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ABSTRACT Cellulosomes are considered to be one of the most efficient systems
for the degradation of plant cell wall polysaccharides. The central cellulosome
component comprises a large, noncatalytic protein subunit called scaffoldin. Mul-
tiple saccharolytic enzymes are incorporated into the scaffoldins via specific
high-affinity cohesin-dockerin interactions. Recently, the regulation of genes en-
coding certain cellulosomal components by multiple RNA polymerase alternative
�I factors has been demonstrated in Clostridium (Ruminiclostridium) thermocellum.
In the present report, we provide experimental evidence demonstrating that the
C. thermocellum cipA gene, which encodes the primary cellulosomal scaffoldin, is
regulated by several alternative �I factors and by the vegetative �A factor. Fur-
thermore, we show that previously suggested transcriptional start sites (TSSs) of
C. thermocellum cipA are actually posttranscriptional processed sites. By using
comparative bioinformatic analysis, we have also identified highly conserved �I-
and �A-dependent promoters upstream of the primary scaffoldin-encoding genes
of other clostridia, namely, Clostridium straminisolvens, Clostridium clariflavum,
Acetivibrio cellulolyticus, and Clostridium sp. strain Bc-iso-3. Interestingly, a previ-
ously identified TSS of the primary scaffoldin CbpA gene of Clostridium cellulo-
vorans matches the predicted �I-dependent promoter identified in the present
work rather than the previously proposed �A promoter. With the exception of C.
cellulovorans, both �I and �A promoters of primary scaffoldin genes are located
more than 600 nucleotides upstream of the start codon, yielding long 5=-
untranslated regions (5=-UTRs). Furthermore, these 5=-UTRs have highly con-
served stem-loop structures located near the start codon. We propose that these
large 5=-UTRs may be involved in the regulation of both the primary scaffoldin
and other cellulosomal components.

IMPORTANCE Cellulosome-producing bacteria are among the most effective cellulo-
lytic microorganisms known. This group of bacteria has biotechnological potential
for the production of second-generation biofuels and other biocommodities from
cellulosic wastes. The efficiency of cellulose hydrolysis is due to their cellulosomes,
which arrange enzymes in close proximity on the cellulosic substrate, thereby in-
creasing synergism among the catalytic domains. The backbone of these multien-
zyme nanomachines is the scaffoldin subunit, which has been the subject of study
for many years. However, its genetic regulation is poorly understood. Hence, from
basic and applied points of view, it is imperative to unravel the regulatory mecha-
nisms of the scaffoldin genes. The understanding of these regulatory mechanisms
can help to improve the performance of the industrially relevant strains of C. ther-
mocellum and related cellulosome-producing bacteria en route to the consolidated
bioprocessing of biomass.
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Certain Gram-positive anaerobic bacteria, epitomized by Clostridium thermocellum,
produce extracellular multienzyme systems known as cellulosomes to efficiently

degrade plant cell wall polysaccharides (1). The backbone of cell-associated cellulo-
somes is a scaffolding protein that incorporates various carbohydrate-active enzymes
(CAZymes) into the complex (1). The scaffolding proteins, termed scaffoldins, contain
multiple repetitions of cohesin modules that tightly bind CAZymes and/or other
cellulosomal proteins by their associated dockerin modules (1, 2). The entire enzymatic
complex can be displayed on the bacterial surface, with a dominant role for the primary
scaffold, or can be released as cell-free cellulosomal systems based on secondary
scaffoldins such as ScaE (Cthe_0736) (2). In C. thermocellum, the attachment of the
cellulosome to the cell surface is carried out by the anchoring proteins OlpB, Orf2p, and
SdbA (1, 2). Additionally, cellulosomes are attached to the cellulosic substrate by
carbohydrate-binding modules (CBMs) present in the primary scaffoldins and/or in the
CAZymes (1).

The importance of the primary scaffoldin proteins in cellulosome-producing bacteria
has been demonstrated in C. thermocellum by using mutant strains deficient in the
scaffoldin CipA (2–6). However, the regulation of the primary scaffoldin genes in
cellulosome-producing bacteria is poorly understood. An early study performed by Dror
and colleagues (7) found that the expression of the C. thermocellum cipA gene is growth
dependent. Under conditions of carbon limitation, the expression of cipA was shown to
be higher at low growth rates than at high growth rates (7). Additionally, using primer
extension analysis, Dror and colleagues identified two transcriptional start sites (TSSs)
upstream of cipA (7). According to the known promoter consensus sequences at that
time, and using Bacillus subtilis as reference, Dror and colleagues suggested RNA
polymerase (RNAP) sigma factors �L (�54) and �A (RpoD) as responsible for the
expression of cipA (7).

Interestingly, the C. thermocellum genome encodes eight alternative RNAP sigma �I

factors (�I1 to �I8), of which six, �I1 to �I6, were shown to be involved in regulating
cellulosomal components (8–11). The cognate membrane-associated anti-�I factors
(RsgI1 to RsgI6) contain C-terminal CBMs that are displayed on the cell surface,
suggesting that they serve as putative sensors for extracellular polysaccharide sub-
strates (8–11). Recently, using a heterologous B. subtilis host system, we showed that
the C. thermocellum alternative RNAP factors �I3 and �I6 recognized a predicted
�I-dependent promoter of the primary scaffoldin gene cipA, located approximately 850
bp from the start codon (10). This suggests that C. thermocellum cipA is likely to be
regulated by these two alternative �I factors.

In the present study, we provide evidence that the putative promoters suggested to
be responsible for the expression of the C. thermocellum cipA gene (7) were incorrectly
proposed. Recent technological advancements have now allowed us to differentiate
between the authentic TSSs and posttranscriptional processed sites (PSs). Here, we
used a combination of computational methods and laboratory experimentation to
demonstrate that in addition to C. thermocellum, other cellulosome-producing bacteria,
such as C. straminisolvens JCM 21531 (12), Clostridium sp. strain Bc-iso-3 (13), C.
clariflavum DSM 19732 (14), Acetivibrio cellulolyticus CD2 (ATCC 33288) (15), and C.
cellulovorans 743B (16), also exhibit a highly conserved �I-dependent promoter up-
stream of the primary scaffoldin gene. Additionally, with the exception of C. cellulo-
vorans, a highly conserved �A promoter was also identified in the above-mentioned
bacteria. Both �I- and �A-dependent promoters are distant from the start codon of the
scaffoldin genes. This suggests that the transcription from both �I- and �A-dependent
promoters may produce mRNA with long 5=-untranslated regions (5=-UTRs) that are
probably involved in posttranscriptional regulation of the cellulosomal primary scaf-
foldin genes.
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RESULTS AND DISCUSSION
Reanalyzing the TSSs of the C. thermocellum cipA gene. In order to verify our

previously predicted �I-dependent promoter upstream of C. thermocellum cipA (10), we
mapped the TSSs using the 5= rapid amplification of cDNA ends (RACE) technique.
During our analysis, in order to upregulate the expression of the multiple alternative �I

factors, C. thermocellum was grown under the conditions reported by Nataf and
colleagues, in a medium containing cellulose and xylan (9). Additionally, during the
mapping of the TSSs, a sample of total RNA extracted from C. thermocellum was treated
with Terminator 5=-phosphate-dependent exonuclease (TEX) (see Fig. S1A in the sup-
plemental material) in order to discriminate between TSSs and PSs. This enzyme is a
5=¡3= exonuclease that digests processed RNA (5= monophosphated), allowing an
enrichment of primary transcripts (5= triphosphate) (Fig. S1A). As shown in Fig. 1A, we
identified in the present work TSS1 and TSS2 in the TEX-treated RNA sample, which
are located 846 and 616 bp upstream of cipA, respectively. TSS1 corresponds to the
previously predicted �I-dependent promoter (10), and TSS2 corresponds to a putative
promoter of the vegetative �A factor (Fig. 1A). Interestingly, in this TEX-treated sample,
we were not able to detect the two previously described 5=-mRNA ends P1 and P2 that

