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Clostridium acetobutylicum is both a model organism for the understanding of sporulation in solventogenic
clostridia and its relationship to solvent formation and an industrial organism for anaerobic acetone-butanol-
ethanol (ABE) fermentation. How solvent production is coupled to endospore formation—both stationary-
phase events—remains incompletely understood at the molecular level. Specifically, it is unclear how sporu-
lation-specific sigma factors affect solvent formation. Here the sigF gene in C. acetobutylicum was successfully
disrupted and silenced. Not only o* but also the sigma factors o* and o were not detected in the sigF mutant
(FKO1), and differentiation was stopped prior to asymmetric division. Since plasmid expression of the spoll4A
operon (spolIAA-spollAB-sigF) failed to complement FKO1, the operon was integrated into the FKO1 chro-
mosome to generate strain FKO1-C. In FKO1-C, ¢* expression was restored along with sporulation and o®
and o ¢ protein expression. Quantitative reverse transcription-PCR (RT-PCR) analysis of a select set of genes
(csfB, gpr, spolIP, sigG, lonB, and spolIR) that could be controlled by ¢*, based on the Bacillus subtilis model,
indicated that sigG may be under the control of o, but spolIR, an important activator of o* in B. subtilis, is
not, and neither are the rest of the genes investigated. FKO1 produced solvents at a level similar to that of the
parent strain, but solvent levels were dependent on the physiological state of the inoculum. Finally, the
complementation strain FKO1-C is the first reported instance of purposeful integration of multiple functional
genes into a clostridial chromosome—here, the C. acetobutylicum chromosome—with the aim of altering cell

metabolism and differentiation.

The endospore-forming obligate anaerobe Clostridium
acetobutylicum is best known for its acetone, butanol, and eth-
anol (ABE) fermentation and has recently received renewed
attention for of its industrial potential, specifically as a biofuel
producer (26, 37). Despite this increased attention and poten-
tial, many fundamental questions remain about clostridial
physiology, differentiation, and metabolism, and the lack of
this basic knowledge has limited the success of engineering
of C. acetobutylicum for industrial processes (26, 37). Two of
these key questions are how clostridial cells regulate differen-
tiation and how differentiation is related to solvent formation
(26, 37, 38). It has been well established that Spo0OA is the
master regulator of both solventogenesis and sporulation (8,
14, 41), but the regulation of sporulation downstream of
Spo0A and any effect the regulation has on solventogenesis are
not yet well understood (37, 38).

In contrast, sporulation in Bacillus subtilis has been studied
extensively, and its regulation is well understood (9, 16, 48). To
initiate sporulation, B. subtilis employs a multicomponent
phosphorelay to phosphorylate SpoOA (4, 40), which then stim-
ulates the expression of sigF, the prespore-specific sigma fac-
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tor, and sigE, the mother cell-specific sigma factor (9, 16), in
addition to many other genes (10, 34). o is then followed by
¢ in the developing endospore, and o is followed by o¥ in
the mother cell (9, 16). Though translated, neither o nor o
becomes active until after the cell completes asymmetric divi-
sion. o¥ is held inactive by the anti-sigma factor SpolIAB until
the membrane-bound phosphatase SpollE can dephosphory-
late the anti-anti-sigma factor SpolIAA, which then binds to
SpolIAB to release o from repression (23, 45, 58). Unbound
o' then promotes the expression of about 48 genes in the
prespore cell (56), including spolIR, which is required to acti-
vate the processing of pro-o* into active o (22, 29). Thus, o*
is the first sigma factor to become active in the sporulation
cascade, followed by o&. Although sigG is under the transcrip-
tional control of ¢¥, it does not become active until after o is
processed into an active form through a process still not fully
understood (5, 9, 16, 31). In turn, o€ plays a role in the
processing and activation of o, the last sporulation-related
sigma factor in the regulation cascade (9, 16).

Upon sequencing of the C. acetobutylicum genome (35),
genomic analysis identified homologs for much of the B. sub-
tilis regulatory network in C. acetobutylicum, except for the
multicomponent phosphorelay to phosphorylate SpoOA (38).
In the first reported microarray analysis of any clostridial or-
ganism (50), sigF" was observed to be severely downregulated in
the C. acetobutylicum SpoOA inactivation strain SKO1 (14),
demonstrating that sigF is under the control of SpoOA. This
was further supported by the finding that upon butanol stress
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of a groESL-overexpressing strain of C. acetobutylicum, sigF
had a gene expression pattern very similar to that of spo0A4
(51). Subsequent work using microarray analysis suggested that
the regulatory network in C. acetobutylicum is similar to that in
B. subtilis (1, 20). According to deduced activity plots in refer-
ence 20, SpoOA activity spiked first during early transitional
phase, followed by oF, oF, and ¢© in close succession during
mid-stationary phase. Only recently, though, have genetic mu-
tants to specifically interrogate the roles of these sigma factors
been generated. Inactivation mutants for all four sigma factors
(o, o%, 09, and o*) have been generated in Clostridium per-
fringens (15, 28), and although the regulation and roles of o=,
0%, and o appear to be different from those in B. subtilis (15,
28), oF was still the first sigma factor to become active and still
seemed to be regulated by SpolIAA and SpollAB (28). C.
acetobutylicum o® and ¢© inactivation mutants have been re-
ported recently, and although differences from the B. subtilis
model have been identified (54), o* expression was not signif-
icantly altered in these mutants, suggesting that o* is still the
first sigma factor to become active in C. acetobutylicum.

In B. subtilis, mutations in sigF or sigE blocked sporulation at
stage II (asymmetric division) (18). Initially, cells developed
single, normal-looking asymmetric septa, but instead of start-
ing engulfment (stage III), cells formed an additional septum
at the opposite end of the cell (disporic cells), and some even
formed multiple septa (18). A separate sigF' mutant formed a
single asymmetric septum and started engulfment but did not
complete it (18). When sigE is disrupted in C. acetobutylicum,
sporulation is blocked before asymmetric division (stage II),
and the cell exhibits longitudinal internal membranes (54). If
o" is still the first sigma factor to become active in C. aceto-
butylicum, a sigF mutant would be expected to have a pheno-
type similar to that of the sigF mutant, in that sporulation
should be blocked before stage II. This hypothesis was tested
in the work reported here. Our goal was to examine the role of
o" in differentiation and solventogenesis in C. acetobutylicum
by silencing its expression. The sigF’ gene was successfully dis-
rupted, and sporulation was blocked before asymmetric divi-
sion. In addition, expression of ¢ and ¢© was not detected in
the inactivation mutant, confirming the position of oF at the
top of the regulatory cascade. Upon complementation, sporu-
lation was restored, along with expression of ¢ and ¢©.

