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Abstract Clostridium thermocellum, an anaerobic, thermo-
philic, and ethanogenic bacterium produces a large cellulase
complex termed the cellulosome and many free glycosyl
hydrolases. Most cellulase genes scatter around the
genome. We mapped the transcripts of the six-gene
cluster celC–glyR3–licA–orf4–manB–celT and determined
their transcription initiation sites by primer extension.
Northern blot showed that celC–glyR3–licA were co-
transcribed into a polycistronic messenger with the
transcription initiation site at −20 bp. Furthermore, RT-
PCR mapping showed that manB and celT, two celluloso-
mal genes immediately downstream, were co-transcribed
into a bicistronic messenger with the initiation site at −233 bp.
In contrast, rf4 was transcribed alone with the two initiation
sites at −130 and −138 bp, respectively. Finally, quantitative
RT-PCR analysis showed that celC, glyR3, and licA were
coordinately induced by growing on laminarin, a β-1,3
glucan. Gene expression peaked at the late exponential
phase. Taking together with our previous report that GlyR3
binds to the celC promoter in the absence of laminaribiose, a

β-1,3 glucose dimer, these results indicate that celC, glyR3,
and licA form an operon repressible by GlyR3 and inducible
by laminaribiose, signaling the availability of β-1,3 glucan.
The celC operon is the first glycosyl hydrolase operon
reported in this bacterium.
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Introduction

Clostridium thermocellum is an anaerobic, thermophilic,
cellulolytic, and ethanogenic bacterium. It produces a
cellulase system highly active on crystalline cellulose
(Johnson et al. 1982). The extracellular cellulase compo-
nents form an ordered protein complex termed the
cellulosome (Lamed et al. 1983). In addition, many free
glycosyl hydrolases are produced. The core of the cellulo-
some is a 250-kDa non-catalytic, scaffold protein, CipA
(Gerngross et al. 1993; Kruus et al. 1995; Lamed et al.
1983; Romaniec et al. 1991). CipA contains domains for
binding to cellulose, to the surface of the cell and to the
catalytic components, respectively (Leibovitz and Beguin
1996; Leibovitz et al. 1997). Searching the genome
sequence of C. thermocellum revealed more than 70 genes
encoding dockerin-containing proteins, presumed to be the
cellulosome components (Demain et al. 2005; Zverlov et al.
2005). Thus, including the genes encoding the cellulosome
components, the scaffold and anchorage proteins, and the
free enzymes but without counting the regulatory and
sugar-transport genes, there are likely more than 100 genes
involving in biomass degradation in this bacterium. How
the organism regulates the expression of such a large
number of genes and proteins involved in biomass
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degradation is an intriguing, yet largely unresolved,
question. Previous studies have shown that the cellulase
expression can be dependent on growth rate (Dror et al.
2003), yet no mechanisms have been reported. In addition,
only one cellulase transcription factor has been identified in
this bacterium (Newcomb et al. 2007). Recently, a set of
putative sigma and anti-sigma factors that include extracel-
lular polysaccharide sensing domains have been proposed
to regulate cellulosomal genes via an extracellular
carbohydrate-sensing mechanism (Bahari et al. 2010;
Kahel-Raifer et al. 2010; Nataf et al. 2010). In Clostridium
celluylolyticum, it has been shown that different protein
levels can be a result of different mRNA half-lives
(Maamar et al. 2006).

Co-transcription of genes is a method of coordinated
gene regulation in prokaryotes. In mesophilic Clostridia,
clusters of cellulase genes are prevalent (Schwarz 2001). In
Clostridium cellulovorans, a nine-gene cluster encoding
cellulase components has been found (Tamaru and Doi
2000; Tamaru et al. 2000). Northern blot analysis revealed
two polycistronic transcripts corresponding to the first two
and four genes, respectively (Han et al. 2003a). Cellulase
gene clusters have also been reported in other Clostridia
including C. cellulolyticum (Bagnara-Tardif et al. 1992),
Clostridium acetobutylicum (Nolling et al. 2001; Sabathe et
al. 2002), and Clostridium josui (Kakiuchi et al. 1998).