FIG 1 Analysis of the TSSs of the C. thermocellum cipA gene. (A) Localization of putative promoters within the C. thermocellum cipA
upstream region. TSS1 and TSS2, identified in the present work, are indicated by filled arrows. The putative TSSs identified by Dror and
colleagues (P1 and P2 [7]) are indicated by empty arrows. The proposed promoter elements are framed, and promoter consensus
sequences are shown beneath them. In TSS1, the �I6 and �I3 promoter consensus sequences shown beneath were identified in a previous
report (10). The ribosomal binding site (RBS) is italicized, and the cipA coding sequence is underlined. The number shown at the right of
each sequence specifies the position of the last 3=-terminal nucleotide of each sequence in relation to the first codon of cipA (“�”
upstream and “�” downstream). Segments of 160 and 480 nucleotides, immediately downstream of �842 and �602, respectively, are not
shown. The nucleotide code Y represents C or T, W represents A or T, and N represents any nucleotide. (B) Analysis of the C. thermocellum
cipA promoters based on deletions of promoter regions. Promoter activity was measured by quantifying the fluorescence in a microplate
reader. The promoter activity shown is the average from three independent experiments. During assays of the alternative �I factors,
Promoter-3 was used as a negative control and the cells were induced. FU, fluorescence units; OD, optical density; ND, not detected. (C)
Putative mRNA secondary structures identified near the C. thermocellum cipA coding sequence. The analysis was performed with the
program “mfold” (17) by using the default parameters but with an elevated temperature (60°C) consistent for the thermophile. P1 and
P2 are the 5=-RNA ends mapped by Dror and colleagues (7). The scissors indicate putative processing sites.
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were predicted to be TSSs associated with �L and �A, respectively (7) (Fig. 1A). As can
be observed in Fig. S1A, PCR analysis of the 5=-RACE-Ready cDNA obtained from
TEX-treated RNA gave two main PCR products, of 1,114 bp and 884 bp, which were
analyzed by Sanger sequencing and correspond to TSS1 and TSS2, respectively. Inter-
estingly, PCR analysis of the 5=-RACE-Ready cDNA prepared from RNA not treated with
TEX gave only one PCR product, of approximately 300 bp (Fig. S1B). This result shows
that TSS1 and TSS2 are being processed; hence, Dror and colleagues (7) could not
detect them.

In order to analyze whether the �A-dependent promoter proposed by Dror and
colleagues (7) is functional or not, we fused different fragments of the upstream region
of cipA to a gfp-lacZ reporter operon (Fig. 1B). Additionally, we included in the analysis
the proposed �A promoter identified in the present work and the �I-dependent
promoter previously identified by us (10) (Fig. 1B). The promoter activities were studied
in a heterologous B. subtilis host system that was developed previously (10), due to the
limited set of genetic tools available to work directly in C. thermocellum. Recognition of
the �I-dependent promoter upstream of cipA by the C. thermocellum alternative �I3 and
�I6 factors was already shown (10), and here we extended the analysis to the other C.
thermocellum alternative �I factors. As shown in Fig. 1B, we observed promoter activity
only with fragments of the upstream region of cipA that contain the �I promoter
previously identified and the �A promoter identified in the present work. Moreover, in
addition to the C. thermocellum alternative �I3 and �I6 factors, in the present work we
showed that the �I promoter was also recognized by the alternative �I4 factor (Fig. 1B).
C. thermocellum �I1, �I2, �I5, �I7, and �I8 were unable to recognize the cipA �I promoter.

During the TSS analysis performed by Dror and colleagues, the major 5=-end of the
cipA mRNA detected was from a putative �L promoter in cells at exponential growth
rate using cellulose or cellobiose as a carbon source (7). Furthermore, only the mRNA
5=-end associated with the putative �L promoter was detected at exponential growth
rate when cellobiose was used as a carbon source (7). We therefore decided to perform
a search for a �L-encoding gene in C. thermocellum. The bioinformatic analysis was
performed by using the B. subtilis �L protein sequence as query. Surprisingly, however,
no �L-encoding gene was detected in C. thermocellum. Analysis of the mRNA sequence
located in the vicinity of the mRNA 5=-ends mapped by Dror and colleagues (7) by using
the program “mfold” (17) showed that two putative stem-loop structures are predicted
to form with a folding free energy (ΔG) of �8.67 kcal/mol (Fig. 1C). Interestingly, the PSs
mapped by Dror and colleagues (7) are found next to these putative stem-loop
structures (Fig. 1C). These structures, located close to the first codon of cipA, are likely
involved in the stability of the coding region by protecting the mRNA from the action
of exoribonucleases, supporting the observed mRNA 5=-end obtained from total RNA
not treated with TEX in contrast to the TEX-treated RNA (Fig. S1).

Primary cellulosomal scaffoldin genes are regulated by alternative �I fac-
tors in several cellulosome-producing bacteria. Previous results showed that in
addition to C. thermocellum, other cellulosome-producing bacteria also have multiple
alternative �I factors that may be involved in the regulation of cellulosomal
components (10). Consequently, we performed bioinformatic analysis in order to
predict putative �I-dependent promoters upstream of the primary scaffoldin gene
of cellulosome-producing bacteria. By using the program “Pattern Locator” (18), we
were able to identify a highly conserved �I-dependent promoter upstream of the
primary scaffoldin gene in the following bacteria: Clostridium sp. Bc-iso-3 (cipA-like,
ODM27873.1), C. straminisolvens JCM 21531 (cipA-like, GAE91018.1), C. clariflavum
4-2a (scaA, Clocl_3306), A. cellulolyticus CD2 (scaA, AAF06064.1), C. termitidis (cipC-like,
EMS74252.1), C. cellobioparum (cipC-like, NZ_KK211293.1), and C. cellulovorans 743B
(cbpA, Clocel_2824) (Fig. 2A). These highly conserved �I-dependent promoters of
primary scaffoldin genes have the consensus sequence CCCCCYAAA(14N)CGAAT
(where Y is C or T, and N is any nucleotide) (Fig. 2A). Interestingly, the previously
identified TSS of the C. cellulovorans cbpA gene, which was proposed to be under the
control of �A (19), also matches the predicted �I-dependent promoter identified in the
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present work (Fig. 3). Moreover, further bioinformatic analysis revealed that up-
stream of the C. cellulovorans cbpA gene (Clocel_2824) there is an operon composed
of a �I gene (sigI2, Clocel_2826) and its cognate anti-�I gene (rsgI2, Clocel_2825)
(Fig. 3). These observations suggest that the previously identified TSS of C. cellu-

