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Abstract Clostridium thermocellum can rapidly solubilize
cellulose and produces ethanol as an end product of its metabolism. As such, it is a candidate for bioethanol production
from plant matter. In this study, we developed an inducible
expression system for C. thermocellum based on its native
celC operon. We enhanced expression over the native operon
structure by placing the repressor gene, glyR3, immediately
after the celC promoter, and expressing the target gene after
glyR3. Upon the addition of the inducer substrate,
laminaribiose, an approximately 40-fold increase in gene expression was obtained using the test gene spo0A. Furthermore,
induction of the sporulation histidine kinase, clo1313_1942,
increased sporulation frequency by approximately 10,000fold relative to an uninduced control. We have also shown that
the laminaribiose (β1-3-linked carbon source) utilization
pathway is not catabolite repressed by cellobiose, a β1-4linked carbon source frequently used for C. thermocellum cultivation in laboratory conditions. Selective expression of target genes has the potential to inform metabolic engineering
strategies as well as increase fundamental understanding of
C. thermocellum biology.
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Introduction
Clostridium thermocellum is an anaerobic bacterium that has
the ability to solubilize plant biomass components rapidly
using both a tethered enzyme complex known as the
cellulosome (Bayer et al. 2004), and free cellulases (Johnson
et al. 1982). C. thermocellum also produces ethanol as a byproduct of its metabolism (McBee 1950), making it an organism of interest for the sustainable production of ethanol fuel.
The cellulosome and cellulase systems of C. thermocellum
have been thoroughly characterized in strain ATCC 27405
(American Type Culture Collection) (Ellis et al. 2012; Lynd
et al. 2002). However, the potential to increase ethanol yields
and titers in this strain through genetic manipulation is limited
by its low and variable transformation rate (Olson and Lynd
2012). For this reason, metabolic engineering efforts have
been focused on strain DSMZ 1313 (Deutsche Sammlung
von Mikroorganismen und Zellkulturen GmbH, Germany),
for which it has been possible to make several genetic modifications. Methods for making markerless gene deletions have
been developed (Argyros et al. 2011; Olson and Lynd 2012;
Tripathi et al. 2010). Although much has been learned from
these studies, we have encountered limitations when trying to
investigate the function of genes involved in central metabolism. In addition to central metabolism, there are other aspects
of C. thermocellum biology that need to be characterized at the
molecular level in order to optimize growth dynamics and end
product formation. This includes the process of spore formation, which causes growth arrest in vegetative cells and has
been shown to negatively impact product yields in other clostridial systems (Qureshi et al. 1988, 2004). In line with this,
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the abolishment of spore formation in combination with other
metabolic engineering strategies has been effectively used to
improve product yields and substrate utilization for
Clostridium cellulolyticum (Li et al. 2014), and downregulation of the sporulation master regulator gene spo0A was also
partially responsible for improved robustness in the Populus
hydrolysate mutant of C. thermocellum strain ATCC 27405
(Linville et al. 2013). These studies have demonstrated the
value of reducing spore formation during growth in order to
maximize product formation and growth. However, the ability
to produce spores is a valuable trait to retain as spores are
easily stored and can be used as hearty sources of inocula.
Hence, it would be useful to have the ability to manipulate
spore formation during growth while still retaining the strain’s
sporulation capability. A regulatable genetic system would be
ideal for this purpose.
Several inducible expression systems have been developed
for Clostridium species. These include systems regulated by
xylose for Clostridium perfringens (Nariya et al. 2011), lactose for Clostridium ljungdahlii and Clostridium
acetobutylicum (Banerjee et al. 2014; Heap et al. 2007), tetracycline for Clostridium difficile (Fagan and Fairweather
2011), anhydrotetracycline for C. acetobutylicum (Dong
et al. 2012), and most recently arabinose for
C. cellulolyticum (Zhang et al. 2015). However, none of these
inducible systems have been adapted for use in
C. thermocellum. Furthermore, mechanisms for the transport
of lactose, arabinose, or xylose have not been identified or
characterized in C. thermocellum, which preferentially transports longer chain cellodextrins as opposed to simple carbon
sources (Nataf et al. 2009; Zhang and Lynd 2005). Therefore,
at least a few of these potential inducer molecules are less than
ideal candidates for the creation of an efficient inducible system for C. thermocellum, as systems for their uptake into the
cell would need to be better characterized and potentially
optimized.
An alternative approach for the construction of an inducible
expression system would be to adapt an existing inducible
promoter from the host organism in question. The celC operon, which encodes two free cellulase genes, celC and licA, and
one repressor protein gene, glyR3, was identified and characterized in C. thermocellum ATCC 27405 (and the corresponding strain DSMZ 1237) (Fuchs et al. 2003; Newcomb et al.
2007). Newcomb et al. reported the presence of a specific
palindromic operator sequence in the celC promoter region
responsible for the regulation of the operon via GlyR3 binding. They also determined that GlyR3 ceases to bind the operator in the presence of laminaribiose, but not in the presence
of β-1-4-linked sugars (Newcomb et al. 2007). Expression of
the celC operon was also induced by growth on laminarin,
with peak expression occurring in late exponential phase
(Newcomb et al. 2011). Expression levels of celC during
growth on laminaribiose have not been previously