In contrast, most cellulase and hemicellulase genes of C.
thermocellum are scattered around the genome (Guglielmi
and Beguin 1998). Nonetheless, several clusters have been
found. A gene for a non-cellulosomal endoglucanase, CelI, is
clustered with the cellulosomal cellulase CelN gene and a
possible cellulosomal structural component CseP (celluloso-
mal element protein) gene (Zverlov et al. 2003). The second
gene cluster consists of celA, chiA, and orfZ (Zverlov et al.
2002). Recently, we reported a previously unidentified gene
cluster consisting of five genes, all of which encode
uncharacterized dockerin-containing proteins (Demain et al.
2005). The fourth cluster (Fuchs et al. 2003) encodes the
non-cellulosomal endoglucanase CelC (Petre et al. 1986;
Schwarz et al. 1988), a Lac-I like protein GlyR3 (Newcomb
et al. 2007), and LicA (Fuchs et al. 2003).

Although, two pairs of co-transcribed genes exist in the
cipA gene cluster cipA–olpB–orf2p–olpA, i.e., cipA–olpB and
orfp2–olpA (Fujino et al. 1993), no co-transcription of
glycosyl hydrolase genes in C. thermocellum has been
reported. In this work, we mapped transcripts of the celC
gene cluster celC–glyR3–licA–orf4–manB–celT using
Northern blot and determined the celC transcription initiation
site by primer extension. In addition, we quantified the
expression of all six genes in the cluster using quantitative
reverse transcriptase (RT)-PCR on three different carbon
sources. The results showed that celC–glyR3–licA are co-
transcribed with the transcription initiation site 8 bp upstream

from the putative ribosome binding site. Transcript mapping
further revealed that manB (Kurokawa et al. 2001) and celT
(Kurokawa et al. 2002), two cellulosomal genes immediately
downstream from the celC–glyR3–licA cluster, are co-
transcribed into a bicistronic messenger. Primer extension
showed that rf4 has two transcription initiation sites, 130 and
138 bp upstream of the start codon, respectively, while
manB–celT has one initiation site, 233 bp upstream of its start
codon. Finally, the results of quantitative RT-PCR analysis
indicate that when the cells are grown on laminarin, celC,
glyR3, and licA show an expression peak at the late
exponential phase of growth that is at least 2.5-fold greater
than when the cells are grown on cellobiose or cellulose.

Materials and methods

Bacterial strain Clostridium thermocellum ATCC 27405
was used throughout the study and as the source of all
genomic DNA and RNA.

Culture conditions Hungate tubes were used to culture C.
thermocellum in chemically defined MJ medium (Johnson
et al. 1981). The medium contained 0.5% of carbon source
[cellobiose (Sigma, St. Louis, MO), cotton, or laminarin
(Sigma)]. Seed cultures were grown on cellobiose for 12 h.
All cultures were incubated at 60°C.

Measuring cellular protein Due to the solid content of
some media, cell growth kinetics was monitored by
measuring cellular protein. The cells were harvested by
centrifugation at 12,000×g for 15 min. Cotton cultures
were filtered through layers of cheesecloth, the remaining
cotton fibers in the culture washed with 0.85% NaCl
solution to remove the remaining adherent cells before the
cell suspension were centrifuged. The cell pellet was
washed twice with 0.85% NaCl solution. Before the last
centrifugation step, 1 ml of the resuspended pellet was
taken for cellular protein analysis, the rest of the
resuspended pellet was spun down for RNA isolation.
The removed 1 ml aliquot was centrifuged and the final
pellet was resuspended in 1 ml of 0.2 N NaOH and heated
in boiling water for 15 min to extract cellular protein.
After boiling, the sample was centrifuged again to remove
the debris. Finally, 1 ml of 0.2 N HCl was added to
neutralize the supernatant. Protein in the supernatant was
measured using the Bradford (Bradford 1976) reagent
(Bio-Rad, Hercules, CA) and bovine serum albumin
(Sigma) as a standard.