MATERIALS AND METHODS

Bacterial growth and maintenance conditions. C. acetobutylicum ATCC 824
was grown anaerobically at 37°C in liquid CGM (80 g/liter glucose, buffered with
30 mM sodium acetate) (57) or on solid 2X YTG (pH 5.8) agar plates (36)
supplemented with the appropriate antibiotic (erythromycin at 40 pg/ml for
solid-medium plates and 100 pg/ml for liquid medium, thiamphenicol at 5 wg/ml,
or tetracycline at 10 pg/ml). C. acetobutylicum strains were stored at —85°C in
CGM supplemented with 15% glycerol and were revived by plating onto 2X
YTG (pH 5.8) agar plates. For spore-forming strains, individual colonies at least
5 days old were transferred to 10-ml tubes of liquid CGM and were heat shocked
at 75 to 80°C for 10 min to kill all vegetative cells and to induce germination. For
non-spore-forming strains, individual colonies less than 3 days old were trans-
ferred to 10-ml tubes of liquid CGM and were allowed to grow. Escherichia coli
strains were grown aerobically at 37°C in liquid LB medium or on solid LB agar
plates supplemented with the appropriate antibiotic (50 wg/ml ampicillin, 35
pg/ml chloramphenicol, 100 pg/ml spectinomycin, or 10 pg/ml tetracycline). E.
coli strains were stored at —85°C in LB medium supplemented with 15% glyc-
erol.

Analytical methods. Cell growth was monitored by measuring the 44, using a
DU 730 spectrophotometer (Beckman-Coulter, Brea, CA). Supernatant samples
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from cultures were analyzed for glucose, acetate, butyrate, acetoin, acetone,
butanol, and ethanol using an Agilent (Santa Clara, CA) high-performance
liquid chromatograph (HPLC) (52). DNA concentrations and purities were
measured at 260 nm and 280 nm using a NanoDrop (Wilmington, DE) spectro-
photometer.

Bacterial transformations. DNA was introduced into E. coli and C. acetobu-
tylicum strains using electroporation with the Gene Pulser Xcell electroporation
system (Bio-Rad, Hercules, CA). Prior to transformation into C. acetobutylicum,
plasmids were methylated in E. coli ER2275 carrying the methylating plasmid
PANT1 or pAN2 (32). Clostridial transformations were performed as described in
reference 33.

Plasmid construction. To construct the pKOSIGF plasmid, a 391-bp internal
fragment of sigFF (CAC2306) was PCR amplified from C. acetobutylicum genomic
DNA with AmpliTaq Gold polymerase (Applied Biosystems, Carlsbad, CA) and
primers SigF-F/SigF-R (see Table S1 in the supplemental material). The PCR
product was cloned into the pCR8/GW/TOPOTA cloning plasmid (2.82 kb) and
One Shot TOP10 E. coli (Invitrogen, Carlsbad, CA) according to the manufac-
turer’s instructions, yielding plasmid pCR8-SigF (3.21 kb). pCR8-SigF was then
digested and linearized using Scal (New England Biolabs [NEB], Ipswich, MA),
which has a single digestion site in the middle of the sigFF fragment. After
digestion, the linearized pCR8-SigF plasmid was treated with Antarctic Phos-
phatase (NEB, Ipswich, MA) to dephosphorylate the ends. A chloramphenicol/
thiamphenicol resistance (Cm/Th") cassette (encoding chloramphenicol resis-
tance in E. coli and thiamphenicol resistance in C. acetobutylicum), under the
control of the clostridial phosphotransbutyrylase promoter (P,,) and an opti-
mized Shine-Dalgarno sequence for C. acetobutylicum and with a rho-indepen-
dent terminator at the end (47, 55), was then ligated into the vector using NEB
(Ipswich, MA) Quick Ligase and was cloned into One Shot TOP10 E. coli to
yield pCR8-SigF/TH (4.26 kb). The Cm/Th" cassette in pCR8-SigF/TH is flanked
by 188 bp of the sigF" gene on the 5’ end and 203 bp of the sigF’ gene on the 3’
end. Finally, pCR8-SigF/TH was recombined into the pKOREC Destination
plasmid (54) using the Invitrogen (Carlsbad, CA) Gateway LR recombination
reaction to yield pKOSIGF (6.08 kb).

To construct the pSPOIIA plasmid, the entire spoll4 operon, including the
upstream (171-bp) and downstream (94-bp) intergenic regions, was amplified
from C. acetobutylicum genomic DNA using Phusion High-Fidelity DNA poly-
merase (Finnzymes Oy, Espoo, Finland) and primers SpolIA-F/SpoIIA-R (see
Table S1 in the supplemental material), and BamHI digestion sites were added
to each end of the PCR product. Next, both pTLH1 (13) and the PCR product
were digested with BamHI (NEB, Ipswich, MA), ligated together using NEB
Quick Ligase (Ipswich, MA), and cloned into One Shot TOP10 E. coli to yield
pSPOIIA (7.54 kb).

To construct the pKISPOIIA plasmid, a 222-bp internal fragment of the
Cm/Th" cassette was first amplified from the full Cm/Th" cassette with AmpliTaq
Gold polymerase and primers TH-frag-F/TH-frag-R (see Table S1 in the sup-
plemental material). Next, a rho-independent terminator and a Sall digestion
site were added to the 3’ end of the fragment using a modified TH-frag-R primer.
The full 272-bp fragment was then cloned into the pCR8/GW/TOPOTA cloning
plasmid (2.82 kb) and One Shot TOP10 E. coli according to the manufacturer’s
instructions, yielding plasmid pCR8-TH_frag (3.1 kb). pCR8-TH_frag was lin-
earized by digestion with Sall (NEB, Ipswich, MA) and was then treated with the
DNA polymerase I, Large (Klenow) fragment (NEB, Ipswich, MA) and Antarc-
tic Phosphatase. Next, the entire spolIA operon, including the upstream (171-bp)
and downstream (94-bp) intergenic regions, was amplified from C. acetobutyli-
cum genomic DNA using Phusion High-Fidelity DNA polymerase (Finnymes
Oy, Espoo, Finland) and primers SpolIA-F/SpolIA-R (see Table S1 in the
supplemental material). The spoll4 operon was then ligated into the linearized
pCRS8-TH_frag plasmid using NEB Quick Ligase and was cloned into One Shot
TOP10 E. coli to yield pCR8-TH_frag/spolIA (4.93 kb). Finally, pCR8-TH_frag/
spolIA was digested with EcoRI (NEB, Ipswich, MA), and the TH_frag/spolIA
fragment (2,128 bp) was excised from a gel and purified using the Wizard SV gel
cleanup system (Promega, Madison, WI). This fragment was then ligated into a
shortened pTLH1 vector. pTLH1 (13) was digested with Bgll (NEB, Ipswich,
MA), and a 1,118-bp fragment (containing most of the ampicillin resistance
gene) was removed. This shortened pTLHI1 vector (4.6 kb) was then digested
with EcoRI; the TH_frag/spollA fragment was ligated into the digested vector
using NEB Quick Ligase; and the resulting plasmid was cloned into One Shot
TOP10 E. coli to yield pKISPOIIA (6.71 kb).