FIG 2 Identification of highly conserved regulatory elements upstream of the primary scaffoldin genes. (A) Alignment of the experimentally
validated �I promoter of C. thermocellum cipA and orthologous sequences from other cellulosome-producing bacteria. Predicted �35 and �10
promoter elements are indicated by a line above the alignment. Distances between the promoter region sequences used for the alignment and
the first codon of corresponding scaffoldin genes are shown below “5=-UTR.” The WebLogo was generated with the sequences shown in the
alignment. The nucleotide code Y represents C or T, and N is any nucleotide. (B) Alignment of the experimentally validated �A promoter of C.
thermocellum cipA and orthologous sequences from other cellulosome-producing bacteria. For details, see the legend for panel A. (C) Putative
5=-terminal mRNA secondary structures identified near the primary scaffoldin-coding gene sequence of C. thermocellum (Cth), Clostridium sp.
Bc-iso-3 (Csp), C. straminisolvens (Cst), C. clariflavum, and A. cellulolyticus. The secondary structures were predicted using the temperature of the
optimal growth conditions of each bacterium as shown in the figure. The conserved nucleotides in the stem-loops are indicated in gray boxes.
Nucleotide pairing is shown in red for C-G, in blue for A-U, and in green for G-U. The structure on the left has one nucleotide replacement (U
instead of A) in Csp, which is shown with an arrow. Distances between the 3=-nucleotide of the stem-loop structures and the first codon of
corresponding scaffoldin genes are numbered, such as in Cth 29(N), Cst 30(N), and Csp 31(N), where N represents any nucleotide.
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lovorans cbpA is also probably related to the �I-dependent promoter identified in
the present work (Fig. 2A).

In order to confirm that the predicted �I-dependent promoter of the C. cellulovorans
cbpA can be recognized by the C. cellulovorans �I2 factor, we fused the predicted
�I-dependent promoter including the previously identified �A-dependent promoter to
a gfp-lacZ reporter operon (Fig. 3). Recognition of the predicted �I-dependent promoter
of cbpA by the C. cellulovorans �I2 factor was studied in a heterologous B. subtilis host
system (10). The paralogous C. cellulovorans �I1 (sigI1, Clocel_0130) factor was also
included in the analysis. As shown in Fig. 3, only the C. cellulovorans �I2 factor was able
to recognize the predicted �I-dependent promoter of cbpA. Furthermore, when the
promoters fused to the gfp-lacZ reporter operon were introduced into the B. subtilis
host system without any �I factor, neither LacZ activity (data not shown) nor green
fluorescence protein (GFP) was detected (Fig. 3). Taking these results together, it
appears that C. cellulovorans cbpA is regulated only by the C. cellulovorans �I2 factor
rather than �A and �I1.

Additional bioinformatic analysis showed that in addition to the newly identified �A

promoter upstream of C. thermocellum cipA, the upstream regions of the primary
scaffoldin genes of Clostridium sp. Bc-iso-3, C. straminisolvens, C. clariflavum, and A.
cellulolyticus also contain a putative �A-dependent promoter (Fig. 2B). Alignment of
these putative �A promoters reveals the highly conserved homology of their sequences
(Fig. 2B), suggesting that the primary scaffoldin genes of this group of cellulosome-
producing bacteria are regulated by �A as in the C. thermocellum cipA gene. Interest-
ingly, with the exception of C. cellulovorans, the �I and �A promoters in this group of
bacteria are located more than 600 nucleotides from the start codon (Fig. 2A and B).
The localization of promoters at such a distance from the translational start site of the
primary scaffoldin gene has also been reported in Clostridium cellulolyticum (20, 21). The
TSS of the primary scaffoldin gene cipC of C. cellulolyticum was thus identified at 637 or
638 nucleotides upstream of the start codon (20, 21).

Given the conservation in both promoter sequences and distance to the coding
region (Fig. 2A and B), the long 5=-UTRs of the primary scaffoldin genes are likely to
have a regulatory role. This suggestion is supported by a report by Olson and col-
leagues (6) in which a cipA knockout mutant of C. thermocellum including 819 nucle-
otides upstream of the start codon was prepared. The latter stretch contained the �A

promoter identified in the present work and which was deleted. After complementation
of this mutant with a plasmid carrying a copy of cipA including the 819 nucleotides
upstream of the start codon, the mutant recovered its capacity to solubilize Avicel

FIG 3 Analysis of C. cellulovorans cbpA promoters. The TSS identified by Han and colleagues (19) is indicated by the vertical
arrow. The �I promoter elements proposed in the present work are framed, and the �A promoter elements proposed by Han
and colleagues (19) are underlined. The promoter consensus sequences are aligned with the proposed promoter elements. The
C. thermocellum �I6 and �I3 promoter consensus sequences (Cth-�I6 and Cth-�I3, respectively) shown above were identified
in a previous report (10). The nucleotide code Y represents C or T, W represents A or T, and N represents any nucleotide.
Promoter activity was measured by quantifying the fluorescence in a microplate reader. The promoter activity shown is the
average from three independent experiments. FU, fluorescence units; OD, optical density; ND, not detected.
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(crystalline cellulose) (6), although the complemented mutant had a lag phase of 100
h before commencing rapid cellulose hydrolysis. More strikingly, in the complemented
mutant, expression of the anchoring protein gene olpB, positioned immediately down-
stream of cipA and reported to be transcribed independently of cipA (7), was drastically
affected, reducing its protein abundance 11-fold (6). Moreover, the complementation of
the mutant with the above-mentioned plasmid caused a pleiotropic effect, changing
drastically the gene expression of other cellulosomal components and even the ex-
pression of genes encoding CAZymes not associated with the cellulosome (6). Hence,
the long 5=-UTR of C. thermocellum cipA might have other regulatory elements, includ-
ing possible yet-unidentified binding sites of transcriptional factors. It is important to
mention that, although the complemented mutant recovered its capacity to solubilize
Avicel, the rate of Avicel solubilization was one-third as high as that for the empty-
vector control strain (6). This result could be the consequence of not including in the
plasmid used for complementing cipA the �I promoter identified in the present work.