determined; however, in vitro studies using cell lysate suggested that it is possible for expression to occur within
60 min after addition of laminaribiose (Newcomb et al.
2007). Laminaribiose is proposed to enter the cell via the
laminaribiose-binding protein (Lbp) ABC transport system
(Nataf et al. 2009). The promoter region of Lbp does not
contain the palindromic sequence responsible for GlyR3 binding and is therefore unlikely to be regulated by GlyR3. To
date, this is the only regulated operon that has been characterized in C. thermocellum.
The effect of spore formation on product yields has not
been evaluated for C. thermocellum, but because spore formation arrests vegetative growth, there is potential for sporulation to negatively affect metabolic activity. Based on existing
studies, clostridial sporulation is initiated when histidine kinases directly phosphorylate the sporulation master response
regulator, Spo0A, resulting in Spo0A~P (Steiner et al. 2011;
Underwood et al. 2009). Accumulation of Spo0A~P, the direct
result of kinase activity (12), commits the cell to spore formation. In previous work, we found that expression of the histidine kinase Clo1313_1942 induced sporulation to levels 100fold greater than the wild type when expressed under the native C. thermocellum gapDH promoter (Mearls and Lynd
2014). This result leads us to believe that varying the expression levels of this kinase would directly impact sporulation
levels in a titratable manner. As kinase activity is not only an
indicator of transcriptional output but also a functional output,
we determined that assaying the sporulation response after
induction of Clo1313_1942 would be an effective way to
validate our inducible construct, as well as provide additional
insight into the mechanics of spore formation in
C. thermocellum.
Inducible expression systems are extremely useful molecular tools that provide a means to express recombinant proteins, evaluate the function of unknown genes or proteins in a
cell, regulate expression of essential genes, and map various
pathways. In this study, we sought to develop a plasmid-based
inducible expression system for C. thermocellum based on the
celC operon and to use this system to understand how variable
expression of the known sporulation kinase Clo1313_1942
impacts the sporulation response.

Materials and methods
Strains and culturing conditions Yeast and bacterial strains
are listed in Table 1. Saccharomyces cerevisiae InvSc1 was
grown in YPD liquid media and plated on SD-Ura medium
(Sunrise Science Products, San Diego, CA, USA) for the selection of Ura3+ plasmids. Escherichia coli strains were
grown on LB medium supplied with chloramphenicol
(15 μg/ml) for plasmid maintenance. The C. thermocellum
spo0A deletion strain, M1726, was a gift from the Mascoma
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Table 1

Strains and plasmids used in this study

Strain or plasmid

Description and or relevant characteristics

Reference, source, or construction

S. cerevisiae InvSc1

Uracil auxotroph

Invitrogen

E. coli Top10
E. coli BL21 (DE3)

Used for plasmid maintenance
Used for plasmid maintenance and appropriate DNA methylation

Invitrogen
New England Biolabs

WT

DSMZ (Germany)

Microbial strains

C. thermocellum strains
DSMZ 1313
M1354

Δhpt

Argyros et al. AEM, 2011

M1726

ΔhptΔspo0A

Mascoma Corporation

LL1050

DSMZ 1313 containing pEBM130

This study

LL1051
LL1052

M1726 containing pEBM113
M1726 containing pEBM107

This study
This study

LL1088

DSMZ 1313 containing pEBM109

This study

Cloning vector, contains oriColE1, CEN6, ARSH4, URA3,
pGapD-cat, pNW33N replication origin
Contains the celC promoter region, spo0A, and glyR3 cloned into
pAMG205 EcoRI site
Contains the celC promoter region and glyR3 cloned into
pAMG205 EcoRI site
Contains the celC promoter region, glyR3, and spo0A cloned into
pAMG205 EcoRI site
Resembles pEBM113 with clo1313_1942 replacing spo0A