RNA isolation Clostridium thermocellum cell pellets were
obtained as outlined above. Total RNA was isolated by
using the Trizol (Invitrogen, Carlsbad, CA) method. The
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RNA sample was digested with DNase I (ABgene,
Cambridge, UK) and quantified using a spectrophotometer
at 260/280 nm.

Reverse transcription Reverse transcription was carried out
using a standard protocol and MMLV Reverse Transcriptase
(Invitrogen).

Preparation of Northern blot probes Northern blot probes
were made using PCR, the gene-specific primers listed in
Table 1, and Thermostart Taq Polymerase (ABgene). The
annealing temperature was 58°C and an extension time of
20 s were used for each probe. The PCR product was
purified using the Wizard SV Gel and PCR Clean-Up
System (Promega, Madison, WI) prior to use.

Northern blot Clostridium thermocellum was grown on
cotton for 60 h or laminarin to the late exponential phase.
Total RNA was isolated as described above and Northern

blot carried out using the NorthernMax-Gly kit (Ambion,
Foster City, CA) following the manufacturer’s protocol.
Briefly, 20 μg of RNA or RNA molecular weight markers
(Novagen, Gibbstown, NJ) were loaded to a 0.8% agarose
gel. After the electrophoresis, RNA in the gel was
transferred to a Biodyne B (Pall, Port Washington, NY)
positively charged membrane using downward capillary
blot. The RNA markers were stained using 0.2% methylene
blue to verify the success of the blotting. The blot was
mixed with ULTRAhyb buffer from the NorthernMax kit
and allowed to prehybridize for 45 min at 42°C. Probes
were prepared by using a PCR reaction with primers from
Table 1 as described above. Deoxynucleotide triphosphates
were used in the reaction that had the deoxyadenosine
triphosphate labeled with biotin in a 5.25:1 ratio (New
England Biolabs, Ipswitch, MA). Probes were heated at 95°C
for 10 min then added to the prehybridization solution to a
final concentration of 2 ng/ml. The hybridization was carried
out for 24 h. The membrane was then washed with low

