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In this study, we sought to identify genes involved in the onset of spore formation in Clostridium ther-
mocellum via targeted gene deletions, gene over-expression, and transcriptional analysis. We determined
that three putative histidine kinases, clo1313_0286, clo1313_2735 and clo1313_1942 were positive regu-
lators of sporulation, while a fourth kinase, clo1313_1973, acted as a negative regulator. Unlike Bacillus or
other Clostridium species, the deletion of a single positively regulating kinase was sufficient to abolish
sporulation in this organism. Sporulation could be restored in these asporogenous strains via over-
expression of any one of the positive regulators, indicating a high level of redundancy between these
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S;J(;‘:'ﬁratfon kinases. In addition to having a sporulation defect, deletion of clo1313_2735 produced L-forms. Thus, this
L-Forms kinase may play an additional role in repressing L-form formation. This work suggests that

C. thermocellum enters non-growth states based on the sensory input from multiple histidine kinases.
The ability to control the development of non-growth states at the genetic level has the potential to
inform strategies for improved strain development, as well as provide valuable insight into

Histidine kinase
Metabolic shutdown
Cellulose degradation

C. thermocellum biology.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Clostridium thermocellum is an anaerobic soil bacterium that is
able to rapidly solubilize cellulose and produces ethanol as an end
product of its metabolism [1]. As such, it is an organism of interest
for the production of bioethanol from cellulosic biomass. Like other
members of the genus Clostridium, C. thermocellum has the ability
to sporulate when subjected to unfavorable growth environments,
leading to a non-growth state known as a spore [2,3]. While spor-
ulation is extremely advantageous in environmental situations, this
form is potentially undesirable in an industrial process.

In addition to spores, C. thermocellum forms another non-
growing cell type known as the L-form [3]. L-forms occur in a va-
riety of bacterial species and are generally defined as cell-wall-less
or cell-wall-deficient bacteria [4,5]. They can be identified by their
pleomorphic cell morphology, which differs significantly from the
normal morphology of the species [4,5]. L-forms can arise
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spontaneously after prolonged cultivation or starvation, but the L-
form morphology has also been connected with a variety of gene
mutations including those involved in cell division [6,7], peptido-
glycan biosynthesis [8], and bacteriocin production [9,10]. While L-
forms are viable and able to reproduce, they appear to have lower
metabolic activity than actively growing cells [11—13]. Previously,
we reported on L-form formation in C. thermocellum strain ATCC
27405 after substrate exhaustion [3]. The genetic mechanism of L-
form formation in C. thermocellum has not been studied to date, but
is also of interest when considering the formation of non-growing
cell types.

Studies of sporulation mechanisms have primarily focused on
Bacillus species, and particularly Bacillus subtilis. In B. subtilis, the
genetic program that results in spore formation begins when the
master regulator protein, SpoOA, is activated through phosphory-
lation [14,15]. Five orphan histidine kinases, KinA [16,17], KinB [ 18],
KinC [19,20], KinD [21], and KinE [21], and two phosphorelay pro-
teins, SpoOF and SpoOB [15], are responsible for the phosphoryla-
tion of Spo0OA [22]. The sporulation pathway is initiated when an
environmental stimulus, such as nutrient limitation, triggers auto-
phosphorylation of one or more of the histidine kinases [23—25].
The two domain structures necessary for auto-phosphorylation,
and therefore activation, of the kinase include the catalytic
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ATPase domain (referred to as “CA”, also called HATPase_c) and the
dimerization and histidine phosphotransfer domain (referred to as
“DHp”, also called HisKA) (see Refs. [26,27] for reviews). The CA
domain catalyzes the phosphorylation of the conserved histidine
residue, located in the DHp domain of the kinase. Subsequently, the
phosphorylated DHp domain transfers the phosphoryl group from
the kinase onto the appropriate regulator protein. In the B. subtilis
sporulation cascade, activated kinases first phosphorylate the
phosphotransferase, SpoOF. Phosphorylated SpoOF (SpoOF~P) in
turn phosphorylates SpoOB, and SpoOB~P then phosphorylates the
master regulator of sporulation, SpoOA [15,28]. Phosphorylated
SpoOA (SpoOA-~P) regulates the expression of its target genes by
binding to DNA sequences known as “0A” boxes located within the
regulatory regions of these genes [22,29]. In addition to having an
“0OA” box, sporulation genes regulated by SpoOA~P have weak af-
finities for SpoOA~P, and thus require high levels of the master
regulator in order to be differentially expressed [30]. Therefore,
when SpoOA-~P reaches sufficiently high levels, it initiates the onset
of sporulation [30] by either enhancing expression of sporulation
specific genes such spollA [18], spollE [31], and spollG [32,33], or
repressing the expression of genes involved in other cellular pro-
cesses [17,34,35]. Through this mechanism, initiation of the spor-
ulation program is under the direct control of SpoOA, which is
subject to input from the phosphorelay and histidine kinases.

Table 1
Bacterial strains used in this study.

Recent evidence supports the existence of an alternative
pathway for SpoOA phosphorylation in clostridia. In Clostridium
difficile [36] and Clostridium acetobutylicum [37] sporulation kinases
have been shown to directly phosphorylate SpoOA in the absence of
SpoOF and SpoOB homologs [38—41]. The kinases identified in these
studies were also orphan histidine kinases, a characteristic
conserved with B. subtilis sporulation kinases.

We therefore hypothesized that orphan histidine kinases are
also responsible for initiating sporulation in C. thermocellum
through a similar mechanism. In this study, we aimed to identify
and characterize sporulation kinases in C. thermocellum in order to
better understand and control the sporulation process in this
organism.

2. Methods
2.1. Bacterial strains and culturing conditions

Yeast and bacterial strains are listed in Table 1. Saccharomyces
cerevisiae InvSclwas grown in YPD 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 pg/ml) for plasmid
maintenance. C. thermocellum was cultured anaerobically in