Guss et al. Biotech for Biofuels, 2012

Plasmids
pAMG205
pEBM107
pEBM109
pEBM113
pEBM130

Corporation and was constructed in C. thermocellum strain
DSMZ 1313 (Feinberg et al. 2011) following the procedures
as outlined by Argyros and coworkers (Argyros et al. 2011).
Briefly, the plasmid pMU1810 (GenBank Accession #
KC779546) was used to delete the gene encoding the ortholog
of the Bacillus subtilis response regulator of sporulation,
spo0A (clo1313_1409), in a C. thermocellum Δhpt background (M1354) (Argyros et al. 2011). The Δhpt background
provides a method for generating markerless deletions via
negative selection when the toxic purine analog, 8azahypoxanthine, is supplied. Deletion of clo1313_1409 in
this background yielded the Δhpt Δspo0A genotype henceforth referred to as M1726. C. thermocellum was cultured in
liquid media in an anaerobic chamber (Coy Laboratory
Products, Grass Lake, MI) in modified DSM122 liquid media
(Dror et al. 2003) supplemented with 50 mM MOPS and
10 mM sodium citrate. Growth media contained cellobiose
(Sigma), laminaribiose (Megazyme), or both as specified.
C. thermocellum strains were transformed via electroporation
according to established protocols (Olson and Lynd 2012),
and 12 μg/ml thiamphenicol was used for selection and
cultivation.
Testing for catabolite repression DSMZ 1313 was grown in
the presence of 10 mM cellobiose, 5 mM cellobiose+5 mM
laminaribiose, or 10 mM laminaribiose to check for catabolite
repression. Growth was monitored every 3 min via optical

This study
This study
This study
This study

density (OD) reads at 600 nm in an anaerobic spectrophotometer. Data shown for each sample represents the average of
three replicate experiments.
Recombinant plasmid construction All plasmids were constructed via yeast gap repair cloning (Shanks et al. 2006,
2009), and E. coli was used as a host strain for plasmid propagation. To construct pEBM113 (GenBank Accession #
KC920664), pAMG205 (Guss et al. 2012) was cut once with
EcoRI restriction endonuclease (New England Biolabs
(NEB), Ipswich, MA) and gel purified using Zymoclean™
Gel DNA Recovery Kit (Zymo Research, Orange, CA,
USA). The DNA regions and target genes used for cloning
pEBM113 included a previously described 200 bp region upstream of celC containing the celC promoter region
(Newcomb et al. 2007), glyR3 (clo1313_0396), and spo0A
(clo1313_1409). These DNA regions were amplified from
C. thermocellum genomic DNA using high-fidelity Phusion
polymerase (NEB) with an initial denaturation step of 98° for
3' followed by 30 cycles of 98° for 30 s, 65° for 30 s, 72° for
60 s, with a final extension step of 72° for 5'. DNA oligos used
to amplify DNA regions were obtained from Integrated DNA
Technologies (IDT) and are listed in Table 2. Oligos used in
the cloning reaction included 30–40 bp of overlapping homology to either the cut ends of pAMG205 or the adjacent DNA
region in the cloning reaction, and oligos flanking spo0A also
introduced unique restriction sites SphI and NotI, which allow
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Table 2

Primers used in this study

Primer name

Gene/DNA region

Sequence 5′-3′

Reference

Yeast cloning primers:
CelCF.YH

celC promoter

gtcggaagactgggccttttgttttggtaccgaagcatgcaattaaattagaatgaac

This study

CelCR.YH
spo0AF.YH

celC promoter
spo0A (clo1313_1409)

cgacccgaatcttatttgatgtcaactcgagctcgagtttttcctcctgaaatattgtg
acacaatatttcaggaggaaaaactcgagctcgagttgacatcaaataagattcgg

This study
This study

spo0AR.YH

spo0A (clo1313_1409)

ttcactggtcatcgtccacctcccctagatctagatctttatgtagccattttcatttcc

This study

GlyR3F.YH
Glyr3R.YH

glyR3 (clo1313_0396)
glyR3 (clo1313_0396)

atggctacataaagatctagatctaggggaggtggacgatgaccagtgaagaaatagcaa
gatcagcgggtttaaacgctgaggcgcgccgaacccgggtcagaattccaaagccctcttg

This study
This study

pEM130F
pEM130R

clo1313_1942
clo1313_1942

ccaagagggctttggaattctgaaggagggcatgcatgcaagaaccggtatacacaattc
gaggcgcgccgaattgcggccgctcaatagtatatatcagaaaattctatatgcacattg