Integration of pKOSIGF to disrupt sigF. To induce chromosomal integration,
a protocol similar to that described in reference 54 was used. Of primary impor-
tance is the expression of the B. subtilis resolvase gene recU, which is intended to
enhance recombination, because like all clostridia, C. acetobutylicum lacks an
identifiable resolvase gene (43). recU on the pKOSIGF plasmid is under the
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control of the strong promoter P, (55) to ensure expression during exponential
phase. Colonies were vegetatively transferred every 24 h via replica plating onto
fresh 2X YTG plates supplemented with 5 pg/ml of thiamphenicol, for a total of
10 transfers. The colonies were then vegetatively transferred every 24 h via
replica plating onto fresh 2X YTG plates without antibiotics for a total of 6
transfers to cure the cells of the disruption plasmid. After the 6 transfers, the
colonies were again replica plated onto fresh 2X YTG plates supplemented with
5 pg/ml of thiamphenicol and were allowed to grow for 36 to 48 h. These colonies
were then replica plated onto fresh 2X YTG plates supplemented with 40 pg/ml
of erythromycin and were allowed to grow for 36 to 48 h. The disruption cassette
confers thiamphenicol resistance, while the plasmid backbone confers erythro-
mycin resistance. As discussed in reference 54, four different types of colonies
can arise: (i) cells that lost the plasmid and did not undergo any integration
events would not grow on either antibiotic; (ii) cells still harboring the plasmid
would grow rapidly on both thiamphenicol and erythromycin because of the high
copy number of the plasmid (25); (iii) cells that lost the plasmid and underwent
a double-crossover event would grow on thiamphenicol but not on erythromycin;
and (iv) cells that underwent a single-crossover event would grow on both
antibiotics, because the entire plasmid had been incorporated into the genome,
but would have delayed growth on erythromycin (due to the single copy of the
gene on the chromosome versus multiple plasmid copies). Putative integrants
(either double- or single-crossover integrants) were selected and confirmed using
colony PCR (47) with primers SigF-KO-F, SigF-KO-R, TH-F, and TH-R (see
Table S1 in the supplemental material).

Integration of pKISPOIIA to complement the mutant. In order to complement
the disruption mutant (FKO1), plasmid pKISPOIIA was integrated into the
chromosome. Since FKO1 already had resistance to thiamphenicol and erythro-
mycin, the strategy to screen for integration events was to have pKISPOIIA
disrupt the Cm/Th" cassette, making the integration mutants sensitive to thiam-
phenicol again but resistant to tetracycline. To accomplish this, a ~200-bp
internal fragment of the Cm/Th" cassette was ligated upstream of the full spollA
operon. To prevent readthrough from the strong P, promoter upstream of the
Cm/Th" cassette, a rho-independent terminator was placed after the ~200-bp
fragment (see “Plasmid construction” above for details).

The pKISPOIIA plasmid was integrated by using a protocol similar to that
used to integrate pKOSIGF into the chromosome. Colonies were vegetatively
transferred every 24 h via replica plating onto fresh 2X YTG plates supple-
mented with 10 wg/ml of tetracycline for a total of 6 transfers. The colonies were
then vegetatively transferred every 24 h via replica plating onto fresh 2X YTG
plates without antibiotics for a total of 5 transfers. After the 5 transfers, the
colonies were replica plated onto fresh 2X YTG plates supplemented with 10
pg/ml of tetracycline and were allowed to grow 36 to 48 h. These colonies were
then replica plated onto fresh 2X YTG plates supplemented with 5 wg/ml of
thiamphenicol and were allowed to grow 36 to 48 h. Ideally, colonies with
resistance to tetracycline but sensitivity to thiamphenicol, because pKISPOIIA
disrupted the Cm/Th" cassette, would be selected. However, all colonies showed
resistance to both antibiotics. Since pKISPOIIA could still have integrated into
the chromosome through another region of homology (e.g., a copy of spolIAA is
located on both pKISPOIIA and the chromosome of FKO1), an alternative
selection strategy was used. This was to select for spore formation, since of
expression should be restored along with sporulation. After 7 days, 12 colonies
were selected at random, heat shocked, and grown with 5 pg/ml of thiampheni-
col. Tetracycline was never added to liquid cultures because of its negative effect
on protein synthesis, cell growth, and solvent production (13). Three colonies
grew up within 24 h, and single-crossover integration was confirmed using PCR
(see Fig. 3C and D) and sequencing.

Southern blot analysis. Intact, unsheared genomic DNA from wild-type (WT)
C. acetobutylicum and the sigFF mutant (FKO1) was prepared as described in
reference 54. Biotinylated probes were created using the NEBlot Phototope kit
(NEB, Ipswich, MA) according to the manufacturer’s instructions. For a probe
template, a PCR product was prepared from C. acetobutylicum genomic DNA
with primers SigF-probe-F/SigF-probe-R (see Table S1 in the supplemental
material) and AmpliTaq Gold (Applied Biosystems, Carlsbad, CA). Blots were
prepared, probed, and imaged as described in reference 54.

Western blot analysis. Crude cell extracts and Western blots were prepared as
described in reference 54. Sixty micrograms of total protein was loaded onto the
gels, and the antibodies against Spo0A, o, ¢, and ¢© were diluted 1:5,000,
1:1,000, 1:250, and 1:500, respectively. Membranes were incubated with the
antibodies against Spo0A, oF, and o for 1 h at room temperature and with the
antibody against o overnight at 4°C. Secondary antibodies were diluted 1:3,000
and were incubated for 1 h at room temperature.
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Sporulation assays. Cells were heat shocked as described under “Bacterial
growth and maintenance conditions” above and were treated with chloroform as
described in reference 54.

