Whole genome oligonucleotide DNA microarray design and construction. A
DNA microarray was designed and constructed based on 2695 protein-coding sequences in
the C. saccharolyticus genome obtained from the Department on Energy’s Joint Genome
Institute (http://genome.ornl.gov/microbial/csac). OligoArray 2.0 (40) was used to generate
one 60-mer oligonucleotide probe sequence for each open reading frame. The probes were
synthesized (Integrated DNA Technologies, |A), re-suspended in 50% DMSO, and printed
onto Ultragap microarray slides (Corning, NY) using a QArrayMini arrayer (Genetix, UK).

Each probe was spotted five times onto each array to fortify statistical analysis.

Microarray hybridization. The cDNA samples were processed using the Qiaquick
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purification kit (Qiagen, CA) with the cDNA samples eluted using phosphate buffer. The
quantity and quality of the recovered cDNA samples were subsequently analyzed with
absorbance at 260/280 nm. Cyanine-3 and Cyanine-5 dye (Amersham, UK) labeling and
sample hybridizations were done following instructions from TIGR
(http://www tigr.org/tdb/microarray/protocolsTIGR.shtml), with minor adjustments to
accommodate long-oligonucleotide platforms. Samples were hybridized in a 4-slide loop

(Supplemental Figure 2.1).

Data collection and analysis. After incubation, slides were washed to remove non-
specifically bound material, and scanned with a ScanArray Lite microarray scanner (Perkin
Elmer, MA). Data acquisition and spot quantitation were performed with the ScanArray
Express software. Once all the slides were quantitated, data from the loop was analyzed
with JMP Genomics 3.0 (SAS, NC), as described previously (36) using a mixed effects
ANOVA model (49). The gene expression data have been deposited at the Gene
Expression Omnibus database (http://www.ncbi.nim.nih.gov/projects/geo/) under accession

number GSE11153.

RESULTS
General features and comparative genomics of the genome of C.
saccharolyticus. The genome of Caldicellulosiruptor saccharolyticus DSM 8903/ATCC
43494 consists of one circular chromosome of 2,970,275 base pairs (bp), which has a G+C-
content of 35.3% (Table 2.1). The gene locations of the 2679 predicted coding sequences

on the two strands reflect the correlation between the direction of transcription and
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replication, and show a chromosome with two unequal replichores (Figure 2.1). In addition,
the GC-skew analysis confirms the huge size difference of both replication arms, which
might be attributed to a recent major inversion event. In addition to the protein-coding genes,
which are classified according to the COG system (Table 2.2), the chromosome harbors
three ribosomal RNA operons and 46 tRNA genes with 41 different anticodons. These
anticodons encode for all the 20 canonical amino acids. Like in many prokaryotes, the
chromosome of C. saccharolyticus contains Clustered Regularly Interspaced Short
Palindromic Repeats (CRISPR). CRISPR are DNA repeats separated by highly variable
intervening sequences (spacers) and accompanied by CRISPR-associated (CAS) genes.
The CRISPR and CAS proteins have been proposed to function as a defense mechanism
against bacteriophages (4). With nine CRISPR loci and three different CAS genes, C.
saccharolyticus is well-equipped to fend off bacteriophages.

The complete genome sequence confirms the phylogenetic position of C.
saccharolyticus as member of the class Clostridia and reveals Thermoanaerobacter
tengcongensis (whose genome sequence has also been completed) is closest relative
(Supplemental Table 2.1). According to recently updated small subunit rRNA databases C.
saccharolyticus, as well as T. tengcongensis, is assigned to the order of the
Thermoanaerobacterales. The diversity within this order is, however, very large and of
limited biological significance. Reclassification is expected in the near future (26). The
genome of C. saccharolyticus was compared to two thermophilic relatives: Clostridium
thermocellum and T. tengcongensis (3), as well as to distantly related hyperthermophiles,
the bacterium Thermotoga maritima (32) and the archaeon Pyrococcus furiosus (39). These

microorganisms have small to moderate genome sizes and also produce hydrogen while
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growing on a range of carbohydrates (Supplemental Table 2.2). The genomic distribution of
proteins into COG categories is comparable for this group of species (Table 2.2). However,
one major difference is that both C. thermocellum and C. saccharolyticus have many more
transposases and transposase derivatives than the other species, namely, 99 and 93,
respectively. The genomes of T. maritima, P. furiosus and T. tengcongensis, harbor 11, 17
and 43 transposases and transposase derivatives, respectively. Therefore, C.
saccharolyticus and C. thermocellum have a high number of proteins, 222 and 252,
respectively, in the replication, recombination and repair category (L). Furthermore, the C.
saccharolyticus genome harbors the largest number of carbohydrate transport and
metabolism genes in this group. In fact, the C. saccharolyticus genome contains at least 177
ABC-transporter genes, outnumbering the 165 identified in T. maritima (11, 32). The C.
saccharolyticus genome contains a reverse gyrase gene (Csac_1580), the product of which
induces positive supercoiling of DNA (22). Reverse gyrase is regarded as a molecular
marker of hyperthermophilicity, and therefore distinguishes C. saccharolyticus from C.
thermocellum, which lacks reverse gyrase. Despite the fact that C. saccharolyticus was
described as a non-motile organism, a set of flagella structure, biogenesis and chemotaxis
genes were detected; it is not clear whether these genes are functional, since one is
interrupted by a stop codon (pseudogene Csac_1277). C. saccharolyticus has a nitrogen-
fixation cluster (Csac_2461-2466) and many sporulation genes; neither of these phenotypic

properties have been described for this bacterium.

Central carbon metabolism. C. saccharolyticus is able to metabolize a wide variety

of carbohydrates, including the monosaccharides D-glucose, D-xylose, D-fructose, D-
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galactose, D-/L-arabinose, D-mannose, L-rhamnose and L-fucose, but also a- and B-linked
di- and polysaccharides, including maltose, starch, pullulan, sucrose, trehalose, amorphous
and micro-crystalline cellulose, xylan, locust bean gum and pectin (37). Once hydrolyzed,
sugars are channeled to the central catabolic pathways (Figure 2.2). Analysis of the genome
sequence reveals components of a complete Embden-Meyerhof (EM) pathway, including a
ROK family glucokinase (Csac_0778), 6-phosphofructokinase, (Csac_2366/1830), a
bifunctional phosphoglucose/phosphomannose isomerase (Csac_1187), fructose-1,6-
bisphosphate aldolase (Csac_1189), pyruvate kinase (Csac_1831) as well as pyruvate-
phosphate dikinase (PPDK) (Csac_1955). Also a gapA operon was found, consisting of
genes encoding a glyceraldehyde-3-phosphate (GAP) dehydrogenase (Csac_1953), the
fusion protein phosphoglycerate kinase/triose-phosphate isomerase (Csac_1952), a
phosphoglycerate mutase (Csac_1951), and an enolase (Csac_1950) (Figure 2.2.).
However, the oxidative branch (ox) of the pentose phosphate pathway (PPP) and the
Entner-Doudoroff (ED) pathway were not detected, which is consistent with previous reports
using ®*C-NMR (13). The absence of the ox-PPP, however, raises questions about how
NADPH is produced for biosynthesis. The only other obvious NADPH-producing reaction is
isocitrate dehydrogenase (Csac_0751). However, based on its sequence homology the
isocitrate dehydrogenase is likely to produce NADH instead of NADPH. Also, no obvious
homolog to an NADPH-producing glyceraldehyde-3-phosphate dehydrogenase can be
identified, as has been reported for Streptococcus species and some clostridia (8). NADPH
can also be synthesized from NADH by a transhydrogenase, which is either membrane-
bound or soluble. In the genome there are no genes encoding orthologs of subunits of the

membrane-bound type, but several homologous genes coding for soluble flavin adenine
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dinucleotide-dependent pyridine nucleotide-disulfide oxidoreductases are present
(Csac_0759, Csac_2199, Csac_0402). There exact physiological role of these enzymes
remains to be investigated. Furthermore, no ferredoxin:NADPH reductase homolog is
present, although such activity has been measured in some Thermoanaerobacter spp. (19).
Xylose, a major constituent of hemicellulose, is funneled by a putative xylose
isomerase (Csac_1154) and xylulokinase (Csac_0798) into the non-oxidative branch (nox)
of the PPP. The nox-PPP uses ribulose-phosphate 3-epimerase (Csac_2074), ribose-5-
phosphate isomerase (Csac_1200), the N-terminal (Csac_1351) and C-terminal
transketolase (Csac_1352) and transaldolase (Csac_2036) to produce the EM intermediates
fructose-6-phosphate and glyceraldehyde-3-phosphate. Galactose also enters the EM via
the Leloir-pathway, which includes galactokinase (Csac_1511), galactose-1-phosphate
uridylyltransferase  (Csac_1510), UDP-glucose 4-epimerase (Csac_1512) and
phosphoglucomutase (Csac_2295). Strikingly, genes encoding the established types of
fructose-bisphosphatase (Class | to IV; (41)) are not evident in the C. saccharolyticus
genome. Since fructose-bisphosphatase is an essential enzyme of the gluconeogenesis, C.
saccharolyticus presumably uses a novel phosphatase. Moreover, a gene encoding the
gluconeogenic phosphoenolpyruvate (PEP) synthetase is also missing, although the
conversion of pyruvate to PEP could occur via the reversible PPDK (Csac_1955) or via
oxaloacetate.
Pyruvate, the end product of the EM-pathway, is subsequently decarboxylated to
acetyl-CoA by pyruvate:ferredoxin oxidoreductase (POR). C. saccharolyticus contains three
2-oxoacid:ferredoxin oxidoreductase enzyme complexes (Csac_2248-2249, 1458-1461 and

Csac_1548-1551). According to transcriptional response information (see below), the true
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POR is probably encoded by Csac_1458-1461. Acetyl-CoA is used to generate acetate and
ATP (Csac_2040/2041), or it enters the tricarboxylic acid (TCA) cycle for biosynthetic
purposes. The TCA cycle in C. saccharolyticus is incomplete, with an oxidative branch to
succinyl-CoA catalyzed by a citrate (Re)-synthase (Csac_0746), aconitate hydratase
(Csac_0750), isocitrate dehydrogenase (Csac_0751) and the 2-oxoglutarate:ferredoxin
oxidoreductase complex (1548-1551). In the reductive direction, only orthologs of the
subunits of fumarate hydratase were detected with a high level of confidence
(Csac_2759/Csac_0738). Malate dehydrogenase (oxaloacetate-decarboxylating)
(Csac_2059) may be used to generate malate directly from pyruvate instead from
oxaloacetate. Fumarate reductase, however, could not be identified, which is in agreement
with the lack of this enzyme in related clostridia. In addition to the activity of malate
dehydrogenase, TCA metabolites could be replenished by a putative sodium pump

oxaloacetate decarboxylase enzyme complex (Csac_2482-2485).

Polysaccharide degrading enzymes. The capacity of C. saccharolyticus to
hydrolyze a broad range of polysaccharides prior to fermentation differentiates this
bacterium from many thermophilic anaerobes. Indeed, the genome of C. saccharolyticus
encodes a wide range of carbohydrate active enzymes (Supplemental Table 2.3). The
genes encoding these carbohydrate-utilizing enzymes are often clustered on the
chromosome and the enzymes can be assigned to substrate specific catabolic pathways for
cellulose, hemicellulose and, to a lesser extent, starch and pectin. The a-1,4-glucan
polymers, for instance, can be transported into the cell using the maltodextrin ABC-transport

system proteins (Csac_0427-0428/0431). An intracellular a-amylase (Csac_0426) and a
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1,4-a-glucan phosphorylase (Csac_0429) further degrade the intracellular maltodextrins,
releasing glucose-1-phosphate. Remarkably, a transcriptional regulator of the Lacl family
(Csac_0430) is also in this maltodextrin cluster and is, therefore, a good candidate for
controlling expression of this maltodextrin-degrading pathway at the transcriptional level. In
addition, a GCAAACGTTTGC consensus sequence was found in sequences upstream of
genes in this transport cluster and genes encoding several starch-degrading enzymes, such
as an oa-amylase precursor (Csac_0408), an oligo-1,6-glucosidase (Csac_2428), a
pullulanase (Csac_0689), a 4-a-glucanotransferase (Csac_0203), and a putative glucan 1,4-
a-glucosidase (Csac_0130). The consensus sequence resembles the binding site
(CGCAAACGTTTGCGT) of the maltose/maltodextrin transcriptional repressor MalR from
the Gram-positive Streptococcus pneumoniae (34). Besides this putative starch-degrading
regulon, C. saccharolyticus has genes encoding a glycogen metabolic cluster (Csac_0780-
0784), a maltose ABC-transport system (Csac_2491-2493), and a second pullulanase
(Csac_0671). Thus, C. saccharolyticus is well-equipped for starch utilization.

An important feature of C. saccharolyticus is its ability to produce H, not only from a-
linked polymers, but also from complex B-linked glycans, such as cellulose, hemicellulose,
laminarin and galactomannan. Growth on cellulosic substrates is rare among
(hyper)thermophilic microorganisms. C. saccharolyticus does not metabolize cellulose by
means of a cellulosome (45). For example, genes encoding the typical molecular
components of a cellulosome (i.e., dockerin domains and scaffolding proteins) were not
identified in the genome. Nevertheless, a gene cluster (Csac_1076-1081) containing genes
encoding cellulase precursors is present. These cellulases are potentially capable of

degrading this plant polysaccharide (6) (Supplemental Table 2.3). Moreover, the product of
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another gene cluster (Csac_1089-1091) and an extracellular cellulase (Csac_0678) may
assist in completely hydrolyzing cellulose to glucose. A remarkable aspect of the [3-
glycanases in Caldicellulosiruptor species is their bifunctional domain architecture,
consisting of central cellulose binding domains which are bordered by distinct catalytic
domains (6). The C. saccharolyticus genome sequence confirmed the presence of genes
encoding these multidomain hydrolases (Csac_1076-1079 and Csac_2411), which comprise
cellulase, mannanase, xylanase and arabinofuranosidase domains (6, 27, 30, 45). No genes
encoding additional bifunctional B-glycanases were found in the genome. The bifunctional
Csac_2411 gene is part of another large gene cluster (Csac_2404-2411) coding for
enzymes involved in the hydrolysis of the plant polysaccharide xylan (hemicellulose). The
gnese encoding these mostly extracellular enzymes might be coexpressed with gene in a
smaller putative xylan-utilizing cluster (Csac_0203-0205). The genes in the latter cluster
were not significantly up-regulated on xylose, in contrast to genes in the former cluster.
Furthermore, putative genes that encode enzymes to degrade galactomannan (Csac_0663-
0664), galactoarabinan (Csac_1560-1562) and laminarin (Csac_2548) can be identified.

The plant cell wall component pectin consists of a-1,4-linked D-galacturonic acid
backbone, sometimes interspersed by L-rhamnose, and side chains made of
monosaccharides, such as D-galactose, D-xylose and L-arabinose (38). Degradation of the
main pectin component, D-galacturonate, requires a galacturonate isomerase, a
tagaturonate reductase, and an altronate dehydratase to form 2-keto-3-deoxygluconate
(KDG). Galacturonate isomerization may occur by glucuronate isomerase (Csac_1949).
However, genes encoding tagaturonate reductase and altronate dehydratase were not

detected in the genome of C. saccharolyticus. Apparently, novel enzymes or a novel
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pathway are responsible for the degradation of galacturonate. In contrast, a gene cluster
encoding enzymes involved in the conversion of glucuronic acid to KDG (Csac_2686-2689)
was identified, and it includes genes encdoing fructuronate reductase, mannonate
dehydratase, a putative [B-galactosidase/B-glucuronidase, and an a-glucuronidase.
Glucuronic acid is a common substituent of xylan. Enzymes involved in the conversion of
KDG to pyruvate and GAP, including KDG kinase (Csac_0355 or Csac_2720) and KDG-6-
phosphate aldolase (Csac_0354), are present as well. The genes encoding enzymes
involved in the last two steps are clustered with genes (Csac_0356-0357 and Csac_2718-
2719) that encode enzymes involved in the conversion of 5-keto-4-deoxyuronate (DK-I), an
unsaturated cleavage product from pectate, to KDG. The gene encoding enzymes that are
able to hydrolyze the pectate backbone and the side chains (e.g., unsaturated
rhamnogalacturonyl hydrolase (Csac_0360), galacturan 1,4-a-galacturonidase (Csac_0361),
B-galactosidase (Csac_0362) and a glycoside hydrolase with unknown substrate specificity
(Csac_0363)) are close to the genes encoding the KDG metabolic enzymes as well.
However, neither a pectate lyase gene nor a methylesterase gene could be definitively
identified in the genome, although Csac_2721/2728 might be candidates for a pectate lyase
gene based on distant homology to known lyases genes.

C. saccharolyticus is also able to grow on L-rhamnose and on L-fucose, thereby
producing 1,2-propanediol as end product (unpublished data). A putative rhamnose
catabolic pathway can be assigned that generates dihydroxy-acetone phosphate and 1,2-
propanediol catalyzed by a L-rhamnose isomerase (Csac 0876), a putative L-
rhamnulokinase (Csac_0989), a L-rhamnulose-1-phosphate aldolase (Csac_0865) and a

putative lactaldehyde reductase (Csac_0407). Fucose can be processed by a similar
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pathway, using the aforementioned lactaldehyde reductase, and yet to be identified versions
of L-fuculokinase, a bifunctional L-fucose isomerase/D-arabinose isomerase (Csac_1339)

and fuculose-1-phosphate aldolase (Csac_0425).

Fermentation products. Reducing equivalents are produced at the level of NAD
and ferredoxin (Csac_0737). Since C. saccharolyticus can produce almost 4 H, per mole of
glucose (13), both NADH and reduced ferredoxin should ultimately be able to transfer their
reducing equivalents to protons to form hydrogen. In the genome, two hydrogenase gene
clusters could be identified, which are very similar to the two related clusters in
Thermoanaerobacter tengcongensis (42). The first cluster (Csac_1534-1539) encodes
subunits of a Ni-Fe hydrogenase (EchA-F) and various genes required for maturation of the
hydrogenase complex (HypA-F; Csac_1540-1545). For T. tengcongensis, this Ni-Fe
hydrogenase is ferredoxin-dependent, membrane-bound, and may act as a proton pump to
generate a proton motive force. The second cluster (Csac_1860-1864) codes for a Fe-only
hydrogenase (HydA-D), which is NAD-dependent and located in the cytoplasm, similar to
the case for T. tengcongensis (42). Hydrogenases that form H, directly from NADH are
unusual, and make an NAD:Fd oxidoreductase (Nfo) redundant. Nfo’s (also known as Rnf)
are membrane-bound multi-subunit complexes that use or create a Na*-gradient coupled to
the transfer of reducing equivalents between NADH and ferredoxin (7). An Nfo-cluster has
been identified in the genomes of C. thermocellum, T. maritima and T. ethanolicus, but not
in T. tengcongensis and C. saccharolyticus. The absence of an Nfo in C. saccharolyticus
also implies that under elevated levels of H,, reduced ferredoxin may either not be used to

produce NADH or that a novel type of enzyme (complex) performs this reaction. Altogether,
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information available suggests that C. saccharolyticus is able to produce hydrogen from
ferredoxin, but can also do this directly from NADH. Production of hydrogen would seem to
be preferable, because under these conditions all pyruvate is converted to acetate (and
CO,), which is coupled to the synthesis of ATP.

When the hydrogen partial pressure (pH,) becomes too high, hydrogen formation
from NADH is no longer thermodynamically favorable. In that case, NADH is oxidized
through the formation of lactate or ethanol. A gene for a lactate dehydrogenase can be
identified (Csac_1027), but genes for acetaldehyde dehydrogenase and alcohol
dehydrogenase were not obvious. In T. tengcongensis and T. ethanolicus, ethanol formation
is NADPH-dependent and catalyzed by a bifunctional ADH acetyl-CoA thioesterase; this
enzyme also has a homolog in C. saccharolyticus (Csac_0395).

A third small hydrogenase-like cluster could be detected in the C. saccharolyticus
genome, composed of four genes encoding two NADH-binding proteins (Csac_0619-0620),
a molybdopterin oxidoreductase containing NAD and 4Fe-4S binding regions (Csac_0621),
and an iron-containing alcohol dehydrogenase (Csac_0622). The function of this cluster is

yet unknown.

Transport systems. As mentioned earlier, a number of genes encoding ABC
transporters found in the C. saccharolyticus genome including the previously noted
carbohydrate specific maltodextrin ABC-transport system (Csac_0427-0428/0431) and the
maltose ABC-transport system (Csac_2491-3). As is the case with certain T. maritima
maltose transporters, both sets of these transport proteins lack ATP-binding subunits. For

many bacteria, the intracellular ATPase used in the system is not encoded within the same
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operon. The genes encoding both of these set of ABC transporters are located downstream
from the genes encoding a two-component system (TCSs) consisting of a sensor histidine
protein kinase and a response regulator. In C. saccharolyticus ~50% of the ABC
carbohydrate transport systems are located near TCSs on the chromosome.

Comparative analysis of C. saccharolyticus sugar binding proteins (SBPs) revealed
that about 2/3 belong to COG1653 category. This category includes the CUT1 subfamily
members TMO0432, TM0595 and TM1855, which transport a variety of di- and
oligosaccharides, such as maltose. In genomes, the genes encoding more than half of
COG1653 members are proximate to genes encoding glycoside hydrolases, supporting their
designation as ABC transporters involved in carbohydrate utilization. Putative SBPs
Csac_0242, Csac_0391, Csac_2326 and Csac_2507 belong to COG1879. Csac_2506 and
Csac_2510 are associated with the xylose transport specific COG4213. As is the case with
T. maritima, a few putative SBPs (Csac_0261 and Csac_4166) annotate as peptide
transporters, although their actual function is unknown. Components of phosphotransferase
systems (PTSs) have been identified in C. saccharolyticus (although only one set of
carbohydrate-specific Ell), along with a few putative members of the major facilitator
superfamily (Csac_0685, Csac_0786, Csac_1100, Csac1170 and Csac_2298). However, it

is likely that carbohydrate utilization proceeds mainly through ABC transporters.

Transcriptional regulation. The ability of C. saccharolyticus to utilize many different
carbohydrates suggests a tight regulation among the pathways. Many genes encoding many
enzymes involved in carbohydrate utilization pathways appear to be regulated at the

transcriptional level. Apart from the RNA polymerase core enzyme subunits
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(Csac_2259/2085/0951/0952), this Gram-positive species has 12 different o-factors to
construct the RNA polymerase holoenzyme. In addition, multiple copies of genes encoding
many sugar transcriptional regulators are present in multiple copies in the genome; for
example, there are nine proteins belonging to the Lacl family, six proteins from the DeoR
family and eight from the GntR family, as well as 19 receiver proteins from a two-component
system with a helix-turn-helix AraC domain. The genes encoding the latter are always
clustered with genes encoding sugar transporters and sugar hydrolytic enzymes.

Carbon catabolite repression (CCR) by glucose was not observed in C.
saccharolyticus (Figure 2.3). Nevertheless, genes encoding some indicators of a Carbon
Control Protein A (CcpA)-dependent CCR in Gram-positives are present in the genome: (i) a
gene encoding a histidine-containing phosphocarrier (HPr) (Csac_2438) that is in proximity
to the only PEP-dependent phosphotransferase system (PTS), which is fructose specific; (ii)
a gene encoding a HPr(Ser) kinase (Csac_1186); and (iii) genes encoding a catabolite
repression HPr (Crh) (Csac_1163) and nine members of the CcpA-containing Lacl family.
Binding sites for a putative CcpA, the catabolite-responsive element (cre), could not be
identified. The Bacillus subtilis consensus sequence WWTGNAARCGNWWWCAWW (29)
is, for instance, detected only twice: (1) In the upstream region of the aforementioned o-
amylase precursor (Csac_0408) where it overlaps with the putative MalR binding site. (2) In
the middle of the gene encoding the fumarate hydratase subunit a (Csac_2759).
Nevertheless, in C. saccharolyticus, CCR is probably present, although the metabolite that
induces this repression is unknown.

Besides global regulation through CCR, many local transcriptional regulators control

the expression of carbohydrate metabolic pathways. Several orthologous transcriptional
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regulators were identified in C. saccharolyticus. The central glycolytic gene regulator (CggR)
(Csac_1954), for instance, represses the transcription of the gapA operon (25), while FruR
(Csac_2442) controls the fructose operon (5). Based on the fact that many transcriptional
regulators are in proximity to their target operons, putative functions could be assigned to an
a-linked glucan transcriptional regulator (Csac_0430), a regulator of the oxidative-branch of
the TCA cycle to oxoglutarate (Csac_0752), a repressor of the L-arabinose metabolism
(Csac_0722), and a putative response regulator receiver protein of the glucuronate

degradation (Csac_2690).

Transcriptome analysis Caldicellulosiruptor saccharolyticus. One of the
beneficial features of C. saccharolyticus for hydrogen production is its ability to degrade
cellulosic substrates as well as hemicellulose. Moreover, mixtures of glucose and xylose can
be fermented simultaneously (Figure 2.3) suggesting that classical CCR by glucose does
not occur. To elucidate the central carbon metabolic pathways and their regulation,
transcriptome analysis was performed after growth on glucose, xylose and a 1:1 mixture of
both substrates. L-Rhamnose, which was likely to follow another pathway, was used as a
reference substrate. The transcriptional data clearly show that glucose, xylose and the
glucose:xylose mixture all trigger up-regulation of genes in the EM pathway, when compared
to rhamnose (Figure 2.4; Supplemental Table 2.4). In particular, the fructose-bisphosphate
aldolase, GAP dehydrogenase, PPDK and POR are significantly stimulated. The ultimate
acetate-forming acetate kinase is also highly up-regulated. A catabolic role for PPDK is
intriguing, since it normally is associated with gluconeogenesis (as in propionic acid bacteria

and plants), and PEP is usually converted by pyruvate kinase. However, homologs of PPDK

66



are also present in related clostridia and Thermoanaerobacter species.

It is worth noting that growth on glucose, xylose or both sugars all trigger
transcription of the genes encoding a xylose-specific ABC transport system (Csac_2504-
2506) (Figure 2.4), suggesting that glucose and xylose are transported by the same uptake
system. Moreover, none of the identified putative CCR genes (see below) were differentially
transcribed, confirming the fact that catabolite repression by glucose was not a factor.

The transcriptional response to growth on monosaccharides enabled the
identification of genes and groups of adjacent genes (gene clusters), that were specifically
up-regulated in response to either glucose or xylose. On glucose, several genes coding for
a-glucan hydrolases responded. The most striking observation, however, was the up-
regulation of an entire gene cluster (Csac_1991-2000) involved in purine synthesis, which
was not observed for xylose. Up-regulation of purine biosynthesis genes was also detected
in the transcriptome of Escherichia coli growing on glucose compared to xylose (16). On
xylose, several gene clusters required for xylan or xylose conversion were up-regulated
(Csac0692-0696; Csac0240-0242; Csac2416-2419). These clusters encode ABC transport
systems, transcriptional regulators and endoxylanases. In addition, genes specifically
required for growth on rhamnose, were highly up-regulated during growth on rhamnose, thus

indicating the utilization pathway for this sugar.

DISCUSSION
C. saccharolyticus has been shown to be an excellent candidate for biohydrogen
production (13, 20, 48). In contrast to mesophilic fermentative anaerobes, it produces almost

no reduced end products, such as lactate or ethanol, and the amount of hydrogen
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approaches the “Thauer limit” of 4 mol of H,/mol of glucose (17, 46). Moreover, C.
saccharolyticus hydrolyzes various biomass-derived polymers, such as cellulose,
hemicellulose, starch, and pectin, and ferments corresponding sugar monomers, including
glucose and xylose. The complete genome sequence of C. saccharolyticus provides new
insights into the exceptional capacity of the bacterium to degrade a variety of plant
polysaccharides and further reveals its high plasticity with many transposases, CRISPRs
and two uneven replication arms. A large number of sugar hydrolases and transferases
were identified, and the number was greater than the number in the hyperthermophile T.
maritima (9). Metabolic pathways for the degradation of residual components of cellulose,
hemicellulose, starch and pectin could be assigned. Reducing equivalents are produced as
NADH or reduced ferredoxin, which are apparently used directly to produce hydrogen by a
soluble NADH-dependent Fe-only hydrogenase and a membrane-bound ferredoxin-
dependent Ni-Fe hydrogenase. The ability to produce hydrogen directly from NADH is not
known from mesophilic anaerobes and may be responsible for the relatively high hydrogen
production rates by C. saccharolyticus. In mesophiles, reducing equivalents from NADH first
have to be transferred to ferredoxin, which requires input of energy, either by a sodium
gradient (7) or by coupling to an exergonic reaction (24). In extreme thermophiles, such as
C. saccharolyticus, this is apparently not necessary.

The absence of catabolite repression by glucose is an important characteristic for
biohydrogen producers since it allows them to process an array of biomass-derived
substrates simultaneously. Glucose is generally known to repress the use of xylose by CCR
(18), this was not observed in C. saccharolyticus. Moreover, the transcriptome showed that

the various components of a CCR system, present in the genome (CcpA homologs, HPr,
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HPr kinase), were not differentially transcribed under the conditions examined, suggesting
that this type of regulation is not triggered by glucose or xylose. No obvious differences were
noted in the transcriptome for central metabolic pathways during growth on either glucose or
xylose or a mixture of both. The EM pathway was not affected by the hexose or pentose
substrate, which is in contrast to the transcriptome analysis of E. coli for growth on the same
substrates (16). Remarkably, also the same specific ABC transporter is upregulated on both
substrates, which is also in line with the non-preferential behavior of C. saccharolyticus
towards these two monomeric sugars.