Scaffoldin genes that are regulated by alternative �I factors have conserved
predicted 5=-terminal stem-loop structures near the translational start sites. Sec-

ondary structures, like simple stem-loops in the 5=-UTR of mRNA, can improve the
stability of the messenger (22). This phenomenon was observed by Maamar and
colleagues (20) during mapping of the C. cellulolyticum cip-cel operon, which encodes
the primary cellulosomal scaffoldin CipC and 11 cellulosomal components (mainly
cellulases). Putative mRNA secondary structures were predicted near the first codon of
the two most expressed cellulase genes, cel48F and cel9E, of the cip-cel operon. These
authors demonstrated that the predicted secondary structures may have a role in
increasing the stability of the mRNA of cel48F and cel9E. Recently, Xu and colleagues
analyzed the relationship between stoichiometry of different processed mRNAs of the
C. cellulolyticum cip-cel operon and the secondary structures identified between differ-
ent coding sequences of the cip-cel operon (23). An important observation in the study
was that the structures of the loops identified in the C. cellulolyticum cip-cel operon are
conserved among orthologous operons from different mesophilic cellulolytic clostridial
species (23).

In order to analyze whether the stem-loop structure identified close to the first
codon of the C. thermocellum cipA gene is conserved in bacteria that use �I factors to
regulate the primary scaffoldin gene, we analyzed the upstream region of the primary
scaffoldin genes of this group of bacteria using the “mfold” program (17). As shown in
Fig. 2C, C. straminisolvens, Clostridium sp. Bc-iso-3, C. clariflavum, and A. cellulolyticus
have predicted 5=-terminal stem-loop structures near the translational start site of the
scaffoldin genes, resembling that of C. thermocellum. The stem-loop structures in these
5=-terminal mRNAs have folding free energies (ΔG) of �8.14 kcal/mol or less (Fig. 2C).
Furthermore, a high conservation in shape, distance to the start codon (between 29 and
31 nucleotides), and sequence (as indicated by the gray boxes in Fig. 2C) is seen this
group of bacteria (Fig. 2C). Hence, these 5=-terminal stem-loops near the translational
start sites of the primary scaffoldin genes are likely involved in the stability of the mRNA
and in the stoichiometry of the scaffoldin gene, relative to the downstream genes.

Cellulolytic clostridia that produce complex cellulosomes harbor multiple �I

factors and share similar regulatory features of the primary scaffoldin gene. A
summary of the regulatory features of the primary scaffoldin genes from different
cellulosome-producing species identified in the present work is given in Fig. 4. This
figure includes a phylogenetic analysis of the 16S-rRNA gene sequences, where C.
thermocellum, C. straminisolvens, Clostridium sp. Bc-iso-3, C. clariflavum, and A. cellulo-
lyticus cluster together. Interestingly, these cellulolytic clostridia produce highly elab-
orate cellulosomal systems that can be termed complex cellulosomes (1) (light blue-
highlighted clade in Fig. 4). The above-mentioned group of clostridia shares three
regulatory features of the primary scaffoldin gene: a highly conserved �I-dependent
promoter, a stem-loop structure near the start codon, and a highly conserved �A-
dependent promoter (Fig. 4).
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Additionally, Fig. 4 shows that as the cellulosome becomes more elaborate, the
bacterium harbors more �I factors. For example, C. cellulovorans, C. cellobioparum, and
C. termitidis (simple-cellulosome producers) harbor two �Is, C. thermocellum (complex-
cellulosome producer) harbors 8 �Is, and A. cellulolyticus (exceptionally complex-
cellulosome producer) harbors 12 �Is (1, 8, 15, 16, 24). In the cases of clostridia that
produce simple cellulosomal systems, such as those of Clostridium cellulolyticum (25) or
Clostridium papyrosolvens (26), their genomes encode only one �I factor, and in the case
of Clostridium josui, �I was not detected (Fig. 4). We assume that in cellulolytic clostridia
harboring only one �I factor, its function is probably to regulate genes involved in the
maintenance of cell envelope integrity and homeostasis, as in B. subtilis (27).

It is important to mention that Clostridium sp. Bc-iso-3 is a newly isolated cellu-
lolytic bacterium from an industrial anaerobic digester (13), whose closest relatives
are C. straminisolvens and C. thermocellum (97.6% and 95.7% identity, respectively,
based on comparison of 16S-rRNA gene sequences [Fig. 4]). Our analysis revealed
that the Clostridium sp. Bc-iso-3 genome encodes a large set of cellulosomal
proteins, including a CipA-like primary scaffoldin (ODM27873.1) and an OlpB-like
anchoring scaffoldin (ODM27874.1), suggesting that this species produces complex
cellulosomes. Additionally, its genome contains nine �I genes (sigI1, ODM26107.1;
sigI2, ODM25887.1; sigI3, ODM25838.1; sigI4, ODM25738.1; sigI5, ODM24951.1; sigI6,
ODM26859.1; sigI7, ODM27255.1; sigI8, ODM25355.1; sigI9, ODM27746.1). Taken
together, these observations suggest that in clostridia that produce complex
cellulosomes, the regulatory features of the primary scaffoldin gene and the
number of �I factors have evolved together with the complexity of the cellulosome
(Fig. 4).

Apart from C. cellulovorans, simple-cellulosome-producing bacteria are clustered in
the phylogenetic tree shown in Fig. 4 (clades highlighted in pink and yellow). Further
analysis revealed that this bacterial cluster shares a highly conserved �A-like promoter
(see Fig. S3 in the supplemental material). An alignment of the above-mentioned
promoters (Fig. S3) showed that they share a consensus sequence different from that
of the �A-dependent promoter of the primary scaffoldin gene of complex-cellulosome
producers (Fig. 2B). For example, while the �10 region of the �A-dependent promoter
of the primary scaffoldin gene of complex-cellulosome producers has the classic TA

FIG 4 Phylogeny of 16S rRNA gene sequences derived from cellulolytic clostridia producing different types
of cellulosome and regulatory features of their primary scaffoldin gene. The phylogenetic tree was inferred
from multiple 16S rRNA gene sequence alignments using the neighbor-joining method implemented in
MEGA 7 (35). The B. subtilis 16S rRNA gene sequence was used as an outgroup. Bootstrap percentages
retrieved from 2,000 replications are shown at the nodes. The scale bar (0.01) indicates the number of
nucleotide substitutions per site. The type of regulatory feature(s) in the given species (A to C, described
below) is marked with “�” if identified and “�” if not: A, presence of �I-like promoter (as shown in Fig. 2A);
B, presence of conserved �A-like promoter and conserved putative stem-loop structure resembling those
of C. thermocellum (as shown in Fig. 2B and C, respectively); C, presence of conserved �A-like promoter
resembling that of C. cellulolyticum (as shown in Fig. S3 in the supplemental material).
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TAAT sequence (Fig. 2B), the �10 region of the �A-dependent promoter of simple-
cellulosome producers is less conserved but contains the �10 extended element, TG
(Fig. S3).

Interestingly, C. termitidis and C. cellobioparum (pink-highlighted clade in Fig. 4) are
intermediate in their type of cellulosome production, between complex-cellulosome
producers (light blue-highlighted clade in Fig. 4) and simple-cellulosome producers
(yellow-highlighted clade in Fig. 4) in relation to the regulatory features of the primary
scaffoldin gene (Fig. 4). The primary scaffoldin gene of C. cellobioparum and C. termitidis
has a putative �I-dependent promoter resembling that of C. thermocellum (Fig. 2A) and
a �A-dependent promoter resembling that of C. cellulolyticum (20, 21) (Fig. S3). In the
case of C. cellulovorans, however, we could not predict a �A-dependent promoter of
cbpA, while its �I-dependent promoter is located relatively closer to the start codon
(234 nucleotides) (Fig. 3) than are the other �I-dependent promoters of primary
scaffoldin genes (Fig. 2A). These observations can be explained by the distant phylo-
genetic relationship between C. cellulovorans and other cellulosome-producing clos-
tridia (Fig. 4).