Strain name Official name

Description and or relevant characteristics

Reference or source

Microbial strains

S. cerevisiae InvSci N/A Uracil auxotroph Invitrogen
E. coli Top10 N/A Used for plasmid maintenance Invitrogen
E. coli BL21 (DE3) N/A Used for plasmid maintenance and appropriate New England Biolabs
DNA methylation
C. thermocellum
1313 DSMZ 1313 WT DSMZ (Germany)
1354 M1354 Ahpt Argyros et al. AEM, 2011
AspoOA M1726 AhptAdspo0A Gift of Mascoma Corporation
A1973 LL1079 AhptAclo1313_1973 This study
A2735 LL1080 AhptAclo1313_2735 This study
A1942 LL1081 AhptAclo1313_1942 This study
A0268 LL1082 AhptAclo1313_0268 This study
A2735 + p2735 LL1089 Ahptdclo1313_2735 containing pEBM119, reintroduces This study
expression of clo1313_2735
A2735 + EV LL1116 Ahptdclo1313_2735 containing pAMG205, an empty vector This study
A1942 + p1942 LL1090 Ahptdclo1313_1942 containing pEBM120, reintroduces This study
expression of clo1313_1942
A1942 + EV LL1119 Ahptdclo1313_1942 containing pAMG205, an empty vector This study
A0268 + p0268 LL1091 Ahptdclo1313_0268 containing pEBM121, reintroduces This study
expression of clo1313_0268
A0268 + EV LL1121 Ahptdclo1313_0268 containing pAMG205, an empty vector This study
A1942A1973 LL1101 AhptAclo1313_19424clo1313_1973 This study
A1942A2735 LL1102 AhptAclo1313_19424clo1313_2735 This study
A1942A0268 LL1103 AhptAclo1313_19424clo1313_0268 This study
A0268A1973 LL1104 Ahptdclo1313_02684clo1313_1973 This study
A0268A2735 LL1105 AhptAclo1313_02684clo1313_2735 This study
A2735A1973 LL1106 AhptAclo1313_27354clo1313_1973 This study
wt + EV LL1092 DSMZ 1313 containing pAMG205, empty vector control This study
wt + spo0A LL1125 DSMZ 1313 containing pEBM136, overexpresses spo0A This study
wt + p1973 LL1093 DSMZ 1313 containing pEBM118, overexpresses clo1313_1973 This study
wt + p2735 LL1094 DSMZ 1313 containing pEBM119, overexpresses clo1313_2735 This study
wt + p1942 LL1095 DSMZ 1313 containing pEBM120, overexpresses clo1313_1942 This study
wt + p0268 LL1096 DSMZ 1313 containing pEBM121, overexpresses clo1313_0268 This study
wt + p 1711 LL1097 DSMZ 1313 containing pEBM122, overexpresses clo1313_1711 This study
wt + p0495 LL1098 DSMZ 1313 containing pEBM123, overexpresses clo1313_0495 This study
A2735 + p1942 LL1117 Ahptdclo1313_2735 containing pEBM120, overexpresses clo1313_1942 This study
A2735 + p0268 LL1118 AhptAdclo1313_2735 containing pEBM121, overexpresses clo1313_0268 This study
A1942 + p2735 LL1120 Ahptdclo1313_1942 containing pEBM119, overexpresses clo1313_2735 This study
A1942 + p0268 LL1121 Ahptdclo1313_1942 containing pEBM121, overexpresses clo1313_0268 This study
A0268 + p2735 LL1123 AhptAclo1313_0268 containing pEBM119, overexpresses clo1313_2735 This study
A0268 + 1942 LL1124 Ahptdclo1313_0268 containing pEBM121, overexpresses clo1313_1942 This study
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modified DSM122 medium [42] supplemented with 50 mM MOPS
and 10 mM sodium citrate. Plasmids were maintained with the
addition of 12 pg/ml thiamphenicol. C. thermocellum growth and
mutant selection took place in either closed serum bottles purged
with nitrogen or in an anaerobic chamber (Coy Laboratory Prod-
ucts, Grass Lake, MI). All C. thermocellum strains were derived from
the type strain DSMZ 1313 (Deutsche Sammlung von Mikroorga-
nismen und Zellkulturen GmbH, Germany), and all mutants were
constructed in the M1354 background strain (gift of Mascoma
Corporation), in which the gene encoding hypoxanthine phos-
phoribosyltransferase (hpt, clo1313_2927) is deleted [43] providing
a means for negative selection. The C. thermocellum spo0OA deletion
strain, M1726, was a gift from Mascoma Corporation and was
constructed in C. thermocellum strain DSMZ 1313 [44] following the
procedures as outlined by Argyros and coworkers [43]. Briefly, the
plasmid pMU1810 (GenBank Accession # KC779546) was used to
delete the gene encoding the ortholog of the B. subtilis response
regulator of sporulation, spo0A (clo1313_1409) in a C. thermocellum
Ahpt background (M1354) (1). This yielded the Adhpt 4spo0A ge-
notype henceforth referred to as M1726.

2.2. Identification of putative sporulation kinases

The genome sequences of C. thermocellum DSMZ 1313 and ATCC
27405 were searched for histidine kinase genes based on the
available annotation(s). By comparing the annotated kinase se-
quences in each genome, a mis-annotation was identified wherein
clo1313_0268 was incorrectly annotated as a hypothetical protein
fragment in the DSMZ1313 genome, but was the equivalent gene,
cthe_2677 was annotated correctly in the ATCC 27405 genome. To
resolve such discrepancies, a secondary analysis of gene sequences
was undertaken using Uniprot prediction software (http://www.
uniprot.org/) [45] to confirm that all of the identified genes were
predicted kinases. In DSMZ 1313, 41 histidine kinases genes were
identified, whereas 42 were identified in ATCC 27405 (Table S1). Of
the 42 histidine kinases identified in DSMZ 1313, 19 appeared to be
orphan histidine kinases. Identification of phosphodonor (HisKA)
domains was performed by Simple Modular Architecture Tool
(SMART), (smart.embl-heidelberg.de/) [46] and verified by Pfam
prediction software [47] (http://pfam.sanger.ac.uk/). Multiple
sequence alignments of the kinase HisKA domains were generated
with ClustalW [48].

Table 2
Plasmids used in this study.

2.3. Plasmid construction

All plasmids were constructed via yeast gap repair cloning using
a modified lazybones protocol [49,50], in which the amplified
fragments and plasmid backbone were assembled into a plasmid
via yeast homologous recombination. E. coli was used as a host
strain for plasmid propagation. In order to generate the plasmids
needed for gene deletions, pAMG258 (Gift from Dr. Adam Guss)
was digested with BamHI and EcoRI restriction endonucleases
(New England Biolabs (NEB), Ipswich, MA, USA) and all fragments
were gel purified. Next, a region encompassing the respective
C. thermocellum target gene was then amplified from genomic DNA
with primers that contained an additional 40 bp of sequence ho-
mologous to either side of the EcoRI cut site of the recipient plasmid
(pPAMG258). The target gene was then inserted into the recipient
plasmid at the EcoRI cut site by yeast-mediated recombination.
After this, it was necessary to construct a fragment containing
approximately 1 kb of the up and 1 kb of the downstream regions
adjacent to the target gene on the chromosome. To do this, DNA
regions located directly upstream and directly downstream of the
respective target gene were amplified via PCR with oligomers (In-
tegrated DNA Technologies (IDT), http://www.idtdna.com/) that
contained 40 bp of homology to the recipient plasmid BamHI site
on the external flanks and 40 bp of homology to each other on the
internal flanks. This allowed for the target's upstream and down-
stream regions to be cloned adjacently. These fragments were
subsequently integrated into the BamHI site of the recipient
plasmid via yeast-mediated recombination. Plasmid construction
primers are listed in Table S2. Prior to cloning, a small sample of
each amplified product was run on a 1% agarose gel to verify the
size, and if correct the product was used in the cloning reaction.

In order to construct plasmids for the expression of each kinase
gene via the gapDH promoter, pAMG205 was digested with Zral and
Xhol restriction endonucleases (NEB), releasing the pyrF auxotro-
phic marker from the construct. The plasmid backbone was then
isolated by gel electrophoresis, gel extracted and purified using
Zymoclean™ Gel DNA Recovery Kit (Zymo Research, Orange, CA,
USA). Each respective gene was then amplified with DNA oligomers
(IDT) designed to overlap with the cut ends of pAMG205, and was
cloned in 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. coli

Name Description and or relevant characteristics

Reference, source, or construction

Cloning vectors

Guss et al.,, 2011 Biotech for Biofuels
Gift of Dr. Adam Guss

This study; Genbank# KC879306
This study; Genbank# KC879307

This study; Genbank# KC879308

PAMG205 Cloning vector, contains oriColE1, CEN6, ARSH4, URA3, pGapD-cat, pNW33N replication origin

PAMG258 Cloning vector, contains oriColE1, CEN6, ARSH4, URA3, pGapD-cat, pNW33N replication origin

Deletion vectors

pEBM100 Used to delete clo1313_1973. Contains1kb homology to the up and downstream regions of clo1313_1973
cloned into the BamHI site and the entire gene region of clo1313_1973 cloned into EcoRI of pAMG258

pEBM101 Used to delete clo1313_2735. Contains1kb homology to the up and downstream regions of clo1313_2735
cloned into the BamHI site and the entire gene region of clo1313_2735 cloned into EcoRI of pAMG258

pEBM102 Used to delete clo1313_1942. Contains1kb homology to the up and downstream regions of clo1313_1942
cloned into the BamHI site and the entire gene region of clo1313_1942 cloned into EcoRI of pAMG258

pEBM103 Used to delete clo1313_0268. Contains1kb homology to the up and downstream regions of clo1313_0268

This study; Genbank# KC879309

cloned into the BamHI site and the entire gene region of clo1313_0268 cloned into EcoRI of pAMG258

Complementation/overexpression vectors

pEBM118 Contains clo1313_1973 driven by the gapD promoter in pAMG205
pEBM119 Contains clo1313_2735 driven by the gapD promoter in pAMG205
pEBM120 Contains clo1313_1942 driven by the gapD promoter in pAMG205
pEBM121 Contains clo1313_0268 driven by the gapD promoter in pAMG205
pEBM122 Contains clo1313_0495 driven by the gapD promoter in pAMG205
pEBM123 Contains clo1313_1711 driven by the gapD promoter in pAMG205
pEBM136 Contains clo1313_1409 (spo0A) driven by the gapD promoter in pAMG205

This study; Genbank# KC879310
This study; Genbank# KC879311
This study; Genbank# KC879312
This study; Genbank# KC879313
This study; Genbank# KC879314
This study; Genbank# KC879315
This study; Genbank#

KF724861
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Top10 (dam + dcm + E. coli K12 derivative from Invitrogen, Carls-
bad, CA). Subsequently, plasmids were transformed via chemical
competence into E. coli BL21 (Cat# C2523, dam dcm’E. coli K12
derivative; New England Biolabs) before C. thermocellum trans-
formation. Plasmids were isolated from strains using Qiagen
QIAprep Spin Miniprep Kit (Qiagen, Valencia, CA, USA). The DNA
sequences of all plasmids used for complementation or over-
expression analysis have been uploaded to GenBank and each is
also listed in Table 2 along with their relevant characteristics.