This study
This study

CelCF.YH.EV

celC promoter

gccttttgttttggtaccggaattcgagctcgcatgcaattaaattagaatgaacgcgcg

This study

CelCR.YH.EV
GlyR3F.YH.EV

celC promoter
glyR3 (clo1313_0396)

ctggaaacaccacataattttgctatttcttcactggtcatcgtccacctcccctgtcg
tttcaggaggagcggccgctgtcgacaggggaggtggacgatgaccagtgaagaaatagc

This study
This study

GlyR3R.YH.EV

glyR3 (clo1313_0396)

aaacgctgaggcgcgccgaattgaattcgagctccccgggtcaaaattccaaagccctc

This study

qRT-PCR primers:
F: celC-F

celC (clo1313_0395)

cgggaacatattgcctttgaac

Newcomb et al., PNAS 2007

R: celC-R

celC (clo1313_0395)

ggtggaatcaatttccctgattg

Newcomb et al., PNAS 2007

F: X0352
R: X0353
F: spo0AF

recA (clo1313_1163)
recA (clo1313_1163)
spo0A (clo1313_1409)

gttgcggtaaatctcgatattgtaaa

This study

ggccaatcttctgaccgttg
gagggatgccataataatggtagtc

This study
This study

R: spo0AR

spo0A (clo1313_1409)

ctataaattccgaatttgtgggtttacc

This study

for the removal of spo0A. Cloning was performed via yeast
gap repair cloning using a modified Lazybones protocol
(Elble 1992; Shanks et al. 2006), in which the amplified fragments and plasmid backbone were assembled into pEBM113
via yeast homologous recombination. To construct pEBM130
(GenBank Accession # KC788287), pEBM113 was cut with
SphI and NotI, and gel purified to extract only the plasmid
backbone and remove spo0A. The gene encoding a putative
histidine kinase, clo1313_1942, was amplified with oligos
with homology to the cut ends of pEBM113, and the vector
was again assembled via yeast gap repair cloning. To
construct an empty vector control (pEBM109, GenBank
Accession # KC779543) harboring only the celC promoter and glyR3, pAMG205 was cut with EcoRI. The celC
promoter region (as described above) and glyR3 were amplified with primers that included 30–40 bp of overlapping homology to either the cut ends of pAMG205 or the
adjacent DNA region in the cloning reaction, then assembled via yeast gap repair cloning. Plasmids were isolated
from yeast using Zymoprep Yeast Plasmid Miniprep II Kit
(Zymo Research) and were introduced via electroporation
into E . c o l i Top 10 (Inv itroge n, Carlsbad, CA).
Subsequently, plasmids were transformed via chemical
competence into E. coli BL21 (Cat# C2523, NEB) before
C. thermocellum electro-transformation. Plasmids were
isolated from E. coli using QIAGEN QIAprep Spin
Miniprep Kit (QIAGEN, Valencia, CA, USA).