Flow cytometry and microscopy. Samples for flow cytometric (FC) analysis and
light microscopy were prepared and imaged as described in reference 53. Phase-
contrast images were taken on a Zeiss (Thornwood, NY) Axioskop 2 microscope,
and a Becton Dickinson (BD; Franklin Lakes, NJ) FACSAria system was used
for all flow cytometric analyses. Cells stained with 4’,6-diamidino-2-phenylindole,
dihydrochloride (DAPI) (Invitrogen, Carlsbad, CA) were treated with SlowFade
Gold antifade reagent (Invitrogen, Carlsbad, CA) and were imaged on a Zeiss
(Thornwood, NY) 5 Live Duo microscope. Transmission electron microscopy
(TEM) samples were prepared and imaged as described in reference 20.

RNA isolation and Q-RT-PCR. Cells were sampled and RNA isolated as
described in reference 20. RNA was reverse transcribed into cDNA, and quan-
titative reverse transcription-PCR (Q-RT-PCR) analysis was performed as de-
scribed in reference 3. As before, CAC3571 was used as the housekeeping gene,
and its expression was not affected in the sigF disruption strain (FKO1) or the
complementation strain (FKO1-C) (data not shown). Two biological replicates
were prepared for each strain (WT, FKO1, and FKO1-C), and three technical
replicate reactions per biological replicate were performed for each primer set.
Cycle threshold (C;) values were then averaged together (n = 6) for subsequent
analyses. Primer sequences are listed in Table S1 in the supplemental material.

RESULTS

Disruption of sigF. In order to disrupt the sigFF gene
(CAC2306), the replicating vector pKOSIGF was constructed
such that two regions of homology (each ~200 bp) flank a
chloramphenicol/thiamphenicol resistance (Cm/Th") cassette
optimized for C. acetobutylicum (47) (Fig. 1A). The plasmid
was integrated using a method similar to previous clostridial
disruption methods (14, 54), and a single integration through
the first region of homology was achieved (Fig. 1B). Integra-
tion was stimulated by successive vegetative transfers coupled
with the expression of the B. subtilis resolvase recU (see Ma-
terials and Methods for details). To confirm the integration,
putative integrants were selected for colony PCR using four
different primer sets (Fig. 1C and D). In wild-type (WT) cells,
only SigF-KO-F/SigF-KO-R generate a PCR product (554 bp),
since WT cells lack the Cm/Th" cassette (Fig. 1D). For the
disruption mutant (referred to below as the FKO1 strain),
three outcomes were possible: a single integration through the
first region of homology, a single integration through the sec-
ond region of homology, or a double crossover. For a single
integration through the first region of homology, primers SigF-
KO-F/TH-R would generate a PCR product of 1,342 bp (Fig.
1D). Although TH-F/SigF-KO-R could also generate a prod-
uct (6,338 bp), the extension time for the PCR was not long
enough to generate it. Alternatively, had a single integration
occurred through the second region of homology, TH-F/SigF-
KO-R would have generated a PCR product of 1,312 bp, which
would have been visible on the gel (Fig. 1D). Additionally, had
a double crossover occurred, both the 1,342-bp and the
1,312-bp product would have been generated in addition to a
product for SigF-KO-F/SigF-KO-R (1,604 bp). Since the sole
product generated was the 1,342-bp band, pKOSIGF could
have been incorporated only via a single integration through
the first region of homology (Fig. 1D). To further confirm this
orientation, the entire integration region was amplified from
FKO1 with primers SigF-KO-F/SigF-KO-R, which lie outside
the disrupted region, and was sequenced. The sequenced prod-
uct matched the expected sequence exactly (Fig. 1B). In addi-
tion to confirming the orientation, this sequencing also dem-
onstrates that only a single copy of pKOSIGF integrated within
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FIG. 1. Integration of pKOSIGF into the C. acetobutylicum genome to disrupt the sigF’ gene. (A) The pKOSIGF vector with two regions of
homology for sigF" and the orientation of sigF in the genome. (B) A single-crossover event with pKOSIGF via the first region of homology resulted
in the integration of the entire plasmid. The P,,,, promoter and rho-independent terminators (RIT) are indicated. The presumable P,,,;,, promoter
is also indicated. (C) Primers used to confirm the integration and orientation of pKOSIGF. (D) PCR results for the WT and FKO1 strains
demonstrating the integration of pKOSIGF through the first region of homology.

the sigF locus. Had more than one copy of pKOSIGF inte-
grated within sigF, the product produced using primers SigF-
KO-F/SigF-KO-R would have been much larger.

Finally, to demonstrate that pKOSIGF integrated into the
chromosome only at the sigF locus, a Southern blot was pre-
pared (Fig. 2). Genomic DNAs from the WT and FKOI1
strains, along with pKOSIGF, were digested with HindIII, for
which there are digestion sites flanking the sigF’ locus on the
WT chromosome and a single digestion site within the recU
gene on pKOSIGF (Fig. 2B). When this digested DNA is
probed with a biotinylated probe prepared using the first re-
gion of homology as a template, a single band should be visible
for WT DNA and pKOSIGF, and two bands should be visible
for FKO1 DNA, since the fist region of homology is duplicated
in the mutant. Following the digestion and hybridization of the
probe, a single band is visible for the WT (~5.0 kb) and

pKOSIGF (~6.0 kb), while two bands are visible for FKO1
(~7.0 kb and ~4.0 kb) (Fig. 2A). This demonstrates that
pKOSIGF integrated only within the sigF locus.
Complementation of sigF. In order to complement FKOI,
the entire spoll4 operon (spollAA-spollAB-sigF), including
the upstream intergenic region (171 bp), presumably contain-
ing the natural promoter and ribosomal binding site, and the
downstream intergenic region (94 bp), containing a rho-
independent transcriptional terminator (as predicted by
TransTermHP [24]), was ligated into a tetracycline-based rep-
licating plasmid to produce pSPOIIA, and this plasmid was
transformed into FKO1. The entire spoll4 operon was used,
because in the WT, sigF is expressed only as part of this operon
(20, 39), and because the entire operon was needed to restore
o expression in the C. perfringens sigF’ mutant (SM101::sigF)
(28). However, in contrast to its effect on C. perfringens (28),
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8 kb > eetelTn
Kb CAC2301 CAC2306
3kb
WT band Al
2 kb Hin-dlll Hin:dlll Hin:dlll
v v v
CAC2301 CAC2306

1kb

FKO1 bands

(sigF::pKOSIGF)
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FIG. 2. (A) Southern blot of HindIII-digested genomic DNA from C. acetobutylicum WT and FKO1 strains. Lane 1, WT DNA; lane 2,
pKOSIGF; lane 3, FKO1 DNA; lane L, 2-log ladder from NEB. The membrane was exposed for 10 min. (B) Diagrams of the bands expected from
the WT and FKOL1 strains and of the probed region. The four short arrows represent CAC2302, CAC2303, CAC2304, and CAC2305 and are not

drawn to scale.