2.4. Construction of strains and phenotypic analysis

C. thermocellum transformation and mutant selection was per-
formed using methods that have been previously described [51,52].
All deletion strains were constructed in the M1354 background and
single colony purified. Initial confirmation was achieved by
screening for the appropriate deletion via PCR by using specific
DNA oligomers (Integrated DNA Technologies, IDT) that amplified
both internal and external DNA regions. Confirmation primers are
listed Table S3. DNA fragments obtained with external screening
primers were then sequenced by the Dartmouth Molecular Biology
Core Facility to verify the absence of each gene and the construction
of a clean deletion.

Kinases were re-introduced into deletion strains by trans-
forming each deletion strain with a vector harboring the respective
kinase gene or an alternative kinase gene. Overexpression strains
were constructed in the same manner in the DSMZ 1313 back-
ground. In all cases, the C. thermocellum glyceraldehyde 3-
phosphate dehydrogenase (gapD) promoter was used to drive
expression of the target gene.

Sporulation was evaluated for all strains under standard labo-
ratory conditions; all strains were grown in modified DSM122
media and endospore formation was evaluated after 24 h. This
method produced the most consistent number of mature spores in
each strain and reduced the possibility that certain kinases were
more responsive to a given sporulation treatment (i.e. carbon
changes or oxygen exposure, as was determined previously, see Ref.
[3] for details) than others. For all single kinase deletion strains,
viable cells were quantified via serial dilution plating before heat
treatment (Figure S1). For all strains, spores were quantified via
serial dilution after heat treatment for 30 min at 100 °C. Cells and
spores were plated in modified DSM 122 media containing 8 g/L
agar (Acros Organics, New Jersey, USA), and quantification is pre-
sented as colony forming units/ml (CFUs/ml). The presence of L-
forms in 42735 was determined by microscopy. Strain 42735 was
constructed on three independent occasions in order to verify the

phenotype.

active site

2.5. RNA isolation and gene expression measurements

RNA was isolated from all samples using RNeasy Mini Kit (Qia-
gen). An on-column DNase (Qiagen) treatment was used to elimi-
nate DNA contamination followed by an additional DNase
treatment and secondary clean-up procedure.

All DNA oligos used for RT-PCR are listed in Table S4. The targets
selected included spo0A (clo1313_1409) and two putative sporula-
tion sigma factors, annotated as RNA polymerase sigma 28-
subunits SigF (clo1313_2112) and SigG (clo1313_1772). Expression
levels for each gene and each sample were compared against the
housekeeping gene, recA (clo1313_1163). The recA gene was chosen
as an internal reference gene based on its consistent expression
across a wide range of growth conditions in both transcriptomic
and proteomic profiles [53—55]. Consistent expression of recA was
verified via qRT-PCR count threshold values when RNA concen-
trations were set to 30 ng/ul in samples taken throughout growth
and sporulation (data not shown). DNA oligos designed to target a
70-200 bp region of each target gene were created and searched
against the C. thermocellum chromosome for uniqueness using the
BLAST algorithm. No oligo had an expectation value greater than
0.58. Melt peak analysis was determined using Bio-Rad CFX man-
ager software, version 2.1, and no secondary peaks were detected.
Primer amplification efficiency was determined by using 9 10-fold
dilutions of genomic DNA to generate a standard curve for all
primer pairs. The cDNA library and subsequent qPCR reactions were
performed in a one-step reaction using iScript cDNA Synthesis Kit
(Biorad) on CFX96 gPCR 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 AACq method with recA
serving as the reference gene. All samples were run in duplicate,
and at least three replicates were obtained for each sample. Sta-
tistical significance was calculated using a Student's t-test, with a
threshold of p = 0.05.

3. Results
3.1. Identification of sporulation kinases

We identified 41 histidine kinases in C. thermocellum DSM 1313
(Table S1) including clo1313_0268, which had been annotated as a
hypothetical protein fragment. Of the 41 total histidine kinase
genes, 19 were unassociated with a response regulator gene sug-
gesting that they operate as orphan kinases. To determine which of
these orphan kinases are most likely to play a role in sporulation,
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Fig. 1. Comparison of histidine kinase phosphodonor active site domains. The DHp/HisKA domains of several putative sporulation histidine kinases in C. thermocellum were
compared to known sporulation kinases CD2492 (C. difficile) and KinA (B. subtilis). Identical residues conserved with KinA are shaded black, identical residues conserved with
CD2492 are shaded dark gray, and residues that are similar but not identical to either reference sequence are shaded light gray. The phosphorylated histidine residue is denoted by
an asterisk. The solid line indicates the two alpha helices of the domain, which are involved in dimerization. Alighment was constructed based on the ClustalW2 algorithm (http://

www.ebi.ac.uk/Tools/msa/clustalw2/).
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Fig. 2. Phenotypic consequences of histidine kinase deletions. Deletions were made
for four putative sporulation kinases, clo1313_1973, clo1313_2735, clo1313_1942, and
clo1313_0268 in the background strain M1354, resulting in the strains A1973, A2735,
A1942 and A0268 respectively (white bars). Combined deletion strains were also
constructed (light gray bars). The ability of each deletion strain to form spores was
quantified after 24 h of growth via heat treatment and viable count plating and
compared to several reference strains (gray bars). The values shown are the
means + the SEM for no fewer than 3, no more than 8 biological replicates. Values
below the limit of detection (10 CFUs/ml) are indicated with an asterisk. ¥ Denotes
that the L-forms phenotype of the parent strain was lost. Statistical significance is
reported as follows: The background strain, M1354, was not statistically different from
wild type (p = 0.70). Strains that gave an asporogenous phenotype (Aspo0OA, A2735,
A1942, A0268 and double mutants containing a combination of two of these muta-
tions) were statistically different from wild type (p-values below 0.05). Strain A1973
was statistically different from wild type at p = 0.1. Double knock out strains
A1942A1973 and A0268A1973 were not statistically significant from wild type (p
value = 0.37 and 0.32 respectively), but sporulation frequency was statistically lower in
strain A2735A1973 (p-value lower than 0.1).

each was evaluated for the presence of two vital domains; an
ATPase and a phosphodonor/phosphoacceptor domain (HisKA)
using SMART protein prediction software [46,56]. Only six orphan
kinases contained the HisKA domain, clo1313_1973, clo1313_2735,
clo1313_1942, clo1313_0268, clo1313_0495 and clo1313_1711. The

HisKA domains of these six kinases were compared via an align-
ment to other known sporulation kinases; KinA from B. subtilis and
CD2492 from C. difficile. This alignment revealed that over 50% of
residues contained within the active site were conserved between
the C. thermocellum HisKA domains and the reference sequences
(Fig. 1). Over 30% of all resides were conserved between the refer-
ence sequences and Clo1313_0268, Clo1313_1942, Clo1313_2735,
and Clo1313_1711 domains. Clo1313_1973 and Clo1313_0495 were
approximately 25% similar over the whole domain. Based on this
identification process, we predicted that these six kinases were
potentially involved in sporulation and they are henceforth the
subjects of this study.