Laminaribiose induction Strain M1726/pEBM113
(LL1051) was cultured overnight on liquid media containing
10 mM cellobiose, subcultured to an optical density at 600 nm
(OD600) of 0.1, and allowed to grow to late exponential phase
(OD 0.7–0.9) before being induced. During the induction procedure, cultures were split into two aliquots, and either
laminaribiose or cellobiose (uninduced control) was added
to each aliquot. Unless otherwise stated, 10 mM (final concentration) of laminaribiose was used for induction. When less
than 10 mM laminaribiose was used, the culture was supplemented with the appropriate amount of cellobiose so that total
additional carbon source was always 10 mM. Samples for
gene expression analysis were harvested into RNAprotect
Reagent (QIAGEN) at 1, 2, 3, 6, or 9 h after induction as
noted. Cell pellets were stored at −20° for up to 1 week before
RNA extraction. Three independent biological replicates were
obtained for all analyses.
RNA isolation and gene expression measurements RNA
was isolated from all samples using RNeasy Mini Kit
(QIAGEN). An on-column DNase (QIAGEN) treatment was
used to eliminate DNA contamination; however, an additional
DNase treatment followed by a secondary cleanup procedure
was necessary to remove all traces of DNA for subsequent
analysis via quantitative RT-PCR.
All DNA oligos used for RT-PCR are listed in Table 2.
DNA oligos designed to target a 70-bp region of recA
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(clo1313_1163) and 180-bp region of spo0A (clo1313_1409)
were created and searched against the C. thermocellum chromosome for uniqueness using the BLAST algorithm. For
XD352 (clo1313_1163), the next highest BLAST hit had an
expectation value of 0.58, and for XD353 (clo1313_1163), the
next highest BLAST hit had an expectation value of 0.35. For
spo0AF (clo1313_1409), the next highest BLAST hit had an
expectation value of 0.15, and for spo0AR (clo1313_1409),
the next highest BLAST hit expectation value was 0.18.
Additionally, no secondary melt peaks were detected during
melt-curve analysis using Bio-Rad CFX manager software,
version 2.1. Primer amplification efficiency was determined
by using nine tenfold dilutions of genomic DNA to generate a
standard curve for all primer pairs. The amplification efficiency for spo0A, celC, and recA primer pairs were 91, 104, and
112 %, respectively. The cDNA library and subsequent qPCR
reaction was performed in a one-step reaction using iScript
cDNA Synthesis Kit (Bio-Rad) on CFX96 qPCR machine
(Bio-Rad Corporation) with an annealing temperature of
50 °C and other cycling parameters as suggested by the
iScript datasheet. Cq values were determined using Bio-Rad
CFX manager software, and normalized gene expression
levels were calculated using the ΔΔCq method with recA
serving as the reference gene. All samples were run in duplicate, and at least three replicates were obtained for each
sample.
Induction of spore formation and spore
quantification DSM1313 expressing pEBM130 (LL1050)
was grown on laminaribiose and cellobiose at different concentrations to evaluate spore formation as a result of
clo1313_1942 expression. Ratios of laminaribiose to cellobiose included 0:10, 2:8, 5:5, 8:2, and 10:0 mM. All cultures
were grown for 24 h. Spores were quantified after 24 h by
heat-treating cultures at 100 °C for 30 min as described previously (Mearls et al. 2012). Spores were quantified via serial
dilution followed by plating in modified DSM122 media containing 8 % agar. Three separate biological replicates were
obtained, and spore numbers are reported as colonyforming units/ml of culture (CFU/ml).

Results

a Cellobiose
CH2OH
HO

HOH2C
O

HO

O
OH

O

OH

OH
OH

Laminaribiose
CH2OH
HO

CH2OH
HO

O

HO

O

O
OH

OH
OH

b

Fig. 1 Growth curves for DSM1313 in cellobiose vs. laminaribiose. a
The chemical structure of cellobiose (β-1-4 linkage) and laminaribiose
(β-1-3 linkage). b DSMZ 1313 was grown in the presence of 10 mM
cellobiose (CB; squares), 5 mM cellobiose+5 mM laminaribiose (CB+
LR; open circles), and 10 mM laminaribiose (LR; triangles). Data shown
for each sample represents the average of three replicate experiments. No
significant difference in growth was observed between conditions at any
time point, as was determined by an unpaired Student’s t test assuming
unequal variance

Lack of catabolite repression by cellobiose and conditions
for maximum induction of the celC promoter
Cellobiose and laminaribiose are both glucose dimers that
differ in their β-linkages (Fig 1a). While C. thermocellum
can grow on both β1-4 and β1-3-linked carbon sources, it
was unknown whether it would preferentially utilize one of
these carbon sources over the other when grown in the presence of both. Catabolite repression via another substrate could

reduce expression from our system if the organism preferred
to use the other substrate first. We verified that the celC operon
was not catabolite repressed by cellobiose. Cultures were
grown in the presence of cellobiose, laminaribiose, or a combination of both substrates to ascertain their growth patterns
and check for diauxic growth when both substrates were present. Growth curves for all cultures were highly similar, and
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diauxic growth was not observed in the cultures that contained
both substrates (Fig. 1b).
Next, we wanted to measure how quickly laminaribiose
induction of the celC operon occurs and how long it is
sustained in vivo; we induced C. thermocellum cells in exponential phase (OD 0.5–0.7) with 10 mM laminaribiose and
measured the expression of celC via quantitative RT-PCR.
Our results indicate that expression of celC occurs within an
hour of induction (Fig. 2). The highest levels of induction
measured were between 1 and 2 h after induction, and expression dropped significantly after 3 h. In early experiments, we
noted that the addition of excess laminaribiose (up to 20 mM)
did not significantly increase induction, and likewise did not
significantly extend the time of induction past the 2-h mark
(data not shown). Therefore, we chose 10 mM laminaribiose
as our maximum amount of inducer substrate for all remaining
experiments. We also chose the 2-h time point as a reference
point in subsequent experiments, as expression levels were the
most consistent.
Reorganization of the celC operon enhances expression
from a plasmid
As the celC operon is self-regulated through GlyR3, we hypothesized that all the machinery needed for effective expression and repression lies within the operon and the promoter.
We therefore sought to clone the important segments of this
operon in such a way as to resemble the native chromosomal
structure (Fig. 3a) with the following modifications: (1) the
celC gene was replaced with a reference gene, spo0A, and (2)