Detailed knowledge on the metabolic pathways leading to hydrogen production
enables one to identify key enzymes that may be targets for improving the H, yield by
metabolic engineering. Currently, a genetic system for C. saccharolyticus is under
development which will initially target the dehydrogenases involved in lactate and ethanol
formation. Alternatively, genes could be introduced to constitute an ox-PPP, to achieve
higher H, yields greater than 4 per mole of glucose (50). In any case, the C. saccharolyticus
genome provides new insights into the metabolic features of a versatile biohydrogen

producer, which can inspire efforts to optimize microbial bioenergy systems.
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TABLES

Table 2.1: General features of C. saccharolyticus genome

Length chromosome (bp) 2,970,275
G+C content (%) 35.3
Coding density (%) 86.3
Total number of protein-coding genes 2679
Average length of the protein-coding genes (b) 958
Total number of pseudogenes 92
Total number of tRNA genes 46
Total number of rRNA genes 9 (3 operons)
CRISPR-loci 9
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Figure 2.1: Circular representation of the C. saccharolyticus chromosome. From the outer
circle to the inner circle (1) genomic position in kilobases (kb) (2) coding sequences on the
positive and (3) negative strand, which are colored according to the Clusters of Orthologous
Groups of proteins (COG) functional categories, (4) tRNA genes (5) GC% (blue) (5) GC-
skew (red). The Microbial Genome Viewer was used to make the circular chromosome

wheel (21).
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Figure 2.2: An overview of the carbon metabolism and transport systems in C.
saccharolyticus. The identity of the various ABC-type sugar transporters is not known.
Secondary transport systems may be involved as well.  Abbreviations: Rhu-1-P,
rhamnulose-1-phosphate; F-1-P, fructose-1-phosphate; G-1-P, glucose-1-phosphate; G-6-P,
glucose-6-phosphate; F-6-P, fructose-6-phosphate; F-1,6-bisP, fructose-1,6-bisphosphate;
L-Ru-5-P, L-ribulose-5-phosphate; D-Ru-5-P, D-ribulose-5-phosphate; D-Xu-5-P, D-
xylulose-5-phosphate; D-Ri-5-P, D-ribose-5-phosphate; DKI, 5-keto-4-deoxyuronate; DKII,
2,5-diketo-3-deoxygluconate; DHAP, dihydroxyacetone phosphate; GAP, glyceraldehyde-3-
phosphate; KDPG, KDG phosphate; Fdred, reduced ferredoxin; 3-PG, 3-phosphoglycerate;
2-PG, 2-phosphoglycerate; FADH, reduced flavin adenine dinucleotide; Ac-CoA, acetyl
coenzyme A; Ac-P, acetyl phosphate; br., branched.
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Figure 2.3: Growth of C. saccharolyticus on a xylose:glucose mixture (1:1 (w/w)). o
optical density at 660 nm (OD660); A= hydrogen; A = acetate; m = glucose; ¢ = xylose; O
lactate.
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Figure 2.4: Intensity ratio of transcript levels of selected genes that responded to growth on
glucose (white), xylose (grey) or a mixture of glucose and xylose (black), compared to
rhamnose. Ratios are expressed as log, value. GAPDH, glyceraldehyde-3-phosphate
dehydrogenase; POR, pyruvate:ferredoxin oxidoreductase; NdH, NAD-dependent
hydrogenase; FdH, ferredoxin-dependent hydrogenase.
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APPENDIX A: SUPPLEMENTARY TABLES

Supplementary Table 2.1: Taxonomic distribution of species with more than 100 best
blast hits, based on Blastp against the KEGG database

Species

Thermoanaerobacter tengcongensis
Clostridium thermocellum
Carboxydothermus hydrogenoformans
Clostridium acetobutylicum

549
512
145
140

Supplementary Table 2.2: Genome properties of organisms used for comparative

genomics based on IMG data

. GC-
Organism Chromosome Size Proteins® content
Caldicellulosiruptor saccharolyticus DSM 8903 1 2,970 2,679 32.3
Clostridium thermocellum ATCC 27405 1 3,843 3,191 39.0
Thermoanaerobacter tengcongensis MB4 1 2,689 2,588 37.6
Thermotoga maritima MSB8 1 1,861 1,858 46.3
Pyrococcus furiosus DSM 3638 1 1,908 1,983 40.8

A: Number of predicted proteins without pseudogenes.
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Supplementary Table 2.3: Carbohydrate-active enzymes encoded by the genome of C.

saccharolyticus

Locus id Protein name E.C.? Family” cBM°
Csac_1089 B-glucosidase 3.2.1.21 GH1

Csac_0129 B-mannosidase 3.2.1.25 GH2

Csac_0362 B-galactosidase 3.2.1.23 GH2

Csac_2686 putative B-galactosidase/B-glucuronidase GH2

Csac_2734 B-galactosidase 3.2.1.23 GH2

Csac_0586  B-glucosidase/xylan 1,4-B-xylosidase 2'?;721/3' GH3

Csac_1102 B-glucosidase 3.2.1.21 GH3

Csac_1562 a-galactosidase (melibiase) 3.2.1.22 GH4

Csac_2748 putative a-galactosidase GH4

Csac_0137 cellulase 3.214 GH5

Csac_0678 cellulase precursor 3.214 GH5

Csac_1080* mannan endo-1,4-B-mannosidase 3.2.1.78 GH5

Csac_2528 glycoside hydrolase, family 5 GH5

Csac_1078 cellulase/cellulose 1,4-B-cellobiosidase precursor 31291 432 GH5/10 CBM3

Csac_1077  mannan endo-1,4-B-mannosidase/cellulase precursor 2'?'1'78/3' GH5/44 CBM3/
Csac_1079 cellulase/mannan endo-1,4-B-mannosidase precursor 3.214 GH9 :BMB/
Csac_1076 cellulase precursor 3.214 GH9/48 CcBMa
Csac_0204 putative endo-1,4-B-xylanase GH10

Csac_2405 endo-1,4-B-xylanase precursor 3.2.1.8 GH10

Csac_2408 endo-1,4-B-xylanase precursor 3.21.8 GH10

Csac_0696 endo-1,4-B-xylanase precursor 3.21.8 GH10 /C;IZ»MZZ
Csac_2410 endo-1,4-B-xylanase precursor 3.2.1.8 GH10 ZI;MZZ
Csac_0203 4-a-glucanotransferase 2.4.1.25 GH13

Csac_0408 a-amylase precursor 3.2.11 GH13

Csac_0426 a-amylase 3.21.1 GH13
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(Supplementary Table 2.3 continued)

Csac_2428
Csac_0689

Csac_0671
Csac_0784
Csac_0130

Csac_2548*

Csac_2539
Csac_1720
Csac_1986
Csac_0663
Csac_0361
Csac_0664
Csac_1340
Csac_2513
Csac_1354
Csac_1118
Csac_2404
Csac_2409
Csac_1018
Csac_0359
Csac_1560
Csac_0437

Csac_2411

Csac_1561
Csac_0439

Csac_0444
Csac_2689
Csac_1085

Csac_1105/
Csac_1107

oligo-1,6-glucosidase
pullulanase

pullulanase
1,4-a-glucan branching enzyme
putative glucan 1,4-a-glucosidase

putative endo-1,3(4)-B-glucanase

putative B-N-acetylhexosaminidase

protein containing lytic transglycosylase SLT domain

protein containing lytic transglycosylase SLT domain

mannan endo-1,4-B-mannosidase

galacturan 1,4-a-galacturonidase

putative galacturan 1,4-a-galacturonidase
a-L-fucosidase

glycoside hydrolase, family 30

a-xylosidase

a-galactosidase

xylan 1,4-B-xylosidase

xylan 1,4-B-xylosidase

B-galactosidase

glycoside hydrolase, family 43

arabinan endo-1,5-a-L-arabinosidase

glycoside hydrolase, family 43

xylan 1,4-B-xylosidase/a-N-arabinofuranosidase
precursor

a-N-arabinofuranosidase

kojibiose phosphorylase

putative trehalose/maltose hydrolase (possible
phosphorylases)

a-glucuronidase

glycoside hydrolase, family 74 with carbohydrate-
binding module protein precursor
a-L-rhamnosidase N-terminal domain/C-terminal

domain protein

3.2.1.10

3.2.1.41

3.2.1.41
24118

3.21.78
3.2.1.67

3.2.1.51

3.2.1.-

3.21.22
3.2.1.37
3.2.1.37
3.2.1.23

3.2.1.99

3.2.1.37/3.

2.1.55
3.2.1.55
2.4.1.230

3.2.1.139

3.2.1.40

GH13

GH13

GH13
GH13
GH15

GH16

GH20
GH23
GH23
GH26
GH28
GH28
GH29
GH30
GH31
GH36
GH39
GH39
GH42
GH43
GH43
GH43

GH43/43

GH51
GHe65

GH65

GHe67

GH74

GH78

CBM20
141

CBM48
CBM48

CBM22
122122/
22/22

CBM22

CBM3
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(Supplementary Table 2.3 continued)

Csac_2730
Csac_1090
Csac_1091
Csac_0360
Csac_0206
Csac_0258
Csac_0259
Csac_0296
Csac_0762
Csac_0853
Csac_2527

Csac_2519

Csac_0268
Csac_1057
Csac_1681
Csac_1877
Csac_2350
Csac_2426
Csac_2567
Csac_2631

Csac_1349

Csac_0925

Csac_2337
Csac_0429
Csac_0780
Csac_1081
Csac_0134
Csac_0194
Csac_1092
Csac_1346
Csac_1682
Csac_1729
Csac_1745

unsaturated glucuronyl hydrolase

putative cellobiose phosphorylase

cellobiose phosphorylase

unsaturated rhamnogalacturonyl hydrolase

putative acetylesterase

glycosidase, PH1107-related
glycosidase, PH1107-related
glycosidase, PH1107-related
glycosidase, PH1107-related
glycosidase, PH1107-related
glycosidase, PH1107-related

putative glycoside hydrolase precursor with

carbohydrate-binding module
glycosyltransferase, family 2
glycosyltransferase, family 2
glycosyltransferase, family 2
glycosyltransferase, family 2
glycosyltransferase, family 2
glycosyltransferase, family 2
glycosyltransferase, family 2

glycosyltransferase, family 2

glycosyltransferase WecB/TagA/CpsF family and
Polysaccharide pyruvyl transferase domain protein

undecaprenyldiphospho-muramoylpentapeptide 3-N-

acetylglucosaminyltransferase

1,2-diacylglycerol 3-glucosyltransferase homolog

a-1,4-glucan phosphorylase
glycogen phosphorylase
glycosyl transferase, family 39
glycosyltransferase, family 4
glycosyltransferase, family 4
glycosyltransferase, family 4
glycosyltransferase, family 4
glycosyltransferase, family 4
glycosyltransferase, family 4

glycosyltransferase, family 4

GH88
GH94
GH94
GH105
IPR0O05181
IPRO07184
IPR007184
IPRO07184
IPRO07184
IPR007184
IPRO07184

IPR0O13781

GT2
GT2
GT2
GT2
GT2
GT2
GT2
GT2

GT26

GT28

GT28
GT35
GT35
GT39
GT4
GT4
GT4
GT4
GT4
GT4
GT4

CBM28
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(Supplementary Table 2.3 continued)

Csac_1808 glycosyltransferase, family 4 GT4
Csac_2361 glycosyltransferase, family 4 GT4
Csac_2568 glycosyltransferase, family 4 GT4
Csac_2569 glycosyltransferase, family 4 GT4
Csac_2570 glycosyltransferase, family 4 GT4
Csac_2572 glycosyltransferase, family 4 GT4
Csac_0781 glycogen synthase 2.4.1.21 GT5
Csac_0371 membrane carboxypeptidase (penicillin-binding protein) GT51
Csac_0490 membrane carboxypeptidase (penicillin-binding protein) GT51
Csac_2407 acetylesterase 3.1.1.6 CE1
Csac_0205 polysaccharide deacetylase family protein CE4
Csac_0719 polysaccharide deacetylase family protein CE4
Csac_2009 polysaccharide deacetylase family protein CE4
Csac_2371 polysaccharide deacetylase family protein CE4
Csac_2436 acetylxylan esterase 3.1.1.72 CE7
Csac_0213 putative amidohydrolase CE9
Csac_2538 N-acetylglucosamine-6-phosphate deacetylase 3.5.1.25 CE9

Truncated genes are indicated by an asterisk and may not be functional.

a: EC enzyme commission number;

b: Proteins are grouped by Carbohydrate-Active enzymes (CAZy; http://www.cazy.org) classification:
Glycoside Hydrolase (GH), Glycosyltransferase (GT), Carbohydrate Esterases (CE), Carbohydrate-
Binding Modules (CBM), no Polysaccharide lyases were detected. The list was extended with
InterPro (IPR) GH-families , which are not in the CAZy database.
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APPENDIX B: SUPPLEMENTARY FIGURE

rhamnose T" glucose
1

Mix g & x |.¢_E|_. xylose

Supplementary Figure 2.1: The experimental 4-loop design of C. saccharolyticus grown on
L-rhamnose, glucose, xylose and a mix of xylose and glucose.

95



Chapter 3

CARBOHYDRATE UTILIZATION PATTERNS FOR THE EXTREMELY THERMOPHILIC
BACTERIUM CALDICELLULOSIRUPTOR SACCHAROLYTICUS REVEAL BROAD

GROWTH SUBSTRATE PREFERENCES

Amy L. VanFossen," Marcel R. A. Verhaart,** Servé M. W. Kengen,? and Robert M. Kelly'*

'Department of Chemical and Biomolecular Engineering, North Carolina State University,
Raleigh, NC 27695-7905

?Laboratory of Microbiology, Wageningen University, Wageningen, The Netherlands

"A.L\V.and M.R. A.V. contributed equally to this work

Appeared in abbreviated form in Applied and Environmental Microbiology (2009)
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ABSTRACT
Coutilization of hexoses and pentoses derived from lignocellulose is an attractive trait in
microorganisms considered for consolidated biomass processing to biofuels. This issue was
examined for the Hy-producing, extremely thermophilic bacterium Caldicellulosiruptor
saccharolyticus growing on individual monosaccharides (arabinose, fructose, galactose,
glucose, mannose and xylose), mixtures of these sugars, as well as on xylan and
xyloglucooligosacchrides. C. saccharolyticus grew at approximately the same rate (t4 ~ 95
min) and to the same final cell density (1-3 x 102 cells/ml) on all sugars and sugar mixtures
tested. In the monosaccharide mixture, while simultaneous consumption of all
monosaccharides was observed, not all were utilized to the same extent (fructose >
xylose/arabinose >  mannose/glucose/galactose).  Transcriptome  contrasts  for
monosaccharide growth showed that minimal changes were observed in some cases (e.g.,
32 open reading frames [ORFs] changed > 2-fold for glucose versus galactose) while
substantial changes occurred for cases involving mannose (e.g., 353 ORFs > 2-fold for
glucose versus mannose). No evidence for catabolite repression was noted for either growth
on multi-sugar mixtures or in the corresponding transcriptomes. Based on the whole-
genome transcriptional response analysis and comparative genomics, carbohydrate
specificities for transport systems could be proposed for most of the 24 putative
carbohydrate ATP-binding cassette (ABC) transporters and one phosphotransferase system
(PTS) identified in C. saccharolyticus. While most transporter genes responded to individual
monosacchrides and polysaccharides, Csac 0692-0694 was up-regulated only in the
monosaccharide mixture. The results here affirm the oligotrophic growth physiology of C.

saccharolyticus on carbohydrates representative of lignocellulosic biomass and suggest that
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this bacterium holds promise for biofuels applications.

INTRODUCTION

Cellulose and hemicellulose comprise approximately 70 percent (dry basis) of plant
biomass (23) and, as such, these complex carbohydrates are promising targets for
alternative energy feedstocks. For biofuels production, lignocellulose must be deconstructed
into fermentable sugars by various combinations of physical, physical-chemical, chemical,
and biological processing steps (33). The more efficiently and economically that this is
accomplished, the more attractive this material becomes for alternative fuels (25, 28, 37,
44). For this reason, there is great interest in identifying microorganisms that can minimize
or eliminate the need for physical and chemical pre-treatment of plant-based biomass, while
at the same time are capable of simultaneously fermenting the resulting pentoses and
hexoses to biofuels (17).

In environmental settings, microbial survival can be based on the capacity to utilize a
variety of available carbohydrates as carbon and energy sources (19, 22). When complex
polysaccharides are involved, as is the case for plant-based biomass, extracellular glycoside
hydrolases depolymerize potential growth substrates, rendering them into oligosaccharides
and monosaccharides that can be transported into the cytoplasm for further processing.
Metabolism of these sugars is thus mediated by the existence and regulation of membrane-
based molecular transporters and impacted by regulatory processes, such as carbon
catabolite repression (CCR) (19, 34). The number, specificity and control of transporters
presumably reflect the nutritional needs and preferences for a given microorganism. From a

biofuels perspective, microorganisms that have a broad growth substrate range (i.e.,
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oligotrophs) are attractive, since rapid and efficient metabolism of the spectrum of sugars
comprising both cellulose and hemicellulose fractions is critical for economic lignocellulosic
biomass conversion (34).

Microbial uptake mechanisms for sugar transport have been studied in some detail
and include phosphoenolpyruvate-dependent phophotransferase systems (PTS), ATP-
binding cassette (ABC) transporters, and proton-linked transport systems (18, 26). The
distribution and number of these transport mechanisms varies from microorganism to
microorganism. The genomes for several anaerobic, extremely thermophilic bacteria, such
as Thermotoga maritima (7, 27) and Carboxydothermus hydrogenoformans (45), indicate a
lack of a PTS in lieu of ABC transporters for sugar uptake (3, 7, 45). Alternatively, other
thermophiles, such as Thermoanaerobacter tengcongensis, contain one PTS in addition to
multiple ABC transporters (42).

Caldicellulosiruptor saccharolyticus is an extremely thermophilic (growth Toy 70-
75°C), gram-positive, fermentative anaerobe initially isolated from wood in the flow of a
thermal spring in New Zealand (36). C. saccharolyticus can utilize a variety of simple (e.g.,
glucose, xylose, arabinose, mannose) and complex carbohydrates (e.g., cellulose, xylan,
mannan) associated with lignocellulose as carbon and energy sources, producing hydrogen
with yields approaching the Thauer limit (e.g., 4 mol H, per mol of glucose consumed) (9,
16, 30, 41). Not surprisingly, of the 2,679 predicted coding sequences in the C.
saccharolyticus genome, over 177 ORFs encode ABC transporter genes and at least one
PTS, which together help to sequester a broad spectrum of potential growth substrates (40).
Studies to date show that C. saccharolyticus does not exhibit glucose-based carbon

catabolite repression (CCR) and can co-ferment glucose and xylose (15, 40). To understand
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more about the oligotrophic characteristics of C. saccharolyticus, transcriptional response
analysis was used to examine growth on monosaccharide and polysaccharides as this
relates to specific regulatory and functional features of resident sugar transport systems in

this bacterium.

MATERIALS AND METHODS

Growth of the microorganism on sugar substrates. C. saccharolyticus DSM 8903
(also, ATCC 43494) was passed seven times in serum bottles shaken at 100 rpm under
anaerobic conditions (N, headspace) on the substrate of interest in modified DSMZ 640
medium before inoculating a 400 mL screw top, batch culture at 70°C, shaken at 100 rpm,
containing either 0.5 g substrate per liter or 0.5 g of each substrate per liter. Growth was
followed for 18 hours. Growth substrates included b-glucose, b-mannose, L-arabinose, D-
xylose, D-fructose, D-galactose, xylan (oatspelt) (Sigma-Aldrich, St. Louis, MO), xyloglucan
and xyloglucan oligosaccharides (provided by H. Brumer of the Royal Institute of

Technology, Stockholm, Sweden).

Analysis of residual sugar and fermentation products. The cultures grown on the
various sugars were harvested by centrifugation at 9,000 x g, following which the
supernatants were clarified by passage through 0.22 um PVDF filters (FisherSci, Hampton,
NH). Monosaccharide and organic acid concentrations were determined by HPLC, using a
Waters 1525 binary pump with Breeze control software (Waters, Milford, MA). Sugar
concentrations were determined using a SP0810 sugar column (Showa Denko, New York,

NY) operating at 80°C with water as the mobile phase. Organic acid byproducts were also
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determined by HPLC, using an Aminex HPX-87H column (Bio-Rad Laboratories, Hercules,
CA), with a mobile phase of 5 mM H,SO, at 65°C. Peak heights for all samples, analyzed
with an RI detector (Waters 2414), were integrated and the values were compared to

standard curves for quantification.

Isolation of RNA. Isolation of total RNA from C. saccharolyticus was performed on
cells that were grown at 70°C until early- to mid-logarithmic phase (mid-10" cells/mL) on the
various growth substrates. Cells were rapidly cooled to 4°C and then harvested by
centrifugation at 5,000 x g, before storage at -80°C until they were processed further. Total
RNA was isolated using a protocol described previously, with the additional step of
sonicating the cells after re-suspension in TRIzol reagent (Invitrogen, San Diego, CA) (40).
cDNA was produced from the collected RNA using Superscript Il reverse transcriptase
(Invitrogen), random primers (Invitrogen), and the incorporation of 5-(3-aminoallyl)-2'-

deoxyuridine-5'-triphosphate (Ambion, Austen, TX), as described elsewhere (11).

Microarray protocols. A spotted whole-genome C. saccharolyticus microarray was
developed from 60-mer oligonucleotides based on at least 2679 open reading frames
(ORFs), as discussed previously (40). cDNA was labeled with either Cy3 or Cy5 dye (GE
Healthcare, Little Chalfont, United Kingdom) and hybridized to Corning Ultra-Gap |l slides
(Corning, Acton, MA). Samples were hybridized according to either a ten slide
(Supplementary Figure 3.1) or five slide loop experimental design (Supplementary Figure
3.2). Microarray slides were scanned using a Packard BioChip Scanarray 4000 scanner.

ScanArray Express (v2.1.8, Perkin-Elmer, Waltham, MA) was used to quantitate signal

101



intensities, prior to analysis with JMP Genomics 3.0 (SAS, Cary, NC), as described
previously (29), using a mixed-effects analysis of variance model (43). ORFs that were
differentially transcribed 2-fold or more and met the Bonferroni statistical criterion were

considered to be up- or down-regulated (43).

Microarray accession numbers. The microarray platform used in this study is
available in the Gene Expression Omnibus database (http://www.ncbi.nlm.nih.gov/geo/)
under accession number GPL6681. The raw data along with the final log, fold changes have

been deposited in the same database under accession number GSE17436.

Bioinformatic identification of sugar transporter genes. Protein sequences of
putative substrate binding proteins found in the C. saccharolyticus genome
(http://www.ncbi.nlm.nih.gov/nuccore/CP000679) were subjected to similarity searches
(BLASTP) at the National Center for Biotechnology Information (NCBI) website, based on
the Thermotoga maritima MSB8 genome (http://www.ncbi.nlm.nih.gov/nuccore/AE000512),
to identify ABC transporter systems involved in carbohydrate import. Similarity was defined
as = 25% identity and Eval < 10®°. Candidate ORFs were then compared to carbohydrate
transporter predictions by TransportDB (31). Assignment of substrate(s) for given
transporters was based on the following criteria: (i) the substrate binding protein (SBP) was
more than 30% identical to a previously studied protein in Escherichia coli, Bacillus subtilis
or T. maritima; (ii) more than one gene of the operon was conserved; or, most importantly,
(iii) functional genomics analysis of the ORFs encoding proteins in the transporter

responded by 2-fold or more to C. saccharolyticus growth on specific sugars. To identify
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CcpA homologs, sequences from Bacillus subtillis 168 and Lactobacillus brevis ATCC 367

were used, with a threshold similarity of = 35% identity and Eval < 10°°.

RESULTS AND DISCUSSION

Carbohydrate utilization patterns. C. saccharolyticus was grown on a variety of
monosaccharides (i.e., glucose, xylose, galactose, arabinose, mannose, fructose and
mixtures of the monosaccharides) commonly found in lignocellulose. On all sugars and
sugar mixtures tested, cultures typically grew to final cell densities of 1-3 x 108 cells/mL at
70°C, with doubling times of ~ 95 min. While previous studies of C. saccharolyticus
monosaccharide cofermentation showed that xylose was used to a greater extent than
glucose (15, 40), its capacity to coutilize other biomass-related sugars has not been
reported. Figure 3.1 shows the extent of utilization for individual sugars present in a mixture
of pentoses and hexoses. Several monosaccharides were utilized simultaneously; fructose
was consumed to the greatest extent followed by the pentoses, xylose and arabinose
(fructose > arabinose > xylose > mannose > glucose > galactose). While fructose has not
been a specific focus as a biofuels substrate, it is the main constituent of fructans, which are
found in many plant families including wheat, barley, onion and chicory (12). The possible
source of fructans in thermal springs, the natural habitat of C. saccharolyticus, however, is
not clear.

To examine sugar substrate preferences more carefully, cultures were grown on
arabinose + glucose and on a mixture of the hexoses (fructose, galactose, mannose and
glucose). C. saccharolyticus growth on arabinose + glucose showed that the pentose was

consumed to a greater extent (data not shown); a similar result was reported for growth on

103



xylose + glucose (15, 40). Preference for pentoses may be related to the fact that C.
saccharolyticus lacks an oxidative pentose-phosphate pathway to convert hexoses to
pentoses (40). Growth on a mixture of hexoses changed the utilization pattern to fructose >
galactose > glucose > mannose (data not shown) from fructose > mannose > glucose >

galactose when xylose and arabinose are present.

Monosaccharide transcriptomes. RNA from cultures grown on the six
monosaccharides, both individual sugars and a mixture, was collected to examine the
associated transcriptomes (see Supplementary Tables 3.1-3.7). Table 3.1 summarizes the
number of ORFs differentially transcribed 2-fold or more for these experiments. Typically,
fewer than ~200 ORFs were differentially transcribed (up-regulated + down-regulated) when
comparing one monosaccharide to another, with the exception of glucose versus mannose
(353 ORFs). In the complete genome, approximately 25% of all ORFs (~600) were
annotated as either “conserved hypothetical protein” or “protein of unknown function” (40) -
of these, the glucose versus mannose contrast implicated over a tenth of them. Growth on
mannose triggered transcription of two CcpA homologs, Csac 0389, and Csac_2494
(Figure 3.2). These two CcpA homologs were transcribed higher on mannose than during
growth on the other individual monosaccharides. CcpA, coupled with a serine-
phosphorylated Crh, can repress the expression of genes involved in the catabolism of
alternative sugars by binding to the upstream catabolic repression element (cre) sites.
However, searches for possible cre sites near gene promoters, based on cre sites found in
other microorganisms such as Bacillus subtilis, were unproductive.

In the presence of certain monosaccharides, several genes related to carbohydrate
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metabolism were differentially transcribed, as expected (Figure 3.3 and 3.4). These genes
were often, also up-regulated in the presence of the sugar mixture. For example, three
genes in the Leloir pathway involved in galactose metabolism, galactose-1-phosphate
uridylyltransferase (Csac_1510, EC 2.7.7.12), galactokinase (Csac_1511, EC 2.7.1.6) and
UDP-galactose 4-epimerase (Csac_1512, EC 5.1.3.2), were highly transcribed compared to
the other five monosaccharides but not the sugar mixture. It was interesting that the
monosaccharides did not stimulate transcription of many of the 53 glycoside hydrolases
identifiable in the C. saccharolyticus genome, perhaps suggesting that these genes are

triggered by oligo- and polysaccharide substrates.

ABC-type carbohydrate transporter identification in C. saccharolyticus
genome. At least 177 putative ABC transporter genes could be identified in the C.
saccharolyticus genome (40). These comprise 24 putative carbohydrate transporters, based
on their substrate binding protein similarity to proteins identified in the genome of T.
maritima (7, 27) and/or prediction by TransportDB (31). Of these, two belong to the
carbohydrate uptake (CUT) 2 family, two are members of the di/oligopeptide transporter
family (Dpp/Opp), and the rest are CUT1-types (Table 3.2). In T. maritima, many of the
transporters are co-localized with glycoside hydrolases (7), which also seems to be the case
for C. saccharolyticus. For these transporters in C. saccharolyticus, predictions for sugar
substrate specificity were based on one or more of the following criteria: (i) functional
genomics analysis of the ORFs in the transporter showed a 2-fold change for a given sugar
contrast; (ii) the substrate binding protein identity was > 30% compared to the homologous

protein in Escherichia coli, Bacillus subtilis or T. maritima; or, (iii) genes located near the
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ABC transporter are conserved in the same relative location in another well-studied
genome. As mentioned earlier, C. saccharolyticus genome also encodes a
phosphoenolpyruvate-dependent phophotransferase system (PTS), which is annotated as

fructose-specific (40).

Proposed annotation of monosaccharide transporters in C. saccharolyticus.
Table 3.2 shows the proposed assignment of substrates to ABC sugar transporters in the C.
saccharolyticus genome, based on functional genomics and bioinformatics analysis. CUT2
family transporters consist of an extracellular substrate binding protein, one permease and
one ATPase; the CUT2 ATPase with two sets of Walker A and B sites is, in general, longer
than other ATPases (18, 35). CUT2 family transporters only import monosaccharides. There
are only two CUT2 family transporters identifiable in the C. saccharolyticus genome,
Csac_0238, 0240-0242 and Csac_2504-2506. These may have broad specificity for
monosaccharides: Csac_0238, Csac_0240-0242 was up-regulated on arabinose, galactose
and xylose, while Csac_2504-2506 responded to xylose, glucose, fructose and galactose.
The CUT1 family ABC transporters have one substrate binding protein, two permeases and
one ATPase; they transport both monosaccharides and di/oligosaccharides, in addition to
glycerol phosphate (18). Similar to T. maritima, the C. saccharolyticus CUT1 ATPases
utilized are not necessarily located in the same operon as the permeases and substrate
binding protein. Three CUT1 family transporters were differentially transcribed in the C.
saccharolyticus genome during growth on monosaccharides. Csac_0440-0442 was up-
regulated only on galactose. The two other CUT1 transporters, Csac_2321-2322,2324,2326

and Csac_2491-2493, both responded to glucose, xylose and fructose.
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It is interesting that the CUT1 family transporter encoded in Csac_0692-0694 was
up-regulated when C. saccharolyticus was grown on the six monosaccharide mixture.
Directly downstream from Csac_0692-0694 is a ROK family transcriptional regulator
(Csac_0695) with the highly conserved consensus sequences 1 and 2, plus the conserved
DNA-binding (helix-turn-helix) motif (10, 39). Csac_0695 was highly transcribed only in the
monosaccharide mixture. This was the only transcription factor in the genome that
responded in this way, suggesting it regulates this transporter. The protein encoded in
Csac_0695 has 40% aa sequence identity to the ROK family xylose repressors found in two
strains of B. subtilis (XyIR1, P94490; XylR2, P16557), which negatively regulate the xyl
operon by binding to the xyl operators in the absence of the inducer xylose (8, 32). A similar
role in C. saccharolyticus seems likely.

