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ABSTRACT The recently revived Clostridium acetobutylicum-based acetone-butanol-
ethanol (ABE) fermentation is widely celebrated and studied for its impact on indus-
trial biotechnology. C. acetobutylicum has been studied and engineered extensively,
yet critical areas of the molecular basis for how solvent formation is regulated re-
main unresolved. The core solventogenic genes (adhE1/aad, ctfA, ctfB, and adc) are
carried on the sol locus of the pSOL1 megaplasmid, whose loss leads to asporoge-
nous, “degenerate” cells. The sol locus includes a noncoding small RNA (sRNA), SolB,
whose role is presumed to be critical for solventogenesis but has eluded resolution.
In the present study, SolB overexpression downregulated the sol-locus genes at the
transcript level, resulting in attenuated protein expression and a solvent-deficient
phenotype, thus suggesting that SolB affects expression of all sol-locus transcripts
and seemingly validating its hypothesized role as a repressor. However, deletion of
solB resulted in a total loss of acetone production and severe attenuation of bu-
tanol formation, with complex effects on sol-locus genes and proteins: it had a
small impact on adc mRNA or its corresponding protein (acetoacetate decarbox-
ylase) expression level, somewhat reduced adhE1 and ctfA-ctfB mRNA levels, and
abolished the ctfA-ctfB-encoded coenzyme A transferase (CoAT) activity. Compu-
tational predictions support a model whereby SolB expressed at low levels en-
ables the stabilization and translation of sol-locus transcripts to facilitate tuning
of the production of various solvents depending on the prevailing culture condi-
tions. A key predicted SolB target is the ribosome binding site (RBS) of the ctfA
transcript, and this was verified by expressing variants of the ctfA-ctfB genes to
demonstrate the importance of SolB for acetone formation.

IMPORTANCE Small noncoding RNAs regulate many important metabolic and de-
velopmental programs in prokaryotes, but their role in anaerobes has been ex-
plored minimally. Regulation of solvent formation in the important industrial or-
ganism C. acetobutylicum remains incompletely understood. While the genes for
solvent formation and their promoters are known, the means by which this or-
ganism tunes the ratios of key solvents, notably the butanol/acetone ratio to
balance its electron resources, remains unknown. Significantly, the roles of sev-
eral coding and noncoding genes in the sol locus in tuning the solvent forma-
tion ratios have not been explored. Here we show that the small RNA SolB fine-
tunes the expression of solvents, with acetone formation being a key target, by
regulating the translation of the acetone formation rate-limiting enzyme, the co-
enzyme A transferase (CoAT). It is notable that SolB expressed at very low levels
enables CoAT translation, while at high, nonphysiological expression levels, it
leads to degradation of the corresponding transcript.
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The year 2016 marked the 100th anniversary of the first industrial operation of the
acetone-butanol-ethanol (ABE) fermentation, based on the Weizmann Clostridium

acetobutylicum strain. C. acetobutylicum has been established as a model organism not
only for clostridial genetics and physiology but also for the genetics and physiology of
the industrially significant ABE fermentation (1–3). The last 15 years have seen great
progress in understanding and engineering the regulation of the organism’s metabo-
lism, particularly that of solvent formation (4–8). Yet several important regulatory issues
remain unresolved, including the role of small RNAs (sRNAs) in the regulation of the
sol-locus genes responsible for solvent production (9). The sol locus is carried on the
pSOL1 megaplasmid of C. acetobutylicum (10) and consists of the tricistronic sol operon
(adhE1 [or aad]-ctfA-ctfB) (11, 12) on the positive strand and the convergent adc gene
on the opposite strand. The bifunctional aldehyde-alcohol dehydrogenase (AdhE1; also
known as AAD), encoded by the adhE1 (or aad) gene, is responsible for butanol
production (13), while the ctfA and ctfB genes code for the two subunits of the
coenzyme A transferase (CoAT) that catalyzes the conversion of acetoacetyl-CoA to
acetoacetate while transferring the CoA moiety to either acetate or butyrate (14).
Acetoacetate is converted to acetone upon the action of the adc-encoded acetoacetate
decarboxylase (AADC) (15, 16).