licA was not cloned. We chose to use spo0A as a reference
gene as a spo0A deletion mutant (M1726) was available,
which obviated the need to distinguish chromosomal versus
episomal expression. This initial construct was named
pEBM107, and this construct was transformed into the
spo0A deletion strain.
We tested the ability of laminaribiose to induce the expression of spo0A in this strain, but spo0A uninduced expression
was high and increased no more than twofold upon induction,
suggesting leaky expression (data not shown). To increase
repression, a new vector was cloned where glyR3 was situated
before the target gene and right after the celC promoter. This
construct was called pEBM113 (Fig. 3b) and was transformed
into M1726 resulting in strain M1726/pEBM113 (LL1051).
When laminaribiose was used to induce expression of spo0A
in M1726/pEBM113, spo0A expression increased nearly 40fold (Fig. 3c). CelC expression from the native locus served as
an internal control, and also increased after induction roughly
15-fold compared to uninduced levels.
Modulation of gene expression
In order to explore the effect of toxic genes or to regulate
specific levels of gene expression, it would be useful to be
able to modulate the level of expression from the celC promoter. We tested whether or not varying the levels of
laminaribiose would serve to vary gene expression levels with
our construct. We induced late exponential phase M1726/
pEBM113 (LL1051) cells with 0, 2, 5, 8, and 10 mM
laminaribiose and measured gene the abolishment of spore
formation of spo0A after 2 h. Our results indicate that gene
expression of our target gene (spo0A) increased in a nearly
linear fashion with the levels of laminaribiose (Fig. 4).
However, unlike spo0A, celC expression leveled off when
laminaribiose was supplied in excess of 8 mM. This is likely
indicative of the maximum level of induction possible for the
native operon.
Titration of the sporulation response via laminaribiose
induction

Fig. 2 Time course of celC expression after laminaribiose induction
measured by qRT-PCR. DSM1313 cells in late exponential phase were
induced with 10 mM laminaribiose and harvested at 0, 1, 5, 15, 25, 60,
120, 180, and 360 min after induction to determine celC expression over
time. All samples were compared against an uninduced control
supplemented with 10 mM cellobiose. Error bars represent one
standard deviation, n=3

In order to demonstrate a functional output for our system, we
first attempted to induce spore formation in the spo0A deletion
background by complementing the strain with pEBM113
grown in the presence of laminaribiose. However, even
though we occasionally observed spore-like structures via microscopy, no viable spores were detected via heat treatment
and subsequent viable count plating. This was not entirely
unexpected, as previous studies have shown that spore formation is dependent on the cell reaching threshold levels of phosphorylated Spo0A protein, rather than being purely dependent
on levels of spo0A expression (Burkholder and Grossman
2000; Chung et al. 1994).
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glyR3

licA

b

c

3 The celC operon, plasmid construct, and gene expression
measurements. a The celC operon of C. thermocellum is comprised of
the celC promoter region, two free cellulase genes, celC and licA, and a
LacI-like repressor gene that negatively regulates the operon, glyR3. The
celC promoter region and glyR3 were included in subsequent plasmid
constructions. b The second construct, pEBM113 (GenBank Accession
# KC779545), reversed the positions of spo0A and glyR3 and introduced
unique restriction sites flanking spo0A. The plasmid map shows the
positions of replication origins (black), promoters (white), terminators
(dark gray), and protein-coding regions (light gray), which include
spo0A and glyR3, as well as genes encoding chloramphenicol and
thiamphenicol resistance (cat), orotidine 5-phosphate decarboxylase
(ura3), and the gene for the C. thermocellum replication protein, repB.
Full-sequence files have been uploaded to GenBank. Plasmid map was
generated with SnapGene software (from GSL Biotech; available at
snapgene.com). c The expression levels of the target gene, spo0A (black
bars), and the chromosomal control gene, celC (white bars), were
measured using qRT-PCR in M1726/pEBM113 (LL1051). Cultures
were grown to exponential phase and then cultured with either 10 mM
laminaribiose (induced) or 10 mM cellobiose (uninduced) for 2 h.
Expression levels were normalized to the housekeeping gene, recA.
Error bars are indicative of one standard deviation, n=3

grown in the presence of 0, 2, 5, 8, and 10 mM laminaribiose
for 24 h and assayed for viable spores. Our results indicate there
is a correlation between spore count (CFU/ml) and the level of
laminaribiose used for induction (Fig. 5b). Sporulation frequencies were comparable when an empty vector control
DSM1313/pEBM109 (LL1088) was grown on either cellobiose or laminaribiose (Fig. 5c).