Members of the Dpp/Opp family are known to transport di- and oligopeptides, simple
and complex carbohydrates, nickel and heme into the cells through an extracellular binding
protein, two permeases and two ATPases (18). The Dpp/Opp family transporter encoded in
Csac_1028-1032 was highly transcribed on every monosaccharide and on the sugar
mixture. The other Dpp/Opp transporter, encoded in Csac 0261-0265, was highly
transcribed only on fructose. Upstream of this gene cluster is a Lacl family regulator
(Csac_0260), and two putative glycoside hydrolases, which were also clearly up-regulated
on fructose. Csac_0258, a putative intracellular B-fructosidase, may be an invertase that
hydrolyzes sucrose to fructose and glucose. This suggests that Csac_0261-0265 could be a
sucrose transporter; in fact, C. saccharolyticus grows as well on sucrose as it does on the
monosaccharides examined here (unpublished results).

In the presence of fructose, the ORFs encoding a putative PTS (Csac_2437-2440)
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were induced 1.8- to 35-fold, compared to glucose, xylose and arabinose. These ORFs
were also up-regulated in the presence of mannose. Note that a PTS can transport different
sugars, with each Ell being sugar-specific (1). An inducible mannose transporter occurs in

the fructose/mannose PTS in Streptococcus mutans, importing fructose and mannose into
the cytoplasm (2). EIIA (Csac_2440) and EIIBC (Csac 2439) in the putative C.
saccharolyticus PTS were also up-regulated on galactose, but this was not the case for El
(Csac_2437) or HPr (Csac_2438). Fructose and galactose appear to have ABC transporters
(Csac_0261-0265 and Csac_0440-0442) (see below), but for mannose, the only identifiable
transporter is this PTS. The unusual transcriptome for mannose merits further examination.
All of the transporters discussed above that were up-regulated on the individual
monosaccharides were also up-regulated during growth on the six sugar mixture, with the

lone exception of the galactose-specific transporter (Csac_0440-0442).

Complex carbohydrate response. C. saccharolyticus was also grown on xylan (oat
spelt), xyloglucan, xylogluco-oligosaccharides (4) to facilitate transcriptional response
comparisons to growth on the monosaccharides glucose and xylose. Final cell densities and
growth rates with the complex carbohydrate substrates were comparable to the
monosaccharides, although there were longer lag times on xyloglucan and xylan.

The transporter encoded in Csac_0692-0694, that was up-regulated only during
growth on the monosaccharide mixture, was not induced on the complex carbohydrates,
suggesting it is involved in general monosaccharide transport into the cell. ABC transporters
encoded in Csac_0679-0682 and Csac_1357-1359 were highly transcribed on the complex

carbohydrates. Both are located near putative glycoside hydrolases (Csac_0678, GH family
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5; Csac_1354, GH family 31) involved in the breakdown of glucans or xylan, suggesting a
role in the uptake of degradation products of these carbohydrates. The xylan utilization
cluster in C. saccharolyticus (5, 24) contains the ABC transporters (Csac_2412-2414 and
Csac_2417-2419) and, as expected, the components were transcribed at higher levels on
xylan compared to the other sugars. Growth on the xyloglucooligosaccharides mixture
triggered transcription of components of the transporter Csac_2514-2516, indicating a role

in the uptake of this substrate.

Transporters with unknown function. Several putative transporters could not be
assigned specific substrates, based on transcriptional response and bioinformatic analysis.
One of these putative transporters, Csac_1557-1559, did not respond during growth on the
simple or complex carbohydrates used here. However, this transporter is co-localized in the
genome with glycoside hydrolase family 4, 43 and 51 enzymes, and may transport a
different type of glucan- and/or xylan-based saccharide. Further examination of the genome
showed that the putative sugar transporter encoded in Csac_2542-2544 is downstream of a
N-acetylglucosamine-6-phosphate  deacetylase @ (Csac_2538) and a  N-acetyl-B-
hexosaminidase (Csac_2539). Based on this, and its homology to TM0810, this transporter
could be associated with N-acetylglucosamine-based polysaccharides. The other loci
encoding ABC sugar transporters (see Table 3.2) that did not respond to any of the
substrates tested and were, furthermore, consistently transcribed at very low levels. These
transporters (Csac_0126-0128, Csac 0261-0265, Csac 0391-0394, Csac 2529-2531,
Csac_2552-2554, Csac_2692-2694, Csac_2724-2726 and Csac_2740-2742) are located in

the genome near GH families 2, 4, 5, 15, 16, 39, 43, 67 and 88 or near carbohydrate
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metabolism genes, so a role in carbohydrate acquisition cannot be ruled out, especially

given C. saccharolyticus’ varied carbohydrate appetite.

No evidence of carbon catabolite repression (CCR). Here, there was no
indication of CCR. This physiological characteristic, as observed in a low G+C content,
gram-positive bacteria, typically involves three components: cis-acting sequences or
catabolite responsive elements (CREs), catabolite control protein A (CcpA), which binds to
the CRE element, and the Crh (catabolite repression HPr) (21). CCR has been noted in
various gram-positive bacteria, including Bacillus subtilis (13), Lactococcus lactis (6) and
Streptococcus pneumoniae (14) and is mediated by transcriptional control by a CcpA/HPr-
Ser-P complex binding to cre (38). In the standard low G+C, gram-positive model of CCR,
the primary sugar triggers the transcriptional repression of genes encoding saccharolytic
components, related to other sugars, through the serine-phosphorylated HPr. With C.
saccharolyticus, there was specific induction of carbohydrate catabolism genes for growth
on individual sugars, although the carbohydrate uptake systems were, in general,
differentially transcribed during growth on individual sugars. When the organism was
presented a mixture of monosaccharides, including glucose, genes within these inducible
loci were not impacted. Examination of the C. saccharolyticus genome identified an HPr
homolog (Csac_1163), with the active His-15 site replaced with a serine residue. Thus, it
cannot be involved in PTS transport. It could, however, be phosphorylated at the active site
Ser-46 and participate in CCR in C. saccharolyticus as Crh. A number of putative CcpA
homologs were found, but these candidates contain most of the residues that are typical for

Lacl-type transcription factors but are missing residues which are typical for CcpAs (Figure
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3.4) (20). As yet, their role in C. saccharolyticus is unclear, since no cre sequences in
promoter-operator regions are present. All these results point to no involvement of a global

regulatory system in C. saccharolyticus for carbohydrate utilization.

SUMMARY
The results here clearly demonstrate that C. saccharolyticus can metabolize a
number of monosaccharides simultaneously, a process apparently mediated by a system of
transporters with low specificity and an absence of CCR. This phenotype is advantageous to
bacteria coping in natural environments where substrate availability and composition is
variable. Given its broad appetite for plant-based carbohydrates, C. saccharolyticus is an
attractive candidate for fermentation of biomass-derived substrates to biofuels, such as

hydrogen.
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TABLES

Table 3.1: Transcriptional response contrasts for C. saccharolyticus growth on

monosaccharides
Sugar 1 Sugar 2 ORFs up-regulated > 2-fold on | ORFs up-regulated >
Sugar 1 [transporter ORFs] 2-fold on Sugar 2
[transporter ORFs]

Xylose 20 [0] 138 [12]

Fructose 22 [4] 80 [11]
ARABINOSE Galactose 10 [3] 48 [8]
Glucose 34 [3] 45 [5]
Mannose 32 [3] 25 [5]

Sugar Mix 5[0] 84 [15]
Fructose 19 [4] 22 [8]
Galactose 70 [8] 25 [3]
XYLOSE Glucose 59 [11] 23 [0]
Mannose 113 [9] 56 [3]

Sugar Mix 62 [17] 69 [11]
Galactose 36 [6] 25 [4]
FRUCTOSE Glucose 32 [8] 29 [0]
Mannose 92 [10] 29 [1]
Sugar Mix 27 [5] 29 [6]
Glucose 21 [10] 11 [3]
GALACTOSE Mannose 57 [9] 51 [4]
Sugar Mix 12 [6] 27 [8]

GLUCOSE Mannose 174 [6] 179 [11]
Sugar Mix 13 [5] 69 [18]

MANNOSE Sugar Mix 58 [3] 91 [11]
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Figure 3.1: Simultaneous utilization of sugars during growth of C. saccharolyticus in a batch
culture. Equal amounts of each of the six monosaccharides were added to cultures at time
of inoculation. The remaining concentration of each sugar is shown at various times during
the growth of C. saccharolyticus in batch culture. Average values from triplicate experiments
are shown; standard deviation for each sugar measured by HPLC was < 0.02 g/L.
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Figure 3.2: CCR elements in the C. saccharolyticus genome. A) Alignment of 5 known
CcpA sequences: Bacillus subtilis 168 (Bsub_ccpA), Bacillus licheniformis ATCC14580
(Blic_ccPA), Bacillus cereus ATCC 10987 (Bcer _ccpA), Lactobacillus casei BL23
(Icas_ccpA), a lacl sequence from Anaerocellum thermophilum (Athe_Lacl), and 9 possible
candidates for CcpA in C. saccharolyticus. Based on previous studies (20), residues
conserved in Lacl/GalR family which are shaded blue while residues shaded in yellow are
typical for CcpAs only. B) Least square mean estimates of transcript levels shown for
elements of CCR in the gram-positive bacterium, C. saccharolyticus. The HPr Ser-46 is
phosphorylated by the ATP-dependent HPr kinase and the resulting P-Ser-Crh forms a
complex with CcpA which interacts with cre sequences. Red and green denote transcript
levels above (red) and below (green) the mean expression across all genes, where 0 (black)
represents the mean. Abbreviations: A, arabinose; F, fructose; Gal, galacose; Glu, glucose;
M, mannose; X, xylose.
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Figure 3.3: Differential transcription of genes encoding enzymes involved in non-oxidative
pentose phosphate pathway in C. sacharolyticus. Abbreviations: A, arabinose; F, fructose;
Gal, galacose; Glu, glucose; M, mannose; X, xylose; SM, sugar mix; L-Ru-5-P, L-ribulose-5-
phosphate; D-Ru-5-P, D-ribulose-5-phosphate; D-Ri-5-P, D-ribose-5-phosphate; D-Xu-5-P,
D-xylulose-5-phosphate; GAP, glyceraldehydes-3-phosphate; S-7-P, sedoheptulose-7-
phosphate; F-6-P, fructose-6-phosphate; E-4-P, erythrose-4-phosphate. Least squares
mean (Ism) estimates (see Methods) of transcript level shown for selected genes (ORF # in
box). Red and green denote transcript levels above (red) and below (green) the mean
across all genes.
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Figure 3.4: Differential transcription of genes encoding enzyme involved in glycolysis in C.
saccharolyticus. Abbreviations: A, arabinose; F, fructose; Gal, galacose; Glu, glucose; M,
mannose; X, xylose; SM, sugar mix; M-6-P, mannose-6-phosphate; F-6-P, fructose-6-
phosphate; Gal-1-P, galactose-1-phosphate; G-1-P, glucose-1-phosphate; G-6-P, glucose-
6-phosphate; F-1,6-bisP, fructose-1,6-bisphosphate; DHAP, dihydroxyacetone phosphate;
GAP, glyceraldehydes-3-phosphate. Least squares mean (Ism) estimates (see Methods) of
transcript level shown for selected genes (ORF # in box). Red and green denote transcript
levels above (red) and below (green) the mean across all genes.
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APPENDIX A: SUPPLEMENTARY TABLES

Supplementary Table 3.1: Genes up-regulated 2 fold or higher on arabinose

Ara Ara Ara Ara Ara Ara
vs. vs. vs. vs. vs. vs.
Name Fru Gal Glu Man Xyl SM [ Description of gene product®
IstB domain protein ATP-binding
Csac 0041 2.8 protein
Csac 0060 3.2 2.6 2.5 | ATPase
Csac 0092 3.5 stage V sporulation protein AC
Csac 0115 2.4 hypothetical protein
Csac_0121 2.6 conserved hypothetical protein
NAD-binding component of a K+
Csac_0150 2.4 transport system
CAAX amino terminal protease
Csac 0162 | 2.1 2.5 family
ribose/xylose/arabinose/galactoside
Csac 0240 | 7.4 5.3 7.6 ABC transporter, ATPase
ribose/xylose/arabinose/galactoside
Csac 0241 | 22.8 21.3 | 26.5 ABC transporter, permease
Csac 0268 | 2.5 glycosyl transferase family
ABC-type sugar transport system,
Csac 0298 | 2.1 permease
protein containing partially
Csac 0308 2.2 unknown function UPF0236
IstB domain protein ATP-binding
Csac 0322 2.6 2.2 protein
Csac 0327 2.4 2.5 transposase, mutator type
monosaccharide ABC transporter
Csac 0394 | 3.3 2.2 ATPase
helix-turn-helix- domain containing
Csac 0406 2.6 protein, AraC type
Csac 0447 2.0 hypothetical protein
IstB-like 1S21-family insertion
Csac 0474 2.2 2.1 sequence, ATP-binding protein
Csac 0487 | 2.3 RAMP family protein
Csac 0503 2.3 bacterial regulatory domain, LuxR
helix-turn-helix type 3 domain
Csac 0626 | 2.5 protein
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(Supplementary Table 3.1 continued)

Csac 0651 2.2 transposase, 1S4 family protein
ABC transporter, putative
Csac 0680 2.1 permease
Csac 0698 2.1 hypothetical protein
L-ribulose-5-phosphate-4-
Csac 0723 2.9 epimerase
Csac 0834 2.8 hypothetical protein
sorbitol-6-phosphate 2-
Csac 0868 2.8 dehydrogenase
Csac_0877 7.9 5.3 6.7 L-fucose isomerase family protein
Csac_0885 2.4 2.4 | hypothetical protein
Csac 0953 2.6 hypothetical protein
Csac_0956 3.1 ribosomal protein S7
molybdenum cofactor synthesis
Csac 0975 | 6.2 6.1 domain
radical SAM:Molybdenum cofactor
Csac 0977 | 7.2 4.5 2.7 synthesis C
Csac 1023 | 2.3 PHP C-terminal domain protein
Csac 1053 2.1 conserved hypothetical protein
helix-turn-helix, Fis-type domain
Csac 1075 2.2 protein
cellobiose phosphorylase (GH fam
Csac 1091 2.6 94)
Csac 1127 2.1 putative membrane protein
Csac 1222 7.9 3.3 MgtE intracellular region
natural resistance-associated
Csac 1223 3.4 macrophage protein
serine-pyruvate aminotransferase
Csac_ 1303 3.9 homolog
preproteoin translocase, SecA
Csac 1325 3.0 subunit
putative signal transduction histide
Csac 1328 2.4 kinase
Csac_1426 2.7 2.5 extracellular hypothetical protein
Csac 1430 2.0 putative membrane protein
Csac 1482 | 2.1 transposase, 1S4 family protein
Csac 1502 2.5 dehydrogenase homolog
Csac 1552 2.3 VanW family protein
Csac_1553 2.3 2.4 conserved hypothetical protein
D-methionine transport system
Csac_1617 3.1 permease metl
Csac 1643 2.9 2.9 2.4 | sulfate adenylate transferase
Csac 1649 | 2.1 glutamyl-tRNA reductase

126




(Supplementary Table 3.1 continued)

Csac 1665 2.6 flagellar hook-associated protein 3
nucleotidyltransferase domain
Csac_1709 2.0 protein
pantetheine-phosphate
Csac 1792 | 21 adenylyltransferase
Csac 1811 5.0 membrane protein, putative
Csac_1830 3.6 6-phosphofructokinase
conserved hypothetical
Csac 1841 2.1 extracellular protein
Csac 1861 3.9 HATPase ¢ domain protein
pseudouridine synthase, RIUA
Csac_ 1959 2.0 family
Csac 1970 3.6 ATP synthase F1, beta subunit
Csac 1974 | 2.2 ATP synthase FO, B subunit
Csac_1975 2.8 ATP synthase FO, C subunit
malate dehydrogenase
Csac 2059 2.8 (oxaloacetate-decarboxylating)
Csac 2099 2.7 hypothetical protein
Csac_2105 2.6 2.5 IstB-like ATP binding protein
Csac 2132 2.0 hypothetical membrane protein
Csac 2176 2.0 hypothetical protein
Csac 2180 2.1 hypothetical protein
Csac 2216 2.2 hypothetical protein
Csac_2218 2.6 transposase, mutator family
Csac 2220 2.1 hypothetical protein
asparagine synthase, glutamine-
Csac 2226 2.1 hydrolyzing
Csac 2282 5.9 ribosomal protein L22
Csac 2323 | 2.3 transposase
Csac 2339 2.1 3.3 3.0 2.7 | hypothetical protein
amino acid kinase superfamily
Csac 2357 | 2.1 protein
Csac_2391 3.4 2.7 hypothetical protein
Csac 2416 3.9 hypothetical protein
MacAB/FtsE/LolCDE family ABC
Csac 2447 2.4 transporter ATPase
High-affinity branched-chain amino
acid transport ATP-binding protein
Csac 2472 2.2 livF
putative branched-chain amino acid
Csac 2474 2.2 permease, LivH
Csac 2498 2.8 ABC transporter, ATP binding
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(Supplementary Table 3.1 continued)

ABC-type sugar transporter,

Csac 2515 2.7 permeases
putative membrane protein;

Csac_2531 2.1 RBL03398
N-acetyl-beta-hexosaminidase (GH

Csac_2539 6.9 fam 20)

Csac 2557 26.0 hypothetical protein

Csac 2560 2.3 | hypothetical protein

Csac 2565 3.3 NUDIX hydrolase

Csac_2568 | 3.1 glycosyltransferase (GT group 1)
putative insertion sequence 1S408

Csac 2606 3.1 2.7 ATP-binding protein

Csac 2773 2.3 At2g28800

* Description of gene product is the result of Basic Local Alignment Search Tool (BLAST) searches
conducted using a BLOSUMG62 matrix with either the NCBI protein-protein BLAST program

(BLASTP) against the Swissprot or nr database.
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Supplementary Table 3.2: Genes up-regulated 2 fold or higher on xylose

Xyl Xyl Xyl Xyl Xyl Xyl
vs. VS. VS. VS. vs. Vs
Name Ara Fru Gal Glu Man SM [ Description of gene product*®
Csac 0022 | 5.8 5.1 2.9 2.9 2.6 | stage V sporulation protein S
Csac 0030 3.3 2.3 tryptophan synthase, beta chain-like
putative CRISPR-associated protein
Cas5 domain, DUF522 family
Csac 0058 | 3.0 2.2 | protein
CRISPR-associated protein,
Csac 0079 | 3.2 TM1807
Csac 0093 | 7.4 3.1 3.1 hypothetical protein
Csac 0094 | 5.6 3.0 3.2 | hypothetical protein
Csac 0131 2.8 3.1 2.6 | putative membrane protein
Csac_0138 2.1 VanZ like membrane protein
ABC transporter, ATP-binding
Csac_0141 2.3 2.3 | protein
Csac 0142 | 2.9 3.7 3.5 3.2 | hypothetical protein
putative ABC transporter permease
Csac 0145 | 4.7 4.2 component
Csac 0169 | 4.2 2.1 hypothetical protein
Csac 0214 3.5 UPF0079 ATP-binding protein
bacterial regulatory proteins, deoR
Csac 0239 2.2 family
ribose/xylose/arabinose/galactoside
ABC-type transport systems,
Csac_0240 11.3 8.0 | 116 ATPase
ribose/xylose/arabinose/galactoside
ABC-type transport systems,
Csac_0241 33.4 31.2 | 38.8 permease
sugar ABC transporter, sugar-
Csac 0242 | 139 | 22.3 5.4 18.3 | 18.9 2.1 | binding component
oligopeptide-binding protein appA
Csac_0261 5.6 3.7 5.0 2.8 precursor, homolog
oligopeptide transport system
Csac 0262 | 4.2 3.1 permease protein appB, homolog
phosphoenolpyruvate
Csac 0274 | 5.1 6.1 carboxykinase
Csac 0326 3.5 hypothetical protein
Csac 0341 3.7 3.3 3.2 putative septation protein spoVG
ATP-binding region, ATPase-like
Csac 0346 | 6.6 protein
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(Supplementary Table 3.2 continued)

Csac 0379 2.7 putative phosphoesterase
hypothetical protein containing a
Csac 0383 2.8 Pfs domain
xylose isomerase domain protein
Csac 0396 | 4.3 3.7 2.9 TIM barrel
transcriptional regulator, BadM/Rrf2
Csac 0399 | 24 family
putative Methyl-accepting
Csac 0415 3.0 3.5 3.0 chemotaxis protein
ABC transport systems inner
Csac 0441 2.4 membrane component
Csac 0445 | 15.8 rubrerythrin (RR) homolog
voltage-gated potassium channel
Csac 0446 | 5.2 3.4 2.5 3.9 2.5 | subunit beta-2 (K(+) channel
Csac 0472 2.1 hypothetical extracellular protein
uncharacterized protein family
Csac 0530 | 4.7 (UPFO051)
Csac 0538 2.3 2.1 hypothetical protein
transport/processing ATP-binding
Csac 0559 3.0 2.7 5.1 2.4 | protein
Csac 0563 | 11.9 3.0 5.0 6.3 7.1 | hypothetical protein
ATP-binding cassette sub-family A
Csac 0567 | 2.3 member 2
Csac 0583 8.3 6.1 5.9 4.0 4.0 | L-lactate permease
glucosamine-fructose--6-phosphate
Csac 0606 | 5.9 3.2 2.5 4.3 2.1 | aminotransferase
Csac 0607 | 2.5 2.3 transcriptional regulator
iron-containing alcohol
Csac 0622 | 5.6 4.5 3.4 | dehydrogenase homolog
Csac_0671 2.4 pullulanase, type |
iron-containing alcohol
Csac_0711 2.7 dehydrogenase
Csac 0724 | 2.4 pyruvate carboxyltransferase
Csac 0725 | 2.5 2.0 | hypothetical protein
Csac 0726 4.8 3.6 2.7 3.6 2.8 | hypothetical protein
Csac 0730 3.8 aminotransferase, class IV
4Fe-4S ferredoxin, iron-sulfur
Csac 0737 | 5.6 2.3 binding domain protein
iron-containing alcohol
Csac_0763 | 3.0 2.7 2.1 3.0 dehydrogenase homolog
Csac 0764 | 2.0 2.0 signal transduction histidine kinase
Csac 0770 2.9 3.1 pantothenate kinase
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(Supplementary Table 3.2 continued)

Csac 0775 6.0 hypothetical protein
conserved hypothetical extracelluar
protein containing cell wall binding
Csac 0776 5.6 repeat
Csac 0778 3.2 glucokinase
Csac 0779 | 3.8 3.0 5.5 GDSL-like Lipase/Acylhydrolase
glucose-1-phosphate
adenylyltransferase regulatory
Csac 0782 | 3.2 subunit
Csac 0795 2.4 hypothetical protein
Csac 0812 | 4.9 3.7 chemotaxis protein CheW
Csac 0834 2.8 hypothetical protein
Csac 0843 2.9 hypothetical protein
Csac_ 0877 5.4 3.6 4.5 L-fucose isomerase family protein
ATP-dependent Clp protease, ATP-
Csac 0880 | 2.9 binding subunit ClpX
Csac 0905 9.8 3.7 3.4 3.6 3.9 | inorganic H+ pyrophosphatase
Csac 0930 | 4.4 cell division protein FtsZ
Csac 0936 2.5 2.7 membrane metalloprotease
Csac 0958 | 3.7 2.8 | elongation factor Tu
Csac 0960 | 6.0 NUDIX domain
radical SAM:Molybdenum cofactor
Csac 0977 2.7 synthesis C
Csac 1027 | 5.1 L-lactate dehydrogenase
oligopeptide transport system
Csac 1028 2.5 permease protein oppB
ABC transporter, periplasmic
Csac 1032 | 3.4 substrate-binding component
Csac_1033 | 2.9 extracellular hypothetical protein
Csac 1048 5.1 2.7 6.8 "helical backbone" metal receptor
Csac 1055 2.6 shikimate 5-dehydrogenase
Csac 1064 | 3.7 3.3 putative extracellular pseudopilin
Csac 1074 | 3.8 3.5 2.7 | hypothetical extracellular protein
methylated-DNA-(protein)-cysteine
Csac 1088 2.0 2.8 S-methyltransferase
Csac 1094 | 3.6 hypothetical protein
Csac 1119 | 6.0 5.0 2.6 3.4 GCNb5-related N-acetyltransferase
Csac 1137 | 2.6 ferritin/ribonucleotide reductase-like
Csac 1155 | 3.0 3.2 2.5 esterase/lipase-like protein
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(Supplementary Table 3.2 continued)

bifunctional
phosphoglucose/phosphomannose

Csac_1187 3.4 isomerase
protein-export membrane protein
Csac 1193 2.2 SecD
ribose-phosphate
Csac 1204 | 6.4 3.4 3.4 3.3 3.5 | pyrophosphokinase
hypoxanthine
Csac 1209 3.0 phosphoribosyltransferase
Csac 1211 3.6 glutamine synthetase, type |
Csac_1240 2.7 2.4 | ABC 3 transport family
Csac_1245 3.5 radical SAM superfamily
flagellar hook-length control
Csac 1263 2.1 putative
Csac 1273 | 2.8 2.4 flagellar biosynthetic protein FIliP
Csac_1292 | 10.3 6.7 chaperonin GroEL (HSP60 family)
D-3-phosphoglycerate
Csac 1304 3.4 dehydrogenase
Cof, predicted hydrolases of the
Csac_1306 2.8 | HAD superfamily
Csac 1336 3.6 | single-strand binding protein
Csac 1337 2.8 2.4 | ribosomal protein S18
Csac 1351 transketolase, N-terminal subunit
Csac 1352 3.6 transketolase, C-terminal subunit
Csac_1354 4.1 2.2 | alpha-xylosidase (GH fam 31)
RNA polymerase sigma-H factor
Csac 1370 | 3.9 (Sigma-30)
Csac 1451 5.0 hypothetical protein
Csac 1456 | 2.3 seryl-tRNA synthetase
Csac 1457 | 4.7 3.8 2.2 | conserved hypothetical protein
pyruvate ferredoxin/flavodoxin
Csac 1459 3.0 oxidoreductase, delta subunit
Csac 1472 2.3 2.2 2.0 | conserved hypothetical protein
Csac_1492 | 3.3 4.1 putative membrane protein
Csac 1494 3.8 5.2 hypothetical protein
Csac 1570 | 2.9 ribosomal protein L27
O-acetylhomoserine/O-acetylserine
Csac 1574 | 2.2 sulfhydrylase [2.5.1.49]
homoserine O-acetyltransferase
Csac_1575 3.1 [2.3.1.31]
Csac 1579 | 4.0 adenylosuccinate lyase
Csac_1581 2.7 ACT domain containing protein
Csac_1595 2.1 hypothetical protein
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(Supplementary Table 3.2 continued)

Csac 1596 2.9 putative membrane protein
fatty acid/phospholipid synthesis
Csac 1602 3.3 protein plsX
malonyl CoA-acyl carrier protein
Csac 1604 2.6 transacylase
D-methionine transport system
Csac 1617 2.8 permease protein metl
Csac 1618 | 6.2 4.1 extracellular hypothetical protein
Csac 1625 | 3.5 hybrid cluster protein
Csac 1665 2.2 flagellar hook-associated protein 3
Csac_1669 | 14.9 7.1 13.3 6.5 10.9 8.3 | conserved protein
Csac 1670 4.1 4.5 2.5 4.4 3.2 | conserved protein
Csac 1672 3.5 3.6 3.2 3.2 3.2 3.4 | predicted nucleotidyltransferases
Csac 1673 | 4.4 3.3 6.9 5.8 5.0 | protein of unknown function family
Csac_1680 | 8.0 4.4 3.7 7.9 2.4 | flagellin
Csac_1702 | 3.0 conserved hypothetical protein
Csac 1713 3.3 IMP dehydrogenase
integral membrane protein (DUF6)
Csac 1724 2.9 family
Csac 1727 6.4 2.8 thioredoxin
Csac 1729 3.0 glycosyl transferases group 1
heat-inducible transcription
Csac 1750 3.0 repressor hrcA
Csac 1752 | 3.6 2.4 3.4 chaperone protein dnakK
ribosomal protein L11
Csac 1754 2.1 methyltransferase
Csac 1771 2.7 ribosomal protein L20
putative tRNA/rRNA
Csac 1772 | 4.4 2.7 | methyltransferase
Csac 1791 2.1 methyltransferase, putative
Csac_1811 4.0 membrane protein, putative
serine-type D-Ala-D-Ala
Csac 1820 | 3.4 2.7 carboxypeptidase
phosphotransferase system,
Csac 1846 | 5.1 2.1 phosphocarrier HPr homolog
putative catalytic subunit of iron-
Csac 1864 4.0 only hydrogenase
Csac 1892 | 2.3 hypothetical protein
conserved hypothetical membrane
Csac_1909 3.4 protein (YGGT-domain)
branched-chain amino acid ABC
Csac 1941 3.9 transporter - permease
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(Supplementary Table 3.2 continued)

branched-chain amino acid ABC

Csac 1943 | 3.1 2.7 3.5 transporter -SBP

Csac 1950 | 4.1 5.2 phosphopyruvate hydratase
probable Frame -shift

Csac_1951 3.8 phosphoglycerate mutase
glyceraldehyde-3-phosphate

Csac_1953 3.9 dehydrogenase, type |

Csac 1955 9.7 8.6 3.2 6.9 5.0 | pyruvate, phosphate dikinase

Csac 1970 3.1 ATP synthase F1, beta subunit

Csac 1972 2.6 ATP synthase F1, alpha subunit

Csac_1975 5.5 ATP synthase FO, C subunit

Csac 1976 | 3.1 4.9 ATP synthase FO, A subunit

Csac 1977 | 2.5 2.1 hypothetical protein
pyridine nucleotide-disulphide

Csac 1983 4.2 oxidoreductase

Csac 1990 | 5.5 3.0 2.2 rubredoxin

Csac 2008 | 5.2 hypothetical extracellular protein

Csac 2028 | 4.3 4.7 predicted membrane protein
putative sodium/phosphate

Csac 2032 2.1 2.5 | symporter

Csac 2036 4.5 14.7 55 putative transaldolase
SOS-response transcriptional

Csac 2042 3.3 repressor, LexA

Csac 2044 4.6 RNA chaperone Hfq
polyribonucleotide

Csac_ 2064 2.0 | nucleotidyltransferase

Csac 2065 3.6 | ribosomal protein S15

Csac 2098 3.3 replicative DNA helicase

Csac 2099 0.4 hypothetical protein

Csac 2101 0.3 hypothetical protein

Csac 2110 | 2.3 0.4 hypothetical protein

Csac 2114 | 3.3 phenylacetate-CoA ligase, homolog
putative alkaline shock protein,