Conclusions. In the present work, we identified three highly conserved regulatory
elements upstream of the C. thermocellum cipA gene: �I- and �A-dependent promoters
and stem-loop structures near the first codon (Fig. 2). Both promoter sequences are far
away from the translational start site of C. thermocellum cipA, creating a large 5=-UTR.
The presence of a large 5=-UTR in the scaffoldin gene is common in all of the
cellulosome-producing bacteria described in this communication. This implies that
such large 5=-UTRs might have an important role in the regulation of the scaffoldin
gene and, probably, of some other cellulosomal components; however, their precise
function remains to be elucidated.

MATERIALS AND METHODS
Bacterial strains, growth media, and culture conditions. C. thermocellum DSM 1313 (LQ8) was

obtained from the DSMZ (German Collection of Microorganisms and Cell Cultures, Braunschweig,
Germany). C. thermocellum was grown in batch culture at 60°C and 250 rpm in 100-ml serum bottles
(Wheaton, Millville, NJ, USA) in a medium described elsewhere (9). The medium included microcrystalline
cellulose (10-g/liter final concentration; 50-�m particle size) as the carbon source. Additionally, in order
to ensure upregulation of all C. thermocellum �I-factor genes, the medium was supplemented with
birchwood xylan (final concentration, 1 g/liter) as reported previously (9). The B. subtilis strains con-
structed in this work are isogenic derivatives of B. subtilis CO02 (10). B. subtilis was grown routinely at
37°C in liquid (at 250 rpm) or on solid LB broth (Lennox, Difco, BD Diagnostics, Maryland, USA). When
appropriate, antibiotics were included at the following final concentrations: 5 �g/ml chloramphenicol
(Cam) or 3 �g/ml erythromycin (Erm). The induction of genes under the PxylA promoter was carried out
with D-xylose (10 g/liter final). Antibiotics and sugars were purchased from Sigma-Aldrich (Missouri, USA).

DNA manipulation techniques. The oligonucleotide primers and plasmids used in the present study
are shown in Tables 1 and 2, respectively. Standard procedures were employed for DNA isolation, PCR,
restriction enzyme digestion, transformations, and gel electrophoresis as described elsewhere (28).
Plasmids were built using a combination of standard molecular cloning techniques (28) and ligase-
independent cloning using the In-Fusion HD Cloning kit (Clontech Laboratories, Inc., California, USA).
DNA sequences from C. thermocellum and C. cellulovorans 743B were PCR amplified using genomic DNA
as the template. C. cellulovorans 743B (DSM 3052) genomic DNA was obtained from the DSMZ. DNA for
cloning was PCR amplified using DreamTaq Green PCR master mix (Fermentas, Thermo Fisher Scientific
Inc., Massachusetts, USA). Colony PCR was performed using Hy-Taq Ready Mix (Hy Laboratories Ltd.,
Rehovot, Israel). PCR primers were purchased from Hy·Labs (Hy Laboratories Ltd.). Restriction enzymes
and ligase were purchased from Fermentas. PCR and agarose gel products were isolated and purified
using the Hy·Labs Gel/PCR Extraction kit (Hy Laboratories Ltd.). Agarose gel products with DNA fragments
higher than 10 kb were purified using the Qiaex II gel extraction kit (Qiagen, Hilden, Germany).
Purification of plasmids was carried out using the Presto Mini Plasmid kit (Geneaid Biotech Ltd., Shijr,
Taiwan). DNA manipulations using kits were conducted according to supplier protocols. All clones were
verified by PCR and sequencing in the Instrumentation and Service Center of the Life Sciences Faculty
at Tel Aviv University.

Mapping of the TSSs. Mid-log culture cells (10 ml) of C. thermocellum were treated with RNAprotect
Bacteria Reagent (Qiagen, Hilden, Germany). RNA was isolated with the RNeasy minikit (Qiagen), and the
DNA was digested using DNase I Digestion Set (Sigma-Aldrich). In order to deplete processed RNA (5=
monophosphated) and map primary transcripts (5= triphosphated), RNA (10 �g) was treated with
Terminator 5=-phosphate-dependent exonuclease (TEX; Epicentre, Wisconsin, USA). A final cleaning was
performed using RNA Clean & Concentrator-5 (Zymo Research, USA).

Mapping of 5=-ends was performed by using the rapid amplification of cDNA ends (5=-RACE)
technique with the SMARTer RACE 5=/3= kit (Clontech Laboratories, TaKaRa, California, USA) as per the
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manufacturer’s instructions. In order to map primary transcripts and processed RNAs, 1 �g of total RNA
treated or untreated with TEX was subjected to reverse transcription (RT)-PCR using the SMARTScribe
Reverse transcriptase, random primers, and the SMARTer II A oligonucleotide (enzyme and primers were
provided in the kit). Subsequently, 20 �l of 5=-RACE-Ready cDNA was brought to a final volume of 70 �l
with Tricine-EDTA buffer (provided in the kit). This solution (2.5 �l) was submitted to a PCR amplification
using primer P3 (Table 1) and Universal Primer A Mix, which is a combination of Universal Primer Long
and Universal Primer Short (provided in the kit) (Table 1). The RACE PCR touchdown cycling parameters
were as suggested by the manufacturer’s instructions. Then, this PCR product was diluted 1:50 in
Tricine-EDTA buffer (provided in the kit). Next, 5 �l of this solution was subjected to a second PCR
touchdown cycle with primer P4 (Table 1) and Universal Primer Short (provided in the kit). Finally, the
PCR products were gel purified, cloned into pRACE using the In-Fusion HD Cloning kit (provided in the
kit), and sequenced as per the manufacturer’s instructions.

Construction of plasmids. To express the C. thermocellum and C. cellulovorans �I factors in B. subtilis,
we used the pAX01 integration vector (29). pAX01 integrates at the B. subtilis lacA chromosomal locus,
carries an erm resistance cassette as a selectable marker, and has the xylose-inducible promoter PxylA (29).
First, pAX01 was linearized with the restriction enzyme BamHI. Subsequently, the DNA sequences
carrying the C. thermocellum genes sigI1, sigI2, sigI4, sigI5, sigI7, and sigI8 and the C. cellulovorans genes
sigI1 and sigI2 were PCR amplified using the primer pairs P5-P6, P7-P8, P9-P10, P11-P12, P13-P14,
P15-P16, P17-P18, and P19-P20, respectively (Table 1). Finally, each PCR product was cloned into the
linearized pAX01 vector using the In-Fusion HD Cloning kit, thereby obtaining the pAX01-derived
plasmids pAX01-SigI1, pAX01-SigI2, pAX01-SigI4, pAX01-SigI5, pAX01-SigI7, pAX01-SigI8, pAX01-SigI1-
Ccel, and pAX01-SigI2-Ccel, respectively (Table 2). In order to express the C. thermocellum �I3 and �I6

factors in B. subtilis, we used the pAX01-derived plasmids pAX01-SigI3 and pAX01-SigI6 (Table 2) that
were constructed in our previous work (10).