The sol-locus genes are regulated by the master regulator of sporulation, Spo0A (17,
18). A 0A box (the DNA motif for binding of activated [phosphorylated] Spo0A) and two
adjacent imperfect repeats found in the intergenic region upstream of adhE1 are
essential for successful sol operon transcription (19, 20). Since inactivation of spo0A
does not fully eliminate solvent formation and the expression of the sol-locus genes
(18), it can be concluded that Spo0A is one of possibly many regulators of the sol-locus
genes (5). These additional regulators would account for the fact that solventogenesis
is controlled by several physiological conditions (i.e., stress, low pH, and source levels
of carbon, nitrogen, and other nutrients) (21–24), for which molecular details are not yet
known. Small, noncoding regulatory RNAs have been known to regulate the responses
of metabolic and developmental programs in prokaryotes to various environmental
signals, including stress, nutrient composition and availability, ion concentrations, pH,
and oxygen tension, to name a few (9, 25–28). Many small RNAs in Clostridium
organisms have been identified using genomic approaches (9, 26, 29), but with few
exceptions, the roles and mechanistic actions of these small RNAs remain largely
unexplored (9, 26, 30–32).

Here we explore the role of a small noncoding RNA, SolB, which was identified by
Peter Dürre a few years ago, although there is no published work on it outside meeting
presentations, a patent (33), and a Ph.D. thesis from his lab (34). We previously detected
low levels of expression of SolB (annotated sCAP_176) in studies that aimed to identify
and examine the expression of small RNAs in this organism under stress (9, 26). The
196-bp solB sequence lies upstream of the adhE1 gene of the sol operon. Zimmerman
(34) identified a transcriptional start site and a putative promoter matching clostridial
consensus promoters. Downregulation of SolB under butyrate stress and its upregula-
tion under butanol stress have been demonstrated and are opposite the pattern
observed for sol operon expression under the same conditions (5). These findings
support the hypothesis, proposed by Dürre, that SolB is a repressor of solventogenesis,
which was the starting hypothesis for the present study. Accordingly, we knocked out
and overexpressed SolB in C. acetobutylicum ATCC 824 and examined the impacts on
solventogenesis and the expression of the sol-locus genes/proteins.

RESULTS
Expression of SolB in ATCC 824 and generation of the solB deletion strain.

Overexpression of SolB from a strong clostridial promoter (Pptb) in C. acetobutylicum
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was achieved through cloning of a 234-bp sequence consisting of the complete 196-bp
solB coding sequence (34) and the neighboring 18-bp upstream region and 20-bp
downstream region into the p94MCS expression vector (Table 1) (see Materials and
Methods). Transformation of this plasmid into wild-type ATCC 824 (ATCC 824 WT)
generated the overexpression strain 824(p94_solB). A solB deletion strain, 824 ΔsolB,
was generated using the pKO_mazF allelic exchange system (35, 36), which enables
facile and precise deletion of small and large DNA sequences from the genome.
Construction of the 824(p94_solB) strain was confirmed by Sanger sequencing (see Fig.
S1 in the supplemental material); successful construction of the 824 ΔsolB strain was
also confirmed by Sanger sequencing and PCR to identify both ends of the allelic
exchange integration (Fig. 1). Loss of SolB expression in 824 ΔsolB was confirmed by
quantitative reverse transcription-PCR (Q-RT-PCR) analysis (Fig. 2A and B). Northern blot
analysis revealed significantly increased SolB expression in 824(p94_solB) (Fig. 2C).
There were no detectable bands for SolB in 824 ΔsolB or the WT, the latter due to the
very low expression level of SolB (9, 34). In agreement with the results of the Northern
analysis, cycle threshold (CT) values (lower CT values indicate higher expression levels)
and fold changes generated from Q-RT-PCR data substantiated the significant increase
of SolB levels in 824(p94_solB), the absence of SolB expression in 824 ΔsolB (since the
solB DNA was deleted), and the very low native SolB expression level in the WT strain,
which has consistently been observed in prior transcriptome sequencing (RNA-seq)
studies under normal and stress conditions (5).