Csac 2126 | 2.1 DUF322-family protein
CDP-diacylglycerol--glycerol-3-
phosphate 3-

Csac 2140 2.8 phosphatidyltransferase
putative RNA-binding protein,

Csac 2156 3.0 2.3 | UPF0109

Csac 2203 | 4.8 4.4 hypothetical protein

Csac 2204 | 54 3.9 | 50S ribosomal protein L7/L12

Csac 2205 2.0 | ribosomal protein L10 homolog
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(Supplementary Table 3.2 continued)

Csac 2229 | 4.0 3.0 ornithine carbamoyltransferase
Csac 2260 2.6 ribosomal protein S4
Csac 2275 6.6 2.3 | ribosomal protein L5
Csac 2276 2.6 | ribosomal protein L24
Csac 2277 2.8 | ribosomal protein L14
Csac 2282 ribosomal protein L22
Csac 2297 2.5 2.9 | hypothetical protein
Csac 2299 | 54 2.4 4.7 3.6 3.0 2.6 | probable aminopeptidase |
Csac 2308 | 5.4 hypothetical extracellular protein
putative aldolase superfamily
Csac 2313 4.0 (SCOP) protein
ABC transport system, ATPase
Csac 2324 4.8 component
ABC transport system, periplasmic
Csac 2326 | 5.4 7.4 component
UDP-N-acetylmuramoylalanyl-D-
glutamate-2,6-diaminopimelate
Csac 2328 ligase
cell division ATP-binding protein
Csac 2344 | 6.4 4.0 4.0 ftsE
putative regulator of polyketide
Csac 2345 2.8 synthase expression
Csac 2346 | 5.9 3.5 5.1 2.2 | ABC transporter related
6-phosphofructokinase,
Csac 2366 | 2.9 3.1 pyrophosphate-dependent
Csac 2372 9.5 4.4 3.2 | hypothetical protein
Csac 2381 2.5 3.0 24 2.2 2.6 | hypothetical protein
Csac 2385 | 5.8 5.9 3.7 | hypothetical protein
Csac 2392 3.2 2.7 2.8 2.9 3.5 | transposase
Csac 2410 2.8 glycoside hydrolase, family 10
hypothetical protein
Csac 2416 7.4 3.8 CsacDRAFT 2051
putative multiple sugar transport
Csac 2417 2.3 system permease protein
probable ABC transporter
Csac 2418 | 3.7 2.6 9.0 6.2 permease protein YesP
similar to ABC-type sugar transport
Csac 2419 | 2.5 2.6 3.9 3.4 3.5 system periplasmic component
Csac 2423 2.3 2.0 2.1 response regulator receiver
Csac 2426 | 2.2 glycosyl transferase, family 2
putative iron uptake-related
Csac 2429 2.1 regulatory protein
Csac 2430 | 3.8 2.1 3.6 rubrerythrin
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(Supplementary Table 3.2 continued)

Csac 2432 3.7 3.8 hypothetical protein
phosphoenolpyruvate-protein
Csac 2437 2.3 phosphotransferase
PTS system fructose-specific EIIBC
Csac 2439 | 8.8 10.3 component
PTS fructose-specific enzyme IIA
Csac 2440 | 2.8 3.4 component
transcriptional regulator of sugar
Csac 2442 | 4.4 4.4 3.6 4.5 metabolism
conserved secreted protein (S-layer
Csac_2451 2.6 2.0 2.1 4.4 homology domain)
glutaconyl-CoA decarboxylase
Csac 2482 | 3.5 2.9 subunit beta
putative carbamoyl-phosphate
Csac_ 2488 3.3 synthase large chain
putative carbamoyl-phosphate
Csac_2489 2.9 | synthase large chain
Csac 2491 | 12.1 5.0 2.7 2.9 | ABC transporter permease
Csac 2492 | 4.8 2.5 | ABC transporter permease
Csac 2493 | 9.6 6.4 5.6 7.6 | putative ABC transporter
Csac_2498 4.8 2.2 | ABC transporter, ATP binding
Csac 2504 | 2.7 4.0 3.0 4.1 | xylose ABC transport permease
D-xylose ABC transporter
Csac_ 2506 7.1 6.0 | (substrate-binding protein)
N-acetyl-beta-hexosaminidase
Csac 2539 10.8 (Ghfam 20)
Csac 2549 2.2 hypothetical protein
Csac 2557 46.0 hypothetical protein
Csac 2563 4.7 3.6 Appr-1-p processing
Csac_2565 5.4 2.1 | NUDIX hydrolase
Csac 2568 2.0 glycosyltransferase (GTgroup 1)
Zn-dependent hydrolase of the
Csac 2574 | 2.7 beta-lactamase fold-like protein
probable proton-coupled thiamine
Csac 2579 | 3.3 3.1 2.5 2.3 | transporter YuaJ, homolog
Csac 2603 4.3 conserved hypothetical protein
apolipoprotein/ t-snare protein
Csac 2616 3.0 domains
type | restriction-modification
Csac_2680 2.0 system M subunit
Csac 2682 | 3.0 2.6 ABC transporter, ATPase
Csac 2684 putative cobalt transport protein
phospho-2-dehydro-3-
Csac 2698 4.1 6.3 deoxyheptonate aldolase, subtype 2
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(Supplementary Table 3.2 continued)

Csac 2699 5.1 prephenate dehydrogenase
3-phosphoshikimate 1-

Csac 2700 | 4.9 4.7 7.8 carboxyvinyltransferase
aspartate 1-decarboxylase

Csac 2708 | 3.2 precursor

Csac 2712 3.2 ferritin-like protein

Csac 2716 3.9 transposase

Csac 2747 2.9 hypothetical protein

* Description of gene product is the result of Basic Local Alignment Search Tool (BLAST) searches
conducted using a BLOSUMG62 matrix with either the NCBI protein-protein BLAST program

(BLASTP) against the Swissprot or nr database.
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Supplementary Table 3.3: Genes up-regulated 2 fold or higher on glucose

Glu Glu Glu Glu Glu Glu
vs. vs. vs. vs. vs. vs.
Name Ara Fru Gal Man Xyl SM [ Description of gene product*®
Csac 0033 | 3.0 lemA protein
putative CRISPR-associated,
Csac 0057 2.2 DUF694 family protein Csh2
Csac 0067 2.6 zeta toxin family protien
Csac 0084 | 2.4 2.4 2.7 hypothetical protein
Csac 0100 3.3 ExsB homolog
Csac 0115 2.1 2.9 hypothetical protein
Csac 0121 3.0 conserved hypothetical protein
Csac 0146 2.6 putative transposase
Csac 0169 | 2.8 hypothetical protein
Csac 0180 2.8 2.7 2.2 hypothetical protein
Csac 0208 3.1 hypothetical protein
Csac 0214 2.9 UPF0079 ATP-binding protein
Csac 0232 2.7 lysine 2,3-aminomutase
transcriptional regulator, AbrB
Csac 0303 4.2 family domain protein
Csac_0326 2.8 hypothetical protein
ATP-binding region, ATPase-like
Csac 0346 | 5.4 protein
Csac 0379 2.2 putative phosphoesterase
hypothetical protein containing a
Csac 0383 4.9 Pfs domain
helix-turn-helix- domain containing
Csac 0406 3.1 2.4 protein, AraC type
Csac 0445 | 12.8 rubrerythrin (RR) homolog
Csac 0458 2.8 anti-sigma factor antagonist
Csac 0473 2.9 transposase
protein of unknown function
Csac 0495 2.2 (DUF820)
Csac 0502 | 2.5 hypothetical protein
uncharacterized protein family
Csac 0530 | 3.5 (UPF0051)
Csac 0553 2.5 putative transcriptional regulator
transport/processing ATP-binding
Csac 0559 3.6 protein
coenzyme PQQ synthesis protein
Csac 0564 2.8 E homolog
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(Supplementary Table 3.3 continued)

Csac 0585 3.3 2.1 hypothetical extracellular protein
Csac 0586 3.2 beta-glucosidase
Csac 0592 2.4 carboxyl-terminal protease
homolog to tRNA
Csac 0614 | 3.4 3.2 3.4 methyltransferase
conserved hypothetical phage
Csac 0631 2.5 protein
Csac 0669 2.0 hypothetical protein
sugar ABC transporter substrate-
Csac 0692 2.6 binding protein
cysteinyl-tRNA synthetase, class
Csac 0708 2.3 la
amino acid permeases
Csac 0715 21 (transporter)
Csac 0730 | 3.4 aminotransferase, class IV
Csac 0756 3.2 diguanylate cyclase
Csac 0775 6.0 hypothetical protein
conserved hypothetical
extracelluar protein containing cell
Csac_0776 5.7 wall binding repeat
Csac 0778 3.1 glucokinase
Csac 0779 3.2 GDSL-like Lipase/Acylhydrolase
glucose-1-phosphate
adenylyltransferase regulatory
Csac 0782 | 5.5 3.1 subunit
Csac 0812 | 4.5 3.4 chemotaxis protein CheW
methyl-accepting chemotaxis
Csac_0819 2.1 sensory transducer homolog
Csac 0827 3.0 transcription elongation factor
Csac 0834 3.3 hypothetical protein
Csac 0843 2.4 hypothetical protein
sorbitol-6-phosphate 2-
Csac 0868 2.1 dehydrogenase
Csac 0878 3.7 2.1 | bacterial trigger factor protein (TF)
Csac 0882 3.9 2.5 DNA primase
Csac 0905 | 2.9 inorganic H+ pyrophosphatase
Csac 0913 2.2 peptidase M16 inactive domain
Csac 0919 2.7 stage V sporulation protein D
Csac 0936 2.3 membrane metalloprotease
segregation and condensation
Csac 0938 2.5 protein A
Csac_0956 2.4 ribosomal protein S7
Csac 0960 4.8 NUDIX domain
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(Supplementary Table 3.3 continued)

Csac 0970 3.9 moaD/ThiS family
binding-protein-dependent
Csac 0973 4.0 4.9 transport system
molybdenum cofactor synthesis
Csac 0975 5.1 5.0 domain
molybdenum cofactor biosynthesis
protein MoeA, N-terminal and
Csac 0976 2.8 linker domains
radical SAM:Molybdenum cofactor
Csac 0977 9.1 5.6 3.4 2.4 | synthesis C
Csac 1008 2.1 fibronectin type Ill domain protein
Csac_1021 4.6 9.7 4.3 4.8 hypothetical protein
Csac 1027 | 4.8 L-lactate dehydrogenase
ABC transporter, periplasmic
Csac 1032 2.9 substrate-binding component
Csac 1048 | 3.4 4.5 "helical backbone" metal receptor
Csac 1055 3.2 shikimate 5-dehydrogenase
Csac 1064 | 3.5 3.1 putative extracellular pseudopilin
methylated-DNA-(protein)-cysteine
Csac 1088 2.1 S-methyltransferase
Csac 1141 2.6 glucose/ribitol dehydrogenase
UDP-N-
acetylenolpyruvoylglucosamine
Csac 1159 2.2 reductase
methionine synthase (vitamin-B12
Csac 1165 2.3 dependent),
putative NADH-dependent
Csac 1172 3.1 dehydrogenase
bifunctional
phosphoglucose/phosphomannose
Csac_1187 3.1 isomerase
protein-export membrane protein
Csac 1193 3.8 SecD
PpiC-type peptidyl-prolyl cis-trans
Csac 1207 3.6 2.3 isomerase
Csac 1208 | 2.5 3.4 tRNA(lle)-lysidine synthetase
hypoxanthine
Csac 1209 3.1 phosphoribosyltransferase
Csac_1219 3.9 RNA binding S1 domain protein
Csac 1220 2.7 CoA-binding domain protein
Csac 1222 7.3 3.0 MgtE intracellular region
natural resistance-associated
Csac 1223 3.5 macrophage protein
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(Supplementary Table 3.3 continued)

formate--tetrahydrofolate ligase
(Formyltetrahydrofolate

Csac_1224 2.6 2.8 3.0 2.2 | synthetase)
Csac 1245 3.2 radical SAM superfamily
serine-pyruvate aminotransferase
Csac 1303 3.1 4.4 homolog
D-3-phosphoglycerate
Csac 1304 3.4 dehydrogenase
von Willebrand factor, type
A:Bacterial Ig-like, group 2:Parallel
Csac 1310 2.1 beta-helix repeat
preproteoin translocase, SecA
Csac 1325 4.2 2.2 subunit
putative response regulator
Csac 1329 | 4.1 3.1 receiver domain
Csac 1351 2.8 transketolase, N-terminal subunit
Csac 1352 3.4 transketolase, C-terminal subunit
Csac 1441 3.8 conserved hypothetical protein
Csac 1451 3.4 hypothetical protein
pyruvate ferredoxin/flavodoxin
Csac 1459 2.8 oxidoreductase, delta subunit
Csac 1467 2.6 adenosylhomocysteinase
Csac 1497 2.7 RIpA-like protein precursor
Csac_1502 2.0 dehydrogenase homolog
Csac 1538 2.9 Ech hydrogenase, subunit EChE
hydrogenase expression/formation
Csac 1543 4.9 protein (HupF/HypC)
hydrogenase expression/formation
Csac 1545 2.8 2.1 protein HypE
Csac 1547 2.4 hypothetical protein
homoserine O-acetyltransferase
Csac_1575 2.7 [2.3.1.31]
Csac 1581 2.7 ACT domain containing protein
Csac 1582 2.8 dihydrodipicolinate reductase
transcription factor fapR (Fatty
acid and phospholipid biosynthesis
Csac_1601 2.5 regulator).
fatty acid/phospholipid synthesis
Csac 1602 3.1 protein plsX
malonyl CoA-acyl carrier protein
Csac 1604 4.1 transacylase
D-methionine transport system
Csac 1617 2.9 permease protein metl
glutamate-1-semialdehyde 2,1-
Csac 1654 2.4 2.0 aminomutase
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(Supplementary Table 3.3 continued)

Csac_1655 2.7 GMP synthase
predicted
Csac 1660 2.7 amidophosphoribosyltransferases
Csac_1665 2.8 flagellar hook-associated protein 3
Csac 1713 3.0 IMP dehydrogenase
Csac 1721 2.4 conserved hypothetical protein
integral membrane protein (DUF6)
Csac 1724 2.2 family
Csac 1727 3.1 thioredoxin
ubiquinone biosynthesis protein,
Csac 1734 2.6 AARF - related
ferrous ion uptake protein B,
Csac 1740 | 2.8 homolog
heat-inducible transcription
Csac 1750 | 2.9 2.8 4.9 repressor hrcA
ribosomal protein L11
Csac 1754 2.5 methyltransferase
protein of unknown function
Csac_1755 2.5 (DUF558)
Csac 1771 2.8 ribosomal protein L20
protein of unknown function
Csac 1773 2.2 (DUF965) family
lipopolysaccharide biosynthesis
Csac 1804 2.6 protein
Csac 1811 2.6 7.5 2.7 | membrane protein, putative
Csac 1830 3.8 6-phosphofructokinase
Csac 1832 3.5 thioesterase superfamily protein
conserved hypothetical
Csac 1841 2.9 extracellular protein
phosphotransferase system,
Csac 1846 3.8 phosphocarrier HPr homolog
Csac_1861 3.0 HATPase c domain protein
Csac 1862 3.9 ferredoxin, 2Fe-2S
DUF552-containing hypothetical
Csac 1908 3.7 protein
conserved hypothetical membrane
Csac_1909 4.5 protein (YGGT-domain)
Csac_1910 3.3 RNA-binding S4 domain protein
putative beta lactamase
Csac_1915 2.7 transcriptional regulator, Blal
Csac 1922 2.3 hypothetical membrane protein
branched-chain amino acid ABC
Csac 1941 2.9 transporter - permease
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(Supplementary Table 3.3 continued)

branched-chain amino acid ABC

Csac 1943 2.4 transporter - SBP
Csac 1950 | 3.9 4.9 phosphopyruvate hydratase
probable Frame -shift
Csac 1951 4.9 phosphoglycerate mutase
glyceraldehyde-3-phosphate
Csac_1953 3.6 dehydrogenase, type |
Csac 1956 3.3 2.9 glycine-tRNA ligase
Csac 1970 3.9 ATP synthase F1, beta subunit
Csac 1972 2.3 2.8 2.4 58 2.2 ATP synthase F1, alpha subunit
Csac 1975 5.3 ATP synthase FO, C subunit
Csac 1976 | 2.7 4.2 ATP synthase FO, A subunit
Csac 1977 | 2.0 hypothetical protein
pyridine nucleotide-disulphide
Csac_1983 | 2.9 oxidoreductase
Csac 1985 2.7 2.8 2.4 excinuclease ABC, B subunit
exo, 5'-3' exonuclease/DNA
Csac 1988 2.2 polymerase |
phosphoribosylformylglycinamidine
Csac 1994 2.2 cyclo-ligase
single-strand binding protein
Csac_2007 3.0 homolog
Csac 2008 | 5.0 hypothetical extracellular protein
Csac 2036 5.5 putative transaldolase
Csac 2038 3.8 valyl-tRNA synthetase, class la
transcriptional repressor consisting
Csac 2057 5.0 of an ATP cone domain
malate dehydrogenase
Csac 2059 2.3 (oxaloacetate-decarboxylating)
putative neutral zinc
Csac 2080 4.0 3.1 metallopeptidase
Csac 2098 4.8 replicative DNA helicase
Csac 2099 3.1 hypothetical protein
Csac 2101 7.1 hypothetical protein
Csac 2102 3.4 hypothetical protein
Csac 2110 2.5 2.8 hypothetical protein
CDP-diacylglycerol--glycerol-3-
phosphate 3-
Csac 2140 3.2 phosphatidyltransferase
Csac 2201 2.3 ATP-binding/permease protein
Csac 2218 2.5 transposase, mutator family
Csac_2239 2.7 AP endonuclease, family 2
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(Supplementary Table 3.3 continued)

tRNA (5-methylaminomethyl-2-

Csac 2252 | 3.2 3.1 thiouridylate)-methyltransferase
Csac 2260 2.6 ribosomal protein S4
Csac 2263 2.6 ribosomal protein L36
Csac 2275 2.1 | ribosomal protein L5
Csac 2276 2.8 | ribosomal protein L24
Csac_ 2277 2.9 | ribosomal protein L14
Csac 2278 2.4 ribosomal protein S17
Csac 2282 5.3 ribosomal protein L22
protein of unknown function
Csac_2305 3.2 (DUF156) family
4Fe-4S ferredoxin, iron-sulfur
Csac_2306 4.7 binding domain
trypsin-like protease, peptidase
Csac_2307 5.5 4.7 S1C family
pyrimidine-nucleoside
phosphorylase, thymidine
Csac 2318 2.1 phosphorylase
ABC transport system, ATPase
Csac 2324 3.7 component
ABC transport system, periplasmic
Csac 2326 4.1 component
putative regulator of polyketide
Csac_2345 2.5 synthase expression
Csac 2346 | 3.5 3.0 ABC transporter related
membrane-associated PDZ-
domain protease, putative zinc
Csac 2352 2.6 metalloprotease
Csac 2359 2.2 ribosomal protein S2
Csac 2367 2.6 hypothetical protein
Csac 2368 5.6 ATP:guanido phosphotransferase
metal-dependent hydrolase of the
beta-lactamase superfamily llI-like
Csac 2383 3.1 2.4 3.0 protein
putative iron uptake-related
Csac 2429 3.1 regulatory protein
Csac 2430 3.2 3.0 rubrerythrin
Csac 2432 | 4.6 3.8 4.7 hypothetical protein
ABC transporter ATPase
Csac_ 2435 2.6 component
conserved secreted protein
Csac_2450 2.1 (prefoldin like domain)
conserved secreted protein (S-
Csac 2451 3.1 layer homology domain)
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(Supplementary Table 3.3 continued)

putative carbamoyl-phosphate

Csac_2488 2.6 synthase large chain

Csac 2491 6.7 2.7 ABC transporter permease

Csac 2492 5.0 3.0 3.0 2.6 | ABC transporter permease

Csac 2493 | 4.0 3.1 | putative ABC transporter

Csac 2498 2.5 ABC transporter, ATP binding

Csac 2504 | 3.1 4.6 3.5 4.8 | xylose ABC transport permease

Csac 2505 3.9 3.4 | xylose ABC-ATPase
D-xylose ABC transporter

Csac_ 2506 6.1 5.1 | (substrate-binding protein)
N-acetyl-beta-hexosaminidase

Csac 2539 6.7 (Ghfam 20)

Csac 2557 341 hypothetical protein

Csac 2565 2.7 NUDIX hydrolase

Csac 2568 2.1 glycosyltransferase (GTgroup 1)

Csac 2570 2.5 glycosyltransferase (GTgroup 1)

Csac 2603 2.9 conserved hypothetical protein

Csac_2615 2.3 conserved hypothetical protein
apolipoprotein/ t-snare protein

Csac 2616 3.8 3.7 5.1 domains

Csac 2631 2.3 glycosyl transferase, family 2

Csac 2643 3.6 conserved hypothetical protein

Csac 2649 2.9 transposase 1S200-like protein

Csac 2659 3.9 3.1 2.8 conserved hypothetical protein
phospho-2-dehydro-3-
deoxyheptonate aldolase, subtype

Csac 2698 4.8 2

Csac 2699 5.9 prephenate dehydrogenase
3-phosphoshikimate 1-

Csac 2700 3.3 carboxyvinyltransferase

Csac 2712 | 3.2 ferritin-like protein

Csac 2716 3.8 transposase

Csac 2747 3.2 hypothetical protein

* Description of gene product is the result of Basic Local Alignment Search Tool (BLAST)
searches conducted using a BLOSUM62 matrix with either the NCBI protein-protein BLAST
program (BLASTP) against the Swissprot or nr database.
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Supplementary Table 3.4: Genes up-regulated 2 fold or higher on fructose

Fru Fru Fru Fru Fru Fru
vs. vs. vs. vs. vs. VS.
Name Ara Gal Glu Man Xyl SM [ Description of gene product®
Csac 0022 | 3.9 3.4 stage V sporulation protein S
Csac 0033 | 3.9 lemA protein
Csac 0100 4.1 ExsB homolog
helix-turn-helix, AraC
Csac 0124 type:Response regulator receiver
Csac 0131 2.4 2.0 | putative membrane protein
Csac 0142 | 3.4 4.3 4.0 3.7 | hypothetical protein
Csac 0145 | 5.8 putative ABC transporter permease
Csac 0169 | 6.7 4.1 3.4 3.4 | hypothetical protein
Csac 0221 | 4.4 hypothetical protein
protein of unknown function
Csac_0224 4.7 DUF134
Csac 0257 2.5 | queuine tRNA-ribosyltransferase
Csac_0258 | 12.5 8.3 116 | 122 | 12.3 1.0 | glycosyl hydrolase homolog
transcriptional regulator, Lacl
Csac 0260 | 7.8 6.8 7.3 family
homolog oligopeptide-binding
Csac 0261 | 65.6 | 43.8 | 58,6 | 33.2 | 11.7 2.7 | protein appA
homolog oligopeptide transporter
Csac 0262 | 43.0 | 296 | 319 | 24.3 | 10.3 system, permease appB
homolog oligopeptide transport
Csac 0263 | 114 | 115 | 12.8 7.5 8.3 system permease appC
oligopeptide transport ATP-binding
Csac 0264 | 3.6 3.2 4.3 4.7 protein appD
oligopeptide transport ATP-binding
Csac 0265 | 5.0 4.7 4.5 3.7 3.7 protein appF
Csac 0266 2.1 2.4 2.2 hypothetical protein
Csac 0326 3.2 hypothetical protein
putative circadian clock protein
Csac 0374 4.4 kinase kaiC (EC 2.7.1.37)
transcriptional regulator,
Csac 0399 | 2.8 BadM/Rrf2 family
conserved hypothetical extracelluar
Csac 0417 2.5 3.0 2.6 protein
Csac 0445 | 129 rubrerythrin (RR) homolog
voltage-gated potassium channel
Csac 0446 | 3.7 subunit beta-2 (K(+) channel
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(Supplementary Table 3.4 continued)

ABC transporter, putative

Csac 0506 2.1 permease
uncharacterized protein family
Csac_0530 | 8.7 (UPF0051)
Csac 0563 | 14.1 3.6 5.9 7.5 8.4 | hypothetical protein
Csac 0583 | 6.5 4.8 4.6 3.1 3.1 L-lactate permease
Csac_0586 2.5 beta-glucosidase (GH fam 28)
flagellar basal-body rod protein
Csac 0594 2.9 flgG
glucosamine--fructose-6-phosphate
Csac 0606 | 6.5 3.5 4.8 aminotransferase
Csac 0607 | 2.6 transcriptional regulator
molybdopterin oxidoreductase
Csac 0621 5.4 containing 4Fe-4S binding domain
Csac_0654 3.7 | abortive infection protein
Csac 0660 2.4 ABC transporter (ATPase)
Csac_0708 2.3 cysteinyl-tRNA synthetase, class la
Csac 0712 | 4.7 hypothetical protein
Csac 0726 | 3.1 hypothetical protein
Csac 0730 | 6.0 aminotransferase, class IV
putative Coenzyme A disulfide
Csac 0759 | 3.6 reductase
iron-containing alcohol
Csac 0763 | 3.5 3.1 2.4 3.5 2.3 | dehydrogenase homolog
Csac 0770 | 3.7 4.0 pantothenate kinase
Csac 0778 3.6 glucokinase
Csac 0779 4.6 GDSL-like Lipase/Acylhydrolase
Csac 0795 4.4 4.4 3.0 | hypothetical protein
Csac 0834 2.0 hypothetical protein
Csac 0836 7.3 5.2 dihydroxy-acid dehydratase
Csac_0843 2.5 hypothetical protein
conserved, NefD-like hypothetical
Csac 0861 | 2.1 protein
ATP-dependent Clp protease,
Csac_0879 3.5 proteolytic subunit ClpP
ATP-dependent Clp protease,
Csac 0880 | 3.6 3.0 ATP-binding subunit ClpX
Csac 0905 | 6.4 inorganic H+ pyrophosphatase
Csac_0936 2.4 membrane metalloprotease
putative chemotaxis response
regulator protein-glutamate
Csac 0949 | 5.0 methylesterase
Csac 0960 [ 10.6 NUDIX domain
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(Supplementary Table 3.4 continued)

Csac 0966 | 3.4 hypothetical protein
Csac 0982 3.2 2.4 | predicted membrane protein
bacterial regulatory proteins, deoR
Csac_0990 2.4 2.0 | family
Csac 1018 2.5 beta-galactosidase (GH fam 42)
Csac 1027 | 5.0 L-lactate dehydrogenase
glutamine amidotransferase
Csac 1037 3.8 2.4 2.3 2.7 | subunit pdxT
Csac 1048 | 3.6 4.8 helical backbone" metal receptor
Csac 1064 | 2.2 putative extracellular pseudopilin
Csac 1094 | 5.0 3.9 hypothetical protein
Csac 1119 | 54 4.5 GCN5-related N-acetyltransferase
bifunctional
phosphoglucose/phosphomannose
Csac 1187 2.9 isomerase
protein-export membrane protein
Csac_1193 2.7 SecD
ribose-phosphate
Csac 1204 | 5.0 2.7 2.8 | pyrophosphokinase
hypoxanthine
Csac 1209 3.0 phosphoribosyltransferase
Csac 1222 5.2 MgtE intracellular region
natural resistance-associated
Csac 1223 2.9 macrophage protein
Csac 1240 2.3 3.2 2.9 | ABC 3 transport family
putative response regulator
Csac 1329 | 4.5 3.4 receiver domain
Csac 1331 | 3.9 3.7 3-isopropylmalate dehydratase
3-isopropylmalate dehydrogenase,
Csac 1332 | 12.7 | 14.8 7.2 136 [ 11.0 small subunit
Csac 1333 | 4.7 5.1 4.2 6.2 4.1 2.6 | 3-isopropylmalate dehydrogenase
RNA polymerase sigma-H factor
Csac_1370 | 7.3 6.8 4.7 (Sigma-30)
Csac 1393 2.1 DNA-binding protein HU
Csac 1418 | 71 4.6 4.3 54 5.3 | extracellular hypothetical protein
Csac_1451 4.9 hypothetical protein
Csac 1457 | 4.6 conserved hypothetical protein
hydrogenase expression/formation
Csac 1543 2.8 protein (HupF/HypC)
Csac_1581 | 4.1 2.8 ACT domain containing protein
fatty acid/phospholipid synthesis
Csac_1602 3.5 protein plsX
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(Supplementary Table 3.4 continued)

malonyl CoA-acyl carrier protein

Csac 1604 2.6 transacylase
phosphate transport system
Csac 1612 | 3.3 permease pstA
D-methionine transport system
Csac_1617 3.7 permease metl
Csac 1618 | 6.3 3.6 extracellular hypothetical protein
Csac_1680 | 7.8 3.7 7.8 flagellin
Csac 1713 3.2 IMP dehydrogenase
integral membrane protein (DUF6)
Csac 1724 2.5 family
Csac 1727 | 7.6 thioredoxin
heat-inducible transcription
Csac 1750 2.8 repressor hrcA
Csac_1759 2.7 thermophilic metalloprotease (M29)
putative tRNA/rRNA
Csac 1772 | 4.4 3.2 methyltransferase
Csac 1791 | 3.2 2.8 methyltransferase, putative
Csac 1811 2.9 membrane protein, putative
Csac 1832 2.8 thioesterase superfamily protein
phosphotransferase system,
Csac 1846 | 2.8 phosphocarrier HPr homolog
putative catalytic subunit of iron-
Csac 1864 3.6 only hydrogenase
cell division topological specificity
Csac 1872 2.9 factor MinE
branched-chain amino acid ABC
Csac 1941 4.2 transporter, permease
Csac 1950 5.1 phosphopyruvate hydratase
probable Frame -shift
phosphoglycerate mutase, 2,3-
bisphosphoglycerate-independent
Csac_ 1951 4.8 (gpmA)
glyceraldehyde-3-phosphate
Csac_1953 2.6 dehydrogenase, type |
Csac 1955 | 4.9 pyruvate, phosphate dikinase
Csac 1970 4.7 ATP synthase F1, beta subunit
Csac_1972 21 ATP synthase F1, alpha subunit
Csac 1975 6.3 ATP synthase F0, C subunit
Csac 1976 | 2.9 4.6 ATP synthase FO, A subunit
Csac 1977 | 2.7 2.4 hypothetical protein
pyridine nucleotide-disulphide
Csac 1983 | 2.3 oxidoreductase
Csac 1990 | 3.1 rubredoxin
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(Supplementary Table 3.4 continued)