Number Primer sequence Use of primer

1 F: celC-ATGGTGAGTTTTAAAGGAGGTA Northern blot probe

Biotin labeled

2 R: celC-AATATAAGAAAGCCCATCTTCTT

3 F: glyR3-ATGACCAGTGAAGAAATAGCAA Northern blot probe

Biotin labeled

4 R: glyR3-TCAGATATGTCAATATCCAAAAC

5 F: licA-ATGTATAAAAGATTATTGTCGTC Northern blot probe

Biotin labeled

6 R: licA-AAATTCGGCTCTTGTGATATTA

7 F: licA–orf4-F-CAACTACTGTCTATCTTGATGA RT-PCR mapping

8 R: licA–orf4-R-AAGAGGAACAGGGACAAGCC

9 F: orf4–manB-F-ATGAGTATTCGGCCAAATATGC RT-PCR mapping

10 R: orf4–manB-R-GCAAGCATCAATGCCAGGAAAA

11 F: manB–celT-F-CGCATAATAACGAGTTTTCCC RT-PCR mapping

12 R: manB–celT-R-CAATACCGAGCAGGAAAGC

13 Primer extension celC-GCCTAAATTTATACCTGCTT Primer extension, fluorescein labeled

14 Primer extension orf4-ACAAGCCGCCTATAAGCT Primer extension, fluorescein labeled

15 Primer extension manB-AAGCATCAATGCCAGGAAA Primer extension, fluorescein labeled

16 F: qPCR 16S-AATTCGAAGCAACGCGAAGAAC qPCR
17 R: qPCR 16S-GCGGGACTTAACCCAACATCTC

18 F: qPCR celC-CGGGAACATATTGCCTTTGAAC qPCR
19 R: qPCR celC-GGTGGAATCAATTTCCCTGATTG

20 F: qPCR glyR3-GGGCATAGAACGCTATGAAGGA qPCR
21 R: qPCR glyR3-TATAGCCGCTGTCATCAAGGAA

22 F: qPCR licA-TTGACCAAGGTCCGAACAGAA qPCR
23 R: qPCR licA-TTCAAACCTGCGCTCATTAACA

24 F: qPCR orf4-TCACTGCTTGATCCTCGTTTGT qPCR
25 R: qPCR orf4-ACGCCATTTCTCTTGCAATCTC

26 F: qPCR manB-GGTATCCATAAAGGTGCCCAGA qPCR
27 R: qPCR manB-ATTCACCGAAGTGCTTGTACCC

28 F: qPCR celT-TCTGGATTCCCAGAACACCAAC qPCR
29 R: qPCR celT-CCTCAGGCAAACCAAACTTCAC

Table 1 Primer sequences
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stringency buffer for 10 min at room temperature and washed
twice with high stringency buffer at 42°C for 15min each. The
blot was developed following the manufacturer’s protocol for
the Chemi-luminescent Nucleic Acid Detection Module
(Pierce, Rockford, IL).

Reverse transcription mapping To determine if orf4, manB,
and celT of the gene cluster are co-transcribed, we mapped
the mRNA species transcribed from the celC gene cluster
using RT-PCR as previously described (Han et al. 2003a). In
this analysis, the PCR primers each represents a sequence
from one of the two adjacent genes. Successful amplification
would indicate the co-transcription of the two genes.

Primer extension The gene-specific primer (Table 1) was
end-labeled with fluoroscein (Invitrogen). A standard
reverse transcription reaction was carried out using MMLV
Reverse Transcriptase (Invitrogen). The size of the resulting
cDNA was determined by capillary electrophoresis using a
Model 3100 Genetic Analyzer (Applied Biosystems,
Carlsbad, CA).

Quantitative RT-PCR Quantitative gene expression analysis
was carried out using the iQ Syber Green Supermix (Bio-Rad)
reagent on a iCycler (Bio-Rad) with gene-specific primers. All
primer sets were tested to make sure data fall within the linear
range of quantification, and that amplification efficiency was
greater than 90%. The two-step PCR protocol consisted of
activation of the polymerase at 95°C for 5 min, followed by
40 cycles of 95°C for 15 s and 60°C for 30 s. All sample/
primer combinations were analyzed in triplicate. The 16S
ribosomal RNA was used to normalize the experiment for
sample-to-sample variation; expression data for genes of
interest was reported relative to 16S expression.

Results

The celC gene cluster consists of six genes We searched the
genome sequence of C. thermocellum for potential genes
encoding glycosyl hydrolases and found that the celC
cluster is larger than reported (Fuchs et al. 2003). The
cluster celC–glyR3–licA was adjacent to orf4–manB–celT
(Fig. 1). The six-member gene cluster encodes both the
cellulosomal (manB and celT) and non-cellulosomal (celC
and licA) components of the cellulase system as well as
glyR3, a gene homologous to lacI, and orf4 encoding a
putative transmembrane protein.

Northern blot analysis of the celC–licA gene cluster To
determine if the members of the celC gene cluster are co-
transcribed, we mapped the mRNA species transcribed

from the celC gene cluster using Northern blot analysis.
Probes for celC, glyR3, and licA all hybridized to a RNA
species with a size just over 6 kb (Fig. 2). The expected
size of celC, glyR3, and licA, if they were all co-
transcribed, would be 6,261 bp. Thus, the result indicates
that celC, glyR3, and licA are all transcribed as one
transcription unit.