SolB overexpression reduces solvent formation, but against expectations, solB
deletion abolishes acetone formation and severely attenuates butanol formation.
Based on the hypothesis that SolB is a repressor of solventogenesis, it would be
expected that its overexpression will result in a solvent-deficient phenotype and that its
deletion will lead to higher solvent titers. Three biological replicates of static cultures
of ATCC 824 WT, 824(p94MCS) (empty plasmid control), 824(p94_solB) (SolB overex-
pression strain), and 824 ΔsolB were grown for 72 h and assayed regularly for cell
density, glucose consumption, and metabolite concentrations. The 824(p94_solB) strain
exhibited significantly reduced production of butanol (19.8 mM), acetone (6.6 mM), and

TABLE 1 Bacterial strains and plasmids used in this study

Bacterial strain or plasmid Relevant characteristicsa Source or reference

Strains
E. coli strains

Turbo lacIq endA1 Δ(hsdS-mcrB)5 NEB
10-beta competent strain recA1 endA1 Δ(mrr-hsdRMS-mcrBC) NEB
BL21(pAN3) pAN3 Kmr �3T I 35

C. acetobutylicum strains
ATCC 824 (WT) Wild-type strain ATCC
824(p94MCS) (empty plasmid strain) p94MCS; MLSr 35
824(p94_solB) (solB overexpression strain) p94_solB; MLSr This study
824(pKO_mazF::solB) pKO_mazF::solB; Thr This study
824 ΔsolB solB deletion; Thr This study

Plasmids
p94MCS Ampr MLSr; ptb promoter; MCS 35
p94MCS_solB Ampr MLSr; ptb promoter; solB This study
pKO_mazF Thr-FRT; repL ori; bgaR and Pbgal upstream of mazF 35
pKO_mazF::solB Thr-FRT; repL ori; bgaR and Pbgal upstream of mazF; Thr cassette

flanked by �900-bp upstream and downstream solB regions
of homology

This study

pAN3 Kmr; �3T I 35
alacIq, lac repressor gene; endA1, nonspecific endonuclease gene deleted; Δ(hsdS-mcrB)5, host-specific restriction and methylcytosine-specific restriction genes deleted;

recA1, homologous recombination gene deleted; Δ(mrr-hsdRMS-mcrBC), host-specific restriction and methylcytosine-specific restriction genes deleted; Kmr, kanamycin
resistance; �3T I, Bacillus subtilis phage �3T I methyltransferase gene; MLSr, macrolide-lincosamide-streptogramin B resistance; Thr, thiamphenicol resistance; Ampr,
ampicillin resistance; ptb, phosphotransbutyrylase gene; MCS, multiple cloning site; Thr-FRT, FRT-flanked thiamphenicol resistance gene; repL, pIM13 Gram-positive
origin of replication; ori, ColE1 origin of replication; bgaR, beta-galactosidase regulator; Pbgal, promoter of beta-galactosidase; mazF, codon-optimized E. coli MazF
toxin gene; pUC ori, pUC Gram-negative origin of replication.
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ethanol (3.7 mM) relative to that in the plasmid control strain and also that in the WT
strain (Fig. 3 and Table 2). Acid production was sustained throughout the stationary
phase, with butyrate and acetate concentrations peaking at ca. 53 mM and 43 mM,
respectively, and remaining reasonably constant after approximately 24 h. That is, there
was no acid reuptake, suggesting that the expression or activity of the CoA transferase
(CoAT) enzyme was very low. (Note that the culture medium contained acetate at about
30 mM, which is the level of acetate at time zero in Fig. 3; Table 2 shows final net
product titers.) The 824 ΔsolB deletion strain exhibited an even more severe solvent-
deficient phenotype (Fig. 3 and Table 2), with 5.5 mM butanol, 2.7 mM ethanol, and no
acetone that could be detected. This solvent-deficient phenotype was again associated
with sustained acid production and high acid titers, with no acid uptake. This behavior
of 824 ΔsolB appears to negate the hypothesized role of SolB as an sRNA repressor of
the solventogenic genes.