Csac 2000 3.3 2.6 permease
putative Mannose-1-phosphate
Csac 2018 | 3.4 3.3 guanylyltransferase
putative sodium/phosphate
Csac 2032 | 2.7 3.4 3.5 4.0 | symporter
putative neutral zinc
Csac 2080 3.2 metallopeptidase
helix-turn-helix-type transcriptional
Csac_ 2097 5.2 regulator
phenylacetate-CoA ligase,
Csac 2114 | 5.0 4.7 homolog
CDP-diacylglycerol--glycerol-3-
phosphate 3-
Csac 2140 2.4 phosphatidyltransferase
putative RNA-binding protein,
Csac 2156 2.9 UPF0109
Csac 2203 | 4.5 4.2 hypothetical protein
Csac 2229 | 3.5 ornithine carbamoyltransferase
Csac 2282 4.7 ribosomal protein L22
Csac_2297 2.8 | hypothetical protein
4Fe-4S ferredoxin, iron-sulfur
Csac_2306 3.9 binding domain
putative aldolase superfamily
Csac 2313 4.4 (SCOP) protein
cell division ATP-binding protein
Csac 2344 | 5.2 ftsE
putative regulator of polyketide
Csac_2345 3.0 synthase expression
Csac 2346 | 3.8 3.3 ABC transporter related
membrane-associated PDZ-
domain protease, putative zinc
Csac 2352 2.0 metalloprotease
Csac 2368 3.9 ATP:guanido phosphotransferase
Csac 2372 | 54 hypothetical protein
Csac 2385 4.0 hypothetical protein
probable ABC transporter
Csac 2418 3.4 permease (YesP)
putative iron uptake-related
Csac_ 2429 2.2 regulatory protein
Csac 2430 | 2.8 2.6 rubrerythrin
Csac 2436 3.6 putative acetylxylan esterase
phosphoenolpyruvate-protein
Csac 2437 | 6.2 6.8 2.9 phosphotransferase
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(Supplementary Table 3.4 continued)

PTS system fructose-specific

Csac 2439 | 30.4 35.6 3.5 ElIBC component
PTS fructose-specific enzyme IIA
Csac_2440 | 12.7 15.4 4.6 component
transcriptional regulator of sugar
Csac 2442 3.2 metabolism
Csac 2444 | 3.2 2.8 2.7 3.0 hypothetical protein
conserved secreted protein (S-
Csac_2451 2.2 layer homology domain)
glutaconyl-CoA decarboxylase
Csac 2482 | 3.6 subunit beta
putative carbamoyl-phosphate
Csac_ 2488 3.0 synthase large chain
methyl-accepting chemotaxis
Csac_2489 3.4 | sensory transducer
Csac 2491 | 12.6 5.2 2.8 3.0 | ABC transporter permease
Csac 2493 | 6.2 3.6 4.9 | putative ABC transporter
Csac 2498 3.7 ABC transporter, ATP binding
Csac 2504 | 2.3 3.5 2.6 3.6 | xylose ABC transporter, permease
Csac 2505 2.3 xylose ABC transporter, ATPase
D-xylose ABC transporter,
Csac 2506 4.8 4.0 | substrate-binding protein
N-acetyl-beta-hexosaminidase (GH
Csac 2539 9.0 fam 20)
Csac 2549 | 2.4 hypothetical protein
Csac 2557 55.8 hypothetical protein
Csac 2561 3.1 2.5 | CTP synthase
Csac 2563 | 4.5 Appr-1-p processing
Csac 2565 3.0 NUDIX hydrolase
Csac_2603 4.8 conserved hypothetical protein
phospho-2-dehydro-3-
deoxyheptonate aldolase, subtype
Csac 2698 4.1 2
3-phosphoshikimate 1-
Csac 2700 | 4.3 6.8 carboxyvinyltransferase
Csac 2713 | 21 2.2 2.0 2.1 integrase

* Description of gene product is the result of Basic Local Alignment Search Tool (BLAST)
searches conducted using a BLOSUMG62 matrix with either the NCBI protein-protein BLAST
program (BLASTP) against the Swissprot or nr database.
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Supplementary Table 3.5: Genes up-regulated 2 fold or higher on galactose

Gal Gal Gal Gal | Gal | Gal
vs. vs. vs. vs. | vs. | vs.
Name Ara Fru Glu [ Man [ Xyl | SM | Description of gene product*
Csac_0009 2.2 hypothetical protein
Csac 0033 | 2.7 lemA protein
Csac 0093 | 6.5 hypothetical protein
Csac 0094 | 4.0 hypothetical protein
Csac 0115 2.7 hypothetical protein
Csac 0121 3.2 conserved hypothetical protein
helix-turn-helix, AraC type:Response
Csac 0124 2.1 regulator receiver
NAD-binding component of a K+
Csac0150 6.1 9.9 146 | 56 [ 10.3 | 11.0 | transport system
Csac 0151 | 2.6 4.0 3.0 putative potassium uptake protein
Csac 0180 | 2.2 hypothetical protein
ferric uptake regulation protein,
Csac 0222 | 3.5 4.3 homolog
dinitrogenase iron-molybdenum
Csac_0223 2.3 cofactor family
ribose/xylose/arabinose/galactoside
Csac 0240 4.8 3.4 4.9 ABC transporter, ATPase
ribose/xylose/arabinose/galactoside
Csac 0241 19.7 184 | 22.9 ABC transporter, permease
sugar ABC transporter, sugar-binding
Csac 0242 | 2.6 4.1 3.4 3.5 protein
ATP-binding region, ATPase-like
Csac_0346 | 3.7 protein
Csac 0361 2.7 parallel beta-helix repeat
Csac 0379 3.2 putative phosphoesterase
hypothetical protein containing a Pfs
Csac 0383 3.5 domain
monosaccharide ABC transporter
Csac 0394 2.3 ATPase
Csac 0438 | 6.9 11.0 11.3 | 7.1 [ 10.3 [ 10.3 | putative Phosphatase
Csac 0439 | 34 6.3 5.9 3.2 | 54 | 5.1 | kojibiose phosphorylase (GH fam 65)
extracellular solute-binding protein,
Csac 0440 | 32.1 33.1 35.3 | 28.8 [ 30.0 | 36.0 | family 1
Csac 0441 3.9 ABC transporter, permease
Csac 0442 | 6.4 7.6 44 | 84 | 9.5 | ABC transporter, permease
Csac 0445 | 10.0 rubrerythrin (RR) homolog
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(Supplementary Table 3.5 continued)

uncharacterized protein family

Csac 0530 | 3.3 (UPF0051)
Csac 0531 | 2.7 ATP-binding cassette transporter
Csac 0563 | 3.9 hypothetical protein
Csac 0708 2.6 cysteinyl-tRNA synthetase, class la
Csac 0730 | 3.3 aminotransferase, class IV
Csac 0756 3.5 diguanylate cyclase
putative Coenzyme A disulfide
Csac 0759 | 4.6 reductase
glucose-1-phosphate
adenylyltransferase regulatory
Csac 0782 | 7.5 4.2 subunit
Csac 0812 | 3.2 chemotaxis protein CheW
sorbitol-6-phosphate 2-
Csac_0868 2.7 dehydrogenase
Csac 0905 | 2.7 inorganic H+ pyrophosphatase
Csac 0919 3.0 stage V sporulation protein D
Csac 0956 2.3 ribosomal protein S7
Csac 0960 | 3.3 NUDIX domain
radical SAM:Molybdenum cofactor
Csac_0977 3.9 synthesis C
Csac 0992 | 8.0 11.4 11.2 | 13.1 | 12.8 | 10.1 | homoserine kinase
Csac 0993 | 5.0 5.4 5.7 5.2 | 5.2 | 5.2 | homoserine dehydrogenase
Csac 0995 | 6.6 9.6 9.3 58 | 9.6 | 9.2 | ACT domain protein pheB.
Csac 1021 | 3.9 8.1 hypothetical protein
Csac 1027 | 5.3 L-lactate dehydrogenase
cytochrome c-type biogenesis protein
Csac 1045 | 3.1 4.1 ccdA
Csac_ 1055 3.5 shikimate 5-dehydrogenase
UDP-N-
acetylenolpyruvoylglucosamine
Csac 1159 2.7 reductase
protein-export membrane protein
Csac 1193 2.4 SecD
hypoxanthine
Csac 1209 | 21 3.4 phosphoribosyltransferase
natural resistance-associated
Csac 1223 2.9 macrophage protein
preproteoin translocase, SecA
Csac_ 1325 3.1 subunit
putative response regulator receiver
Csac 1329 | 11.6 2.8 8.7 domain
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(Supplementary Table 3.5 continued)

putative response regulator
containing a CheY-like receiver

Csac_1330 | 3.0 domain
Csac 1373 3.4 4.6 glutamate racemase
galactose-1-phosphate
Csac 1510 | 7.3 14.2 10.3 | 10.5 | 10.1 uridylyltransferase
Csac 1511 | 3.2 4.9 3.2 58 | 3.9 galactokinase
Csac 1512 | 8.0 11.5 8.1 7.8 | 9.8 UDP-glucose 4-epimerase
homoserine O-acetyltransferase
Csac_1575 3.3 [2.3.1.31]
Csac 1581 | 3.5 ACT domain containing protein
Csac1665 3.3 flagellar hook-associated protein 3
Csac 1677 | 3.5 2.7 2.9 hypothetical protein
Csac 1721 2.9 conserved hypothetical protein
ferrous ion uptake protein B,
Csac 1740 | 3.6 2.7 homolog
ribosomal protein L11
Csac 1754 2.6 methyltransferase
Csac 1771 3.2 ribosomal protein L20
Csac 1811 4.0 membrane protein, putative
Csac_1818 2.5 3.0 hypothetical protein
Csac 1830 3.7 6-phosphofructokinase
conserved hypothetical extracellular
Csac 1841 2.8 protein
phosphotransferase system,
Csac 1846 | 2.4 phosphocarrier HPr homolog
Csac_1970 3.3 ATP synthase F1, beta subunit
Csac 1972 2.5 ATP synthase F1, alpha subunit
Csac_1975 2.8 ATP synthase FO, C subunit
pyridine nucleotide-disulphide
Csac 1983 | 2.4 oxidoreductase
phosphoribosylglycinamide
Csac 1993 2.1 formyltransferase
Csac 2006 | 4.2 CDP-alcohol phosphatidyltransferase
Csac 2036 52 putative transaldolase
malate dehydrogenase
Csac 2059 2.6 (oxaloacetate-decarboxylating)
putative neutral zinc
Csac 2080 | 3.4 metallopeptidase
Csac 2099 2.7 hypothetical protein
Csac 2218 3.1 transposase, mutator family
tRNA (5-methylaminomethyl-2-
Csac 2252 | 3.8 3.7 thiouridylate)-methyltransferase
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(Supplementary Table 3.5 continued)

Csac 2254 3.7 putative Cysteine desulfurase

Csac 2282 7.6 ribosomal protein L22
4Fe-4S ferredoxin, iron-sulfur binding

Csac 2306 3.8 domain

Csac 2359 2.7 2.3 | ribosomal protein S2

Csac 2368 6.3 ATP:guanido phosphotransferase
putative iron uptake-related

Csac 2429 2.5 regulatory protein
phosphoenolpyruvate-protein

Csac 2437 | 3.5 3.9 phosphotransferase
PTS system fructose-specific EIIBC

Csac 2439 | 15.6 18.3 component
PTS fructose-specific enzyme IIA

Csac 2440 | 11.5 13.9 4.1 component

Csac2491 2.4 ABC transporter permease

Csac 2498 3.7 ABC transporter, ATP binding

Csac 2505 2.7 2.3 | xylose ABC transporter, ATPase
D-xylose ABC transporter, substrate-

Csac_2506 4.4 3.7 | binding protein
N-acetyl-beta-hexosaminidase (GH

Csac_2539 8.8 fam 20)

Csac 2553 2.2 2.0 | ABC transporter, permease

Csac 2557 39.4 hypothetical protein

Csac 2565 4.3 NUDIX hydrolase

Csac 2568 2.2 glycosyltransferase (GT group 1)
quinolinate phosphoribosyl

Csac 2681 2.3 transferase

Csac 2708 | 2.7 aspartate 1-decarboxylase precursor

* Description of gene product is the result of Basic Local Alignment Search Tool (BLAST)
searches conducted using a BLOSUMG62 matrix with either the NCBI protein-protein BLAST
program (BLASTP) against the Swissprot or nr database.
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Supplementary Table 3.6: Genes up-regulated 2 fold or higher on mannose

Man | Man | Man | Man | Man | Man
vs. vs. vs. vs. vs. vs.
Name Ara Fru Gal Glu Xyl SM | Description of gene product*
DNA replication and repair protein
Csac 0003 2.3 RecF
Csac_0034 2.0 conserved hypothetical protein
Csac 0051 3.0 3.0 2.2 2.7 | hypothetical protein
Csac 0069 2.1 transposase
Csac 0072 2.7 DEXX-box ATPase
Csac0086 4.1 3.8 hypothetical protein
Csac_0090 2.1 stage V sporulation protein
Csac 0092 3.7 stage V sporulation protein AC
membrane anchored
phosphoprotein phosphatase, Stage
Csac 0117 2.4 2.5 Il sporulation protein E homolog
putative Stage Il sporulation protein
Csac_0118 2.2 2.2 22 | D
Csac 0127 2.1 sugar ABC transporter, permease
Csac 0132 2.2 2.0 | putative membrane protein
Csac 0138 2.3 VanZ like membrane protein
NAD-binding component of a K+
Csac 0150 2.6 transport system
putative conserved hypothetical
Csac 0155 2.1 protein
Csac 0160 2.5 transposase, mutator type
CAAX amino terminal protease
Csac_0162 2.2 family
Csac 0170 2.4 subtilase family
S-adenosyl-L-methionine-
Csac 0172 2.2 2.0 | dependent methyltransferases
Csac 0178 2.1 hypothetical protein
chemotaxis response regulator
containing a CheY-like receiver
domain and a CheB methylesterase
Csac 0179 2.2 domain
Csac 0196 3.7 uncharacterised ACR, COG2135
Csac 0200 2.6 hypothetical protein
thiamine biosynthesis protein ThiS,
Csac 0250 2.1 2.2 2.2 2.5 2.2 | putative
Csac_0266 2.2 hypothetical protein
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(Supplementary Table 3.6 continued)

Csac 0271 2.2 radical SAM domain protein
Csac 0277 2.1 hypothetical extracellular protein
Csac 0280 2.2 2.1 | transposase, mutator type
predicted Biotin transporter of BioY
Csac_0304 2.1 2.8 2.4 2.2 | family
Csac_0305 2.3 dethiobiotin synthetase
protein containing partially unknown
Csac 0308 2.0 2.1 function UPF0236
Csac 0312 2.1 2.0 | CRISPR-associated protein Cas6
Csac 0313 2.2 3.8 3.9 2.3 2.9 | conserved hypothetical protein
Csac 0319 2.2 CRISPR-associated protein Cas4
IstB domain protein ATP-binding
Csac_0322 2.3 protein
Csac 0324 2.2 transposase, mutator type
cytidine/deoxycytidine deaminase
Csac 0345 2.1 family protein
Csac 0353 2.6 transposase, mutator type
Csac 0382 2.3 2.3 2.5 | DNA repair photolyase
Csac 0391 3.1 2.7 response regulator receiver protein
monosaccharide ABC transporter
Csac 0393 2.1 ATPase
Csac_0409 2.1 2.2 hypothetical protein
Csac 0422 2.6 spore maturation protein B
Csac 0445 | 12.8 rubrerythrin (RR) homolog
Csac 0455 2.6 hypothetical membrane protein
Csac 0466 57 hypothetical protein
Csac_0472 2.2 hypothetical extracellular protein
IstB-like 1S21-family insertion
Csac_0474 3.0 3.0 2.5 2.7 | sequence, ATP-binding protein
Csac 0487 2.0 RAMP family protein
Csac 0497 2.4 helix-turn-helix, AraC type
Csac 0503 2.2 2.5 2.1 bacterial regulatory domain, LUuxR
Csac 0506 2.2 2.3 3.5 2.7 | ABC transporter, putative permease
Csac 0509 3.5 two-component response regulator
Csac 0514 2.2 ABC-2 type transporter
Csac_0525 2.3 uncharacterized membrane protein
Csac 0526 2.1 ABC transporter
uncharacterized protein family
Csac_0530 5.6 (UPF0051)
Csac_0533 6.3 3.6 6.1 thioredoxin reductase, homolog
putative regulatory protein, FmdB
Csac_0535 2.1 2.4 family
Csac 0536 2.1 2.1 iron permease FTR1
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(Supplementary Table 3.6 continued)

Csac 0571 2.1 3.2 2.8 2.4 2.5 | hypothetical protein
Csac_0587 2.8 hypothetical membrane protein
Csac 0597 2.8 3.0 hypothetical protein
Csac 0601 2.3 predicted permease
Csac 0610 2.2 putative transposase
Csac 0612 3.0 2.9 | putative threonine efflux protein
Csac 0642 2.4 peptidase family M48, Ste24p
Csac 0675 2.0 2.1 hypothetical protein
Csac 0680 2.2 2.5 2.1 ABC transporter, putative permease
Csac_0687 2.3 2.2 2.1 | hypothetical protein
Csac 0697 2.5 2.4 | hypothetical protein
Cl- channel, voltage-gated family
Csac 0716 2.1 2.4 2.2 2.3 | protein
Csac 0719 2.4 polysaccharide deacetylase
Csac 0730 4.0 aminotransferase, class IV
Csac 0732 2.3 hypothetical protein
thiamine biosynthesis lipoprotein
Csac 0733 2.6 ApbE
Csac 0757 2.1 putative Threonyl-tRNA synthetase
putative Coenzyme A disulfide
Csac 0759 4.4 reductase
Csac 0760 3.3 4.5 2.8 2.9 hypothetical membrane protein
anaerobic ribonucleoside-
Csac 0774 2.1 2.2 2.3 2.2 | triphosphate reductase
Csac_0777 2.0 putative membrane protein
conserved hypothetical extracellular
Csac_0788 2.4 2.3 | protein
Csac 0790 2.0 HEPN domain protein
Csac_0795 5.0 5.0 3.4 | hypothetical protein
Csac 0803 2.3 proline-tRNA ligase
Csac 0808 2.2 2.5 2.2 2.5 | putative CheW protein
Csac_0821 2.3 2.5 putative signal transduction protein
Csac 0838 2.4 putative membrane protein
Csac 0842 2.7 transposase, mutator type
Csac 0856 3.0 2.4 2.8 | hypothetical protein
acetoin/pyruvate/2-oxoglutarate
dehydrogenase complex, E1
Csac_0874 2.4 component
Csac_0885 2.2 2.5 | hypothetical protein
Csac_0900 2.1 GTP-binding protein engA
peptidase U4, sporulation factor
Csac_ 0931 4.4 3.2 SpollGA
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(Supplementary Table 3.6 continued)

Csac 0940 2.1 2.3 2.3 2.3 | hypothetical protein
glycerol-1-phosphate
Csac_0948 2.2 dehydrogenase homolog
Csac_0953 2.1 hypothetical protein
polysaccharide biosynthesis family
Csac_0963 2.3 protein
Csac 1013 2.6 integral membrane protein DUF6
cytochrome c-type biogenesis
Csac 1045 2.6 protein ccdA
Csac 1056 2.5 2.2 | GtrA-like membrane protein
Csac_1064 2.5 2.2 putative extracellular pseudopilin
helix-turn-helix, Fis-type domain
Csac_1075 2.1 2.7 protein
Csac_1081 3.0 3.0 2.3 2.5 | glycosyl transferase, family 39
Csac 1100 2.3 2.1 fucose permease
Csac 1127 2.0 2.2 2.6 2.1 2.1 | putative membrane protein
Csac 1130 2.1 2.6 3.3 2.5 | putative ABC transporter, permease
Csac_1148 2.2 2.0 hypothetical protein
superfamily | DNA and RNA
Csac_1168 2.0 helicases protein
Csac 1184 2.3 YbbR-like protein
Csac_1196 2.1 conserved hypothetical protein
Csac 1227 2.2 hypothetical protein
Csac_1240 2.3 2.0 | ABC 3 transport family
domain of unknown function DUF
Csac_1246 2.1 superfamily
von Willebrand factor, type
A:Bacterial Ig-like, group 2:Parallel
Csac 1310 2.5 beta-helix repeat
putative signal transduction histide
Csac_1328 2.3 kinase
putative response regulator receiver
Csac 1329 5.5 4.2 domain
ABC-type sugar transporter,
Csac 1358 2.1 2.6 2.3 2.3 | permease
conserved hypothetical extracellular
Csac 1384 2.3 2.6 2.5 2.5 | protein
type IV secretory pathway VirB4
Csac 1385 2.3 2.1 | components homolog
Csac_1392 2.2 2.1 hypothetical protein
Csac 1396 2.3 2.3 2.3 | conserved hypothetical protein
Csac_1400 2.4 2.1 TRAG family protein
Csac_ 1407 2.4 hypothetical protein
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(Supplementary Table 3.6 continued)

Csac 1412 2.6 hypothetical protein
Csac_1418 4.7 3.0 2.8 3.5 3.5 | extracellular hypothetical protein
septum site-determining protein
minD (Cell division inhibitor minD)
Csac_1422 2.0 2.2 2.4 | homolog
Csac_1425 3.0 3.2 2.3 2.5 | hypothetical protein
Csac 1426 2.2 extracellular hypothetical protein
sporulation initiation inhibitor protein
Csac_1427 2.6 homolog
Csac 1434 3.1 metal dependent phosphohydrolase
Csac_ 1447 2.3 conserved hypothetical protein
Csac_1451 4.1 hypothetical protein
Csac 1485 2.4 transposase, mutator type
Csac_1534 2.9 Ech hydrogenase, subunit A
Csac_1553 2.2 2.4 2.5 conserved hypothetical protein
ABC-type sugar transporter,
Csac 1558 2.3 permease
nucleotidyltransferase domain
Csac_1586 2.1 2.2 2.0 | protein
Csac 1595 2.8 2.5 | hypothetical protein
phosphate transport system
Csac 1612 3.7 permease pstA
helix-turn-helix, Fis-type domain
Csac 1614 2.1 protein
Csac_1646 2.3 hypothetical protein
Csac 1648 2.1 hypothetical protein
Csac 1674 2.0 hypothetical protein
protein-export protein SecB
Csac_1693 2.1 homolog
Csac 1727 3.9 thioredoxin
serine-type D-Ala-D-Ala
Csac 1744 2.0 carboxypeptidase
Csac_1745 2.4 2.4 glycosyl transferases group 1
Csac_1791 2.1 methyltransferase, putative
helix-turn-helix, Fis-type domain
Csac_1822 3.0 protein
serine-type D-Ala-D-Ala
Csac_1845 3.6 2.5 3.0 | carboxypeptidase
phosphotransferase system,
Csac_1846 phosphocarrier HPr homolog
Csac 1925 2.4 hypothetical membrane protein
pseudouridine synthase, RIUA
Csac 1959 2.1 family
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(Supplementary Table 3.6 continued)

Csac 1979 3.4 putative permease
pyridine nucleotide-disulphide
Csac 1983 3.8 oxidoreductase
Csac 1990 3.8 rubredoxin
dinucleotide-utilizing enzymes
involved in molybdopterin and
Csac_2011 2.1 thiamine biosynthesis family 1
putative sodium/phosphate
Csac 2032 2.3 2.7 | symporter
Csac 2047 2.1 DNA mismatch repair protein MutS
Csac 2091 3.1 3.0 protein of unknown function DUF89
Csac_2128 2.5 2.0 2.3 | hypothetical membrane protein
Csac 2132 2.1 hypothetical membrane protein
Csac 2164 2.3 hypothetical membrane protein
Csac 2167 2.3 2.9 3.8 2.9 3.0 | hypothetical protein
Csac 2168 4.9 hypothetical protein
hypothetical membrane protein,
Csac 2179 2.3 possible peptidase
Csac_2180 2.3 2.4 2.7 2.3 2.0 | hypothetical protein
Csac 2182 2.4 2.1 SAM radical superfamily protein
Csac_2205 2.2 | ribosomal protein L10 homolog
Csac 2211 2.7 homodomain like transposase
Csac_2214 2.4 lambda repressor-like, DNA-binding
Csac_2219 2.8 2.3 3.3 2.5 hypothetical protein
Csac 2220 2.0 hypothetical protein
asparagine synthase, glutamine-
Csac_ 2226 2.0 hydrolyzing
Csac_2247 2.9 conserved hypothetical protein
Csac 2289 2.2 2.2 hypothetical protein
Csac_2291 2.0 2.4 2.6 2.3 2.1 | protein from bacterioferritin family
Csac 2296 2.2 2.2 | radical SAM domain protein
protein of unknown function;
homology to AAA superfamily
ATPases, Reovirus sigma 1 protein,
Csac_2309 2.4 and coiled-coil proteins
Csac 2338 2.3 peptidase M23B subfamily protein
Csac 2339 2.1 hypothetical protein
6-phosphofructokinase,
Csac_ 2366 3.7 4.0 pyrophosphate-dependent
Csac 2368 5.4 ATP:guanido phosphotransferase
Csac 2377 2.1 2.8 3.1 2.3 2.3 | uncharacterized membrane protein
Csac_2385 3.5 hypothetical protein
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Csac_2410 3.7 glycoside hydrolase, family 10
probable ABC transporter permease
Csac_2418 4.2 2.9 (YesP)
phosphoenolpyruvate-protein
Csac 2437 3.7 4.0 phosphotransferase
PTS system fructose-specific EIIBC
Csac 2439 | 20.1 23.5 component
PTS fructose-specific enzyme IIA
Csac 2440 8.3 10.0 3.0 component
Csac_2464 4.0 nitrogen regulatory protein P-II
Csac 2465 2.1 2.6 2.1 nitrogen regulatory protein P-II
Csac 2467 2.4 urease, alpha subunit
putative branched-chain amino acid
Csac 2474 2.1 permease, LivH
Csac_2476 2.4 2.2 | nitrogen regulatory protein P-II
glutaconyl-CoA decarboxylase
Csac 2482 3.5 subunit beta
Csac 2491 4.4 ABC transporter permease
Csac 2512 2.4 protein of unknown function
ABC-type sugar transporter,
Csac_2515 2.8 permeases
sensor protein IytS (Autolysin
Csac_2517 2.1 3.3 2.7 2.8 2.7 | sensor kinase)
putative membrane protein;
Csac_2531 2.1 2.4 RBL03398
ATP-binding region, ATPase-
Csac_2533 2.3 like:Histidine kinase, HAMP region
Csac 2541 2.3 hypothetical protein
Csac 2542 2.9 2.5 | ABC transporter, permease
Csac 2554 3.7 3.8 2.7 ABC transporter, permease
Csac 2560 2.1 2.5 | hypothetical protein
Csac_2568 2.1 glycosyltransferase (GT group 1)
Csac 2599 2.1 transposase, mutator type
Csac 2600 2.1 transposase
Csac_2603 3.9 conserved hypothetical protein
Csac 2612 2.3 2.7 2.2 2.2 | conserved hypothetical protein
Csac_2626 2.0 hypothetical protein
Csac 2630 2.6 2.5 3.3 hypothetical protein
P-loop containing nucleoside
Csac 2636 2.1 2.1 2.1 2.0 | triphosphate hydrolases
Csac_2658 3.6 2.9 conserved hypothetical protein
Csac 2669 2.4 hypothetical protein
Csac 2693 2.8 2.3 transmembrane lipoprotein
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Csac 2720 2.3 2-keto-3-deoxygluconate kinase
Csac 2722 2.2 2.8 2.5 | putative membrane protein
Csac 2751 2.4 hypothetical protein

Csac 2767 2.0 alkaline phosphatase
Csac_2778 2.7 spore germination protein

* Description of gene product is the result of Basic Local Alignment Search Tool (BLAST) searches
conducted using a BLOSUM62 matrix with either the NCBI protein-protein BLAST program
(BLASTP) against the Swissprot or nr database.
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Supplementary Table 3.7: Genes up-regulated 2 fold or higher on sugar mix