Discussion
Metabolic engineering of C. thermocellum has progressed
markedly over the last few years, but still is limited by

To circumvent this problem, we constructed a new vector,
pEBM130, in which spo0A is replaced by a sporulation histidine kinase, clo1313_1942 (Mearls and Lynd 2014). This plasmid was introduced into the wild-type strain and cultured in
either laminaribiose or cellobiose, then plated for spore counts.
Spore formation increased in cultures grown on laminaribiose
by approximately four orders of magnitude compared to that in
cultures grown on cellobiose only (Fig. 5a). To see if spore
formation could be modulated by varying laminaribiose concentrations, DSM1313 expressing pEBM130 (LL1050) was

Fig. 4 Modulation of spo0A gene expression. M1726/pEBM113
(LL1051) was induced with varying concentrations of laminaribiose,
and the expression levels of spo0A (squares) and celC (triangles) were
measured via qRT-PCR. The recA gene was used as a reference. Error
bars are indicative of one standard deviation, n=3
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Fig. 5 Spore formation increases with laminaribiose concentration. a
Strain DSM1313/pEBM130 (LL1050) was cultivated in 10 mM
cellobiose (uninduced, white bars) or in 10 mM laminaribiose (induced,
black bars) for 24 h, then heat treated and plated to quantify viable spores.
b Spores were quantified as above following growth in the presence of
varying levels of laminaribiose. Cellobiose was added in all cases to bring
the total initial sugar concentration to 10 mM. c An empty vector control
strain, DSM1313/pEBM109 (LL1088) was grown in the presence of
either 10 mM cellobiose (white bars) or 10 mM laminaribiose (black
bars). Spores were quantified after heat treatment. Error bars are
indicative of one standard deviation, n=3 in all experiments

available genetic tools. Inducible gene expression systems,
such as the lac operon-based system of E. coli, have been
adapted for selective gene expression in a variety of microorganisms. However, as C. thermocellum is not known to import
lactose (or its derivatives such as IPTG) into the cell, construction of a lac-based inducible system was not considered tractable. In this study, we describe the construction and function

of an inducible expression system for C. thermocellum based
on the native celC operon. This system allows for the expression of a target gene in the presence of laminaribiose, a β1-3linked carbohydrate.
Initial determination of celC expression after the addition
of laminaribiose to a late exponential phase culture indicated
that the maximum expression of celC occurs between 1 and
2 h after induction, and declines significantly after 3 h. This
decline in gene expression was expected, as the two cellulases
found in the celC operon, CelC and LicA, potentially act to
degrade laminaribiose. While CelC enzymatic functions have
not been characterized with respect to laminaribiose, celC
contains active sites similar to those found in fungal cellulases
and to celA, an endoglucanase from C. thermocellum with
demonstrated activity on β-1-4 and β-1-3 sugars (Petre et al.
1986; Schwarz et al. 1988). LicA exhibits specific activity
towards β-1-3 sugars including barley β-glucan and laminarin
(Fuchs et al. 2003). Frequently, sugar inducible expression
systems exhibit autocatalysis, in which the genes encoding
the transport of the sugar into the cell are under the transcriptional control of the sugar itself. Unlike the autocatalytic lac
operon of E. coli (Novick and Weiner 1957; Siegele and Hu
1997), the genes encoded within the celC operon do not appear to play a direct role in laminaribiose transport into the cell
(Nataf et al. 2009). Therefore, deletion of the native operon or
its individual components has the potential to extend the duration of induction from the plasmid construct by slowing the
degradation of laminaribiose in the cell without affecting
laminaribiose transport. Such a modification is unlikely to
prevent laminaribiose catabolism entirely due to the presence
of other β-1-3 endoglucanases (Schwarz et al. 1986), but such
work has the potential to improve the system and/or provide
insight into laminaribiose utilization in C. thermocellum. For
example, the mechanism of lactose utilization in E. coli was
elucidated by studies in which the enzyme responsible for
lactose catabolism, lacZ (β-galactosidase), was deleted. In
the absence of LacZ, lactose fails to induce the lac operon
because LacZ is also responsible for converting lactose to
the inducer molecule, allolactose (Mulller-Hill 1996). The exact mechanism of the laminaribiose/GlyR3 interaction is currently unknown, and while we did not find it necessary to
delete or modify the native celC operon of C. thermocellum
for the purposes of this work, deletion of CelC and LicA could
provide insight into this mechanism or help to understand their
respective roles in laminaribiose catabolism.
Several plasmid-based inducible expression systems described for E. coli including those based on arabinose
(Newman and Fuqua 1999), tetracycline (Skerra 1994), and
lactose (Yansura and Henner 1984) function through the incorporation of the operator/promoter region and the repressor
gene of the respective system. Our initial construct,
pEBM107, was based on the native chromosomal arrangement of the celC operon and incorporated the celC promoter