celC glyR3 celTmanBorf4licA

2,000 4,000 6,000 8,000 10,000 12,000 bp0

Fig. 1 Schematic drawing of the celC–celT gene cluster of C.
thermocellum. The cluster consists of six genes, including four
encoding previously identified glycosyl hydrolases, celC (Cthe_2807),
licA (Cthe_2809), manB (Cthe_2811), and celT (Cthe_2812). The
function of Orf4 (Cthe_2810) is unknown. GlyR3 (Cthe_2808) is a
regulatory protein that binds to the celC promoter region (Newcomb et
al. 2007)

6 kb

celC glyR3 licAProbe

Fig. 2 Northern blot analysis of celC, glyR3, and licA. All of the three
gene probes hybridize to the same transcript of ∼6.2 kbp, consistent
with the size of 6,261 bp as expected if celC, glyR3, and licA are co-
transcribed. Cells were grown on laminarin to the late exponential phase
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RT-PCR mapping of the licA–celT gene cluster Northern
blot was attempted using probes for orf4, manB, and celT, but
was unsuccessful due to low expression levels of the transcript
(s) (data not shown). As an alternative, we mapped the
mRNA species transcribed from the celC gene cluster using
RT-PCR. In this analysis, the PCR primers, each representing
a sequence from one of the two adjacent genes, were used as
previously described (Han et al. 2003a). In principle, to
determine if two adjacent genes are co-transcribed, the primers
were designed to amplify the 3′ end of the upstream gene, the
intergenic sequence, and 5′ end of the downstream gene. If a
pair of genes is co-transcribed, the PCR product with the
expected size would be obtained (Fig. 3a).

Positive controls using C. thermocellum genomic DNA
as the template were included to verify that the primers
would correctly amplify the DNA segment (Fig. 3b; lanes
2, 5, and 8). Negative controls using the total RNA as the
template but omitting RT in the RT reaction were also
included to detect any genomic DNA background or
contamination of the RNA sample (Fig. 3b; lanes 4, 7,
and 10). orf4 appears to be transcribed alone, as it was not
possible to amplify the upstream bridging fragment
(290 bp; Fig. 3b, lane 3) and downstream bridging fragment

(445 bp; Fig. 3b, lane 6) above background levels (lanes 4
and 7, respectively) despite repeated attempts. For positive
controls, PCR products of correct sizes were obtained (lanes 2
and 5, respectively). Finally, it was possible to amplify the
bridging region between manB and celT (450 bp; Fig. 3b,
lane 9), indicating that these two genes are co-transcribed.
Therefore, under the growth conditions, the celC gene
cluster, with its six members, is transcribed into a celC–
glyR3–licA polycistronic mRNA, an orf4 monocistronic
mRNA, and a manB–celT bicistronic mRNA.

Primer extension analysis of the celC, orf4, and manB
transcripts We used a non-radioisotope technique for
primer extension analysis to determine the transcription
initiation sites for the three transcription units of the celC–
glyR3–licA–orf4–manB–celT gene cluster. In this method,
total RNA was isolated at the exponential growth phase as
mentioned above. A reverse primer corresponding to the
nucleotide positions 14–33 of celC was end-labeled with
fluoroscein (Table 1) and used for primer extension. The
resulting cDNA was analyzed by capillary electrophoresis
to determine its size as described in “Materials and
methods.” As shown in Fig. 4a, a 53 bp extended cDNA

licA orf4 manB celT

X X

A

(290 bp) (445 bp) (450 bp)Expected PCR product size

PCR primer no. (Table 1)                                   7        8          9          10     11          12  
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R
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1         2         3         4          5          6         7           8          9         10