SM | SM | SM | SM SM | SM
vs. | vs. | vs. | vs. vs. vs.
Name Ara | Fru | Gal | Glu | Man | Xyl | Description of gene product*
Csac 0033 | 3.5 lemA protein
CRISPR-associated protein, TM1807
Csac_0079 | 3.1 homolog
Csac_0100 3.7 ExsB homolog
S-adenosylmethionine:tRNA
Csac 0153 3.0 | ribosyltransferase-isomerase
Csac 0222 | 4.2 2.3 5.1 | ferric uptake regulation protein, homolog
Csac 0224 5.9 protein of unknown function DUF134
ribose/xylose/arabinose/galactoside ABC
Csac 0240 114 8.1 11.7 transporter, ATPase
ribose/xylose/arabinose/galactoside
Csac 0241 25.3 23.6 | 294 ABC transporter, permease
sugar ABC transporter, sugar-binding
Csac 0242 | 6.7 | 10.7 8.8 9.1 protein
Csac 0258 | 19.7 13.1 [ 18.2 | 19.2 [ 19.4 | glycosyl hydrolase homolog
Csac 0259 3.4 | glycosyl hydrolase homolog
Csac_0260 | 11.4 7.7 | 10.1 5.3 [ 10.7 | transcriptional regulator, Lacl family
homolog oligopeptide-binding protein
Csac 0261 | 24.5 1641219 | 124 | 44 | appA
homolog oligopeptide transporter
Csac 0262 | 26.5 18.2 [ 19.6 | 14.9 | 6.3 | system, permease appB
homolog oligopeptide transport system
Csac 0263 | 7.3 74 | 8.2 4.8 5.3 | permease appC
oligopeptide transport ATP-binding
Csac_0264 2.2 2.9 3.2 | protein appD
oligopeptide transport ATP-binding
Csac 0265 | 5.6 52 | 5.0 4.1 4.1 | protein appF
Csac 0266 25 | 29 2.6 | hypothetical protein
transcriptional regulator, AbrB family
Csac_0303 3.2 domain protein
Csac 0346 | 5.3 ATP-binding region, ATPase-like protein
hypothetical protein containing a Pfs
Csac 0383 3.0 domain
Csac 0419 2.9 | Sensory transduction histidine kinase
Csac 0426 2.2 | cyclomaltodextrinase (GH fam 13)
Csac_0445 | 14.2 Rubrerythrin (RR) homolog
Csac 0502 | 24 hypothetical protein
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Csac 0520 2.2 | bacterial regulatory protein, MarR
uncharacterized protein family
Csac 0530 | 6.4 (UPF0051)
Csac_0531 | 3.2 ATP-binding cassette transporter
Csac 0533 2.9 | thioredoxin reductase, homolog
Glucosamine--fructose-6-phosphate
Csac 0606 | 2.8 aminotransferase
Csac 0614 | 25 | 24 2.5 Homolog to tRNA methyltransferase
Csac 0655 2.3 | ABC transporter
Csac 0671 | 3.0 2.2 Pullulanase, type | (GH fam 13)
sugar ABC transporter substrate-binding
Csac 0692 | 34 | 56 | 34 | 2.9 7.7 3.6 | protein
Csac 0693 24 2.6 | sugar ABC transporter permease
binding-protein-dependent transport
Csac 0694 | 24 | 2.6 2.2 2.2 2.9 | systems permease
Csac 0695 32 | 28 | 2.7 3.0 | ROK family protein
Csac 0696 | 28 [ 34 | 3.5 | 34 2.5 2.4 | Endo-1,4-beta-xylanase (GH fam 10)
Csac 0721 4.0 2.7 3.9 3.0 | L-ribulokinase
Csac 0723 2.3 L-ribulose-5-phosphate-4-epimerase
Csac 0730 | 4.1 aminotransferase, class IV
4Fe-4S ferredoxin, iron-sulfur binding
Csac_0737 | 3.1 domain protein
Csac 0756 3.9 3.4 4.8 | diguanylate cyclase
Csac 0759 | 4.3 putative Coenzyme A disulfide reductase
Csac 0775 5.1 hypothetical protein
conserved hypothetical extracelluar
Csac 0776 5.6 protein containing cell wall binding repeat
Csac 0778 3.4 Glucokinase
Csac 0779 3.7 GDSL-like Lipase/Acylhydrolase
glucose-1-phosphate adenylyltransferase
Csac 0782 | 9.2 | 3.3 5.2 2.9 | regulatory subunit
Csac 0834 2.2 hypothetical protein
Csac 0836 6.5 | 3.8 4.6 | Dihydroxy-acid dehydratase
Csac 0877 56 | 124 | 8.3 10.4 L-fucose isomerase family protein
membrane protein of unknown function
Csac 0901 2.6 | (DUF205) family
Csac 0928 2.5 | protein of unknown function DUF881
Csac 0929 | 3.3 2.5 | protein of unknown function DUF1290
Csac 0936 2.5 2.7 membrane metalloprotease
putative chemotaxis response regulator
Csac 0949 | 6.8 protein-glutamate methylesterase
Csac_0960 | 5.9 NUDIX domain
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Csac 0962 | 2.7 | 24 2.2 | hypothetical protein
radical SAM:Molybdenum cofactor
Csac 0977 3.7 synthesis C
Csac 1021 4.6 hypothetical protein
Csac_1027 | 6.9 L-lactate dehydrogenase
ABC transporter, substrate-binding
Csac 1032 | 2.7 protein
Growth inhibitor, PemK family of DNA-
Csac 1043 3.4 | binding protein
Csac 1044 2.1 | hypothetical protein
Cytochrome c-type biogenesis protein
Csac 1045 | 5.3 | 3.0 3.9 2.7 7.1 | ccdA
Csac 1046 | 3.2 Thiol-disulfide oxidoreductase resA
Csac 1048 | 3.2 4.2 Helical backbone" metal receptor
Csac_1058 2.9 | notagene
Csac 1061 2.2 | Pilus retraction protein PilT
Csac 1064 | 3.3 2.9 putative extracellular pseudopilin
Methylated-DNA-(protein)-cysteine S-
Csac 1088 2.0 methyltransferase
Csac 1119 | 34 GCNS5-related N-acetyltransferase
Csac 1155 | 3.2 34 | 2.6 esterase/lipase-like protein
Csac_1156 2.3 putative membrane protein
catalytic LigB subunit of aromatic ring-
Csac_1181 2.8 | open/AMMECR1 domain homolog
pyruvate-formate lyase-activating
Csac 1182 2.4 | enzyme, homolog
bifunctional
phosphoglucose/phosphomannose
Csac 1187 3.2 isomerase
Csac 1208 2.5 tRNA(lle)-lysidine synthetase
Csac 1209 | 2.2 3.4 hypoxanthine phosphoribosyltransferase
Csac_1222 6.7 2.8 | MgtE intracellular region
natural resistance-associated
Csac 1223 2.6 macrophage protein
Csac_ 1295 2.2 CheC-like family
Serine-pyruvate aminotransferase
Csac 1303 3.5 homolog
von Willebrand factor, type A:Bacterial
Csac_1310 2.4 | lg-like, group 2:Parallel beta-helix repeat
putative response regulator receiver
Csac 1329 | 21.7 | 4.9 5.3 3.9 [ 16.4 | domain
putative response regulator containing a
Csac 1330 | 46 | 3.9 3.3 3.4 | CheY-like receiver domain
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Csac 1331 | 5.2 3.2 5.0 | 3-isopropylmalate dehydratase
3-isopropylmalate dehydrogenase, small

Csac 1332 | 7.6 8.8 | 4.3 8.1 6.6 | subunit

Csac_1333 2.3 3-isopropylmalate dehydrogenase

Csac 1451 4.7 hypothetical protein
pyruvate ferredoxin/flavodoxin

Csac 1459 2.7 oxidoreductase, delta subunit
galactose-1-phosphate

Csac 1510 | 5.6 [ 10.8 7.9 8.1 7.7 | uridylyltransferase

Csac 1512 | 8.0 [ 114 8.0 7.8 9.7 | UDP-glucose 4-epimerase

Csac_1538 3.0 Ech hydrogenase, subunit EchE
hydrogenase expression/formation

Csac 1543 5.4 2.1 | protein (HupF/HypC)
hydrogenase expression/formation

Csac_1545 2.6 protein HypE

Csac 1547 3.1 hypothetical protein
Malonyl CoA-acyl carrier protein

Csac 1604 3.5 transacylase
D-methionine transport system

Csac 1617 2.9 permease metl

Csac_1665 2.3 flagellar hook-associated protein 3

Csac 1676 3.0 | hypothetical protein

Csac 1677 | 51 | 4.0 2.3 4.3 | hypothetical protein

Csac 1698 | 3.3 putative flagellar protein FlaG

Csac 1701 | 4.2 conserved hypothetical protein

Csac_1724 2.5 Integral membrane protein (DUF6) family

Csac 1727 | 7.3 3.2 | 2.3 thioredoxin

Csac 1740 | 4.3 3.2 | ferrous ion uptake protein B, homolog
heat-inducible transcription repressor

Csac 1750 2.7 hrcA

Csac 1811 2.7 membrane protein, putative

Csac 1830 2.7 6-phosphofructokinase

Csac_1832 3.0 Thioesterase superfamily protein
conserved hypothetical extracellular

Csac_1841 2.0 protein
Phosphotransferase system,

Csac 1846 | 4.3 phosphocarrier HPr homolog
conserved hypothetical membrane

Csac_1909 3.1 protein (YGGT-domain)

Csac 1950 3.9 Phosphopyruvate hydratase
probable Frame -shift phosphoglycerate
mutase, 2,3-bisphosphoglycerate-

Csac_1951 4.5 independent (gpmA)
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(Supplementary Table 3.7 continued)

glyceraldehyde-3-phosphate
Csac_1953 3.3 dehydrogenase, type |
Csac 1970 3.7 ATP synthase F1, beta subunit
Csac_1972 3.2 ATP synthase F1, alpha subunit
Csac 1975 4.9 ATP synthase FO, C subunit
Csac 1976 | 2.7 4.3 ATP synthase FO, A subunit
Csac 1977 | 2.2 hypothetical protein
Pyridine nucleotide-disulphide
Csac 1983 | 49 [ 21 | 2.0 oxidoreductase
Csac 1990 | 3.2 Rubredoxin
Csac 2006 | 5.6 CDP-alcohol phosphatidyltransferase
Csac 2007 | 3.0 4.6 2.6 | Single-strand binding protein homolog
Csac 2008 | 4.6 hypothetical extracellular protein
Csac 2036 7.4 putative transaldolase
Csac 2080 | 4.2 putative neutral zinc metallopeptidase
Csac 2098 4.1 Replicative DNA helicase
Csac 2099 3.1 hypothetical protein
Csac 2101 6.3 hypothetical protein
Csac 2109 | 3.5 CoA binding domain
Csac 2110 | 2.5 2.8 hypothetical protein
Csac 2125 | 3.5 | 3.1 2.8 | hypothetical membrane protein
CDP-diacylglycerol--glycerol-3-
Csac 2140 2.5 phosphate 3-phosphatidyltransferase
Csac 2201 2.5 ATP-binding/permease protein
Csac 2213 2.5 secreted protein, putative
Csac 2229 | 2.9 ornithine carbamoyltransferase
Csac 2245 | 2.8 2.7 2.3 2.1 | conserved hypothetical protein
Csac 2246 | 3.6 28 | 3.0 3.0 | ABC transporter domain (ATPase)
Csac 2247 | 3.8 4.7 3.5 2.6 | conserved hypothetical protein
Csac 2249 | 44 3.6 pyruvate synthase gamma-delta subunit
tRNA (5-methylaminomethyl-2-
Csac 2252 | 3.0 2.2 | thiouridylate)-methyltransferase
Csac 2282 3.6 ribosomal protein L22
integral membrane sensor signal
Csac 2293 | 3.5 2.4 2.4 | transduction histidine kinase
natural resistance-associated
Csac 2300 | 4.9 3.1 macrophage protein
Csac 2304 2.9 2.2 | SirA-like protein
protein of unknown function (DUF156)
Csac_2305 3.9 6.0 | family
4Fe-4S ferredoxin, iron-sulfur binding
Csac 2306 6.5 | domain
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(Supplementary Table 3.7 continued)

Csac 2324 4.0 ABC transport system, ATPase
UDP-N-acetylmuramoylalanyl-D-
Csac 2328 | 2.2 | 2.7 2.4 | glutamate-2,6-diaminopimelate ligase
Membrane-associated PDZ-domain
Csac 2352 2.1 protease, putative zinc metalloprotease
Csac 2367 3.1 | hypothetical protein
Csac 2368 7.6 | ATP:guanido phosphotransferase
Csac 2410 2.7 Glycoside hydrolase, family 10
Csac_ 2416 6.9 | 3.6 hypothetical protein
putative multiple sugar transporter,
Csac 2417 2.0 permease
probable ABC transporter permease
Csac 2418 | 3.3 79 | 5.5 (YesP)
similar to ABC-type sugar transporter,
Csac 2419 | 2.7 | 28 | 43 | 3.7 3.9 sugar-binding protein
putative iron uptake-related regulatory
Csac_2429 2.8 protein
Csac 2430 | 3.3 3.1 rubrerythrin
Phosphoenolpyruvate-protein
Csac 2437 | 6.2 6.9 3.0 | phosphotransferase
Csac 2438 3.4 Phosphocarrier protein Hpr
PTS system fructose-specific EIIBC
Csac_2439 | 21.4 251 2.4 | component
PTS fructose-specific enzyme IIA
Csac_2440 | 9.9 12.0 3.6 | component
transcriptional regulator of sugar
Csac 2442 2.3 metabolism
conserved secreted protein (S-layer
Csac_2451 3.2 homology domain)
Csac 2491 | 4.2 ABC transporter permease
N-acetyl-beta-hexosaminidase (GH fam
Csac_2539 6.2 20)
Csac 2557 39.2 hypothetical protein
Csac 2565 2.6 NUDIX hydrolase
Csac 2568 2.1 glycosyltransferase (GT group 1)
Csac 2603 4.7 conserved hypothetical protein
Csac 2616 3.5 apolipoprotein/ t-snare protein domains
Csac 2625 2.1 | type lll antifreeze protein, AFP Il|
Csac 2659 | 4.8 | 3.9 3.5 conserved hypothetical protein
Csac 2660 | 3.8 conserved hypothetical protein
Csac 2682 2.1 | ABC transporter, ATPase
Csac 2683 | 34 cobalt transport protein
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Phospho-2-dehydro-3-deoxyheptonate
Csac_2698 5.7 aldolase, subtype 2
Csac 2699 6.1 Prephenate dehydrogenase
3-phosphoshikimate 1-
Csac 2700 4.2 carboxyvinyltransferase
Csac 2708 | 4.0 2.3 Aspartate 1-decarboxylase precursor
Csac 2712 | 3.2 Ferritin-like protein
Csac 2716 3.2 transposase
Csac_ 2747 2.4 hypothetical protein
Csac 2758 | 2.5 2.3 | hypothetical protein
Csac_2770 | 3.3 2.7 3.0 | glucose-inhibited division protein A
Csac2771 2.1 | tRNA modification GTPase TrmE

* Description of gene product is the result of Basic Local Alignment Search Tool (BLAST)
searches conducted using a BLOSUMG62 matrix with either the NCBI protein-protein BLAST

program (BLASTP) against the Swissprot or nr database.
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APPENDIX B: SUPPLEMENTARY FIGURES
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Supplementary Figure 3.1: Loop design used for the study of monosaccharide utilization
with a single sugar and mixture of all six sugars by C. saccharolyticus. The arrowheads
correspond to the labeling of the cDNA with Cy5 dye and the dotted arrow ends correspond

to the labeling with Cy3 dye. The sugar mixture is an equal amount of the six

monosaccharides together.

Supplementary Figure 3.2: Loop design used for the study of model substrates by C.
saccharolyticus. The arrowheads correspond to the labeling of the cDNA with Cy5 dye and
the dotted arrow ends correspond to the labeling with Cy3 dye.
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xyloglucan; XGO, xylogluco-oligosaccharides.
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ABSTRACT
The extreme thermophile Caldicellulosiruptor saccharolyticus was grown at 70°C on glucose
(ta =90 min), xylose (t4 =90 min), xyloglucosaccharides (t; =90 min), switchgrass (t; =230
min), and poplar (ty =120 min) to determine the contributions of specific glycoside
hydrolases and metabolic pathways to plant biomass deconstruction by this bacterium.
Growth on monosaccharides compared to the plant biomasses induced many genes related
to translational processes, likely reflecting differences in growth rates between simple and
complex carbohydrates. In contrast, genes encoding proteins involved in carbohydrate
transport and processing were highly represented in the transcriptional response to plant
biomass. In particular, two GH-containing loci (Csac_1076-Csac_1080 and Csac_2404-
Csac_2411) appeared to be key to the growth of C. saccharolyticus on complex
carbohydrates. Csac_2404-Csac_2411 encodes intracellular and extracellular GH10
glycoside hydrolases that were found to not only breakdown xylan and xylan side-chains,
but also hydrolyze carboxymethyl cellulose (CMC). Csac_1076-Csac_1080 encodes several
multi-domain, extracellular glycoside hydrolases (GH). Within this locus is CelB
(Csac_1078), a 118 kDa enzyme so far unique to C. saccharolyticus, which contains both
GH10 and GH 5 domains separated by a family 3 carbohydrate-binding module (CBM). The
version of CelB encoded in the C. saccharolyticus genome (amino acid sequence somewhat
different than the one originally reported by Saul et al., Appl Environ Microbiol 56:3117-24)
hydrolyzed xylan and CMC, as well as barley B-glucan, glucomannan and arabinoxylan.
CelB transcripts were among the most highly transcribed (top 10%) in C. saccharolyticus
during growth on switchgrass and poplar. Based on its genome, transcriptome, and

biochemical characteristics of specific GHs, C. saccharolyticus holds promise for
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consolidated bioprocessing for biofuels production.

INTRODUCTION

The use of lignocellulosic biomass, in the form of agricultural residues (e.g., wheat
straw, sugarcane bagasse, corn stover), forest products (hardwoods, softwoods), and
dedicated crops (switchgrass, salix) (17), as substrate for biofuels is predicated on the
chemical/biological conversion of the carbohydrate component to fermentable sugars (23).
Most focus to date has been on switchgrass and poplar for several reasons. Switchgrass, a
perennial herbaceous crop, grows to high yields from seed, and adapts well to poor soils
and marginal cropland (4). Poplar grows rapidly at high density over a wide range of
temperatures as a short-rotation woody crop, and has a fully sequenced genome (39).
Cellulose and hemicellulose comprise ~55% of switchgrass and ~70% of poplar (15). For
the conversion of biomass to fuel, the cellulose and hemicellulose must be broken down into
simple sugars for fermentation.

Microorganisms that are capable of deconstructing untreated or minimally treated
biomasses and subsequently producing biofuels, such as ethanol and H, (referred to as
consolidated bioprocessing (24)), are highly desirable (25, 47, 49). Caldicellulosiruptor
saccharolyticus, a candidate for consolidated bioprocessing, is a gram-positive, anaerobic
bacterium that grows optimally at 70°C on a wide variety of biomass-related carbohydrates,
including cellulose, hemicellulose, starch, pectin, hexoses and pentoses (35). Previous
studies indicated that both hexoses and pentoses are transported into the cell and co-
fermented to hydrogen at a high rate by this organism, an unusual, but attractive, microbial

characteristic for bioenergy production (6, 14, 41, 43). The genome of C. saccharolyticus
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encodes a wide variety of glycoside hydrolases that hydrolyze carbohydrate growth
substrates and to facilitate their conversion to biohydrogen (42). A peculiar aspect of C.
saccharolyticus is the multi-domain architecture, characteristic of several of its B-glycanases
(Figure 4.1). These domains represent more than 31 glycoside hydrolase families and are
interspersed with carbohydrate binding motifs. Having multiple but distinct catalytic
capacities creates the possibility of novel enzymatic properties, including mobility of an
intermediate between two active sites and synergism between active sites (15).

Here, the transcriptome of C. saccharolyticus growing on poplar and switchgrass
was examined to identify physiological and biochemical strategies used by this bacterium for
the deconstruction of lignocellulosic biomass. Two key operons encoding several glycoside
hydrolases were examined for their central role in C. saccharolyticus growth on switchgrass
and poplar. Biochemical and biophysical analysis of recombinant forms of several glycoside
hydrolases (GHs) from these operons was pursued to provide insights into the growth

physiology underlying consolidated bioprocessing.

MATERIALS AND METHODS
Growth of C. saccharolyticus. C. saccharolyticus DSM 8903 (also, ATCC 43494)
was acclimated to the substrate of interest in modified DSMZ 640 medium by passing it
seven times in serum bottles shaken at 100 rpm under anaerobic conditions (N, headspace)
on the substrate of interest, before inoculating a 400 mL screw top, batch culture at 70°C,
also shaken at 100 rpm. Growth was followed for 18 hours on the monosaccharides and
oligosaccharides tested and up to 36 hours on poplar and switchgrass. The following growth

substrates with the indicated sources were used: b-glucose, and p-xylose, both from Sigma-
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Aldrich (St. Louis, MO); poplar (sieved, -80 mesh fraction; kindly provided by Vincent L.
Chiang, Department of Forestry, North Carolina State University), and switchgrass (sieved -
20/+80 mesh fraction, dilute acid pretreatment, kindly provided by the National Renewable
Energy Laboratory, Golden, CO). Growth medium was supplemented with 0.5 g
monosaccharide, 1.0 g poplar or 4.0 g switchgrass per liter. Cultures were harvested during
exponential phase growth by rapidly chilling and then centrifugation at 5,000 x g, before

storage at -80°C.

Epifluorescence microscopy. Cells were visualized by fixing culture samples with
gluturaldehyde (Sigma-Aldrich, 0.25% final concentration) for 5 minutes and then staining
small aliquots of cells (~10uL) in 5mLs of 0.05% acridine orange (Sigma-Aldrich). The
stained cells were filtered onto 0.22 micron polycarbonate filter membranes (GE Water and
Process Technologies, Trevose, PA). An epiflucorescence microscope (Nikon) with
appropriate filter set (Omega Optical, Brattleboro, VT) that was fitted with a Spot system
digital camera (Diagnostic Instruments Inc., Sterling Heights, MI) was used to capture

images.

C. saccharolyticus oligonucleotide microarray construction and transcriptional
response analysis. A spotted whole-genome C. saccharolyticus microarray was
constructed based on at least 2679 open reading frames (ORFs), as described previously
(41). Total RNA was extracted using a protocol described previously, with the additional step
of sonicating the cells after re-suspension in TRIzol reagent (Invitrogen, San Diego, CA)

(41). Once isolated, the RNA was reverse transcribed (Superscript I, Invitrogen; random
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primers, Invitrogen; 5-(3-aminoallyl)-2’-deoxyuridine-5’-triphosphate, Ambion, Austin, TX),
labeled with either Cy3 or Cy5 dye (GE Life Sciences, Piscataway, NJ), and then hybridized
to Corning Ultra-Gap Il slides (Corning, Acton, MA). Samples were hybridized according to a
four slide loop experimental design (Supplementary Figure 4.1). Slides were scanned using
a ScanArray Lite microarray scanner (Perkin Elmer, Waltham, MA); raw signal intensities
were quantitated using ScanArray Express (v2.1.8, Perkin-Elmer). Normalization of data and
statistical analysis were performed with JMP Genomics 3.0 (SAS, Cary, NC), as described
previously (33), using a mixed-effects analysis of variance model (45). ORFs that were
differentially transcribed 2-fold or more and met the Bonferroni statistical criterion were

considered to be up- or down-regulated (45).

Microarray accession numbers. The microarray platform used in this study is
available in the Gene Expression Omnibus database (http://www.ncbi.nlm.nih.gov/geo/)
under accession number GPL6681. The raw data along with the final log, fold changes have

been deposited in the same database under accession number GSE18856.

Cloning, expression and purification of the GH genes in Escherichia coli. The
glycoside hydrolase genes were amplified by PCR from genomic DNA by using primers
found in supplementary table 1 and PCR. The PCR primers were designed so that any
nucleotide sequences encoding presumed signal peptides were no incorporated into the
products. The PCR fragments was inserted into the pET28b (Novagen, Madison, WI),
respectively, for expression with N-terminal 6X-His tags using the noted restriction

endonucleases (Supplementary Table 1). The protein was expressed in Rosetta (DE3)
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(Novagen). Expression was induced at an ODgg ~ 0.8 with 1 mM isopropyl-1-thio-3-D-
galactopyranoside (Csac_2410, Csac_2411-N_term, Csac_2411-C_term or Csac_1078) or
40 mM o-lactose (Csac_2409); cells were harvested 4 hours after induction (37 °C). The cell
pellet was re-suspended in 30 mL of 50 mM sodium phosphate pH 8.0, 300 mM NaCl. Cells
were lysed by sonication, and heat treated at 70 °C for 20 to 45 minutes to precipitate the
bulk of E. coli proteins. The proteins was further purified using a HiTrap HP column (GE Life
Sciences, Piscataway, NJ) and then, just for the Csac_1078 whole, a Superdex-75 (GE
Healthcare) gel filtration column (XK 16 column; bed volume, 190mL) was used. Protein
concentrations were determined using the Biorad protein assay (Biorad, Hercules, CA) with

bovine serum albumin as standard.

Biochemical characterization of GHs. For all experiments, samples were run in
triplicate. All samples and substrates were incubated at the temperature of interest for at
least 2 minutes before mixing. GH activity was determined by measuring the amounts of
reducing sugars released from the substrates using the dinitrosalicyclic acid (DNS) reagent
method (16). One unit of enzyme activity was defined as the release of 1 mg of product/min
from the substrate under the assay conditions. Specific activity was reported as Units per
pMmol protein.

Csac_2400's GH activity. In the assay to determine activity of enzyme of the
xylanase cluster, activities were done at the 70°C. Activities toward substrates birchwood
xylan (Sigma-Aldrich), wheat arabinoxylan (Megazyme, Wicklow, Ireland) and rye
arabinoxylan (Megazyme) were determined with 0.5% (w/v) substrate. For assays using

ortho-nitrophenyl  B-D-xylopyranoside (oNPX, Sigma-Aldrich), para-nitrophenyl D-
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xylopyranoside (PNPX, Sigma-Aldrich) and para-nitrophenyl a-L-arabinofuranoside
(pNPara, Sigma-Aldrich), 2mM of the substrate in 50 mM sodium acetate buffer (pH 5.0)
was used. Release of nitrophenyl was measured at 405 nm using a HTS 7000 Plus Bio
Assay Reader (Perkin Elmer).

pH and temperature optima. To determine the optimum pH and temperature of
Csac_1078, the purified recombinant Csac_1078 was incubated with 1% (w/v) birchwood
xylan (Sigma-Aldrich) or with 0.5% CMC (Sigma-Aldrich) in 50 mM sodium acetate buffer
(pH 4 to 6) or sodium phosphate buffer (pH 6-8) in a final reaction volume of 60 uL. After
incubation for 30 min (xylans) or 60 min (glucans) at the respective reaction temperature,
the activity was measured.

Csac_1078 substrate specificity. Activity on barley B—glucan (Megazyme), carboxy
methyl cellulose (CMC, Sigma-Aldrich), konjac glucomannan (Megazyme), birchwood xylan,
oat spelt xylan (Sigma-Aldrich) and wheat arabinoxylan was determined at optimal
temperatures and pH. Both glucanase and xylanase activity was measured using 0.5% (w/v)
substrate. The reaction mixture of polysaccharide and enzyme was incubated for 30 min.

Enzyme thermoinactivation. The recombinant enzyme Csac_1078 was incubated in
0.05 M sodium phosphate buffer (pH 6.0) for 24 hours. Residual activity on birchwood xylan
and CMC was determined for the conditions described above, except the reaction mixture
volume was 10 mL.

Effects of various metal ions. To examine the effect of cations on Csac_1078 activity,
the purified enzyme was treated with EDTA by first being dialyzed overnight at 4 °C against
1 L of 50 mM MOPS (pH7.0) containing 10 mM EDTA. It was then dialyzed twice against 50

mM MOPS (pH 7.0) containing 2 mM EDTA, and finally dialyzed twice again 50 mM MOPS
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(pH 7.0). The apo-enzyme was mixed with appropriate metal salts at the final concentration

of 1 mM. Xylanase and CMCase activity was measured at the optimal conditions.

RESULTS

Biomass transcriptomes. C. saccharolyticus was grown separately on switchgrass
and poplar and the resulting transcriptomes were compared to growth on glucose and
xylose. C. saccharolyticus exhibited significant growth on switchgrass, poplar, as well as on
the monosaccharides, in each case reaching cell densities of ~10® cells/mL. Growth rates
varied from ty = 90 min on glucose and xylose, to t; = 120 min on switchgrass to ty = 230 min
on poplar. Comparison with fluorescence microscopy revealed that C. saccharolyticus cells
will attach to switchgrass during growth (Figure 4.2).

Total RNA was extracted from cells (early- to mid-log phase) grown on the
lignocellulosic biomass substrates and the associated transcriptomes were compared to
glucose and xylose (Supplementary Tables 2-5). Table 4.1 summarizes the number of ORFs
differentially transcribed 2-fold or more for these experiments. A high proportion of ORFs
responding to growth on biomass are annotated as “hypothetical proteins”. For the
monosaccharides, genes with centrally important functions, translation (COG J),
carbohydrate transport and metabolism (COG G), and amino acid transport and metabolism
(COG E), were differentially transcribed compared to growth on biomasses. The high
representation of the category J, (ribosomal proteins), especially in and near the S10 and
spectinomycin operon (Csac_2268-Csac-2287) (27), is likely related to the much slower
doubling times for growth on the biomasses. The response to xylose involved many genes

related to energy production and conversion, particularly the pyruvate oxidoreductase
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operon (porDGAB, Csac_1458-Csac_1461) and the ATP synthase operon (Csac_1969-
Csac_1976). The glucose response included transcription (COG K) and replication,
recombination and repair (COG L) genes, such as the chromosomal replication initiator
protein (Csac_0001), the DNA primase (Csac_0882) and the a and B subunits of DNA-
directed RNA polymerase (Csac_2259, Csac_0951). Comparing the biomass to the
monosaccharide response, most genes fall into the category G, which includes

carbohydrate transporters and glycoside hydrolases.

Carbohydrate utilization. Many carbohydrate transporters responded to growth on
biomass. CUT1 transporters Csac_0679-Csac_0682, Csac_1557-Csac_1559, Csac 2412-
Csac_2414 and Csac_2417-Csac_2419 all responded to biomass, consistent with their
annotation as xyloglucan or xylooligosaccharide transporters (43). CUT2 transporters
components (Csac_0238/Csac_0240-Csac_0242 and Csac_2504-Csac_2506) responded
to one of the monosaccharide and at least one of the biomasses. For example, the
substrate binding protein encoded in Csac_0242 responded to xylose compared to glucose,
switchgrass and poplar, and on switchgrass compared to glucose.