TABLE 1 Primers used in the present work

Designation Name Sequencea (5=¡3=) Usage or gene amplified

P0 SMARTer II A Oligonucleotide AAGCAGTGGTATCAACGCAGAGTACXXXXX 5=-RACE analysis
P1 Universal Primer Long CTAATACGACTCACTATAGGGCAAGCAGTGGTATCAACGCAGAGT
P2 Universal Primer Short CTAATACGACTCACTATAGGGC
P3 cipA.gsp GATTACGCCAAGCTTTGCGCTATCAAAGCTCTTGCTAGGATCCG
P4 cipA.ngsp GATTACGCCAAGCTTCCCAATACGAAGTCGCAATTGGCCATTCC
P5 Fw.CtsigI1.IF GGGGGAAATGGGATCATGGAAGTCCGGAAAATTAATACCC C. thermocellum sigI1
P6 Rv.CtsigI1.IF CGCGGGAGCTCGGATTCACTTTCCTCCGTCCATAG
P7 Fw.CtsigI2.IF GGGGGAAATGGGATCATGATTGATTTGTTTTCCCCTAAG C. thermocellum sigI2
P8 Rv.CtsigI2.IF CGCGGGAGCTCGGATTTAATGTGACATATTATTTTGTGCTCCG
P9 Fw.CtsigI4.IF GGGGGAAATGGGATCATGCTAAACGTCCAGCTG C. thermocellum sigI4
P10 Rv.CtsigI4.IF CGCGGGAGCTCGGATTTATATTATTTTTCCCTCCTTTCCTCAG
P11 Fw.CtsigI5.IF GGGGGAAATGGGATCATGCTATTTGTTTCTGC C. thermocellum sigI5
P12 Rv.CtsigI5.IF CGCGGGAGCTCGGATCCGTTGCACATATTGAATATCTC
P13 Fw.CtsigI7.IF GGGGGAAATGGGATCATGTATTCTGTTACTATAAACCAAAGAG C. thermocellum sigI7
P14 Rv.CtsigI7.IF CGCGGGAGCTCGGATTTACATTATTCCACCTCCCAGTTTAC
P15 Fw.CtsigI8.IF GGGGGAAATGGGATCATGATAAATTTAGGCTCATACAACTTAC C. thermocellum sigI8
P16 Rv.CtsigI8.IF CGCGGGAGCTCGGATTCACCGTCCTAATGTATCATATATG
P17 Fw.CcvsigI1.IF GGGGGAAATGGGATCATGGATGATACACCAATAACTG C. thermocellum sigI1
P18 Rv.CcvsigI1.IF CGCGGGAGCTCGGATTTAACTAACTAACATTCTTCACTATCC
P19 Fw.CcvsigI2.IF GGGGGAAATGGGATCATGGAGGAGAGGTTAGATTTG C. cellulovorans sigI2
P20 Rv.CcvsigI2.IF CGCGGGAGCTCGGATTTCACTCCTCCTCAATATTTTTGACT
P21 Fw.GFP.IF GCCGCTGCAGGGATCCGCTGATTAACTAATAAGGAGGAC gfp
P22 Rv.GFP.IF TATGTACTGTGGATCTTATTTATACAATTCATCCATACCATG
P23 Fw.cipA-PsigA.Eco GTGAATTCGTACATAGAGTTTGAAAACAGGTG cipA Promoter-1
P24 Rv.cipA-PsigA.Bam GTGGATCCTCTCTAACAATGAATCTG
P25 Rv.cipA-UTR.Bam GTGGATCCCTACCATTCCTCCCAAAAATTAATATTTTATATG cipA Promoter-2 (with P23)
P26 Fw.cipA-UTR.Eco GCGAATTCCAGATTCATTGTTAGAGAGAGAATTG cipA Promoter-3 (with P25)
P27 Fw.cipA-UTR2.Eco GAGAATTCACCACTCCCCAATATTTATCG cipA Promoter-4 (with P25)
P28 Fw.cipA-PsigI.Eco TGGAATTCGGGGGAGAAAAGTAATTTTG cipA Promoter-5
P29 Rv.cipA-PsigI.Bam TCGGATCCTTATCTGGGCATCTTCTTTC
P30 Fw.PcbpA.Eco GCGAATTCTGGTGACACAATATTACATTGGAGG Promoter-cbpA
P31 Rv.PcbpA.Bam CGGGATCCATGGTTCTTTCTTTAGCTACTAC
P32 GanQ-Cnf ATATACATTGCCCGTCGGTC Confirmation integration

at B. subtilis lacA locusP33 Erm-Cnf GCAATGAAACACGCCAAAG
P34 GanB-Cnf CAATGGCAGCGGCATATCC
P35 XylR-Cnf GGAGCGGTTTCTATCGTTATTGATTC
P36 Ycg-Cnf GGAAGCGTTCACAGTTTCG Confirmation integration

at B. subtilis amyE locusP37 LacZ-Cnf TCCTGGAGCCCGTCAGTATC
P38 Ldh-Cnf CAATGACCACAAGCTCATCTG
P39 Cat-Cnf CTATTCAGGAATTGTCAGATAGGC
aX, undisclosed base in the proprietary SMARTer oligonucleotide sequence.

Ortiz de Ora et al. Applied and Environmental Microbiology

April 2017 Volume 83 Issue 8 e03088-16 aem.asm.org 10

http://aem.asm.org


To study the promoter recognition by the alternative �I factors or the vegetative �A factor, we built
the pBS1C-GFP-LacZ integration vector that contains a promoterless operon consisting of gfp and lacZ
reporter genes (see Fig. S2 in the supplemental material). This vector integrates at the B. subtilis amyE
locus and carries a cam resistance cassette as a selectable marker. The pBS1C-GFP-LacZ plasmid was built
using the pBS1ClacZ plasmid as backbone (30). First, the pBS1ClacZ plasmid, which carries a lacZ reporter
gene, was linearized with the restriction enzyme BamHI. Subsequently, the DNA sequence encoding the
GFP was amplified with the primers P21-P22 (Table 1) using the pDR111_gfp(sp) (31) plasmid as the
template. Finally, the PCR product was cloned using the In-Fusion HD Cloning kit into the linearized
pBS1ClacZ vector, obtaining the pBS1C-GFP-LacZ plasmid (Table 2; Fig. S2).