3.2. Phenotypic consequences of histidine kinase deletions

The six genes encoding the histidine kinases identified were
targeted for deletion to determine the effect each gene had on the
ability of the cells to sporulate. Deletions were made for four of the
kinases including clo1313_1973, clo1313_2735, clo1313_1942, and
clo1313_0268 in the background strain M1354, creating the strains
A1973, A2735, A1942 and A0268 respectively. We were unable to
delete clo1313_0495 and clo1313_1711. The ability of each deletion
strain to form spores was determined by viable count plating after
heat treatment, as has been described for C. thermocellum previ-
ously [3]. Results were dually verified by microscopy and compared
to three reference strains including the wild-type, an hpt deletion
strain (M1354), and a spo0OA deletion strain (M1726) (data not
shown). Like M1726, spores were undetectable in A2735, A1942,
and A0268, but A1973 demonstrated enhanced sporulation
compared to the wild-type and M1354 (Fig. 2). Unexpectedly,
A2735 had a secondary phenotype in which the strain produced
cells with an L-form like morphology during standard growth
(Fig. 3). This phenotype was relatively unstable and the strain had
to be constructed on repeated occasions in order to verify the
phenotype and work with it.

To gain further insight as to how each kinase contributed to
sporulation initiation, we created several double knock out strains.

Fig. 3. L-form formation is triggered by the clo1313_2735 deletion. In A2735, L-forms appear within 7 h after inoculation, and increase in number throughout a 24-h time course.

Images were taken at 400x magnification. Early L-forms are denoted by arrows.
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First, each asporogenous strain was combined with a clo1313_1973
deletion. In each case, when A1973 combined with one of the other
kinase deletions sporulation was restored to approximately WT
levels (Fig. 2). If an asporogenous single deletion was combined
with another asporogenous deletion, the double knock out was also
asporogenous. Surprisingly, when the clo1313_2735 deletion was
introduced into any other kinase deletion strain, the L-form
phenotype was lost. This may have been caused by the relative
instability of the L-form phenotype caused by the clo1313_2735
mutation (discussed later).

3.3. Impact of 41973 on downstream sporulation genes

In other sporulating bacteria, completion of the sporulation
process is dependent on the activation of SpoOA and of several
sporulation specific sigma factors [57,58]. To determine what effect
the clo1313_1973 deletion had on the downstream sporulation
pathway of C. thermocellum, gene expression was measured over
time for spo0OA (clo1313_1409) and two putative sporulation sigma
factor genes encoding SigF (clo1313_2111) and SigG (clo1313_1772)
in A1973 and the wild type. In B. subtilis, SpoOA~P directly regulates
spo0A and sigF expression [29] in a positive manner. SigG expres-
sion also essential for the completion of spore formation, however,
it is not under the direct control of SpoOA~P [29,59]. We noted
upregulation of all three genes in A1973 compared to the wild type
strain (Fig. 4). Levels of spo0A (Fig. 4(a)) and sigF (Fig. 4(b)) tran-
scripts increased over time and peaked in stationary phase,
whereas sigG (Fig. 4(c)) peaked during mid-log phase and
decreased over time. Growth rates for A1973 and the wild type
were found to be comparable (Fig. 4(d)). The maximum number of
mature spores is reached between 18 and 24 h (data not shown).

As C. thermocellum sporulation is asynchronous, it is important
to note that the optical density value at which the expression of
spo0A, sigF and sigG peak (or wane) cannot be correlated with
defined stages of sporulation. However, the elevated expression of
these genes does suggest hyperactivity of the sporulation pathway
in the absence of clo1313_1973 and higher expression levels of
sporulation-associated genes in A1973 are in agreement with the
observed hypersporulating phenotype of this strain.

We also measured the expression of spo0A, sigF and sigG in the
other kinase deletion strains and the spo0A deletion strain. None of
the sporulation deficient strains had significantly different
expression profiles when compared to the wild type (data not
shown). We suspect this is largely due to the low sporulation fre-
quency of wild type C. thermocellum, which is approximately
0.002% under standard laboratory conditions.

3.4. Phenotypic consequences of kinase gene expression in deletion
and wild-type backgrounds

Each kinase gene was re-introduced into its respective deletion
strain via a replicating plasmid (with the exception of A1973, which
could not be transformed despite many attempts). The native
C. thermocellum glyceraldehyde 3-phosphate dehydrogenase
(gapD) promoter was used to drive expression of each gene. Re-
introduction of clo1313_2735, clo1313_0268, and clo1313)_1942
into their respective deletion backgrounds recovered sporulation to
detectable levels (Fig. 5).

We were able to demonstrate pronounced effects on sporulation
when specific histidine kinases were targeted for deletion. How-
ever, it was not possible to make deletions of two of the kinases
predicted to be involved in sporulation, and one of the deletion
strains, A2735, had a phenotype previously never associated with
spore formation. As an alternative approach, we expressed each
kinase under the gapD promoter on a replicative plasmid in WT
C. thermocellum to observe the resulting effects on sporulation.
When this strategy was employed we observed a significant in-
crease in sporulation for strains overexpressing clo1313_1942,
clo1313_0268 and clo1313_1711 (Fig. 5). A slight, but still significant,
increase in sporulation was also observed in the strain over-
expressing clo1313_2735. The strain overexpressing clo1313_1973
did not have detectable spores and overexpression of clo1313_0495
produced roughly wild type levels of sporulation (Fig. 5). All strains
were compared to DSMZ 1313 harboring an empty vector, and a
spo0A overexpression strain, which also demonstrated a roughly
10-fold increase in sporulation frequencies compared to the control
strain.

C. thermocellum sporulation kinases functionally comple-
ment each other Our previous results indicated that clo1313_1942,
clo1313_0268, and clo1313_2735, were all positive regulators of
sporulation and that expression of each of these was essential in
order for sporulation to occur in C. thermocellum. To better under-
stand the specific contribution of each kinase and determine
whether or not they share functionality, each of these kinases was
expressed in an alternative kinase deletion background and spor-
ulation frequencies were assessed. In all cases, each kinase was able
to complement an alternative kinase deletion by restoring sporu-
lation to detectible levels (Fig. 6). This data, combined with our
phenotypic analysis of kinase deletion, reintroduction, and over-
expression strains supports the idea that these kinases act inde-
pendently to both positively and negatively regulate sporulation
(Fig. 7).

4. Discussion

In this study, we took a genetic approach to determine the roles
of several orphan histidine kinases in C. thermocellum. These ki-
nases were predicted to have a role in spore formation based on
their orphan distinction and similarity within their phosphodonor
active site to other kinases known to be involved in sporulation
initiation, a strategy that has been successfully employed else-
where [36,37]. Through targeted gene deletions and subsequent re-
introduction, as well as through over-expression in the wild type
background, we showed that clo1313_1973, clo1313_1942,
clo1313_2735 and clo1313_0268 influence sporulation in
C. thermocellum. We also observed an unexpected L-forms pheno-
type when clo1313_2735 was deleted, which may suggest that in
C. thermocellum the mechanisms that regulate sporulation and L-
form formation are both controlled by sensory input from histidine
kinases.

Here we demonstrated that clo1313_1942 and clo1313_0268
appear to act as positive regulators of sporulation in
C. thermocellum. Deletion of either of these two kinases reduced the
sporulation frequency to undetectable levels, reintroduction rein-
stated sporulation, and overexpression increased sporulation levels
by about 10—100-fold. The abolishment of sporulation in A1942

Fig. 4. Increased expression of sporulation associated genes in A1973. The expression of sporulation genes spo0A (a), sigF (b), and sigG (c) was monitored in wild type (circles) and
A1973 (squares) throughout growth via qRT-PCR. Error bars are indicative of the standard deviation for n = 3 biological replicates. All results are statistically significant (p = 0.05)
unless denoted by an asterisk. Each sample is normalized to the housekeeping gene, recA. (d) Growth curves for WT and A1973: optical density correlates with growth phase as
follows: Early exponential phase occurs between 0 and 0.4; Mid-exponential phase occurs between 0.4 and 0.8; and late exponential/transition to stationary phase occurs between
0.8 and 1.2. Maximum number of mature heat resistant spores is reached between 18 and 24 h (data not shown).
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Fig. 5. Phenotypic consequence of kinase reintroduction and over-expression. Each
kinase was re-introduced into either its respective deletion background (light gray
bars) or the wild type background (black bars) to create kinase reintroduction and
over-expression strains respectively. A spo0OA over-expression line was also created for
comparison. Spores were quantified via heat treatment and viable count plating. The
values shown are the means =+ the SEM for no fewer than 3, no more than 9 biological
replicates. Values below the limit of detection (10 CFUs/ml) are indicated with an
asterisk. EV = empty vector control. Statistical significance of background strains and
single kinase deletion strains is reported in Fig. 2 legend. Statistical significance of
kinase reintroduction and over-expression strains is reported as follows: All aspor-
ogenous strains (denoted by an asterisk) were statistically different from wild type
(p = less than 0.05). Strains A0268+p0268, and wt+1942 were statistically significant
at p = 0.05. Strains A1942+p1942, wt+p2735, wt+p0268, wt+p1711 and wt+spo0A
are statistically significant at p = 0.1. Strains A2735+p2735, wt+EV, and wt+p0495
were not statistically different from wild type (p values = 0.42, 0.43, and 0.21
respectively).