The transition phase, typically occurring between 10 and 12 h and representing the
metabolic shift from acid to solvent production, marks the point at which both

FIG 1 PCR confirmation of 824 ΔsolB and sequencing of the solB region. (A) Amplification products of the Thr

cassette 5= and 3= integration sites in genomic DNAs from 824 ΔsolB replicate strains a to g (strain b was chosen
for further study). (B) Amplification products of the solB sequence from genomic DNAs (gDNA) of WT ATCC 824 (W)
and 824 ΔsolB strain b (Δ) as well as from cDNAs from 3 replicate cultures of 824 ΔsolB (lanes 1, 4, and 7, 6 h; lanes
2, 5, and 8, 12 h; and lanes 3, 6, and 9, 24 h) and cDNAs from exponential-phase cultures (6 h) of the solB
overexpression strain (S) and the empty plasmid strain (P). (C) Sequencing of the solB region in 824 ΔsolB, aligned
with the ATCC 824 genome, showing deletion of solB (in green), together with 50 bp upstream (including its sigA
promoter consensus sequence [34]) (bold and underlined) and 20 bp downstream, but no interference with the
solR open reading frame (ORF) (in red) or any downstream sol operon regulatory sequences (not shown).
FLP-ThR-FLP, 1,169-bp thiamphenicol resistance cassette containing flippase recognition sequences and inserted
into the 824 ΔsolB genome.
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824(p94_solB) and 824 ΔsolB diverge from the WT culture (Fig. 3). Growth curves for all
strains (Fig. S2) reveal that cell growth peaked at lower cell densities for 824(p94_solB)
and 824 ΔsolB than for the WT and plasmid control strains; this stunted growth is not
surprising given the abnormally high levels of acid metabolites and the corresponding
low pH (due to a lack of pH control in these simple batch cultures), which is known to
inhibit cell growth (27, 37). As a result, glucose consumption in both strains
[824(p94_solB) and 824 ΔsolB] was reduced about 3-fold as well (Table 2). Given that
SolB expression is downregulated under butyrate stress (9) and that there is large
variability in the timing and levels of acid production in batch cultures of C. acetobu-
tylicum, we were concerned that premature culture termination due to acid production
and low pH might mask the physiological role of SolB in regulating solventogenesis. We
thus carried out bioreactor experiments whereby the pH was prevented from dropping
below 5.0 but was not controlled from rising to higher values. This is a method we have
used extensively in the past for physiological and molecular strain characterization, and
several detailed fermentation profiles of WT and engineered strains have been pub-
lished (38–40). Two bioreactor experiments with 824 ΔsolB resulted in higher levels of
butanol (ca. 30 to 35 mM) but still no acetone production (Fig. 4). We note the
expected, much higher butyrate and acetate levels due to pH control. Thus, the
phenotype of no acetone production of this strain is robust and reproducible and
shows that the cells cannot produce acetone and thus cannot uptake the two acids via
the CoAT reaction. These phenotypic data from the 824 ΔsolB bioreactor fermentations
resemble those for the M5(pCAAD) strain (13). M5 is the 824 strain cured of the pSOL1
megaplasmid that carries the sol-locus genes. Plasmid pCAAD expresses the AdhE1/
AAD protein from its natural sol operon promoter. Thus, there is no acetone production
due to the absence of the ctfA-ctfB and adc genes. This reinforces the hypothesis that
there is no expression of the CoAT protein in 824 ΔsolB, and also that the AdhE1/AAD
protein is expressed and functional, thus enabling butanol (and ethanol) production.

Taken together, the data from the SolB overexpression strain [824(p94_solB)] sup-
port the hypothesis that SolB is a transcriptional repressor of some or all sol-locus genes
(sol operon and adc), but the data from the 824 ΔsolB strain paint a more complex
picture.