B

Fig. 3 Co-transcriptions of manB–celT as evidenced by RT-PCR
mapping. a A schematic drawing of the licA–celT gene cluster,
indicating the results of RT-PCR using primers (Table 1), each
corresponding to a sequence of one of the two adjacent genes. A
horizontal bar (—) between two adjacent genes indicates that the
respective RT-PCR product of the expected size was observed; a big
letter X (X) indicates the respective RT-PCR product was not obtained
after repeated attempts. b Agarose gel electrophoresis of the PCR-

amplified cDNA. Lane 1, molecular weight marker; lanes 2, 5, and 8,
positive controls of PCR using genomic DNA as the template; lanes 4,
7, and 10, negative controls omitting the reverse transcriptase in the
RT reaction; lanes 3 and 6, the negative results, indicating the lack of
co-transcription of licA–orf4 and orf4–manB, respectively; lane 9, the
450 bp RT-PCR product indicating co-transcription of manB–celT.
Cells were grown on cotton for 60 h
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fragment was obtained, corresponding to the transcription
initiation site located at the −20 nucleotide position of celC
(Fig. 4b). The transcription initiation site is 8 bp upstream
of the putative Shine–Dalgarno sequence.

The technique was applied to identify the transcription
initiation sites for orf4 and manB (Fig. 5). orf4 was shown
to have two starts sites that were 130 and 138 bp upstream
from the start codon, respectively (Fig. 5a). The single
transcription initiation start site for manB was found to be
233 bp upstream of the start codon (Fig. 5b).

The results of the primer extension analysis are
consistent with the observation that the six genes are
organized into three separate transcription units.

Expression profiles of the gene cluster on different carbon
sources To determine if celC, glyR3, and licA are indeed co-
regulated, we compared the expression profiles of these three
genes on three different carbon sources, cellobiose, cotton,
and laminarin, a β-1,3-linked glucan. The growth kinetics
was monitored for each culture condition based on the
cellular protein level (Fig. 6). At different growth stage, the
RNA was harvested from the cells and subjected to
quantitative RT-PCR analysis to determine the gene expression
kinetics using gene-specific primer sets. A comparison was
made between the expression of all three genes at each growth
phase on all three carbon sources (Fig. 7).

The most striking result is that, at late exponential growth,
celC, glyR3, and licA all had a spike in expression when the
cultures were grown on laminarin (Fig. 7). The spike was not

seen when the cells were grown on cellobiose or cellulose,
indicating that these three genes are induced by growing on
laminarin. Once the cells enter early stationary phase, the
expression levels of all three genes sharply diminished,
indicating that the genes were highly repressed at this growth
phase. In addition, the expression profiles of these three
genes were parallel to one another, as expected if they are
transcribed into a polycistronic messenger. As will be
discussed later, these results corroborate well with the
mechanism we have proposed for GlyR3 regulation in the
celC gene cluster (Newcomb et al. 2007).

In contrast, the expression of orf4, manB, and celT did
not show a spike when grown on any of the substrates
(Fig. 8). It is possible that different carbon sources are
involved in inducing orf4, manB, and celT. Nonetheless, the
expression patterns of manB and celT on the three carbon
sources are similar, indicating co-regulation of the two
genes and consistent with the observation that the two
genes are co-transcribed into a bicistronic messenger.

Discussion

Clostridium thermocellum produces a highly active cellulase
system that has over 100 different components. At this time,
only one transcription factor has been reported for the
regulation of the cellulase system components (Newcomb et
al. 2007). GlyR3 has been shown to bind to the celC

-350
TTGTTTGTAAGAACGCTTAGTCGTAAGTTTTATGTAACCTAAAACTGTTT
-300
AATCAATAAAATTATAACATATTACTTCAAAAGTGGGGACAAAAAAGAAC
-250
AAAAAAATTGAAATTTTGATGAAAAATACAAGATATGAATTAAGTGGGCC
-200
GAATAAAAACTGGACAGAGAAGAAGAAAACGTGATATAATTAAATTAGAA
-150
TGAACGCGCGTACATTATTGAATAATCCAGTGTTAAATGGTTTCAGTTTA
-100
CGATTTCAAATGTTTATATCCAATTTACATTTAAAAACATACAAAACATC
-50
AAAAGTATTTAATACCAATATTTAAAACACAATATTTCAGGAGGAAAAAA