and A0268 was an unexpected phenotype, as single kinase de-
letions typically produce a reduced sporulation frequency in
B. subtilis, [19,23,60], C. difficile [36] and C. acetobutylicum [37], but
do not produce asporogenous strains. This unexpected phenotype
may be caused by the lower sporulation frequency of
C. thermocellum compared to other sporulating organisms.
C. thermocellum typically sporulates at a frequency of less than 10%
during sporulation inducing conditions [3], and at a rate of less than
0.002% under standard lab conditions, which were employed in this
study. When compared to B. subtilis, C. acetobutylicum, and
C. difficile, in which sporulation frequencies upwards of 70% [61],
90% [62], and 60% [63] have been observed respectively, it may be
that C. thermocellum has a genetic mechanism in place that reflects
this lower sporulation frequency.

Fig. 6. Three of the C. thermocellum sporulation kinases functionally complement each
other. Kinases involved in positively regulating C. thermocellum sporulation were
cloned onto a replicating plasmid and expressed in an alternative kinase deletion
background. Spores were quantified via heat treatment and viable count plating, and
values shown are representative of n = 5 biological replicates, with error bars indic-
ative of the S.E.M.

Fig. 7. Model: Histidine kinases act independently to activate or inhibit sporulation in
C. thermocellum. The cumulative effects of kinase activity on SpoOA determine whether
sporulation will be initiated. Activation of SpoOA by a respective kinase (hexagons) is
depicted with an arrow; a blocked line depicts inhibition. Clo1313_2735 has an
apparent role in both spore and L-form formation (dashed line). The mechanism for L-
form formation in C. thermocellum is as of yet, unknown.

While clo1313_1942 and clo1313_0268 promote sporulation in
C. thermocellum, clo1313_1973 has a negative influence on sporu-
lation. This is in contrast to the B. subtilis sporulation pathway,
where the histidine kinases do not typically play a role in negative
regulation. Rather, negative regulation in B. subtilis is controlled by
the action of several phosphatases, including RapA and SpoOE,
which act to dephosphorylate SpoOF~P and SpoOA~P respectively
[64]. However, in C. acetobutylicum, negative regulation of spore
formation is performed by a histidine kinase, Cac0437. This kinase
dephosphorylates SpoOA~P and increases the expression levels of
downstream sporulation genes, including spo0A, sigG and an anti-
anti-sigma factor that promotes sigF transcription, spollIAA [37]. In
their study, Steiner at al. show that disruption of cac0437 leads to a
hypersporulation phenotype, while overexpression causes a
decrease in sporulation frequencies. In a similar manner, deletion of
clo1313_1973 displayed a roughly 100-fold increase in spore for-
mation relative to the wild type, while overexpression of this gene
caused an asporogenous phenotype. A1973 also exhibits an in-
crease in spo0A, sigF and sigG expression, suggesting that this gene
has an impact on the expression levels of downstream sporulation
genes. While the expression of the sporulation specific sigma fac-
tors of B. subtilis are subject to very precise timing [65], it appears
that the sporulation sigma factors of many Clostridium species
follow a different expression pattern, which may vary considerably
depending on the species [66—68]. In C. thermocellum, spo0OA and
sigF appear to accumulate to their highest levels in early stationary
phase, whereas sigG peaks in mid-exponential phase. This is
pattern does not resemble the expression profiles observed in
B. subtilis, wherein sigF and sigG are expressed sequentially for
relatively short periods of time. Given the expression profiles of
spo0OA and sigF, the observed decrease in sigG expression at later
time points was surprising. We hypothesized that this may have
been due to insufficient lysis of forespores and lower yields of
forespore RNA. We attempted to rectify this by using several
methods for RNA extraction. However, different methods did not
significantly alter what was observed. Resolving the precise timing
of downstream sporulation gene expression was beyond the scope
of this work, but given the differences already discovered in Clos-
tridium sporulation pathways, it would be valuable to study this
pathway in C. thermocellum in more detail.

The phenotype of 42735 was also apparently asporogenous and
re-introduction of the gene restored sporulation to roughly wild-
type levels. However, overexpression of this gene resulted in only
a marginal increase in sporulation frequency. As this strain also
produced an unexpected L-form phenotype, it seemed possible that
this gene was involved in regulating some other cellular process,
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which also compromised sporulation. To test this possibility, we
constructed a double-knock out strain with deletions of both
clo1313_2735 and clo1313_1973. As the double knock-out was able
to sporulate efficiently (albeit at a significantly lower rate than wild
type), we conclude that Clo1313_2735 was not regulating another
cell process essential for sporulation. Rather, this result suggests
Clo1313_2735 and Clo1313_1973 are both regulating sporulation
through opposite functions, presumably by modifying the same
target. Based on the literature, this target is most likely SpoOA
[36,37].

We examined other combined deletions and showed that
sporulation was also restored when clo1313_1942 and clo1313_0268
mutations were combined with the clo1313_1973 mutation. We also
found that the positively regulating kinases were able to func-
tionally complement each other. Taken together, these results
suggest that Clo1313_2735, Clo1313_1942, and Clo1313_0268 all
have the same functional activity, and that the combined activities
of each of these kinases is required to counter-act the activity of the
negative regulator, Clo1313_1973.

As the L-form phenotype associated with 42735 was relatively
unstable, it was difficult to study in detail. Subcultivation of the
strain, as well as repeated freeze—thaw cycles, lead to loss of the
phenotype. We have reported previously on the formation of L-
forms in C. thermocellum, which form in strain ATCC 27405 in
response to starvation conditions [3]. Re-introduction of
clo1313_2735 into 42735 restored the normal rod-shaped
morphology, however it is possible that the transformation pro-
cedure itself selected for natural L-form revertants, which appeared
readily. Similarly, double knock-outs containing the 42735 muta-
tion did not exhibit in the L-form phenotype, suggesting that
transformation or selection procedure promoted reversion.

Due to the many different genetic mechanisms that result in L-
form formation in different organisms, it is difficult to speculate on
a mechanism by which C. thermocellum regulates L-form formation
via clo1313_2735. While two component systems (comprised of a
histidine kinase and response regulator protein) are up-regulated
in E. coli L-forms [74], the role of two component systems in L-
form formation has not been explored in detail for any organism. To
our knowledge, there are two accounts of an L-form-like phenotype
connected with the deletion of a kinase gene. In Streptococcus
mutans, deletion of pknB, which encodes a serine/threonine kinase,
produces cells with a more rounded shape and increased lysis [9].
This strain also has other phenotypic differences, including defects
in genetic competence [75], biofilm formation [75], acid tolerance
[75], and bacteriocin production [9], suggesting that the deletion of
one kinase gene can cause many changes in a diverse set of cellular
processes. In Caulobacter crescentus, deleting the gene encoding the
histidine kinase CenK compromises cell envelope integrity and
triggers morphological changes that resembled membrane “bleb-
bing” [76]. These data show that kinases can regulate diverse pro-
cesses, including cellular morphology. Further work is needed in
order to better understand the role of Clo1313_2735 as it relates to
L-form formation, which was beyond the scope of this work.

It is unclear whether or not there are other kinases required for
sporulation initiation in C. thermocellum. Clo1313_1711, another
kinase identified in this study, appeared to increase sporulation
levels relative to WT when overexpressed, but a clean deletion
strain was not obtained. We were also unable to isolate a
clo1313_0495 knock out, but over-expression of this gene did not
alter the sporulation phenotype, suggesting that this kinase either
does not play a role in sporulation, or that other, undetermined
factors, must be present for an effect to be seen.