Appl Microbiol Biotechnol

region (as described by Newcomb et al. 2007), as well as the
repressor gene glyR3. This plasmid failed to produce significant levels of expression after induction, and initial data suggested poor repression (data not shown). There are many approaches for improving repression in an inducible system, one
of which is to enhance or stabilize expression of the repressor
(Gruber et al. 2008; Lutz and Bujard 1997; Mulller-Hill et al.
1968). We took this approach by cloning the repressor, glyR3,
before the target gene. This modification was made to ensure
that the repressor would be expressed sufficiently for the repression of the operon in the absence of laminaribiose. The
new construct, pEBM113, exhibited an approximately 40-fold
increase in target gene expression upon induction and
displayed low levels of uninduced expression.
We also found that gene expression levels increased in a
linear fashion with the concentration of laminaribiose added.
The Lbp ABC transporter system (clo1313_2342clo1313_2347) is predicted to be responsible for
laminaribiose import (Nataf et al. 2009). The lbp operon is
not located near the celC operon in the chromosome, and is
not predicted to be under the regulation of GlyR3 (Nataf et al.
2009). However, the genetic regulation of the lbp operon has
not been explored in detail. Available transcriptomic and proteomic data show that the lbp operon is moderately expressed
during continuous growth on cellulose and cellobiose
(Riederer et al. 2011) and throughout batch growth on cellobiose (Raman et al. 2009), which suggests it is constitutively
expressed. However, to date, the expression and regulation of
this operon have not been evaluated in the presence of
laminaribiose or other β1-3-linked sugars.
We used the newly developed inducible promoter system
to explore elements of the sporulation mechanism in
C. thermocellum. Previously, we had shown that expression
of spo0A from a constitutive promoter complemented the
Δspo0A strain by restoring sporulation and producing viable
spores in C. thermocellum (Mearls and Lynd 2014) However,
expressing spo0A constitutively from the inducible promoter
failed to complement the Δspo0A strain by restoring viable
spores. Interestingly, while viable spores were not detected,
immature spore-like structures were observed by microscopy.
We can only speculate on the cause for the failed complementation, but it would appear that spo0A expression levels are
critical not only for the initial onset of spore formation but also
for the completion of the process and the formation of a fully
mature spore. While this was an unexpected result, it may
illustrate an additional use for the inducible promoter system
in uncovering critical timing events or evaluating the necessity
of sustained gene expression in certain regulatory
mechanisms.
We have shown previously that the histidine kinase
Clo1313_1492 is required for sporulation in
C. thermocellum and increases sporulation frequencies by
roughly 100-fold when constitutively overexpressed in the

wild-type background. Based on work done in B. subtilis
(wherein overexpression of sporulation kinase KinA increased sporulation frequency (Eswaramoorthy et al. 2010)),
we predicted that the sporulation response of C. thermocellum
could be titrated by the expression of clo1313_1492. As predicted, overexpression of the sporulation histidine kinase
clo1313_1942 increased spore formation, and this response
was modulated by laminaribiose concentrations.
Interestingly, maximum expression of clo1313_1492 from
the inducible system achieved tenfold higher sporulation frequencies than when it was cloned under our gapDH-driven
constitutive system (Mearls and Lynd 2014), despite the constitutive system providing a roughly twofold higher level of
gene expression (unpublished data). We determined that
laminaribiose had no impact on sporulation frequencies compared to cellobiose. Therefore, these differences must be due
to the combination of induced expression and some other
factor or set of factors occurring within the cells at the time
of induction, which act together to increase the sporulation
response. Here, we have demonstrated that our inducible gene
expression system can produce functional output (spores) and
can also serve as a platform for studying the sporulation pathway in C. thermocellum.
The ability to modulate spore formation by growth in the
presence of laminaribiose suggests that this system can be
used to induce and modulate expression of different target
genes. This new tool may be useful in understanding the roles
of many C. thermocellum genes, or in introducing and expressing genes from other organisms. The ability to selectively
induce and regulate gene expression is desirable when expressing genes that are potentially toxic or when dynamic
rather than steady-state expression is most useful.
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