Genes encoding GHs are widely distributed throughout the C. saccharolyticus
genome (41, 43). Table 4.2 lists polysaccharide-degrading enzymes in C. saccharolyticus
associated with the degradation of glycosides containing p-glucan, p-xylan and p-mannan
linkages. Many of the endo-acting GHs are either membrane-associated or exported to the
secretome, although some are resident in the cytoplasm presumably to breakdown
oligosaccharides transported into the cell. Most of these endo-acting enzymes have

domains belonging to GH5 (Csac 0137, Csac 0678, Csac 1077, Csac_ 1078 and
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Csac_1080) and/or GH10 (Csac 0204, Csac 0696, Csac 1078, Csac 2405 and
Csac_2408). Note that the GH5 family includes endoglucanases, f-mannanases, exo-1,3-
glucanases, endo-1,6-glucanases, xylanases and endoglycoceramidases, while GH10 is
comprised of xylanases, endo-1,3-B-xylanases, and cellobiohydrolases.

Two GH-based loci found within the C. saccharolyticus genome appear to be critical
for lignocellulosic biomass degradation (Figure 4.3A). The first locus of interest (Csac_2404-
Csac_2411) encodes enzymes involved in xylan degradation, found on the negative strand.
XylA (Csac_2408) is both an endoxylanase and B-xylosidase, while XyIB (Csac_2404) has
B-xylosidase activity only (19, 22). XylC (Csac_2407) is an acetyl esterase, based on its
activity on a-naphthyl acetate (22). XylE (Csac_2410) and XylF (Csac_2411) are the multi-
domain, extracellular enzymes containing GH10 and GH43 family domains (2). The second
is the cellulase-hemicellulase gene cluster (Csac_1076-Csac_1080). The enzymes encoded
in this locus, CelA (Csac_1076), ManA (Csac_1077), CelB (Csac_1078), CelC (Csac_1079)
and ManB (Csac_1080), hydrolyze CMC, MUC and mannan (10, 28, 38, 40). All are
extracellular, with the exception of the single domain ManB, which may originally have been
part of CelC (28). Proteomics analysis of the C. saccharolyticus secretome from growth on
cellobiose showed that Csac_1076 through Csac_1079 were present, indicating that these
cellulases and hemicellulases are induced in the presence of simple carbohydrates (Lewis
and Kelly, unpublished data). Since C. saccarolyticus lacks a cellulosome, these two loci in
C. saccharolyticus appear to be key to the breakdown of cellulose and hemicellulose.

The transcription levels (Isms) of genes in the polysaccharide-degrading locus
(Csac_1076-1080) on the different substrates tested is shown in Figure 4.4. The normalized

transcription levels for the endoglucanases (GH5, GH9, GH16, GH44, GH48 and GH74) on
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the plant biomass were such that Csac_1078 > Csac_1077/Csac_1079 > Csac_1085 >
Csac_1076 > Csac_2548, although only Csac_1077 and Csac_1079 were differentially
transcribed (2-fold or more) compared to glucose and xylose. The B-xylan-degrading
enzymes (GH10 and GH39), Csac_0696, Csac_2404-Csac_2405, Csac_2408-Csac_2410,
were all differentially transcribed for one of the biomass-monosaccharide contrasts.
However, transcription levels for Csac_1078 were higher than any gene with a GH10 or
GH39 domain in the C. saccharolyticus genome. ManB (Csac_1080) was differentially
transcribed on both complex biomasses relative to both monosaccharides, while ManA
(Csac_1077) was only up-regulated on switchgrass. Also noted was that -mannosidase
(Csac_0129) was highly transcribed on both biomass and monosacchrides.

The side chain-acting GHs did not respond significantly to the substrates tested.
Although the pectin-degrading enzymes were not responsive to growth substrates, the
pectinases encoded in Csac_1105 and Csac_1560 were consistently transcribed at very

high values (Ism > 2.5) under all conditions.

Growth on model hemicellulose components. The removal or degradation of
hemicellulose components from biomasses, either through chemical and/or biochemical
treatment, is critical for biofuel production (29, 46). Hemicellulose (xylans, xyloglucans and
glucomannans) makes up ~20% of lignocellulose (7, 23, 37). C. saccharolytics was grown
on xylan (oat spelt), xyloglucan (extracted from de-oiled tamarind kernel powder) and
xylogluco-oligosaccharides (1) to facilitate transcriptional response comparisons to growth
on glucose and xylose (GSE17436) (43). Final cell densities and growth rates with the

hemicellulose substrates were comparable to the monosaccharides.
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The cellulase-hemicellulase locus Csac_1076-Csac_1080 was up-regulated on xylan
and xyloglucan compared to growth on one or both monosaccharides (Figure 4.4).
Csac_1076-Csac_1078 was also up-regulated on the hemicellulose polysaccharides
compared to xyloglucanoligosaccharide. Csac_1080 was very highly transcribed (Ism = 3.0)
on both xylan and xyloglucan. In contrast, the xylanases in Csac_2404-Csac_2405 and
Csac_2408-Csac_2411 did not respond to xylan or xyloglucans and were transcribed at low
levels, in general. Growth on xyloglucooligosaccharides triggered transcription of
Csac_2404 and Csac_2409 compared to xyloglucan, suggesting the transcription of these
gene may be initiated by oligosaccharides.

Other biomass-degrading GHs responded to xyloglucans. Csac_1085, an
endoglucanase, was up-regulated on xyloglucan compared to the monosaccharides, and on
both xyloglucan oligosaccharides and xylan compared to glucose. Again the transcription
levels for two of the genes, Csac_1105 and Csac_1560, were extremely high (Ism > 2.5)
under all conditions. In addition, pectinases (Csac_0360, Csac_1105 and Csac_1560) were
up-regulated on xyloglucan compared to the monosaccharides and oligosaccharide. Pectin
is associated with the cellulose-xyloglucan component in plant cell walls and so the
pectinases could function to help remove pectin to allow endoglucanases better access to

embedded xylogluan and cellulose (26).

C. saccharolyticus xylanase locus (Csac_2404-2411). The gene locus
Csac_2404-Csac_2411 encodes most of the identifiable xylan-degrading enzymes found in
C. saccharolyticus. Previous studies found that Csac_2404 (XynB) acts as a B-xylosidase,

while Csac_2408 (XynA) is active on xylan and oNPX and, to some extent, on CMC.
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Biochemical characterization of recombinant Csac_2410 (GH10) found it to be similar to
Csac_2408, which also is in the GH10 family. Csac_2409 (GH39) was active on xylan and
OoNPX. Bergquist et al. proposed XynF (Csac2411) to be the result of gene fusion: two
domains comprising an arabinofuranosidase (GH43 and CBMZ22) and two domains
comprising a xylanase (GH43 and CBM6) (2). Csac_2411 was cloned in two pieces with the
N-terminus (N_term, GH43 and CBM22) and the C-terminus (C_term, GH43 and CBM®6);
cloning the whole gene proved unsuccessful. No activity was detected on xylan, although
both of the separate domains showed activity on pNPara and arabinoxylan (wheat and rye);
Csac_2411-C_term was 5-fold more active than Csac _2411-N_term. This result is not
surprising since the two GH43 domains only have a low similarity (identity = 26%) to each

other on the amino acid level.

C. saccharolyticus CelB (Csac_1078). The -cellulase-hemicellulase locus of
Csac_1076-Csac_1080 is found only in Caldicellulosiruptor species: C. saccharolyticus and
C. bescii (formly Anaerocellum thermophilum (48)). One differentiating feature between C.
bescii and C. saccharolyticus is the multi-domain GH encoded in Csac_1078, referred to as
CelB. Csac_1078 was highly transcribed on switchgrass and poplar, and showed large fold
changes on the model hemicellulose substrates compared to the monosaccharides. In
comparing Csac_1078 to the sequence originally reported for this enzyme (38), some
differences were noted (Figure 4.4) The Pro-Thr boxes, which function as hinge regions
connecting catalytic and non-catalytic domains, is elongated in Csac_1078. These regions
presumably confer conformational flexibility and differences in these proline-rich segments

may reflect structural tuning to optimize domain movement in enzyme catalysis (5, 34).
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Recombinant CelB (Csac_1078) was optimally active on birchwood xylan and CMC
at pH 6.0. However, temperature optima for CMCase (95°C) and the xylanase (80°C)
activity were different. CelA from C. bescii (Athe_1867) also had different optimal
temperatures for Avicelase activity (85°C) and CMC hydrolysis (95-100°C) (51). The
reasons for the variation in thermostability between the two GH domains are unclear but
could be related to lateral gene transfer events from different sources with dissimilar
thermophilicity.

Thermal stability studies where done at 70°C, the optimal growth temperature of the
organism. A half-life of 29 hours (kq =0.02 hr") at 70°C for CelB against CMC was previously
reported by Saul et al. (38). Here, CMCase inactivation was biophasic, with the initial phase
of inactivation, kq;, of 2.00 hr, followed by a second phase with a kg, of 0.03 hr'. CelB
xylanase inactivation also was biphasic (kqq of 1.18 hr' and kg of 0.30 hr'1). A number of
metal ions (Fe*", Cu*, Mn?*, Ca®*, Zn?*, Ba**, Mg®* and K*), each at 1 mM, were tested for
their effect on hydrolysis activity. Only Cu®*, which reduced CMCase activity to 40% and the
xylanase activity to 76%, impacted enzyme function to any significant extent, which is not
surprising since this cation is known to adversely impact endoglucanases and xylanases (3,
8, 32, 50).

The specific activity of recombinant CelB enzyme was determined for a number of
polysaccharide substrates that differ in their backbone composition, types of glycosidic
linkages and side chain residues (Table 4.3). The activities were determined at both the
optimal temperature for xylanase activity (80°C) and CMCase activity (95°C). CelB was
active towards CMC and barley B-glucan and to various xylans was also seen using xylan

(birchwood and oat spelt) and wheat arabinoxylan. However, no activity was detected on
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xyloglucan, galactomannan, mannan or towards the microcrystalline cellulose substrate

Avicel (30 min reaction time).

Activity comparison to separated domains. The individual catalytic domains found
in Csac_1078 (Csac_1078-GH10 and Csac_1078-GH5) were compared to that of the whole
enzyme Csac_1078. The optimal temperature for Csac_1078-GH10 was tested in 50 mM
sodium phosphate (pH 6.0) and found to be the same as the intact enzyme (80°C) on
birchwood xylan. However, the optimal temperature for Csac_1078-GH5 was lower (85°C)
on CMC compared to full length CelB 95°C); this result is consistent with previous reports
(38). The relative rates of hydrolysis on CMC and birchwood xylan at optimal conditions for
full length CelB was higher than for the separate domains (Table 4.4). It was interesting that
the separate domains had both endoglucanase and xylanase activities, although at reduced

levels compared to CelB.

DISCUSSION

In order to understand how C. saccharolyticus utilizes complex lignocellulosic
substrates, the transcriptome of the organism growing on poplar and switchgrass was
compared to the monosaccharides glucose and xylose. Results showed that ~20% of all the
GHs responded two-fold or more for the plant biomass vs. monosaccharide contrasts,
including several ORFs in Csac_1076-Csac_1080 and Csac_2404-Csac_2411 loci.

In examining other Caldicellulosiruptor species, the Csac_2404-Csac_2411 region
is conserved completely in C. owensensis and lacks only XynB in C. bescii. As mentioned

earlier, the cellulase-hemicellulase locus is unique to the Caldicellulosiruptor species,
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although not all the components are found in all species. CelB protein appears unique to C.
saccharolyticus, with no orthologs found in C. bescii, C. lactoaceticus, C. hydrothermalis C.
owensensis. C. kristjanssonii or C. kronotskyensis (Blumer-Schuette and Kelly, unpublished
data). The only other multi-domain enzyme with both GH10 and GH5 domains is the CelB
version from Caldicellulosiruptor sp. Tok7B.1 (9), although this enzyme contains not one but
three CBM_3 domains between the catalytic components.

Biochemical analysis of the xylanase cluster (Csac 2404-Csac_2411) enzymes
noted the xylanases also exhibited CMCase activity. The GH10 family enzyme Csac_2410,
as was reported for Csac_2408, slightly degraded CMC (20). Other GH10 family enzymes
have been found to hydrolyze para-nitrophenyl B-D-cellobioside, but not all demonstrate the
non-specific endoglucanase activity (CMCase) (31). Csac_ 2409 (GH39) had xylanase
activity which was unexpected since this GH family is noted for containing only o-L-
iduronidases and p-xylosidases. The GH39 XynB from Thermoanerobacterium
saccharolyticum strain B6A-RI, which has a high similarity with Csac_2409 (identity = 71%,
blastp), was active towards xylopentose, xylotriose, xylobiose and pNPX, but not toward
xylan. These broadly specific enzymes most probably work in concert with the
arabinofuranosidase Csac 2411 to disassociate the cellulose-hemicellulose matrix and
completely degrade the hemicellulose backbone.

The difference in the sequences between the C. saccharolyticus CelB (Csac_1078)
gene (41) and previous reports on this enzyme (38) is intriguing. The genomic sequence
has an additional 18 amino acids in the first linker and 53 additional amino acids in the
second linker. It has been proposed that the DNA encoding the repeated linkers act as

introns, enabling sequences that encode discrete domains to be excised and fused to other
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genes, thus generating novel hybrid enzymes (2, 11). In fact, an addition to the first linker
(TVTATPTPTPTPVSTPAT) is found also in Csac_1077 and Csac_1079. Since no homologs
to the second linker addition could be identified, it may the product of multiple homologous
recombinations. Linkers presumably optimize the geometry between the binding and
catalytic domains. Thus, the catalytic domains and linker sequences are likely positioned to
create a conformational compromise between the requirement for tight binding to the
substrate and the need to attack other hydrolysis sites (36, 44).

Studies on CelB (Csac_1078) and its individual catalytic domains show a broad
xylanase and endoglucanase activity. The xylanase and endoglucanase substrate affinity for
the activity followed the same trend in both individual domains as the whole protein with the
greatest affinity displayed for birchwood xylan and barley B-glucan. Also, the whole protein
had a higher CMCase optimal temperature indicating the catalytic domain is more thermal
stable when attached to the other domains. The intact enzyme is capable of degrading
glucans and xylans in plant biomass, presumably an important attribute for C.
saccharolyticus.

C. saccharolyticus can ferment a range of simple sugars to H, at high rates and with
high vyields (14, 41, 43). The uniquely broad substrate range for certain GHs in C.
saccharolyticus facilitate its capacity to use lignocellulose as a source of fermentable
sugars. Taken together, this bacterium holds promise for consolidated biomass conversion
where plant biomass hydrolysis and hexose and pentose co-fermentation can be

accomplished in a single microorganism.
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TABLES

Table 4.1: Number of differentially transcribes ORFs for C.
saccharolyticus growth on monosaccharides and biomass

SG Poplar Glucose Xylose
SG 22 101 64
Poplar 17 17 48
glucose 74 28 48
xylose 100 135 125

The numbers in the boxes represent transcribed ORFs (= 2-fold) for comparisons
between column and corresponding row. For example, 22 ORFs were up-regulated in
poplar compared to switchgrass.
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Table 4.2: Characterized and predicted biomass degrading enzyme systems in
C. saccharolyticus

Locus Description of gene GH M2 Signal | Mode of Ref.
product Family (kDa) PP Action

B-glucan acting

Csac_1076 | 1,4-B-glucanase (CelA) GH48 & 9 | 193.7 yes endo (40)

Csac_1077 | 1,4- B -glucanase (Man A) | GH5 & 44 146.9 yes endo (10, 21)

(38), This

Csac_1078 | 1,4- B -glucanase (CelB) GH10&5 | 117.6 yes endo work

Csac_1079 | 1,4- B —glucanase (CelC) GH9 123.8 yes endo (28)

Csac_1085 | endoglucanase GH74 101.7 yes endo

Csac_1089 | B-glucosidase GH1 53.2 no exo (12, 18)

Csac_2548 | endoglucanase GH16 125.9 no endo

B -xylan acting

Csac_0204 | endo-1,4- B -xylanase GH10 46.9 no endo

Csac_0678 | endo-1,4- B -xylanase GH5 84.7 yes endo

Csac_0696 | endo-1,4- B -xylanase GH10 78.8 yes endo

(38), This

Csac_1078 | 1,4- B -glucanase (CelB) GH10 & 5 117.6 yes endo work

Csac_2404 | B-xylosidase (XynA) GH39 56.4 no exo (22)

Csac_2405 | endo-1,4- B —xylanase GH10 36.5 no endo (22)
endo-1,4- B —xylanase

Csac_2408 | (XynB) GH10 40.5 no endo (20)
endo-1,4- B —xylanase (2), This

Csac 2409 | (XynD) GH39 58.5 no endo work
endo-1,4- B —xylanase (2), This

Csac 2410 | (XynE) GH10 80.9 yes endo work

Csac_2732 | B -xylosidase GH39 35.7 no exo

B -mannan acting

Csac_0129 | B -mannosidase GH2 95.7 no exo

Csac_0137 | B -1,4-mannanase GH5 39.0 no endo

Csac 0663 | B -1,4-mannanase GH26 52.9 no endo

Csac_1077 | 1,4- B -glucanase (Man A) | GH5 & 44 146.9 yes endo (10, 21)
B -1,4-mannanase (Man

Csac_1080 | B) GH5 27.5 no endo (28)
putative endo- 8 -1,4-D-

Csac_2528 | mannanase GH5 71.1 no endo

side chain degrading
B -xylosidase/ a -N-

Csac_0359 | arabinofuranosidase GH43 60.6 no exo

Csac_0362 | B -galactosidase GH2 118.9 no exo

Csac_1018 | B -galactosidase GH42 79.2 no exo (30)
a-galactosidase (clan GH-

Csac_1118 | D) GH36 84.5 no exo
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(Table 4.2 continued)

Csac_1561 | a -N-arabinofuranosidase GH51 57.9 no €exo
a -L-arabinofuranosidase GH43 & (2), This
Csac_2411 | (XynF) 43 152.0 yes exo work
Pectin acting
unsaturated
rhamnogalacturonyl GH105 or
Csac_0360 | hydrolase 88 43.6 no exo
galacturan 1,4- a -
Csac_0361 | galacturonidase GH28 50.0 no exo
galacturan 1,4- a -
Csac 0664 | galacturonidase GH28 50.8 no exo
a -L-rhamnosidase N-
Csac_1105 | terminal domain GH78 58.0 no exo
a -L-rhamnosidase C-
Csac_1107 | terminal domain GH78 47.7 no exo
Csac_1560 | endo-1,5-a-L-arabinanase | GH43 55.4 no endo (13)
Csac 2527 | endo-1,5-a-L-arabinanase | GH43 38.4 yes endo
Csac_2689 | a -glucuronidase GH67 80.6 no exo
unsaturated
rhamnogalacturonyl GH105 or
Csac_2730 | hydrolase 88 44.6 no exo

a. MW: molecular weight in kDa
b. Signal peptide
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Table 4.3: Substrate specificity of CelB (Csac_1078)
Activity (U/umol)
Substrate Backbone T=280°C T=95°C
Csac_1078 Csac_1078

birchwood xylan Xyl B1 — 4 Xyl 2751 171.4
oat spelt xylan Xyl B1 — 4 Xyl 31.4 31.0
wheat arabinoxylan | Xyl B1 — 4 Xyl 141.3 132.5
CMC GluB1 —4Glu 104 11.6
barley B-glucan Glup1 —3,4Glu 236.5 186.4
glucomannan Glu 1 — 4 Man 126.9 90.0
The results are the average of at five separate determinations; standard deviation were < 15%.
U: reducing sugar equivalents released per min

Table 4. 4: Substrate specificity of the Csac_1078 domains

Activity (U/pmol)
— o _ o,
Substrate Backbone T=80C T=95C
Csac_1078 | Csac_1078 | Csac_1078 | Csac_1078
GH10 GH5 GH10 GH5
birchwood xylan Xyl B1 — 4 Xyl 85.0 20.3 60.1 11.8
oat spelt xylan Xyl B1 — 4 Xyl 17.8 6.6 9.6 8.9
wheat arabinoxylan Xyl B1 — 4 Xyl 417 27.9 41.2 20.0
CMC Glu 1 — 4 Glu 3.1 6.2 ND 4.6
barley B-glucan Glu p1 — 3,4 Glu 75.5 86.3 50.7 571
glucomannan Glu 1 — 4 Man 7.6 81.7 0.6 59.3

The results are the means of at five separate determinations in which values did not deviate by more than 15% of the mean.
U: reducing sugar equivalents released per min
ND: activity not detectable
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FIGURES

Csac_0671 PulA

Csac_0678

Csac_ 0689

Csac_0696

Csac_1076 GH48 CelA

Csac_1077 ManA
Csac_1078 CelB

Csac_1079 CelC

Csac_1085

Csac_2410 XynE
Csac_2411 @ XynF
Csac_ 2548

Figure 4.1: Multi-domain glycoside hydrolases found in C. saccharolyticus. The glycoside
hydrolases have domains belonging to different glycoside hydrolase families and are
accompanied by varying carbohydrate binding motifs.
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Figure 4.2: C. saccholyticus growth on switchgrass. C. saccharolyticus was grown in batch
culture on 4 % (wt/vol) switchgrass at 70°C. Note the bacterial rods attached to the surface
of the plant biomass.
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Figure 4.3: Response of biomass degrading enzyme genes located together in C.
saccholyticus. A) Cellulase-hemicellulase gene cluster Csac_1076-1080 and xylanase gene
cluster Csac_2404-2411. Boxes represent GH domains and the circles are CBM domains:
white, CBM3; yellow, CBM22; purple, CBM6. B) Differential transcription of genes encoding
glycoside hydrolases involved in biomass degradation in biomass loop. C) Differential
transcription of genes encoding glycoside hydrolases involved in biomass degradation in
complex carbohydrate loop. Abbreviations: SG, switchgrass; G, glucose; P, poplar; X,
xylose; XG, xyloglucan; XGO, xyloglucan oligosaccharide; Xyl, xylan. Least squares mean
(Ism) estimates (see Methods) of transcript level shown for selected genes (ORF #). Red
and green denote transcript levels above (red) and below (green) the mean across all
genes.
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Figure 4.4: Gene expression levels (least square mean estimates) of C. saccharolyticus
biomass glycoside hydrolases. Clustering is based on Ism values for each carbohydrate
with respect to the mean value. A) Values from loop with lignocellosic biomass. B) Values
from loop with model complex carbohydrate. Abbreviations: SG, switchgrass; P, poplar; G,
glucose; X,xylose; XG, xyloglucan; XGO, xyloglucan oligosaccharide. Least squares mean
(Ism) estimates (see Methods) of transcript level shown for selected genes (ORF #). Red
and green denote transcript levels above (red) and below (green) the mean across all
genes.
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Figure 4.5: Selected sections of a full multiple sequence alignment of CelB from initial
enzyme characterization by Saul et al. (38) and CelB (Csac_1078) from the genome
sequence of Caldicellulosiruptor saccharolyticus (41) performed by CLUSTALW. Amino
acids found in Csac_1078 extend the PT boxes, which link the domains together. The
shaded region is the carbohydrate binding motif.
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APPENDIX A: SUPPLEMENTARY TABLES

Supplementary Table 4.1: PCR primers used to clone glycoside hydrolase protein-

encoding genes

Locus Sequence RE?
Forward TACTCTCATATGATGCCAGACTGGAGTATTCCAAG Ndel
Csac 1078 TTTATGTGAGAG
- TGGTCTGAATTCTCATTTTGAAGCTGGAACTGGCT
Reverse c —_ EcoRlI
Forward TACTCTCATATGATGCCAGACTGGAGTATTCCAAG Ndel
Csac 1078GH10 TTTATGTGAGAG
- Reverse TACTCTCATATGATGGTAAGTGGTAATAAAATAGT EcoRI
TGATAAAGACGGTAGACC
TGGTCTGAATTCTCAAGGTGTAGGTGTCGGAGAT
Forward —_— Ndel
Csac 1078GH5 GATGT
- TGGTCTGAATTCTCATTTTGAAGCTGGAACTGGCT
Reverse C —_— EcoRlI
Forward TACTCTGCTAGCATGAACCAACAGGGAGG Nhel
Csac_2411N-term Reverse TGGTCTCTCGAGTTAGCTATTTAGCGAAACTGTTA xhol
ATTCATAG
TACTCTGCTAGCATGCTAAATAGCTTACCAAAGGG
Forward AAACC Nhel
Csac_2411C-term CAAG GC
- Reverse TGGTCTCTCGAGTTACTTTACAAATTTCCAGCAAT xhol
CCATATC
TACTCTGCTAGCATGTCATCATCTGTGACGGTCAT
Forward TAAC Nhel
Csac_2410 ~overee | TGGTCTCTCGAGTTATTTCTTCGTATTCAATTTAG |,
GAATAGC
TACTCTGCTAGCATGACGAATATAAAGATTGAGAA
Forward | \~o' 7 = Nhel
Csac_2409 TGGTCTCTCGAGCTAATAACCTGGTATTTTACTAT
Reverse Xhol

CG

a: RE, The corresponding restriction endonuclease sites are indicated by the underlined sequences.
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Supplementary Table 4.2: Genes up-regulated 2 fold or higher on glucose in biomass

loop
Glu vs. Glu vs. Glu vs. .
Name SG Pop Xyl Description of gene product
Csac_0001 2.41 chromosomal replication initiator protein, DnaA
Csac 0033 3.14 lemA protein
putative CRISPR-associated, Csh1-family
Csac 0056 2.57 protein
bifunctional Biotin-[acetyl-CoA-carboxylase]
Csac 0109 2.36 ligas/biotin operon repressor
Csac 0115 2.99 hypothetical protein
Csac 0134 15.35 Glycosyl transferases, group 1
Csac 0147 3.27 Homolog to putative resolvase
Csac 0426 3.12 cyclomaltodextrinase (GH fam 13)
Csac 0431 4.32 Maltose-binding proteins/domains
Csac_0445 3.36 Rubrerythrin (RR) homolog
Csac_0461 2.60 hemerythrin-like metal-binding protein
Csac_0484 2.97 conserved hypothetical protein
Csac 0485 2.36 conserved hypothetical protein
Csac 0517 5.31 3.53 hypothetical protein
alpha subunit of glutamate synthase, C-
Csac 0547 2.30 2.68 terminal domain
Csac 0569 2.46 hypothetical protein
Glutamate synthase, large subunit region 3,
Csac 0581 3.03 putative
Csac 0582 HD domain protein
Csac_0655 2.93 ABC transporter
Csac 0759 3.01 putative Coenzyme A disulfide reductase
glucose-1-phosphate adenylyltransferase
Csac_0782 7.31 regulatory subunit
glucose-1-phosphate adenylyltransferase
Csac_0783 8.82 catalytic subunit
Csac_0830 3.41 hypothetical protein
Csac 0836 2.64 Dihydroxy-acid dehydratase
Csac_0837 2.9 acetolactate synthase, large subunit
Csac_0861 5.50 conserved, NefD-like hypothetical protein
Csac_0862 5.50 Stomatin-like membrane protein
Csac 0863 4.66 hypothetical protein, DUF964 family
ATP-dependent Clp protease, proteolytic
Csac_0879 2.48 subunit ClpP
Csac 0882 3.97 2.68 DNA primase
Csac 0918 4.89 3.39 2.69 conserved hypothetical protein
Csac_0928 5.50 protein of unknown function DUF881
Csac_0929 3.20 protein of unknown function DUF1290
Csac 0936 2.36 2.60 membrane metalloprotease
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(Supplementary Table 4.2 continued)

Csac 0937 3.05 Tryptophanyl-tRNA synthetase
ATPase associated with various cellular
Csac_0945 3.07 activities, AAA-4 domain protein
Csac 0951 2.95 DNA-directed RNA polymerase, beta subunit
Csac 0956 9.38 417 ribosomal protein S7
Csac_0957 5.82 elongation factor G C-terminus
Csac_0986 2.35 Ham1 family
Csac 0989 3.41 217 rhamnulokinase
Csac 1021 11.24 hypothetical protein
Csac 1028 2.64 Oligopeptide transporter, permease (oppB)
Oligopeptide transporter, ATP-binding protein
Csac 1031 3.66 appF
Csac_1032 2.45 8.46 ABC transporter, substrate-binding protein
Csac_ 1041 4.44 Alanine racemase 1
Csac_1042 2.10 hypothetical protein
Growth inhibitor, PemK family of DNA-binding
Csac_1043 6.87 protein
Csac_ 1055 213 Shikimate 5-dehydrogenase
Csac_1058 2.53 not a gene
protein containing response regulator receiver
Csac 1059 2.93 domain
extracellular protein containing Prokaryotic N-
Csac 1063 2.97 terminal methylation motif
Csac 1193 2.16 protein-export membrane protein SecD
Csac 1209 3.14 hypoxanthine phosphoribosyltransferase
Csac_1213 3.36 MazG family protein
natural resistance-associated macrophage
Csac_1223 4.41 protein
Csac 1241 3.20 ABC transporter, ATPase
Csac_ 1251 3.18 ATP-dependent protease hslV
GTP-sensing transcriptional pleiotropic
Csac_1253 3.86 repressor codY
Csac 1269 2.51 flagellar motor switch protein fliM
Csac 1302 3.53 conserved hypothetical protein
Csac_1303 3.78 3.92 Serine-pyruvate aminotransferase homolog
Csac 1305 5.90 protein of unknown function (DUF1015)
Csac 1324 3.23 Ribosome-associated protein Y
Csac 1329 3.16 putative response regulator receiver domain
putative response regulator containing a
Csac 1330 4.99 CheY-like receiver domain
3-isopropylmalate dehydrogenase, small
Csac 1332 2.60 subunit
Csac 1335 2.83 308 ribosomal protein S6
Csac 1339 217 L-fucose isomerase
Csac_1362 2.38 ribonuclease Ill homolog
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(Supplementary Table 4.2 continued)