There is growing evidence that sporulation in Clostridium spe-
cies is directed by histidine kinases and proceeds in the absence of
an integrative phosphorelay component. Here we identify four

histidine kinases with apparent roles in C. thermocellum sporula-
tion, and also observe a potential link between sporulation and L-
form formation. In C. thermocellum, both spores and L-forms
constitute non-growing cell types, which appear to confer different
advantages to the organism [3]. The mechanism by which
C. thermocellum undergoes either sporulation or L-form formation
is still unclear. Yet, based on this work it is certain to include some
input from sensory histidine kinases. Further analysis of this
pathway has the potential to provide insight into metabolic arrest,
sporulation, and L-form formation, and inform strategies for in-
dustrial biofuel production using C. thermocellum.

Notice

This manuscript has been authored by Mearls et al. under sub-
contract No. 4000115284 and contract No. DE-AC05-000R22725
with the U.S. Department of Energy. The United States Govern-
ment retains and the publisher, by accepting the article for publi-
cation, acknowledges that the United States Government retains a
non-exclusive, paid-up, irrevocable, world-wide license to publish
or reproduce the published form of this manuscript or allow others
to do so, for United States Government purposes. (End of Notice)

Acknowledgments

This research was supported by a grant from the BioEnergy
Science Center (BESC), Oak Ridge National Laboratory, a U.S.
Department of Energy (DOE) BioEnergy Research Center supported
by the Office of Biological and Environmental Research in the DOE
Office of Science.

Appendix A. Supplementary data

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.anaerobe.2014.06.004.

References

[1] Lynd LR, Weimer PJ, van Zyl WH, Pretorius IS. Microbial cellulose utilization:
fundamentals and biotechnology. Microbiol Mol Biol Rev 2002;66:506—77.
table of contents.

Weigel JDM. Clostridium thermocellum: adhesion and sporulation while

adhered to cellulose and hemicellulose. Appl Microbiol Biotechnol 1984;20:

59—-65.

Mearls EB, Izquierdo JA, Lynd LR. Formation and characterization of non-

growth states in Clostridium thermocellum: spores and L-forms. BMC Micro-

biol 2012;12:180. http://dx.doi.org/10.1186/1471-2180-12-180.

[4] Madoff, editor. The Bacterial L-forms. New York: Marcel Dekker, Inc.; 1986.

[5] Allan EJ, Hoischen C, Gumpert J. Bacterial L-forms. Adv Appl Microbiol

2009;68:1—39. http://dx.doi.org/10.1016/S0065-2164(09)01201-5. pii:S0065-

2164(09)01201-5.

Dominguez-Cuevas P, Mercier R, Leaver M, Kawai Y, Errington J. The rod to L-

form transition of Bacillus subtilis is limited by a requirement for the proto-

plast to escape from the cell wall sacculus. Mol Microbiol 2012;83:52—66.
http://dx.doi.org/10.1111/j.1365-2958.2011.07920.x.

Mercier R, Dominguez-Cuevas P, Errington ]. Crucial role for membrane

fluidity in proliferation of primitive cells. Cell Reports 2012;1:427—33.

Leaver M, Dominguez-Cuevas P, Coxhead JM, Daniel RA, Errington ]. Life

without a wall or division machine in Bacillus subtilis. Nature 2009;457:

849—53. http://dx.doi.org/10.1038/nature07742.

Banu LD, Conrads G, Rehrauer H, Hussain H, Allan E, van der Ploeg JR. The

Streptococcus mutans serine/threonine kinase, PknB, regulates competence

development, bacteriocin production, and cell wall metabolism. Infect Inmun

2010;78:2209—-20. http://dx.doi.org/10.1128/IAL.01167-09.

[10] Allcock ER, Reid SJ, Jones DT, Woods DR. Autolytic activity and an autolysis-
deficient mutant of Clostridium acetobutylicum. Appl Environ Microbiol
1981;42:929—-35.

[11] Waterhouse RN, Glover LA. CCD-monitoring of bioluminescence during the
induction of the cell wall-deficient, L-form state of a genetically modified
strain of Pseudomonas syringae pv. phaseolicola. Lett Appl Microbiol 1994;19:
88-91.

[12] Weibull CaG H. Metabolic properties of some L forms derived from Gram-
postitive and Gram-negative bacteria. ] Bacteriol 1965;89:1443—7.

2

[3

(6

(7

[8

[9


http://dx.doi.org/10.1016/j.anaerobe.2014.06.004
http://dx.doi.org/10.1016/j.anaerobe.2014.06.004
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref1
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref1
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref1
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref1
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref2
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref2
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref2
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref2
http://dx.doi.org/10.1186/1471-2180-12-180
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref4
http://dx.doi.org/10.1016/S0065-2164(09)01201-5
http://dx.doi.org/10.1111/j.1365-2958.2011.07920.x
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref7
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref7
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref7
http://dx.doi.org/10.1038/nature07742
http://dx.doi.org/10.1128/IAI.01167-09
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref10
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref10
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref10
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref10
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref11
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref11
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref11
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref11
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref11
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref12
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref12
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref12

118

[13]

[14]
[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]
[23]
[24]
[25]
[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]
[39]

[40]

[41]

[42]

E.B. Mearls, L.R. Lynd / Anaerobe 28 (2014) 109—119

Briers Y, Staubli T, Schmid MC, Wagner M, Schuppler M, Loessner M]J. Intra-
cellular vesicles as reproduction elements in cell wall-deficient L-form bac-
teria. PLoS One 2012;7:e38514. http://dx.doi.org/10.1371/
journal.pone.0038514.

Piggot PJ, Hilbert DW. Sporulation of Bacillus subtilis. Curr Opin Microbiol
2004;7:579—86. http://dx.doi.org/10.1016/j.mib.2004.10.001.

Burbulys D, Trach KA, Hoch JA. Initiation of sporulation in B. subtilis is
controlled by a multicomponent phosphorelay. Cell. 1991;64:545—52.
Antoniewski C, Savelli B, Stragier P. The spoll] gene, which regulates early
developmental steps in Bacillus subtilis, belongs to a class of environmentally
responsive genes. ] Bacteriol 1990;172:86—93.

Perego M, Spiegelman GB, Hoch JA. Structure of the gene for the transition
state regulator, abrB: regulator synthesis is controlled by the spo0OA sporula-
tion gene in Bacillus subtilis. Mol Microbiol 1988;2:689—99.

Trach K, Burbulys D, Strauch M, Wu JJ, Dhillon N, Jonas R, et al. Control of the
initiation of sporulation in Bacillus subtilis by a phosphorelay. Res Microbiol
1991;142:815-23.

LeDeaux JR, Grossman AD. Isolation and characterization of kinC, a gene that
encodes a sensor kinase homologous to the sporulation sensor kinases KinA
and KinB in Bacillus subtilis. ] Bacteriol 1995;177:166—75.

Kobayashi K, Shoji K, Shimizu T, Nakano K, Sato T, Kobayashi Y. Analysis of a
suppressor mutation ssb (kinC) of sur0B20 (spoOA) mutation in Bacillus sub-
tilis reveals that kinC encodes a histidine protein kinase. ] Bacteriol 1995;177:
176-82.

Jiang M, Shao W, Perego M, Hoch JA. Multiple histidine kinases regulate entry
into stationary phase and sporulation in Bacillus subtilis. Mol Microbiol
2000;38:535—42.

Hoch JA, editor. spo0 genes, the phosphorelay, and the initiation of sporula-
tion. Washington, D.C.: American Society of Microbiology; 1991.

Perego M, Cole SP, Burbulys D, Trach K, Hoch JA. Characterization of the gene
for a protein kinase which phosphorylates the sporulation-regulatory proteins
SpoO0A and SpoOF of Bacillus subtilis. ] Bacteriol 1989;171:6187—96.
Parkinson JS. Signal transduction schemes of bacteria. Cell. 1993;73:857—71.
Hoch JA, Silhavy TJ. Two-component signal transduction. Washington D.C.:
ASM Press; 1995.