The analysis of the C. thermocellum cipA promoter was performed by cloning different fragments of
the upstream intergenic region into the pBS1C-GFP-LacZ plasmid as indicated in Fig. 1B. The analysis of
the C. cellulovorans cbpA promoter was performed by including both the previously proposed �A

promoter (19) and the �I promoter identified in the present work, as indicated in Fig. 3. Promoters 1, 2,
3, 4, and 5 from C. thermocellum cipA (Fig. 1B) were amplified with the primer pairs P23-P24, P23-P25,
P26-P25, P27-P25, and P28-P29, respectively (Table 1). Promoter-cbpA from C. cellulovorans was amplified
with the primer pair P30-P31 (Table 1). Subsequently, each PCR product was digested with restriction
enzymes EcoRI and BamHI. Finally, each digested PCR product was cloned into pBS1C-GFP-LacZ, which
had been digested previously with the same restriction enzymes, thereby obtaining the pBS1C-GFP-
LacZ-derived plasmids pPromoter-1, pPromoter-2, pPromoter-3, pPromoter-4, pPromoter-5, and
pPromoter-cbpA, respectively (Table 2).

Construction of B. subtilis strains and measurement of promoter activity. The B. subtilis strains
constructed in the present work are listed in Table 3. To avoid the interference of the native B. subtilis
�I during the analysis of C. thermocellum and C. cellulovorans �I factors, we used the B. subtilis CO02
strain, which is devoid of its sigI-rsgI operon (10). B. subtilis was transformed by using the natural
competence method (32). First, the pAX01-derived plasmids, carrying C. thermocellum or C. cellulovorans
�I genes, were transformed into B. subtilis CO02, thereby yielding B. subtilis strains SigI1Ct, SigI2Ct,
SigI3Ct, SigI4Ct, SigI5Ct, SigI6Ct, SigI7Ct, SigI8Ct, SigI1Cc, and SigI2Cc (Table 3). To analyze the activation
of the cipA �I-dependent promoter, the pPromoter-5 plasmid was transformed into the pAX01-
derived B. subtilis strains that harbor C. thermocellum �I factors, thus generating B. subtilis strains
SigI1Ct-Promoter5, SigI2Ct-Promoter5, SigI3Ct-Promoter5, SigI4Ct-Promoter5, SigI5Ct-Promoter5,
SigI6Ct-Promoter5, SigI7Ct-Promoter5, and SigI8Ct-Promoter5 (Table 3). As a negative control,
pAX01-derived B. subtilis strains that harbor C. thermocellum �I factors were transformed with the

TABLE 2 Plasmids used in the present work

Plasmid use and name Relevant genotypea Brief description

Analysis of alternative �I factor
in B. subtilis

pAX01b bla lacA3= xylR PxylA erm lacA5= Integration vector
pAX01-SigI1 bla lacA3= xylR PxylA-sigI1Ct erm lacA5= pAX01-derived plasmids for the expression of C.

thermocellum �I1, �I2, �I4, �I5, �I7, and �I8pAX01-SigI2 bla lacA3= xylR PxylA-sigI2Ct erm lacA5=
pAX01-SigI4 bla lacA3= xylR PxylA-sigI4Ct erm lacA5=
pAX01-SigI5 bla lacA3= xylR PxylA-sigI5Ct erm lacA5=
pAX01-SigI7 bla lacA3= xylR PxylA-sigI7Ct erm lacA5=
pAX01-SigI8 bla lacA3= xylR PxylA-sigI8Ct erm lacA5=
pAX01-SigI1-Ccel bla lacA3= xylR PxylA-sigI1Cc erm lacA5= pAX01-derived plasmids for the expression of C.

cellulovorans �I1 and �I2pAX01-SigI2-Ccel bla lacA3= xylR PxylA-sigI2Cc erm lacA5=
pAX01-SigI3c bla lacA3= xylR PxylA-sigI3Ct erm lacA5= pAX01-derived plasmids for the expression of C.

thermocellum �I3 and �I6pAX01-SigI6c bla lacA3= xylR PxylA-sigI6Ct erm lacA5=

Construction of the GFP-LacZ
reporter system

pDR111_GFP(Sp)b bla amyE3= spec Phyperspank-gfp(Sp) lacI amyE5= Template for the amplification of gfp
pBS1CLacZb bla amyE5= cat mcs rfp mcs lacZ amyE3= Integration vector with a LacZ reporter system
pBS1C-GFP-LacZ bla amyE5= cat mcs rfp mcs gfp-lacZ amyE3= pBS1CLacZ-derived plasmid with a GFP-LacZ

reporter system

Analysis of C. thermocellum cipA
and C. cellulovorans cbpA
promoters in B. subtilis

pPromoter-1 bla amy5= cat Promoter-1Ct-gfp-lacZ amyE3= pBS1C-GFP-LacZ-derived plasmids which have
Promoter-1, -2, -3, -4, and -5 of C. thermocellum
cipA and Promoter-cbpA of C. cellulovorans fused
to the gfp-lacZ reporter system

pPromoter-2 bla amy5= cat Promoter-2Ct-gfp-lacZ amyE3=
pPromoter-3 bla amy5= cat Promoter-3Ct-gfp-lacZ amyE3=
pPromoter-4 bla amy5= cat Promoter-4Ct-gfp-lacZ amyE3=
pPromoter-5 bla amy5= cat Promoter-5Ct-gfp-lacZ amyE3=
pPromoter-cbpA bla amy5= cat Promoter-cbpACc-gfp-lacZ amyE3=

amcs, multiple cloning site; rfp, red fluorescence protein gene; gfp, green fluorescence protein gene.
bPlasmid obtained from the Bacillus Genetic Stock Center.
cPlasmid constructed by us in a previous work (10).
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pPromoter-3 plasmid, thereby yielding the B. subtilis strains SigI1Ct-Promoter3, SigI2Ct-Promoter3,
SigI3Ct-Promoter3, SigI4Ct-Promoter3, SigI5Ct-Promoter3, SigI6Ct-Promoter3, SigI7Ct-Promoter3,
and SigI8Ct-Promoter3 (Table 3).

In order to analyze the activation of the different fragments of the upstream region of C. thermo-
cellum cipA by �A, B. subtilis CO02 was transformed with pPromoter-1, pPromoter-2, pPromoter-3, and
pPromoter-4, thus yielding B. subtilis strains Promoter-1, Promoter-2, Promoter-3, and Promoter-4 (Table
3). To analyze the activation of the C. cellulovorans cbpA promoter by �A, the pPromoter-cbpA
plasmid was transformed into B. subtilis CO02, thus generating the B. subtilis strain Promoter-cbpA
(Table 3). Finally, to analyze the activation of the C. cellulovorans cbpA promoter by �I factors, the
pAX01-derived strains harboring either C. cellulovorans �I1 or �I2 were transformed with pPromoter-
cbpA, thereby obtaining the B. subtilis strains SigI1Cc-Promoter-cbpA and SigI1Cc-Promoter-cbpA,
respectively (Table 3).