Csac 1389 2.43 conserved hypothetical protein
Csac_ 1450 2.20 RecT family protein
Csac_1522 2.23 modification methylase, HemK family
Csac_1568 4.20 ribosomal protein L21
Csac_1594 2.99 2.71 recombination protein RecR
Csac 1598 3.01 hypothetical protein
Transcription factor fapR (Fatty acid and
Csac_1601 3.27 phospholipid biosynthesis regulator).
Csac 1606 3.84 Acyl carrier protein (ACP)
Csac 1617 2.75 2.79 D-methionine transport system permease metl
Csac_1627 2.36 hypothetical protein
Csac_1656 2.14 Similar to PhnB protein
Csac 1677 2.06 hypothetical protein
Csac_1691 2.1 Integrase, catalytic region
Csac 1722 4.59 Nitric Oxide sensory transduction protein
Csac_1750 2.1 heat-inducible transcription repressor hrcA
L-aspartate oxidase (Quinolinate synthetase
Csac_1778 2.17 B)
Teichuronic acid biosynthesis protein tuak.,
Csac_1807 2.31 putative
Csac_1810 2.46 transcriptional regulator
Csac_1811 2.95 2.14 membrane protein, putative
Csac_1816 3.34 2.08 putative metal dependent phosphohydrolase
Csac_1817 3.63 2.14 putative membrane-bound protein IytR
Csac 1818 2.22 hypothetical protein
Transcription attenuation protein mtrB
(Tryptophan RNA-binding attenuator protein,
Csac_1828 4.41 2.68 TRAP)
Phosphotransferase system, phosphocarrier
Csac_1846 4.50 HPr homolog
Csac_1847 2.46 MiaB-like tRNA modifying enzyme
putative electron-transferring subunit of iron-
Csac_1860 5.46 only hydrogenase
Csac_1881 5.74 Propionyl-CoA carboxylase beta chain
conserved hypothetical membrane protein
Csac_1909 3.43 (YGGT-domain)
Csac_1911 5.94 putative cell division initiation protein, DivIVA
Csac 1956 3.18 1.46 glycine-tRNA ligase
Csac 1975 2.14 ATP synthase F0, C subunit
Csac_1976 3.20 ATP synthase FO, A subunit
Beta-lactmase-like doamin and Flavodoxin
Csac 1982 4.50 domain protein
Csac 2039 3.20 desulfoferrodoxin
Csac 2041 2.03 phosphate acetyltransferase
Csac 2044 3.51 RNA chaperone Hfg
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(Supplementary Table 4.2 continued)

Csac 2088 2.69 conserved hypothetical protein 255
Csac 2110 4.63 hypothetical protein
Csac 2124 3.56 hypothetical membrane protein
Csac_ 2125 5.58 hypothetical membrane protein
putative alkaline shock protein, DUF322-family
Csac 2126 2.75 protein
Csac 2158 2.27 Signal recognition particle protein
Csac_2205 3.46 4.29 Ribosomal protein L10 homolog
Csac 2208 5.06 transcription antitermination protein nusG
Csac 2210 3.48 ribosomal protein L33
Csac_2248 6.32 pyruvate synthase alpha-beta subunit
Csac 2249 7.01 pyruvate synthase gamma-delta subunit
Csac 2254 2.79 putative Cysteine desulfurase
Csac 2259 5.78 DNA-directed RNA polymerase, alpha subunit
Csac 2263 8.46 3.56 ribosomal protein L36
Csac_ 2269 2.27 ribosomal protein L15
Csac_2272 2.08 ribosomal protein L6
Csac 2275 2.45 ribosomal protein L5
Csac 2276 5.17 ribosomal protein L24
Csac 2277 5.03 ribosomal protein L14
Csac 2278 6.73 3.34 ribosomal protein S17
Csac_2279 5.24 2.53 ribosomal protein L29
Csac 2280 213 ribosomal protein L16
Csac 2281 2.31 ribosomal protein S3
Csac 2282 2.60 ribosomal protein L22
Csac_2283 4.96 ribosomal protein S19
Csac_2284 2.71 2.46 ribosomal protein L2
Csac 2285 5.43 ribosomal protein L25/L.23
Csac 2290 2.14 hypothetical protein
Csac 2312 2.25 hypothetical protein
Pyrimidine-nucleoside phosphorylase,
Csac 2318 2.04 thymidine phosphorylase
Csac_ 2357 2.01 Amino acid kinase superfamily protein
Csac_2358 4.89 3.27 translation elongation factor Ts
Csac_2359 5.62 2.79 ribosomal protein S2
Csac 2368 7.62 ATP:guanido phosphotransferase
Csac 2369 3.01 UvrB/UvrC protein
Translation elongation factor G:Small GTP-
Csac 2373 3.23 binding protein domain
CRISPR-associated protein, CXXC_CXXC
Csac 2400 3.73 region
Csac_2420 2.14 transcriptional regulator, AbrB family
Csac_2434 3.56 hypothetical membrane protein
Csac_2438 3.39 Phosphocarrier protein Hpr
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(Supplementary Table 4.2 continued)

Csac 2484 2.03 putative membrane protein
Csac 2486 3.86 3.32 hypothetical protein
Csac 2490 2.33 2.25 putative methyl-accepting chemotaxis protein
Csac 2491 2.11 ABC transporter permease
Csac 2505 6.73 12.21 12.21 Xylose ABC transporter, ATPase
D-xylose ABC transporter, substrate-binding
Csac 2506 5.50 5.86 protein
Csac 2581 2.33 protein of unknown function (DUF820)
putative membrane protein of unknown
Csac_2589 4.06 function (DUF477) family
Csac 2649 5.94 2.79 transposase 1S200-like protein
DNA integration/recombination/invertion
Csac 2745 2.39 protein
site-specific DNA-methyltransferase (adenine-
Csac_2754 2.43 specific)
Csac_2773 5.70 2.71 At2g28800
Csac 2775 2.19 ribonuclease P
Csac 2776 3.01 ribosomal protein L34

* Description of gene product is the result of Basic Local Alignment Search Tool (BLAST) searches
conducted using a BLOSUMG62 matrix with either the NCBI protein-protein BLAST program

(BLASTP) against the Swissprot or nr database.
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Supplementary Table 4.3: Genes up-regulated 2 fold or higher on xylose in biomass loop

Xyl vs. Xyl vs. Xyl vs.
Name SG Glu Pop Description of gene product*
chromosomal replication initiator protein,
Csac 0001 2.10 DnaA
Csac 0022 2.1 stage V sporulation protein S
Csac_0030 3.32 Tryptophan synthase, beta chain-like
putative CRISPR-associated protein Cas5
Csac_0058 3.63 domain, DUF522 family protein
Csac_0093 7.78 hypothetical protein
Csac_0094 11.00 16.80 10.27 hypothetical protein
Csac 0115 2.35 hypothetical protein
NAD-binding component of a K+ transport
Csac_0150 3.73 system
Csac 0220 5.03 3.05 3.34 putative protein mrp
Csac 0221 5.13 3.92 2.51 hypothetical protein
ribose/xylose/arabinose/galactoside ABC
Csac 0240 11.63 35.26 10.56 transporter, ATPase
ribose/xylose/arabinose/galactoside ABC
Csac 0241 4.79 16.45 4.63 transporter, permease
Csac_0242 4.59 22.94 7.67 sugar ABC transporter, sugar-binding protein
Csac 0243 2.46 conserved hypothetical protein
Csac 0272 3.36 4.23 2.95 UPF0092 membrane protein yajC
Csac 0274 4.14 3.78 5.74 Phosphoenolpyruvate carboxykinase
5-methyltetrahydropteroyltriglutamate-
Csac_0302 3.68 3.94 2.45 homocysteine S-methyltransferase
Csac 0346 2.75 ATP-binding region, ATPase-like protein
similar to ABC-type sugar transporter,
Csac 0358 2.14 substrate-binding protein
Voltage-gated potassium channel subunit
Csac 0446 3.53 beta-2 (K(+) channel
Csac 0517 2.97 hypothetical protein
alpha subunit of glutamate synthase, C-
Csac 0547 2.57 2.99 terminal domain
Csac 0548 2.48 HD domain
Csac_ 0563 5.13 4.69 4.35 hypothetical protein
Glutamate synthase, large subunit region 3,
Csac_0581 2.9 putative
Csac 0583 2.58 L-lactate permease
Glucosamine--fructose-6-phosphate
Csac_0606 3.16 aminotransferase
Molybdopterin oxidoreductase containing
Csac_0621 2.43 2.62 3.29 4Fe-4S binding domain
Iron-containing alcohol dehydrogenase
Csac_0622 4.96 9.85 homolog
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(Supplementary Table 4.3 continued)

Csac 0668 2.41 4.14 2.1 hypothetical protein
Csac 0669 2.10 hypothetical protein
Csac 0688 2.85 hypothetical protein
sugar ABC transporter substrate-binding
Csac 0692 10.63 11.63 protein
Csac_0696 2.08 Endo-1,4-beta-xylanase (GH fam 10)
Csac 0711 2.16 iron-containing alcohol dehydrogenase
Csac 0724 4.69 7.89 3.76 pyruvate carboxyltransferase
4Fe-4S ferredoxin, iron-sulfur binding domain
Csac_0737 5.24 6.68 13.36 protein
Csac 0750 2.20 putative aconitate hydratase
Csac_0752 3.20 transcriptional regulator, GntR family
Csac 0905 2.23 2.51 Inorganic H+ pyrophosphatase
Csac 0937 2.57 Tryptophanyl-tRNA synthetase
Csac_0956 6.19 ribosomal protein S7
Csac 0958 6.11 7.84 elongation factor Tu
dinucleotide-utilizing enzymes involved in
molybdopterin and thiamine biosynthesis
Csac_0971 3.43 3.27 4.17 family 2
Csac 0973 3.89 6.63 5.21 Binding-protein-dependent transport system
Csac 0974 3.27 3.71 2.27 ABC transporter
Csac_0975 4.86 molybdenum cofactor synthesis domain
molybdenum cofactor biosynthesis protein
Csac 0976 2.04 MoeA, N-terminal and linker domains
Csac 0991 2.83 aspartate kinase
Csac 0992 5.17 9.65 homoserine kinase
Csac 0993 5.82 12.47 2.95 Homoserine dehydrogenase
Csac 0994 2.93 4.32 hypothetical protein
Csac_0995 6.96 14.62 ACT domain protein pheB.
Csac_1032 5.78 2.36 19.97 ABC transporter, substrate-binding protein
Csac 1048 3.18 4.08 3.73 Helical backbone" metal receptor
Csac 1094 213 hypothetical protein
Csac 1154 3.86 putative xylose isomerase
Csac 1204 2.20 2.93 Ribose-phosphate pyrophosphokinase
Csac_1211 213 3.53 2.28 glutamine synthetase, type |
Csac 1230 2.99 50S ribosomal protein L28
Csac 1251 2.60 ATP-dependent protease hslV
Csac_1291 6.06 Co-chaperonin GroES (HSP10)
Csac_1292 8.46 Chaperonin GroEL (HSP60 family)
Csac_1303 3.27 Serine-pyruvate aminotransferase homolog
Csac 1305 5.24 protein of unknown function (DUF1015)
Csac 1335 2.68 308 ribosomal protein S6
Csac 1352 2.81 2.77 Transketolase, C-terminal subunit
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(Supplementary Table 4.3 continued)

Csac 1457 2.50 2.22 conserved hypothetical protein
pyruvate/ketoisovalerate oxidoreductase,
Csac 1458 4.89 gamma subunit
pyruvate ferredoxin/flavodoxin
Csac 1459 3.68 oxidoreductase, delta subunit
Csac_ 1461 6.77 pyruvate synthase subunit porB
Csac 1513 2.41 transcription termination factor
Csac_1542 2.20 hydrogenase maturation protein HypF
hydrogenase expression/formation protein
Csac_1543 2.04 2.25 (HupF/HypC)
Csac_1570 5.62 5.31 5.58 ribosomal protein L27
Csac_1594 2.39 2.19 recombination protein RecR
Csac 1606 7.89 6.02 23.10 Acyl carrier protein (ACP)
3-oxoacyl-[acyl-carrier-protein] synthase 2
Csac_1607 4.08 (Beta-ketoacyl-ACPsynthase II)
Csac 1627 2.45 hypothetical protein
Csac 1727 2.30 2.57 thioredoxin
Csac 1752 2.28 3.39 chaperone protein dnaK
Csac 1772 3.41 putative tRNA/rRNA methyltransferase
Csac 1811 2.06 membrane protein, putative
Csac 1814 3.01 5.17 argininosuccinate synthase
Csac 1816 2.35 putative metal dependent phosphohydrolase
Csac_1817 2.64 putative membrane-bound protein IytR
Transcription attenuation protein mtrB
(Tryptophan RNA-binding attenuator protein,
Csac 1828 2.64 TRAP)
Phosphotransferase system, phosphocarrier
Csac_1846 3.56 HPr homolog
putative electron-transferring subunit of iron-
Csac 1860 8.11 5.70 only hydrogenase
Csac 1861 4.76 3.92 HATPase c domain protein
Csac 1862 5.78 4.99 Ferredoxin, 2Fe-2S
putative catalytic subunit of iron-only
Csac_1864 7.41 hydrogenase
Csac_1881 4.29 Propionyl-CoA carboxylase beta chain
Csac 1883 5.35 Pyruvate/oxaloacetate carboxytransferase
Ribosomal large subunit (23S) pseudouridine
Csac_1928 2.71 synthase D
Branched-chain amino acid ABC transporter,
Csac_1939 2.41 ATPase
Branched-chain amino acid ABC transporter,
Csac_1941 2.39 2.03 permease
Csac_1950 6.63 6.73 11.31 Phosphopyruvate hydratase
glyceraldehyde-3-phosphate dehydrogenase,
Csac_1953 5.62 type |
Csac_1955 7.21 9.99 14.12 pyruvate, phosphate dikinase
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(Supplementary Table 4.3 continued)

Csac 1969 2.87 ATP synthase F1, epsilon subunit
Csac_1975 4.53 2.57 5.50 ATP synthase FO, C subunit
Csac 1976 543 ATP synthase FO, A subunit
Csac 2000 2.16 2.75 2.35 permease
Csac 2036 4.47 putative transaldolase
Csac 2041 4.66 phosphate acetyltransferase
Csac 2044 2.85 9.99 RNA chaperone Hfq
Csac_2065 3.27 2.68 2.55 ribosomal protein S15
Csac_2088 2.35 conserved hypothetical protein 255
Csac 2135 213 Metal-dependent phosphatase
Csac 2137 2.48 hypothetical protein
Csac 2153 3.78 2.58 4.38 Ribosomal protein L19
Csac_2156 5.39 6.50 4.08 putative RNA-binding protein, UPF0109
Csac_2203 3.43 hypothetical protein
Csac_2204 10.20 5.24 9.19 508 ribosomal protein L7/L12
Csac 2205 7.78 2.25 9.65 Ribosomal protein L10 homolog
Csac 2206 4.20 ribosomal protein L1
Csac_2208 5.13 transcription antitermination protein nusG
Csac 2210 4.47 ribosomal protein L33
Csac 2263 5.39 2.27 ribosomal protein L36
Csac 2276 4.44 ribosomal protein L24
Csac 2277 3.53 ribosomal protein L14
Csac 2279 3.25 ribosomal protein L29
Csac_2282 2.20 ribosomal protein L22
Csac 2285 4.50 ribosomal protein L25/L.23
Csac 2308 3.36 3.46 3.94 hypothetical extracellular protein
Csac 2346 4.69 ABC transporter related
Csac 2358 4.06 2.71 translation elongation factor Ts
Csac_2359 5.10 2.53 ribosomal protein S2
Csac 2362 2.66 conserved hypothetical protein
Csac 2372 3.35 19.16 14.22 hypothetical protein
Csac 2438 2.06 2.68 Phosphocarrier protein Hpr

PTS system fructose-specific EIIBC
Csac_2439 3.89 3.86 component

conserved secreted protein (S-layer
Csac_2451 3.01 3.07 homology domain)

putative carbamoyl-phosphate synthase
Csac_2488 3.78 4.59 3.34 large chain
Csac 2491 2.48 ABC transporter, permease
Csac_ 2557 3.56 hypothetical protein
Csac 2561 2.00 CTP synthase
Csac 2649 2.93 transposase 1S200-like protein
Csac 2684 3.25 putative cobalt transport protein
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(Supplementary Table 4.3 continued)

Helix-turn-helix, AraC type:Response
Csac_2690 2.13 regulator receiver
Csac_2773 3.34 At2g28800
Csac 2775 2.03 ribonuclease P
Csac 2776 2.95 ribosomal protein L34

* Description of gene product is the result of Basic Local Alignment Search Tool (BLAST) searches
conducted using a BLOSUM62 matrix with either the NCBI protein-protein BLAST program
(BLASTP) against the Swissprot or nr database.
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Supplementary Table 4.4: Genes up-regulated 2 fold or higher on poplar in biomass loop

Pop vs. Pop vs. Pop vs. .

Name SG Glu Xyl Description of gene product

Csac 0008 5.03 Conserved hypothetical protein

Csac 0134 41.07 Glycosyl transferases, group 1
NAD-binding component of a K+ transport

Csac_0150 3.07 system

Csac_0221 2.04 hypothetical protein

Csac 0222 4.82 6.50 ferric uptake regulation protein, homolog
ribose/xylose/arabinose/galactoside ABC

Csac 0241 3.53 transporter, permease

Csac 0250 2.00 2.58 thiamine biosynthesis protein ThiS, putative

Csac 0298 2.23 ABC-type sugar transport system, permease
protein containing partially unknown function

Csac_0308 2.41 UPF0236

Csac 0431 9.78 Maltose-binding proteins/domains

Csac_0461 2.31 hemerythrin-like metal-binding protein

Csac_0533 6.23 thioredoxin reductase, homolog

Csac 0689 2.68 Pullulanase, type | (GH fam 13)

Csac 0721 2.68 L-ribulokinase

Csac_0722 2.99 2.46 2.55 regulatory protein GntR, HTH

Csac 0723 4.32 5.13 5.74 L-ribulose-5-phosphate-4-epimerase

Csac 0759 2.33 putative Coenzyme A disulfide reductase
glucose-1-phosphate adenylyltransferase

Csac_0782 4.79 regulatory subunit
glucose-1-phosphate adenylyltransferase

Csac_0783 8.34 catalytic subunit

Csac_0787 2.35 DNA repair protein RadC superfamily

Csac 0794 2.55 riboflavin biosynthesis protein RibD

Csac_0837 3.81 acetolactate synthase, large subunit

Csac_0861 4.03 conserved, NefD-like hypothetical protein
membrane protein of unknown function

Csac_0901 4.08 (DUF205) family

Csac 0991 2.04 aspartate kinase

Csac 0992 4.66 homoserine kinase

Csac 0993 4.23 Homoserine dehydrogenase

Csac 0994 2.77 4.11 hypothetical protein

Csac 0995 4.44 9.25 ACT domain protein pheB.

Csac_1021 7.62 hypothetical protein

Csac 1041 5.78 Alanine racemase 1

Csac 1042 2.81 hypothetical protein
Growth inhibitor, PemK family of DNA-

Csac 1043 8.46 binding protein
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(Supplementary Table 4.4 continued)

extracellular protein containing Prokaryotic

Csac_1063 2.99 N-terminal methylation motif
Csac 1079 3.25 1,4-beta-glucanase (GH fam 9)
Csac 1080 5.58 13.18 secreted beta-mannosidase (GH fam 5)
pyruvate-formate lyase-activating enzyme,
Csac 1182 11.79 homolog
UDP-N-acetylglucosamine 1-
Csac_1198 2.22 carboxyvinyltransferase
Csac 1209 7.78 hypoxanthine phosphoribosyltransferase
Csac 1214 2.71 histone family protein DNA-binding protein
Csac_1302 6.63 conserved hypothetical protein
Csac 1324 3.51 Ribosome-associated protein Y
putative response regulator containing a
Csac 1330 3.66 CheY-like receiver domain
3-isopropylmalate dehydrogenase, small
Csac 1332 2.48 subunit
Csac 1360 2.23 putative magnesium transporter
Csac 1389 2.14 conserved hypothetical protein
Csac_ 1506 213 ATP-dependent Lon protease, bacterial type
ABC-type sugar transporter, substrate-
Csac 1557 2.45 2.45 binding protein
putative extracellular arabinan endo-1,5-
Csac_1560 2.31 alpha-L-arabinanase (GH fam 43)
Csac 1598 3.43 hypothetical protein
Csac_1634 2.03 ThiaminS
Adenosine 5'-monophosphoramidase (HIT
Csac_1895 2.04 family protein)
Csac 1938 2.69 Orotate phosphoribosyltransferase
Csac_2013 2.41 conserved hypothetical protein
Csac 2039 5.54 desulfoferrodoxin
Csac 2102 4.76 hypothetical protein
Csac 2110 4.03 hypothetical protein
Csac 2124 3.01 hypothetical membrane protein
Csac_2133 2.43 hypothetical membrane protein
Csac 2170 2.06 hypothetical protein
Csac 2181 2.30 transposase, 1S4 family protein
Csac_2248 4.72 pyruvate synthase alpha-beta subunit
Csac_2263 2.38 ribosomal protein L36
Csac_2277 2.48 ribosomal protein L14
Csac 2279 2.07 ribosomal protein L29
Csac 2285 2.43 ribosomal protein L25/L.23
Csac_2290 214 hypothetical protein
Csac_2312 3.05 hypothetical protein
Csac 2321 2.03 ABC transporter, permease
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(Supplementary Table 4.4 continued)

Csac 2368 5.28 ATP:guanido phosphotransferase
Csac 2369 4.41 UvrB/UvrC protein
Csac_2404 2.50 conserved hypothetical protein (GH fam 39)
Csac_2405 2.13 2.27 Glycoside hydrolase, family 10
Csac 2407 2.07 acetylesterase
Csac 2408 4.00 Glycoside hydrolase, family 10
similar to ABC-type sugar transporter,
Csac_2412 2.75 3.27 sugar-binding protein
similar to ABC-type sugar transporter
Csac 2413 3.58 permease
Csac 2416 2.85 4.53 hypothetical protein
Csac 2418 2.75 probable ABC transporter permease (YesP)
similar to ABC-type sugar transporter,
Csac 2419 2.83 sugar-binding protein
Csac_2420 2.03 transcriptional regulator, AbrB family
Csac 2434 3.12 hypothetical membrane protein
Csac_2603 4.00 conserved hypothetical protein
Csac 2649 2.1 transposase 1S200-like protein
Csac 2661 4.47 putative transposase
Csac 2712 3.92 Ferritin-like protein
Csac 2724 2.04 ABC-type sugar transporter, permease
Csac_2726 2.27 ABC transporter, substrate binding protein
Csac 2732 2.30 2.1 beta-xylosidase

* Description of gene product is the result of Basic Local Alignment Search Tool (BLAST) searches
conducted using a BLOSUM62 matrix with either the NCBI protein-protein BLAST program
(BLASTP) against the Swissprot or nr database.
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Supplementary Table 4.5: Genes up-regulated 2 fold or higher on switchgrass in
biomass loop

SG vs. SG vs. SG vs.
Name Glu Pop Xyl Description of gene product*
Csac 0033 3.71 lemA protein
Csac_0134 18.00 Glycosyl transferases, group 1
NAD-binding component of a K+ transport
Csac_0150 2.01 system
ribose/xylose/arabinose/galactoside ABC
Csac 0241 3.41 transporter, permease
Csac_0242 4.99 sugar ABC transporter, sugar-binding protein
homolog oligopeptide transporter system,
Csac 0262 2.93 3.53 3.14 permease appB
Csac 0316 2.73 217 CRISPR-associated protein Cas5
Csac_ 0341 5.86 7.26 putative septation protein spoVG
Csac 0346 4.08 ATP-binding region, ATPase-like protein
Csac 0431 3.53 Maltose-binding proteins/domains
Csac_0445 9.45 4.89 Rubrerythrin (RR) homolog
Csac_0461 2.58 hemerythrin-like metal-binding protein
Csac_0533 8.34 thioredoxin reductase, homolog
Iron-containing alcohol dehydrogenase
Csac_0622 3.25 homolog
Csac 0679 2.58 2.16 2.87 ABC transporter, permease
Csac 0681 2.99 2.31 2.79 ABC transporter, substrate-binding protein
sugar ABC transporter, substrate-binding
Csac_0692 18.00 19.84 protein
Csac_0696 2.07 Endo-1,4-beta-xylanase (GH fam 10)
Csac_0711 2.04 iron-containing alcohol dehydrogenase
Csac 0730 2.27 3.84 aminotransferase, class IV
Csac 0759 4.59 putative Coenzyme A disulfide reductase
glucose-1-phosphate adenylyltransferase
Csac_0782 8.40 regulatory subunit
glucose-1-phosphate adenylyltransferase
Csac_0783 8.46 catalytic subunit
1,4-alpha-glucan branching enzyme
Csac 0784 2.33 (Glycogen branching enzyme)
Csac_0787 2.19 DNA repair protein RadC superfamily
Csac_0794 2.14 riboflavin biosynthesis protein RibD
Csac 0861 3.97 conserved, NefD-like hypothetical protein
ATP-dependent Clp protease, proteolytic
Csac_0879 3.25 subunit CIpP
ATP-dependent Clp protease, ATP-binding
Csac_0880 2.73 subunit ClpX
Csac 0991 2.38 aspartate kinase
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(Supplementary Table 4.5 continued)

Csac 1032 3.46 ABC transporter, substrate-binding protein
Csac 1041 6.32 Alanine racemase 1
Csac 1042 3.03 hypothetical protein
Growth inhibitor, PemK family of DNA-binding
Csac 1043 8.22 protein
Csac_1045 2.38 3.34 Cytochrome c-type biogenesis protein ccdA
extracellular protein containing Prokaryotic N-
Csac_1063 2.79 terminal methylation motif
Csac_1064 6.15 putative extracellular pseudopilin
Csac_1077 2.08 2.57 glycoside hydrolase, GH fam 5
Csac 1080 2.81 6.68 secreted beta-mannosidase (GH fam 5)
Csac 1154 10.56 4.00 putative xylose isomerase
pyruvate-formate lyase-activating enzyme,
Csac 1182 7.78 homolog
Csac 1201 2.04 Uracil phosphoribosyl transferase
Csac 1209 4.00 hypoxanthine phosphoribosyltransferase
Csac 1302 5.35 conserved hypothetical protein
Csac 1324 3.46 Ribosome-associated protein Y
Csac 1329 4.66 6.82 putative response regulator receiver domain
putative response regulator containing a
Csac 1330 6.28 CheY-like receiver domain
Csac 1499 2.69 FMN-dependent NADH-azoreductase
Csac_1612 4.03 2.99 Phosphate transport system permease pstA
Csac_1613 2.66 4.17 Stage V sporulation protein S
putative 4Fe-4S ferredoxin, iron-sulfur binding
Csac_1624 217 protein
Csac 1634 2.27 ThiaminS
Csac 1677 2.95 hypothetical protein
Csac 1727 2.51 thioredoxin
Phosphotransferase system, phosphocarrier
Csac_1846 6.41 HPr homolog
Csac 1938 2.06 Orotate phosphoribosyltransferase
Csac_1976 3.43 ATP synthase FO, A subunit
Csac 2039 4.79 desulfoferrodoxin
Csac 2044 3.66 RNA chaperone Hfg
Csac_2109 4.1 4.26 CoA binding domain
Csac 2110 3.66 hypothetical protein
Csac 2124 3.81 hypothetical membrane protein
putative alkaline shock protein, DUF322-
Csac_2126 3.92 family protein
Csac 2248 8.75 pyruvate synthase alpha-beta subunit
Csac 2249 9.92 pyruvate synthase gamma-delta subunit
Csac 2290 2.20 hypothetical protein
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(Supplementary Table 4.5 continued)

natural resistance-associated macrophage

Csac 2300 2.85 2.68 protein
Csac_2312 2.53 hypothetical protein
Csac 2321 2.27 ABC transporter, permease
6-phosphofructokinase, pyrophosphate-
Csac 2366 2.39 4.23 2.38 dependent
Csac_2404 3.05 3.03 conserved hypothetical protein (GH fam 39)
Csac_2405 2.1 2.23 Glycoside hydrolase, family 10
Csac_2406 4.35 2.28 4.32 hypothetical protein
Csac 2407 2.16 2.45 acetylesterase
Csac 2409 2.45 beta-xylosidase (GH fam 39)
Csac_2410 2.77 3.07 Glycoside hydrolase, family 10
similar to ABC-type sugar transporter, sugar-
Csac 2412 3.03 3.61 binding protein
Csac 2416 2.39 3.81 hypothetical protein
Csac 2418 3.16 3.51 probable ABC transporter permease (YesP)
similar to ABC-type sugar transporter, sugar-
Csac_2419 2.71 4.08 binding protein
hypothetical membrane protein, CAAX amino
Csac_2433 3.14 terminal protease family
Csac 2434 4.03 hypothetical membrane protein
Csac 2491 3.97 ABC transporter permease
D-xylose ABC transporter, substrate-binding
Csac_2506 3.01 3.20 protein
Csac 2546 2.14 Histidine kinase, HAMP region
Csac 2557 3.86 hypothetical protein
putative membrane protein of unknown
Csac_2589 4.17 function (DUF477) family
Csac 2603 3.18 conserved hypothetical protein
Csac_2684 2.28 putative cobalt transport protein
putative multiple sugar transporter, substrate-
Csac_2696 2.04 2.33 2.14 binding protein
Csac 2712 7.36 Ferritin-like protein

* Description of gene product is the result of Basic Local Alignment Search Tool (BLAST) searches
conducted using a BLOSUM62 matrix with either the NCBI protein-protein BLAST program
(BLASTP) against the Swissprot or nr database.
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APPENDIX B: SUPPLEMENTARY FIGURE

Xylose — Glucose

Poplar — Switchgrass

Supplementary Figure 4.1: Loop design used for the study of biomass utilization compared
to monosaccharide by C. saccharolyticus. The arrowheads correspond to the labeling of the
cDNA with Cy5 dye and the dotted arrow ends correspond to the labeling with Cy3 dye.
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