Dutta R, Qin L, Inouye M. Histidine kinases: diversity of domain organization.
Mol Microbiol 1999;34:633—40.

Gao R, Stock AM. Biological insights from structures of two-component pro-
teins. Annu Rev Microbiol 2009;63:133—54. http://dx.doi.org/10.1146/
annurev.micro.091208.073214.

Hoch JA. Regulation of the phosphorelay and the initiation of sporulation in
Bacillus subtilis. Annu Rev Microbiol 1993;47:441—-65. http://dx.doi.org/
10.1146/annurev.mi.47.100193.002301.

Molle V, Fujita M, Jensen ST, Eichenberger P, Gonzalez-Pastor JE, Liu JS, et al.
The SpoOA regulon of Bacillus subtilis. Mol Microbiol 2003;50:1683—701.
Fujita M, Gonzalez-Pastor JE, Losick R. High- and low-threshold genes in the
SpoOA regulon of Bacillus subtilis. ] Bacteriol 2005;187:1357—68. http://
dx.doi.org/10.1128/]B.187.4.1357-1368.2005.

York K, Kenney TJ, Satola S, Moran Jr CP, Poth H, Youngman P. SpoOA controls
the sigma A-dependent activation of Bacillus subtilis sporulation-specific
transcription unit spollE. ] Bacteriol 1992;174:2648—-58.

Baldus JM, Green BD, Youngman P, Moran Jr CP. Phosphorylation of Bacillus
subtilis transcription factor SpoOA stimulates transcription from the spollG
promoter by enhancing binding to weak OA boxes. ] Bacteriol 1994;176:
296—-306.

Bird TH, Grimsley JK, Hoch JA, Spiegelman GB. Phosphorylation of SpoOA
activates its stimulation of in vitro transcription from the Bacillus subtilis
spollG operon. Mol Microbiol 1993;9:741—-9.

Strauch M, Webb V, Spiegelman G, Hoch JA. The SpoOA protein of Bacillus subtilis
is a repressor of the abrB gene. Proc Natl Acad Sci U S A 1990;87:1801—5.
Castilla-Llorente V, Munoz-Espin D, Villar L, Salas M, Meijer W]. Spo0A, the
key transcriptional regulator for entrance into sporulation, is an inhibitor of
DNA replication. EMBO ] 2006;25:3890—9. http://dx.doi.org/10.1038/
sj.emboj.7601266.

Underwood S, Guan S, Vijayasubhash V, Baines SD, Graham L, Lewis RJ, et al.
Characterization of the sporulation initiation pathway of Clostridium difficile
and its role in toxin production. ] Bacteriol 2009;191:7296—305. http://
dx.doi.org/10.1128/JB.00882-09.

Steiner E, Dago AE, Young DI, Heap JT, Minton NP, Hoch JA, et al. Multiple
orphan histidine kinases interact directly with SpoOA to control the initiation
of endospore formation in Clostridium acetobutylicum. Mol Microbiol 2011;80:
641—54. http://dx.doi.org/10.1111/j.1365-2958.2011.07608.x.

Stephenson K, Hoch JA. Evolution of signalling in the sporulation phosphor-
elay. Mol Microbiol 2002;46:297—304.

Stragier P. A gene odyssey: exploring the genomes of endospore forming
bacteria. Washington D.C.: American Society of Microbiology; 2002.

Paredes CJ, Alsaker KV, Papoutsakis ET. A comparative genomic view of
clostridial sporulation and physiology. Nat Rev Microbiol 2005;3:969—78.
http://dx.doi.org/10.1038/nrmicro1288.

Durre P, Hollergschwandner C. Initiation of endospore formation in Clos-
tridium acetobutylicum. Anaerobe 2004;10:69—74. http://dx.doi.org/10.1016/
j.anaerobe.2003.11.001.

Dror TW, Rolider A, Bayer EA, Lamed R, Shoham Y. Regulation of expression of
scaffoldin-related genes in Clostridium thermocellum. ] Bacteriol 2003;185:
5109-16.

[43]

[44

[45]

[46]

[47]

(48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[74]

Argyros DA, Tripathi SA, Barrett TF, Rogers SR, Feinberg LF, Olson DG, et al.
High ethanol titers from cellulose by using metabolically engineered ther-
mophilic, anaerobic microbes. Appl Environ Microbiol 2011;77:8288—-94.
http://dx.doi.org/10.1128/AEM.00646-11.

Tripathi SA, Olson DG, Argyros DA, Miller BB, Barrett TF, Murphy DM, et al.
Development of pyrF-based genetic system for targeted gene deletion in
Clostridium thermocellum and creation of a pta mutant. Appl Environ Micro-
biol 2010;76:6591—-9. http://dx.doi.org/10.1128/AEM.01484-10.

Consortium TU. Reorganizing the protein space at the Universal Protein
Resource (UniProt). Nucleic Acids Res 2012;40:D71—5.

Letunic I, Doerks T, Bork P. Smart 7: recent updates to the protein domain
annotation resource. Nucleic Acids Res 2012;40:D302—5. http://dx.doi.org/
10.1093/nar/gkr931.

Punta M, Coggill PC, Eberhardt RY, Mistry ], Tate ], Boursnell C, et al. The Pfam
protein families database. Nucleic Acids Res 2012;40:D290—301. http://
dx.doi.org/10.1093/nar/gkr1065.

Thompson JD, Higgins DG, Gibson TJ. Clustal W: improving the sensitivity of
progressive multiple sequence alignment through sequence weighting,
position-specific gap penalties and weight matrix choice. Nucleic Acids Res
1994;22:4673—-80.

Shanks RM, Kadouri DE, MacEachran DP, O'Toole GA. New yeast recombin-
eering tools for bacteria. Plasmid 2009;62:88—97. http://dx.doi.org/10.1016/
j.plasmid.2009.05.002.

Elble R. A simple and efficient procedure for transformation of yeasts. Bio-
Techniques 1992;13:18—20.

Olson DG, Lynd LR. Transformation of Clostridium thermocellum by electro-
poration. Meth Enzymol 2012;510:317—-30. http://dx.doi.org/10.1016/B978-
0-12-415931-0.00017-3.

Guss AM, Olson DG, Caiazza NC, Lynd LR. Dcm methylation is detrimental to
plasmid transformation in Clostridium thermocellum. Biotechnol Biofuels
2012;5:30. http://dx.doi.org/10.1186/1754-6834-5-30.

Raman B, McKeown CK, Rodriguez Jr M, Brown SD, Mielenz JR. Transcriptomic
analysis of Clostridium thermocellum ATCC 27405 cellulose fermentation. BMC
Microbiol 2011;11:134. http://dx.doi.org/10.1186/1471-2180-11-134.
Riederer A, Takasuka TE, Makino S, Stevenson DM, Bukhman YV, Elsen NL,
et al. Global gene expression patterns in Clostridium thermocellum as deter-
mined by microarray analysis of chemostat cultures on cellulose or cellobiose.
Appl Environ Microbiol 2011;77:1243—-53. http://dx.doi.org/10.1128/
AEM.02008-10.

Gowen CM, Fong SS. Genome-scale metabolic model integrated with RNAseq
data to identify metabolic states of Clostridium thermocellum. Biotechnol ]
2010;5:759—67. http://dx.doi.org/10.1002/biot.201000084.

Schultz ], Milpetz F, Bork P, Ponting CP. SMART, a simple modular architecture
research tool: identification of signaling domains. Proc Natl Acad Sci U S A
1998;95:5857—64.

Grossman AD. Genetic networks controlling the initiation of sporulation and
the development of genetic competence in Bacillus subtilis. Annu Rev Genet
1995;29:477-508. http://dx.doi.org/10.1146/annurev.ge.29.120195.002401.
Hilbert DW, Piggot PJ. Compartmentalization of gene expression during Ba-
cillus subtilis spore formation. Microbiol Mol Biol Rev 2004;68:234—62. http://
dx.doi.org/10.1128/MMBR.68.2.234-262.2004.

Sun DX, Cabrera-Martinez RM, Setlow P. Control of transcription of the Ba-
cillus subtilis spolllG gene, which codes for the forespore-specific transcription
factor sigma G. ] Bacteriol 1991;173:2977—84.