Chromosomal integration of plasmids by a double-crossover event was confirmed by colony PCR.
Chromosomal integration at the B. subtilis lacA locus was confirmed with primer pairs P32-P33 and
P34-P35 (Table 1). Chromosomal integration at the B. subtilis amyE locus was confirmed with primer pairs
P36-P37 and P38-P39 (Table 1). The different B. subtilis strains obtained were stored at �80°C in 20%
(vol/vol) glycerol. To measure the fluorescence associated with the GFP reporter system, B. subtilis strain
samples were taken from the �80°C glycerol stock and inoculated in 5 ml of LB broth with Cam.
Subsequently, the cells were grown overnight at 37°C with shaking (250 rpm). The next day, 2 �l of the
cells were inoculated in a 96-well plate with 200 �l of LB broth supplemented with xylose. The 96-well
plate was incubated at 37°C with medium agitation in a microplate reader (Biotek Synergy HT; Biotek,
Vermont, USA). The fluorescence was measured using the excitation filter 485/20 and the emission filter
528/20, and the relative fluorescence levels of the cultures were calculated as reported elsewhere (31)
when the cells reached an optical density at 600 nm (OD600) of 1.

TABLE 3 Bacillus subtilis strainsa constructed in the present work

Strain derivation and name Relevant genotype Factors or promoters harbored

From pAX01
SigI1Ct CO02 lacA::(Pxyl-sigI1Ct erm) C. thermocellum �I factors
SigI2Ct CO02 lacA::(Pxyl-sigI2Ct erm)
SigI3Ctb CO02 lacA::(Pxyl-sigI3Ct erm)
SigI4Ct CO02 lacA::(Pxyl-sigI4Ct erm)
SigI5Ct CO02 lacA::(Pxyl-sigI5Ct erm)
SigI6Ctb CO02 lacA::(Pxyl-sigI6Ct erm)
SigI7Ct CO02 lacA::(Pxyl-sigI7Ct erm)
SigI8Ct CO02 lacA::(Pxyl-sigI8Ct erm)
SigI1Cc CO02 lacA::(Pxyl-sigI1Cc erm) C. cellulovorans �I factors
SigI2Cc CO02 lacA::(Pxyl-sigI2Cc erm)

From pBS1C-GFP-LacZ
Promoter-1 CO02 amyE::(Promoter-1Ct-gfp-lacZ cat) Different fragments of the upstream

region of C. thermocellum cipA used to
analyze their activation by �A

Promoter-2 CO02 amyE::(Promoter-2Ct-gfp-lacZ cat)
Promoter-3 CO02 amyE::(Promoter-3Ct-gfp-lacZ cat)
Promoter-4 CO02 amyE::(Promoter-4Ct-gfp-lacZ cat)
Promoter-cbpA CO02 amyE::(Promoter-cbpACc-gfp-lacZ cat) C. cellulovorans cbpA promoter used to

analyze its activation by �A

From pAX01 and pBS1C-GFP-LacZ
SigI1Ct-Promoter-5 CO02 lacA::(Pxyl-sigI1Ct erm) amyE::(Promoter-5Ct-gfp-lacZ cat) �I-dependent promoter of C. thermocellum

cipA used to analyze its activation by
the different C. thermocellum �I factors

SigI2Ct-Promoter-5 CO02 lacA::(Pxyl-sigI2Ct erm) amyE::(Promoter-5Ct-gfp-lacZ cat)
SigI3Ct-Promoter-5 CO02 lacA::(Pxyl-sigI3Ct erm) amyE::(Promoter-5Ct-gfp-lacZ cat)
SigI4Ct-Promoter-5 CO02 lacA::(Pxyl-sigI4Ct erm) amyE::(Promoter-5Ct-gfp-lacZ cat)
SigI5Ct-Promoter-5 CO02 lacA::(Pxyl-sigI5Ct erm) amyE::(Promoter-5Ct-gfp-lacZ cat)
SigI6Ct-Promoter-5 CO02 lacA::(Pxyl-sigI6Ct erm) amyE::(Promoter-5Ct-gfp-lacZ cat)
SigI7Ct-Promoter-5 CO02 lacA::(Pxyl-sigI7Ct erm) amyE::(Promoter-5Ct-gfp-lacZ cat)
SigI8Ct-Promoter-5 CO02 lacA::(Pxyl-sigI8Ct erm) amyE::(Promoter-5Ct-gfp-lacZ cat)
SigI1Ct-Promoter-3 CO02 lacA::(Pxyl-sigI1Ct erm) amyE::(Promoter-3Ct-gfp-lacZ cat) Promoter-3 of C. thermocellum cipA as

negative control during the analysis of
the different C. thermocellum �I factors

SigI2Ct-Promoter-3 CO02 lacA::(Pxyl-sigI2Ct erm) amyE::(Promoter-3Ct-gfp-lacZ cat)
SigI3Ct-Promoter-3 CO02 lacA::(Pxyl-sigI3Ct erm) amyE::(Promoter-3Ct-gfp-lacZ cat)
SigI4Ct-Promoter-3 CO02 lacA::(Pxyl-sigI4Ct erm) amyE::(Promoter-3Ct-gfp-lacZ cat)
SigI5Ct-Promoter-3 CO02 lacA::(Pxyl-sigI5Ct erm) amyE::(Promoter-3Ct-gfp-lacZ cat)
SigI6Ct-Promoter-3 CO02 lacA::(Pxyl-sigI6Ct erm) amyE::(Promoter-3Ct-gfp-lacZ cat)
SigI7Ct-Promoter-3 CO02 lacA::(Pxyl-sigI7Ct erm) amyE::(Promoter-3Ct-gfp-lacZ cat)
SigI8Ct-Promoter-3 CO02 lacA::(Pxyl-sigI8Ct erm) amyE::(Promoter-3Ct-gfp-lacZ cat)
SigI1Cc-Promoter-cbpA CO02 lacA::(Pxyl-sigI1Cc erm) amyE::(Promoter-cbpACc-gfp-lacZ cat) �I-dependent promoter of C. cellulovorans

cbpA used to analyze its activation by
the different C. cellulovorans �I factors

SigI2Cc-Promoter-cbpA CO02 lacA::(Pxyl-sigI2Cc erm) amyE::(Promoter-cbpACc-gfp-lacZ cat)

aThe B. subtilis strains constructed in this work are isogenic derivatives of strain CO02 (10).
bStrain constructed in a previous work (10).
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Computational analysis. Primary DNA sequence analyses were performed with the Clone Manager
9 Professional Edition software (Scientific & Educational Software, Durham, NC). DNA promoter motif
searches were performed with the Pattern Locator program (18) (http://www.cmbl.uga.edu/software/
patloc.html) and analyzed with the Jalview software (33) (http://www.jalview.org/). The search was
carried out using the general motifs for �I-dependent promoter of cellulosome-producing bacteria,
which are AAA in the �35 region and CGWA in the �10 region (where W is A or T), with a spacer of 13
or 14 nucleotides (10). DNA sequence logos were generated with the program WebLogo (34) (http://
weblogo.berkeley.edu/logo.cgi). RNA secondary structures were predicted with the “mfold” program (17)
with the default parameters (http://unafold.rna.albany.edu/?q�mfold). The phylogenetic tree of
cellulosome-producing bacteria was inferred from multiple 16S rRNA gene sequence alignments using
the neighbor-joining method implemented in MEGA7 software (35).

SUPPLEMENTAL MATERIAL
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