Vor. 193, 2011

plasmid expression of the spoll4 operon failed to restore spor-
ulation to FKO1. FKO1 pSPOIIA colonies were tested for
both chloroform resistance and heat resistance, but no CFU
developed on solid agar plates following either stress. It was
speculated that, as with the C. acetobutylicurn EKO1 and
GKO1 mutants (sigE and sigG disruption mutants, respec-
tively), plasmid-based complementation would not restore
sporulation (54). In B. subtilis, plasmid complementation of a
sigEl mutant failed to restore WT levels of sporulation, and only
by integrating the operon back onto the chromosome could
WT levels of sporulation be restored (2). Although no equiv-
alent B. subtilis study with a sigFF mutant could be identified in
the literature, it is possible that this is the case for sigF’ mutants
as well. Therefore, we decided to “knock in” a single copy of
the full operon into the genome of FKOL1. For this purpose, the
tetracycline-based replicating plasmid pKISPOIIA was con-
structed (Fig. 3A) and integrated into the chromosome
(Fig. 3B).

To confirm the loss of the plasmid in the putative integration
mutant, a minipreparation procedure was performed on the
culture to isolate plasmid DNA, and the resulting eluate was
used to transform One Shot TOP10 E. coli. When cells were
plated onto solid LB agar plates supplemented with tetracy-
cline, no tetracycline-resistant CFU developed. This result sug-
gested that the cells had been cured of plasmid pKISPOIIA.
To confirm plasmid integration, genomic DNA from the mu-
tant colony was isolated and used in confirmation PCRs with
four different PCR primer sets (Fig. 3C).

The first PCR primer set, SigF-KO-F/SigF-KO-R, tested for
an intact sigF’ gene. As shown in Fig. 1D, the WT generates a
PCR product, but FKO1 does not. The new integration mutant
(referred to below as the FKOI1-C strain) also generated a
PCR product, indicating an intact sigF' gene (Fig. 3D). The
second PCR primer set, SpolIA-F/SpolIA-R, will generate a
product only if the native spoILA4 operon is intact; only the WT
generates a product (Fig. 3D). The third PCR primer set,
SpolIA-F/TH-R, was used to determine where the Cm/Th"
cassette was located. FKO1 and FKO1-C generated products
of the same size, indicating that the integration occurred down-
stream of the original disruption site (Fig. 3D). The final PCR
primer set, SpolIA-F/TET-R, was used to determine where the
Tet" cassette was located, and only FKO1-C generated a prod-
uct (Fig. 3D). This product was sent for sequencing, which
indicated that pKISPOIIA integrated through the repL locus
(Fig. 3B). To confirm this, the entire region was PCR amplified
and sequenced. The entire region (more than 14 kb) was too
large to amplify in one PCR, so three overlapping products
were generated using SpolIA-F/TET-Seq-R, TET-Seq-F/
RecU-Seq-R, and RecU-Seq-F/SpolIA-R (see Table S1 in the
supplemental material) and were sequenced. The sequenced
product matched the expected sequence exactly, with integra-
tion occurring through the repL locus (Fig. 3B).

o is needed for the expression of both ¢® and ¢®. As
discussed earlier, o is the first sporulation-related sigma fac-
tor to become active in B. subtilis (9, 16). To test if this is also
true for C. acetobutylicum, Western blotting was performed for
o, Spo0A, oF, and o (Fig. 4). Spo0A expression was not
affected by the disruption of sigF, but none of the three spo-
rulation-related sigma factors examined were detected in
FKOL1 (Fig. 4). The lack of ¢" in FKO1 confirms that sigF’ was
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successfully disrupted and silenced, while the lack of ¢® and
o suggests that o™ is needed for the expression of both o= and
0. In B. subtilis, sigE is initially translated into inactive pro-o"=,
which is processed into active, mature o= by the proteolytic
removal of 27 residues from its N terminus, and this matura-
tion is a oF-directed process (16). Thus, a lack of o* leads to a
lack of mature o. However, in the Western blot of C. aceto-
butylicum using the anti-o® antibody, no band corresponding
to the approximate size of pro-o® was observed. The transcrip-
tion of sigG in B. subtilis is controlled by ¢¥, and thus, without
o", sigG is not transcribed (9, 16). The transcription pattern of
sigG in FKOL1 is discussed below. Expression of all three sigma
factors is restored in the complemented strain FKO1-C (Fig.
4), confirming that a functional ¢ restores o and o expres-
sion.

Disruption of sigF" abolishes sporulation prior to asymmet-
ric septum formation. Since none of the three sigma factors ",
oF, and o were detected by Western blotting, FKO1 should
be unable to generate mature spores. To test for mature
spores, both chloroform and heat shock assays were used. For
the chloroform assay, aliquots of culture were treated with
chloroform and were then plated onto 2X YTG plates with
thiamphenicol. Typically, the WT produces at least 1 X 10°
spores/ml by 120 h (5§ days), but no FKOL1 colonies formed
after chloroform treatment, even after 168 h (7 days). In ad-
dition, when FKO1 colonies, at least 7 days old, were subjected
to heat shock and were supplemented with thiamphenicol, no
cultures grew up. These assays demonstrate that FKO1 does
not produce mature spores. To investigate further the effect of
the silencing of o¥ expression on differentiation, flow cytomet-
ric (FC) analysis was performed on both the WT and FKO1
strains (Fig. SA). Previously, FC was used to track differenti-
ation using the forward-scatter (FSC) and side-scatter (SSC)
characteristics of the various morphologies of C. acetobutyli-
cum (53). When the WT was analyzed by FC, the typical shift
to high FSC was observed, and a distinct, separate population
developed by the late stage of the culture (Fig. 5A). This
separate population with high-FSC characteristics represents
primarily mature free spores (53). To confirm this, the 144-h
WT sample was sorted on gates P1 and P2 (Fig. 5A). Following
sorting, the samples were reanalyzed using the same gates and
were examined by phase-contrast microscopy (Fig. 5B and C).
After sorting on the P1 gate, the population within this gate
was enriched from 34.7% to 80.9%, while the sample sorted on
the P2 gate had only 3.2% of its population falling within the
P1 gate. This 3.2% within the P1 gate can be attributed to
scatter from the main population and does not make up a
distinct, separate population. The sorted populations were also
examined using phase-contrast microscopy. The population
sorted on the P1 gate consists of many mature free spores
(phase-bright cells in Fig. 5B). While some vegetative cells are
still present, a large fraction of the population is made up of
mature spores. In contrast, the population sorted on the P2
gate consists exclusively of vegetative cells, with no phase-
bright spores visible (Fig. 5C). FC analysis of FKO1 shows that
no population develops in the P1 gate (Fig. 5A). Although
some events fall within the P1 gate (2.9% and 3.2% at 72 h and
144 h, respectively), these are scatter from the main popula-
tion, as seen when the WT was sorted on the P2 gate (Fig. 5C).
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FIG. 3. Integration of pKISPOIIA into the genome of FKO1. (A) The pKISPOIIA vector with the entire spoll4 operon under the control of
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The lack of a population in the P1 gate further demonstrates
that FKO1 does not develop mature spores.