Trach KA, Hoch JA. Multisensory activation of the phosphorelay initiating
sporulation in Bacillus subtilis: identification and sequence of the protein ki-
nase of the alternate pathway. Mol Microbiol 1993;8:69—79.

Hageman JH, Shankweiler GW, Wall PR, Franich K, McCowan GW, Cauble SM,
et al. Single, chemically defined sporulation medium for Bacillus subtilis:
growth, sporulation, and extracellular protease production. ] Bacteriol
1984;160:438—41.

Jones DT, Westhuizen A, Long S, Allcock ER, Reid SJ, Woods DR. Solvent
production and morphological changes in Clostridium acetobutylicum. Appl
Environ Microbiol 1982:1434-9.

Akerlund T, Persson I, Unemo M, Noren T, Svenungsson B, Wullt M, et al.
Increased sporulation rate of epidemic Clostridium difficile Type 027/NAP1.
J Clin Microbiol 2008;46:1530—3. http://dx.doi.org/10.1128/JCM.01964-07.
Perego M, Hoch JA. Two-component systems, phosphorelays, and regulation
of their activities by phosphatases. Washington, D.C.: American Society of
Microbiology; 2002.

Errington J. Bacillus subtilis sporulation: regulation of gene expression and
control of morphogenesis. Microbiol Rev 1993;57:1—33.

Kirk DG, Palonen E, Korkeala H, Lindstrom M. Evaluation of normalization
reference genes for RT-qPCR analysis of spo0A and four sporulation sigma
factor genes in Clostridium botulinum Group I strain ATCC 3502. Anaerobe
2014;26:14-9. http://dx.doi.org/10.1016/j.anaerobe.2013.12.003.

Jones SW, Paredes CJ, Tracy B, Cheng N, Sillers R, Senger RS, et al. The tran-
scriptional program underlying the physiology of clostridial sporulation.
Genome biol 2008;9:R114. http://dx.doi.org/10.1186/gb-2008-9-7-r114.
Fimlaid KA, Bond JP, Schutz KC, Putnam EE, Leung JM, Lawley TD, et al. Global
analysis of the sporulation pathway of Clostridium difficile. PLoS Genet 2013;9:
€1003660. http://dx.doi.org/10.1371/journal.pgen.1003660.

Glover WA, Yang Y, Zhang Y. Insights into the molecular basis of L-form
formation and survival in Escherichia coli. PLoS One 2009;4:e7316. http://
dx.doi.org/10.1371/journal.pone.0007316.


http://dx.doi.org/10.1371/journal.pone.0038514
http://dx.doi.org/10.1371/journal.pone.0038514
http://dx.doi.org/10.1016/j.mib.2004.10.001
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref15
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref15
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref15
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref16
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref16
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref16
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref16
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref17
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref17
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref17
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref17
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref18
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref18
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref18
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref18
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref19
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref19
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref19
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref19
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref20
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref20
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref20
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref20
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref20
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref21
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref21
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref21
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref21
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref22
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref22
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref23
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref23
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref23
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref23
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref24
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref24
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref25
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref25
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref26
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref26
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref26
http://dx.doi.org/10.1146/annurev.micro.091208.073214
http://dx.doi.org/10.1146/annurev.micro.091208.073214
http://dx.doi.org/10.1146/annurev.mi.47.100193.002301
http://dx.doi.org/10.1146/annurev.mi.47.100193.002301
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref29
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref29
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref29
http://dx.doi.org/10.1128/JB.187.4.1357-1368.2005
http://dx.doi.org/10.1128/JB.187.4.1357-1368.2005
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref31
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref31
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref31
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref31
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref32
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref32
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref32
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref32
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref32
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref33
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref33
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref33
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref33
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref34
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref34
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref34
http://dx.doi.org/10.1038/sj.emboj.7601266
http://dx.doi.org/10.1038/sj.emboj.7601266
http://dx.doi.org/10.1128/JB.00882-09
http://dx.doi.org/10.1128/JB.00882-09
http://dx.doi.org/10.1111/j.1365-2958.2011.07608.x
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref38
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref38
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref38
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref39
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref39
http://dx.doi.org/10.1038/nrmicro1288
http://dx.doi.org/10.1016/j.anaerobe.2003.11.001
http://dx.doi.org/10.1016/j.anaerobe.2003.11.001
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref42
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref42
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref42
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref42
http://dx.doi.org/10.1128/AEM.00646-11
http://dx.doi.org/10.1128/AEM.01484-10
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref45
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref45
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref45
http://dx.doi.org/10.1093/nar/gkr931
http://dx.doi.org/10.1093/nar/gkr931
http://dx.doi.org/10.1093/nar/gkr1065
http://dx.doi.org/10.1093/nar/gkr1065
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref48
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref48
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref48
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref48
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref48
http://dx.doi.org/10.1016/j.plasmid.2009.05.002
http://dx.doi.org/10.1016/j.plasmid.2009.05.002
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref50
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref50
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref50
http://dx.doi.org/10.1016/B978-0-12-415931-0.00017-3
http://dx.doi.org/10.1016/B978-0-12-415931-0.00017-3
http://dx.doi.org/10.1186/1754-6834-5-30
http://dx.doi.org/10.1186/1471-2180-11-134
http://dx.doi.org/10.1128/AEM.02008-10
http://dx.doi.org/10.1128/AEM.02008-10
http://dx.doi.org/10.1002/biot.201000084
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref56
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref56
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref56
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref56
http://dx.doi.org/10.1146/annurev.ge.29.120195.002401
http://dx.doi.org/10.1128/MMBR.68.2.234-262.2004
http://dx.doi.org/10.1128/MMBR.68.2.234-262.2004
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref59
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref59
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref59
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref59
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref60
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref60
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref60
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref60
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref61
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref61
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref61
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref61
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref61
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref62
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref62
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref62
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref62
http://dx.doi.org/10.1128/JCM.01964-07
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref64
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref64
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref64
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref65
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref65
http://refhub.elsevier.com/S1075-9964(14)00077-8/sref65
http://dx.doi.org/10.1016/j.anaerobe.2013.12.003
http://dx.doi.org/10.1186/gb-2008-9-7-r114
http://dx.doi.org/10.1371/journal.pgen.1003660
http://dx.doi.org/10.1371/journal.pone.0007316
http://dx.doi.org/10.1371/journal.pone.0007316

E.B. Mearls, L.R. Lynd / Anaerobe 28 (2014) 109—119 119

[75] Hussain H, Branny P, Allan E. A eukaryotic-type serine/threonine protein ki- [76] Skerker JM, Prasol MS, Perchuk BS, Biondi EG, Laub MT. Two-component
nase is required for biofilm formation, genetic competence, and acid resis- signal transduction pathways regulating growth and cell cycle progression in
tance in Streptococcus mutans. ] Bacteriol 2006;188:1628—32. http:// a bacterium: a system-level analysis. PLoS Biol 2005;3:e334. http://dx.doi.org/

dx.doi.org/10.1128/]JB.188.4.1628-1632.2006. 10.1371/journal.pbio.0030334.


http://dx.doi.org/10.1128/JB.188.4.1628-1632.2006
http://dx.doi.org/10.1128/JB.188.4.1628-1632.2006
http://dx.doi.org/10.1371/journal.pbio.0030334
http://dx.doi.org/10.1371/journal.pbio.0030334

	The identification of four histidine kinases that influence sporulation in Clostridium thermocellum
	1 Introduction
	2 Methods
	2.1 Bacterial strains and culturing conditions
	2.2 Identification of putative sporulation kinases
	2.3 Plasmid construction
	2.4 Construction of strains and phenotypic analysis
	2.5 RNA isolation and gene expression measurements

	3 Results
	3.1 Identification of sporulation kinases
	3.2 Phenotypic consequences of histidine kinase deletions
	3.3 Impact of Δ1973 on downstream sporulation genes
	3.4 Phenotypic consequences of kinase gene expression in deletion and wild-type backgrounds

	4 Discussion
	Notice
	Acknowledgments
	Appendix A Supplementary data
	References