Shine-Dalgarno
+1
ATG GTG AGT

A

B

Fig. 4 Transcription initiation
site as revealed by primer
extension using a primer
corresponding to the celC
sequence. a Capillary
electrophoresis of the extended
cDNA, showing a 53 bp
fragment, matching up to the
transcription initiation site;
b DNA sequence of the celC
promoter region. The
transcription initiation site
matching the 53 bp extended
cDNA fragment is indicated
with an arrow and the putative
Shine–Dalgarno sequence is
underlined. The palindromic
GlyR3 binding site (Newcomb
et al. 2007) is bolded. The −10
and −35 sigma factor binding
sites predicted by BProm (http://
linux1.softberry.com/berry.
phtml, accessed 3 January 2011)
are noted by a solid and a
dashed box,
respectively
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promoter region, inhibiting transcription of celC until the
inducer, laminaribiose, a β-1,3 glucose dimer, is present.
One important goal of this study was to determine whether
the six genes found in this cluster were co-regulated by
GlyR3 and laminaribiose.

Co-transcription of celC–glyR3–licA and of manA–celT,
respectively, as demonstrated in this work, represents the
first two cases of co-transcription of glycosyl hydrolase
genes in C. thermocellum. Co-transcription of genes is a

method of coordinated gene regulation in prokaryotes. In
this regard, we have previously found that GlyR3 serves as
a negative regulator that binds to a palindromic sequence in
the celC promoter region (Newcomb et al. 2007). The
binding is inhibited by laminaribiose, leading to the
induction of the celC gene. The results of this work further
indicate that the induction is for celC–glyR3–licA, but not
for orf4 or manB–celT. Since CelC (Petre et al. 1986;
Schwarz et al. 1988) and LicA (Fuchs et al. 2003) are both
active on β-1,3 glucans, the results indicate that C.
thermocellum coordinates the expression of glycosyl hydro-
lases in response to the availability of a particular biomass
substrate and, despite the insolubility of biomass substrate,
this regulation can be mediated by a soluble sugar released
from the biomass substrate.

The first three genes of the cluster celC, glyR3, and licA
are all co-transcribed into a polycistronic messenger
(Fig. 2), leading to their co-regulation. A basal level of
expression is present for these three genes, as shown by the
low level transcript present at the exponential stage of
growth on all three substrates (Fig. 7). When the bacterium
encounters a substrate that contains β-1,3 linkages, some
degree of degradation occurs by the action of the low level
expression of celC and licA. The degradation product
laminaribiose is presumed to enter the cell (Nataf et al.
2009) and inactivate GlyR3’s binding to the celC promoter
region (Newcomb et al. 2007). Full level transcription of
celC–glyR3–licA is now allowed to proceed, as evidenced

Exponential

Late
exponential

Early stationary

Fig. 6 Growth kinetics of C. thermocellum on cellobiose, cellulose,
or laminarin as the sole carbon source as measured by cellular protein.
Errors bars represent the standard deviations of triplicate runs

orf4

A

B

manB

-150
AGTTGAGTTTTTAAAAGGCATTATATTGGTTGTAAAACTGTATAATGCCT
 -100
TTTTTTTATTGGGTGCAACATTTAACATACATTTTACAAAGCGTTTGATT
 -50
AAAATATGATATAATTTCTT TGATTTTGATGAAAAGGGAATGGGTGAGGT
                                                                          Shine-Dalgarno
+1
  ATG GAT CTG

-250
 TTTAGATATAAAATGACAACATCAGGTAAAATTAATTGTAATGTGAAGAA
-200
AAATATAGTAAGATAAATATAAAGGGAGAAAACGTCTTGCTTCTATATTT
-150
ATTCTACACAGTTCTGTATGTTGCATTGTCTGTTTTTCTTGCCACGGTTA
-100
TATCGTGTCACATTACAGTAATGTTACAACACTGCATAAAGGAATAATGA
-50
AACTGAATTAAAATTTTCATTTATATAAATTTATGCAGGGAGGAATCTCT 