To determine whether FKO1 undergoes any morphological
changes, a pH-controlled culture (where the pH was kept
above 5.0) was analyzed by phase-contrast microscopy at sev-
eral time points (Fig. 6). During the transitional phase, only
rod-shaped vegetative cells were observed for FKO1, while

typically during transitional phase, the clostridial form (char-
acterized by swollen cells with phase-bright granulose) is visi-
ble (19, 30, 53). Even during late-stationary phase, only rod-
shaped vegetative cells were present, with no visible clostridial
forms or endospores (characterized by a phase-bright prespore
within the mother cell) (19, 30, 53), much less mature free
spores. The only discernible feature was a phase-dark area at
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FIG. 4. Western blot of sporulation-related proteins Spo0A, oF,
oF, and ¢ in the WT, FKO1, and FKO1-C strains. Membranes were
exposed for 30's, 1 min, and 10 min for Spo0A, ¢, and both oF and ¢,
respectively.
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one or both poles of the cell. To determine if an asymmetric
septum or any membrane developed within the cell, transmis-
sion electron microscopy (TEM) was used. Two cell types were
identified in the 70 cells analyzed: rod-shaped cells with no
distinguishing features (67% of the population) (Fig. 7A) and
rod-shaped cells with a slightly electron translucent region at
one pole (31% of the population) (Fig. 7B). For one cell, an
electron-translucent region was located at both poles (1% of
the population). Importantly, no membrane enclosed these
regions, and in all the cells analyzed, no asymmetric septa were
observed, in contrast with the B. subtilis ¢¥ inactivation strain
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FIG. 5. Flow cytometric analysis of a time course of the C. acetobutylicum WT and FKOL1 strains. (A) Abbreviated time course of the WT and
FKO1 strains with two gates indicated. The WT sample at 144 h was sorted on the P1 and P2 gates. (B and C) Flow cytometric analysis of the WT
sample at 144 h sorted on the P1 gate (B) and the P2 gate (C) with accompanying phase-contrast microscopic images of the sample.
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FIG. 6. Phase-contrast microscopic analysis of the C. acetobutylicum FKO1 strain from a pH-controlled fermentor during a typical time course.
Cells displaying phase-dark regions are circled, and a representative area is enlarged to the right of each panel.

(18). Although they are not directly correlated, we believe the
phase-dark regions and the electron-translucent regions are
the same regions, based on the similarity of their intracellular
locations. Initially, we hypothesized that these phase-dark/elec-
tron-translucent regions were condensed DNA, potentially
from the cell getting ready for asymmetric division. To test this,
cells were stained with DAPI and were imaged. Instead of
indicating DNA enrichment, the DAPI stain indicated a lack of
DNA in these phase-dark regions (see Fig. S1 in the supple-
mental material). We are therefore unsure what these regions
are composed of. In B. subtilis, it was found that slight phase-
dark regions were located at each pole of the cell, indicating a
lack of nucleoid DNA and an increased presence of ribosomal
proteins (27), but it is not clear whether a similar phenomenon
occurs in FKO1 cells.

Complementation restores sporulation. The Western blot
confirms that FKO1-C expresses all sporulation-related sigma
factors tested, in a manner similar to that of the WT (Fig. 4).
To test for functional spores, chloroform assays were used. WT
and FKO1-C cultures were grown in flasks, and chloroform
assays were performed every 24 h (Fig. 8A). Both the WT and
FKO1-C strains developed typical numbers of spores (3 X 10°
to 5 X 10° CFU/ml), but FKO1-C developed these spores
faster than the WT (Fig. 8A). FKO1-C produced more than
1 X 10° spores/ml by 48 h, while the WT did not cross this

\l‘ 5 ; ‘\.&'3{«’:&.‘\ 3 %H R P AR |

FIG. 7. TEM of the C. acetobutylicurn FKO1 strain. Rod-shaped
cells with no noticeable features were observed for the majority of the
culture (A), but a subpopulation of cells exhibited a slight electron-
translucent region at one pole (B).

threshold until 72 h (Fig. 8A). In FKO1-C cultures, developing
endospore forms and mature free spores are visible by 48 h
(Fig. 8B), and a significant spore population is evident by flow
cytometry at 48 h (Fig. 8C). Therefore, integration of a com-
plete spollA operon onto the chromosome reinstated both
expression of all sporulation-related sigma factors and sporu-
lation, though at a higher rate than that for the WT.

A side effect of integrating a new, full spoILA4 operon into the
chromosome is the duplication of both spollAA and spollAB
(Fig. 3B). The expression of these two genes is slightly higher
in FKO1-C than in the WT (1.12- and 1.10-fold higher for
spollAA and 1.17- and 1.11-fold higher for spolIAB at 12 h and
24 h, respectively) (see Table S2 in the supplemental material)
but not significantly higher. The activation of o' has been
studied in detail in B. subtilis, and the concentrations of
SpolIAA and SpollE have been found to be crucial for the
release of ¢ from SpollAB (17). Although spollAA and
spolIAB have slightly higher expression in FKO1-C, spollE
actually has slightly lower expression than that in the WT
(0.70- and 0.38-fold less at 12 h and 24 h, respectively) (see
Table S2 in the supplemental material). From these data, it is
unclear whether the duplication of spollAA and spollAB is
responsible for the accelerated sporulation in FKO1-C or not.
Importantly, all three of these genes (spollAA, spollAB, and
spolIE) are expressed in FKOI1 (see Table S2). Both spoll4A
and spollAB reach about half the expression level of that in the
WT, and spollE actually reaches a slightly higher expression
level than that in the WT. The decreased expression of
spollAA and spollAB in FKO1 may be explained by the altered
length and structure of the spoll4 operon due to the integra-
tion of pKOSIGF (Fig. 1B).

Identification of o*-controlled genes. With sigF successfully
silenced in FKO1, the genes controlled by o* could be inves-
tigated. For a first assessment, we were interested in investi-
gating whether the genes of the oF regulon in B. subtilis be-
longed to the ¢ regulon in C. acetobutylicum. Six genes were
chosen for analysis by Q-RT-PCR: csfB (CAC0296), gpr
(CAC1275), spollP (CACI1276), sigG (CAC1696), lonB
(CAC2638), and spolIR (CAC2898). These six are well-char-
acterized genes of the oF regulon of B. subtilis (56) for which
strong homologs can be identified on the C. acetobutylicum
genome, and of the six, ¢sfB and gpr-spollIP (which are pre-
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FIG. 8. FKO1-C sporulates faster than the C. acetobutylicurn WT strain. (A) Spores produced by the WT and FKO1-C strains over time.
(B) Phase-contrast microscopy of FKO1-C after 48 h. Dashed white circles indicate developing endospore forms, and solid white circles indicate
mature free spores. (C) Flow cytometric analysis of an FKO1-C culture at 48 h. A spore population constituting a percentage of the total population

similar to that for the WT at 144 h (Fig. SA) has evolved by 48 h.

dicted to be transcribed as an operon [39]) have a predicted
o"/S-binding motif, a binding motif for either ¢* or ¢ (39). In
B. subtilis, CsfB (also called Gin) is believed to bind o€ to
prevent premature transcriptional activity (6, 21, 42); gpr en-
codes a protease responsible for the degradation of small acid-
soluble proteins (SASPs) during germination (44, 49); SpoIIP
is involved in the dissolution of the septal cell wall and is
required for engulfment (16); lonB encodes an ATP-depen-
dent protease whose precise function is unknown (46); SpolIR
is necessary for triggering the processing of pro-oF into o® (22,
29); and sigG encodes o©. The expression of these six genes

was examined in both the WT and FKO1 at 12, 24, and 36 h,
and expression ratios were calculated (Table 1). Of the six
genes, only sigG exhibited a potential o*-dependent expression
pattern. At all three time points (when sigG is typically ex-
pressed [20, 54]), the expression ratio for sigG was less than
1.0, indicating possible o dependence (Table 1). This pattern
was replicated when FKO1 was compared to FKO1-C (Table
1). Interestingly, sigG expression was only about 2- to 2.5-fold
lower in FKOL1 than in the WT or FKO1-C at 24 and 36 h
(Table 1), but absolutely no protein was detected at either 24
or 48 h in FKO1 (Fig. 4). In contrast, for gpr, spolIP, lonB, and

TABLE 1. Expression ratios of possible o"-regulated genes in C. acetobutylicum WT, FKO1, and FKO1-C strains

Strains compared and time

Expression ratio® of:

esfB (CAC0296)  gpr (CACI275)

spolIP (CACI276)

sigG (CAC1696)  lonB (CAC2638)  spolIR (CAC2898)

FKO1/WT
12h 0.94 1.53
24h 2.04 2.10
36h 0.84 3.71
FKO1/FKO1-C
12h 5.21 4.79
24h 1.13 5.31
36h 1.50 8.77

1.56 0.07 1.59 1.94
1.55 0.49 1.86 2.57
1.38 0.40 1.67 3.17
2.24 0.10 3.75 213
1.89 0.32 2.75 17.21
432 0.59 242 16.43

¢ Cycle threshold (Cy) values from two biological replicates (with three technical replicates each) were averaged together (n = 6). Fold differences were calculated

using the housekeeping gene CAC3571.
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TABLE 2. Metabolite concentrations after 120 h of growth

Metabolite concn (mM)“

Inoculum and growth phase

Consumed glucose Butyrate Acetate Ethanol Acetone Butanol

WT

Exponential 321.8 (%8.2) 15.2 (+2.3) 6.9 (£1.4) 25.8 (+4.0) 83.5(%14.3) 149.3 (£5.6)

Stationary 330.1 (+19.3) 15.2 (£2.3) 5.2(%1.6) 279 (+2.2) 81.1 (£8.5) 152.1 (£8.4)
FKO1

Exponential 116.5 (=10.6) 432 (x4.1) 17.5 (=1.5) 10.0 (=1.3) 17.7 (£5.5) 34.0 (£8.5)

Stationary 330.6 (+13.6) 11.0 (=2.4) 5.6 (£0.7) 28.6 (+2.4) 81.8 (£7.0) 167.7 (£5.0)
FKO1-C

Exponential 87.5(%8.2) 47.4 (£3.5) 15.9 (=3.1) 3.1 (x0.8) 2.6 (£1.0) 10.3 (=1.3)

Stationary 407.1 (+35.8) 2.8 (+2.7) 0.5 (£1.5) 40.0 (+8.7) 97.0 (£12.1) 201.1 (+18.5)

¢ Concentrations are averages for at least two biological replicates and two technical replicates (n, 4 to 11). Standard deviations are given in parentheses.

spolIR, the expression ratios at all three time points were
greater than 1.0, indicating that expression was actually greater
in FKO1 than in the WT. For c¢sfB, the ratios were 0.94, 2.04,
and 0.84, respectively, for the three time point, but this pattern
still does not agree with a o"-dependent expression pattern.
FKO1 produces normal levels of solvents in an inoculum-
dependent manner. Finally, we wanted to determine what, if
any, effect disruption of sigF" would have on solventogenesis.
Playing a key role in the switch from acidogenesis to solven-
togenesis, Spo0A has been found to upregulate the expression
of the key genes (the sol operon and the adc gene, all located
on the pSOL1 megaplasmid [7]) involved in solventogenesis (8,
14, 41), in addition to its previously discussed role in sporula-
tion. Since o¥ acts downstream of Spo0A, solvent production
in FKO1 was expected to be similar to that in the WT, although
the possibility of additional control of the solventogenic genes
by o could not be excluded. To test solvent production, cul-
tures of both the WT and FKOL1 were started from mid- or
late-exponential-phase cells, as is typical for a batch culture,
and were allowed to grow for 5 days. The supernatants were
then analyzed for residual glucose, butyrate, acetate, ethanol,
acetone, and butanol (Table 2). The WT performed as ex-
pected, consuming more than 300 mM glucose, reducing the
butyric acid concentration to ~15 mM, and producing ~80
mM acetone and ~150 mM butanol. However, FKO1 greatly
underperformed by consuming only ~100 mM glucose and
producing only ~17 mM acetone and ~34 mM butanol (Table
2). When both the WT and FKOI1 cultures are inoculated with
stationary-phase cells, they perform similarly, both consuming
~330 mM glucose and producing ~80 mM acetone and more
than 150 mM butanol (Table 2). Interestingly, FKO1-C exhib-
its the same inoculum-dependent behavior as FKO1. When
inoculated with an exponentially growing culture, FKO1-C
consumes only ~87 mM glucose and produces ~10 mM buta-
nol, but when inoculated from a stationary-phase culture, it
consumes ~407 mM glucose and produces ~201 mM butanol,
significantly outperforming the WT culture (Table 2). Impor-
tantly, whether inoculated from an exponentially growing cul-
ture or from a stationary-phase culture, FKO1-C still formed
spores (at least 2 X 10° CFU/ml). It is not known what causes
this behavior. The same inoculum-dependent phenomenon
was also observed in the C. acetobutylicum sigE disruption
mutant (but not the sigG disruption mutant) (54), and it was

suggested that this trait may be tied to early disruption of
differentiation (thus affecting the sigF’ and sigE’ mutants but not
the sigG mutant). However, FKO1-C, which forms spores, dis-
plays the same inoculum dependency of solvent formation.