                                     Shine-Dalgarno
+1
  ATG GAG AAC

Fig. 5 Transcription initiation
site as revealed by primer
extension using primers
corresponding to the orf4 and
manB sequences, respectively.
Arrows indicate the transcription
initiation sites located in the
promoter regions of the
respective genes. a Capillary
electrophoresis of the extended
cDNA, showing a 170 and
178 bp fragments, matching up
to the transcription initiation
sites (−130 and −138 bp,
respectively) for orf4; b the
extended 278 bp cDNA
fragment, matching up to the
transcription initiation site
(−233 bp) for manB
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by the significant increase in the expression level detected
at late exponential growth for all three genes on laminarin
(Fig. 7). In addition, by having GlyR3 regulate its own
expression, a feedback loop is created. Once the level of the
inducer laminaribiose dwindles, GlyR3 is freed up to bind
the promoter region and quickly downregulates celC–
glyR3–licA, as demonstrated by the dramatic drop in the
expression of these three genes at early stationary phase
(Fig. 7). The sharp spike of celC–glyR3–licA expression
occurs only when the cell is grown with a substrate
containing β-1,3 linkages (laminarin). The same expression
pattern was observed when lichenan (β-1,3 and β-1,4
linkages) or laminaribiose was used as the sole carbon
source (data not shown). The parallel expression profiles of
these three genes as determined by quantitative RT-PCR are
consistent with the result of Northern blot, which indicates
that celC, glyR3, and licA are co-transcribed into a
polycistronic messenger. It is of note that, although the
three protein products are to be translated from this

messenger, other factors such as the efficiency of ribosome
binding site may still lead to differential expression of the
members of the celC operon.

Concurrent with the spike in celC operon expression is
the transition from exponential phase to stationary phase
(Fig. 7), which may be indicative of a growth phase- or
growth rate-dependent expression (Dror et al. 2003).
Studies in C. cellulovorans show a sharp increase in the
expression of genes encoding cellulolytic proteins as
cultures reach late log phase (Han et al. 2003b). The
mechanism of this growth phase- or growth rate-dependence
remains to be investigated.

It is noteworthy that in the CelC cluster inC. thermocellum,
the non-cellulosomal glycosyl hydrolase genes (celC and
licA) and the cellulosomal glycosyl hydrolase genes (manB
and celT) belong to two different transcription units. The
disparate expression kinetics (Figs. 7 and 8) clearly indicates
that the two sets of genes are regulated by different
mechanisms under the culture conditions. Whether the
cellulosomal and non-cellulosomal glycosyl hydrolase genes

0

orf4

manB

celT

E
xp

re
ss

io
n 

re
la

tiv
e 

to
 1

6S
 (

X
10

-3
)

Exponential      Late exponential     Early stationary

Fig. 8 Expression profiles of orf4, manB, and celT of C. thermo-
cellum on cellobiose, cellulose, or laminarin as the sole carbon source
as determined by quantitative RT-PCR. Transcript levels are shown
relative to 16S expression and error bars represent standard deviations
of triplicate runs
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are always regulated by different mechanisms remains to be
further investigated. It is would be of interest to determine
how the manB–celT gene cluster is regulated. Our results also
demonstrated that orf4 encoding a hitherto unknown trans-
membrane protein is transcribed alone and has a relatively
low level of expression on all of three substrates studied. It
would be interesting to determine if orf4 is related to biomass
degradation, either as a part of the transport system or in
some other capacity.

Our results demonstrated that a β-1,3-linked glucan is able to
upregulate celC, glyR3, and licA. These three genes are co-
transcribed and therefore form an operon. The celC operon is
the first operon with a known molecular mechanism reported in
C. thermocellum. The bacterium clearly tailors the expression
of the celC operon in response to the substrate present in the
environment. As the study of the C. thermocellum cellulase
system continues, other such regulatory units will be discovered
along with novel molecular mechanisms.
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