DISCUSSION

In this study, sigF expression in C. acetobutylicum was suc-
cessfully silenced by disrupting the gene in the WT strain with
pKOSIGF, thereby generating strain FKO1, and sigF expres-
sion was restored by integrating pKISPOIIA into the chromo-
some of FKO1. By silencing oF expression, we are now able to
fully assess its role in sporulation and solventogenesis and to
compare it with that in B. subtilis and C. perfringens. Earlier
studies revealed that sigF is under the control of Spo0OA (50),
and its deduced activity plot suggested that, as in the B. subtilis
model, oF is the first sporulation-related sigma factor to be-
come active (20). In the current study, we have confirmed that
o" is the first sporulation-related sigma factor to become active
in C. acetobutylicum and that it is needed for the expression of
both oF and o (Fig. 4). This is in agreement with the findings
for C. perfringens, where the expression of ¢%, ¢©, and o is
completely or largely absent in the sigF disruption mutant but
is restored upon complementation (28). Interestingly, expres-
sion of the full spoll4 operon (spollAA-spollAB-sigF) from a
replicating plasmid was able to complement the C. perfringens
sigF mutant but not C. acetobutylicun FKO1 in this study.
Whether this is an artifact resulting from the way in which the
mutants were generated (replicating plasmid insertion versus
group II intron insertion) or the plasmid copy number or
whether it is a real physiological difference is difficult to deter-
mine. Unfortunately, no comparable B. subtilis study could be
identified in the literature in which plasmid complementation
was attempted for a sigF inactivation mutant.

In B. subtilis, sigF' mutants entered stage II of differentiation
(asymmetric cell division) but did not complete stage III (en-
gulfment) (18). In contrast, FKO1 does not enter stage II of
differentiation (Fig. 6 and 7). It is not clear at which stage
sporulation is blocked in the C. perfringens sigFF mutant (28).
This is a significant difference between differentiation in B.
subtilis and that in C. acetobutylicum, though how or whether
o is involved in asymmetric septation is unknown. We also
note the developmental differences, based on TEM analysis,
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between C. acetobutylicum o (FKO1) and o (EKO1 [54])
inactivation strains. While both of these inactivation strains
block sporulation prior to asymmetric division and prior to
granulose biosynthesis, EKO1, in contrast to FKO1, appears to
consistently initiate the biosynthesis of a septum, though it is
not complete and appears as a dysfunctional, ill-formed mem-
brane in the vegetative cells (54). Interestingly, the comple-
mentation strain FKO1-C completed sporulation faster than
the WT (Fig. 8). It was originally hypothesized that the dupli-
cation of spolIAA and spolIAB was responsible for this phe-
notype, but the expression of these two genes was not signifi-
cantly greater in FKO1-C than in the WT (see Table S2 in the
supplemental material). Another possible explanation is the
use of the entire downstream region of sigF in the complemen-
tation. This region presumably contains the promoter for
spoVAC, though no known motif is recognizable. However, if
this promoter were to become active, it would only produce a
transcript that is antisense to repL (Fig. 3B), and it is doubtful
that this causes the accelerated sporulation phenotype.

Although a functional ¢* seems to be needed for the ex-
pression of oF, the exact regulatory relationship between the
two sigma factors is unclear. As noted above, our anti-o*©
antibody does not detect a pro-o™ band. Based on homology
with the B. subtilis o protein, there does appear to be a
23-amino-acid prosequence in C. acetobutylicum o=, but no
band corresponding to this slightly larger protein is detected,
though it is possible that this band is too faint to be detected.
In B. subtilis, o™ is responsible for triggering the processing of
pro-c® into o® via SpolIR (16). However, in C. acetobutylicum,
spollIR did not display a o"-dependent expression pattern and
actually appeared to have higher expression in FKO1 than in
the WT or FKOI1-C (Table 1). This would suggest that a
different mechanism is used in C. acetobutylicum to regulate
the expression and activation of o=,

By use of Q-RT-PCR to investigate the expression of six
homologs of well-known and well-characterized o"-controlled
genes in B. subtilis, only sigG exhibited a potential o*-depen-
dent expression pattern (Table 1). Interestingly, expression of
gpr, spollP, lonB, and spolIR was actually higher in FKO1 than
in the WT and FKO1-C (Table 1). There are two possible
explanations for this. First, a repressor of these genes may be
under the control of oF, so that in the WT and FKO1-C, which
express o*, these genes are repressed, and thus, their expres-
sion is higher in FKOI1. Alternatively, since these genes are
presumably involved in sporulation, their expression should be
transient, and they should be expressed only at a certain time
by an unknown transcription/sigma factor. Since both the WT
and FKOI1-C sporulate, these genes may be expressed at the
time needed and then shut down, while in FKO1 they may be
expressed constantly, since sporulation is stalled. This could
also explain why the FKO1/FKO1-C ratios are greater than the
FKO1/WT ratios, since FKO1-C sporulates faster than the WT
(Fig. 8), and these genes would be shut down sooner. Regard-
less of the explanation, these genes are almost certainly not
o"-controlled genes.

Finally, this is the first reported instance of purposeful inte-
gration of a plasmid carrying functional genes (other than
antibiotic resistance genes) into the genome of C. acetobutyli-
cum with the aim of altering cellular metabolism and differen-
tiation. Previous work integrating plasmids into the chromo-
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some of C. acetobutylicum had sought only to disrupt genes and
had used antibiotic resistance genes to screen for integration
(11, 12, 14, 54). Although the procedure to integrate
pKISPOIIA did not differ significantly from that used to inte-
grate pKOSIGF, this study proves that genes beyond those
coding for antibiotic resistance can be expressed from a plas-
mid integrated into the genome. This technique can prove
useful when there is a need to integrate genes into the chro-
mosome for stable expression in the context of metabolic en-
gineering or when only a single copy of a gene is required or
needed, as is presumably the case for sigF. While expression of
the spollA operon from a multicopy replicating plasmid failed
to restore sporulation, expression from the integrated plasmid
did restore sporulation.
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