Overexpression of SolB results in decreased transcript levels and severely
attenuated protein levels of sol-locus genes/proteins. We investigated the effects of

FIG 2 Expression of solB in recombinant strains. (A) Raw CT values from Q-RT-PCR analysis of solB
transcript levels (the average CT value for solB in nontemplate controls was 31.96 � 0.41). (Note that CT

values are inversely proportional to expression levels.) (B) Fold changes in solB overexpression (relative
to the WT expression level), derived from Q-RT-PCR analysis. All error bars represent standard deviations
(SD) (n � 2). ‡, P � 0.07; *, P � 0.05; **, P � 0.01, ***, P � 0.001, �, P � 0.0001 (two-tailed, unpaired
t test). (C) Northern blot analysis of solB expression in the WT strain (ATCC 824), the 824(p94_solB) solB
overexpression strain (OE), and the 824 ΔsolB strain, using 5 �g total RNA.
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SolB overexpression on solvent production (Fig. 3 and Table 2) by examining its impact
on transcript levels of three primary sol-locus genes—adhE1/aad, ctfA, and adc— by
Q-RT-PCR and Northern blot analysis. We also examined the impact of SolB overex-
pression on protein levels of CoAT and AADC, for which we had available polyclonal
antibodies for Western analysis. Relative transcript levels of the sol-locus genes were
measured by Northern analysis and Q-RT-PCR analysis of ATCC 824 WT, 824(p94MCS),
824(p94_solB), and 824 ΔsolB. Initial Northern blots revealed strong expression of all
genes in both ATCC 824 WT and 824(p94MCS) samples (Fig. S3); thus, to conserve gel
lanes, only ATCC 824 WT samples were included for comparison in all subsequent
Northern blots.

The sol operon had heretofore been assumed to generate one long, 3,973-bp
transcript (Fig. 5D). However, in recent RNA-seq studies, the junction between adhE1
and ctfA revealed a sustained low coverage of read counts (41) (Fig. S4), and upon
further examination, a previously undiscovered putative terminator sequence was
identified within the first 60 bp of the ctfA coding sequence (coordinates 178488 to
178525 on pSOL1) (41). This Rho-independent terminator, with a ΔG value of �9.6
kcal/mol, was not identified previously due to its location within a coding region, but
the presence and relative sizes of the two bands seen in Northern blot analysis (Fig. 5C
[discussed below] and the multiple bands in the adhE1 and ctfA Northern blots of Fig.
S3) suggest that it is both present and active, generating the originally identified
polycistronic transcript as well as a truncated transcript containing only adhE1. There is
also a strong clostridial promoter, TTCATA(13)TATAAT, just upstream of the ribosome
binding site (RBS) of the ctfA gene, suggesting that the ctfA-ctfB genes can be expressed

FIG 3 Metabolite profiles of recombinant strains. Time profiles are shown for butyrate (A), butanol (B),
acetate (C), and acetone (D) concentrations in the WT strain (ATCC 824), the empty plasmid strain
[824(p94MCS)], the solB overexpression strain [824(p94_solB)] (solB OE), and the 824 ΔsolB strain over 72
h of static culture without pH adjustment. Error bars represent SD (n � 3). Endpoint concentrations (net
product titers) are listed in Table 2; the time profiles shown here include starting medium concentrations,
notably 30 mM acetate.
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independently from such a promoter. Thus, there are a total of three potential tran-
scripts (Fig. 5D and data not shown). Since the transcript for ctfB remains on the same
mRNA molecule as that with the ctfA transcript, expression of ctfA was deemed to be
representative of both ctfA and ctfB expression.

Using a probe against adhE1, the SolB overexpression strain 824(p94_solB) showed
very low to undetectable levels of the adhE1 transcript on Northern blots (Fig. 5C) as
well as higher CT values and fold changes (Fig. 5A and B), indicating significantly
reduced expression at 12 and 24 h, which represent the most meaningful points for
expression of solventogenic genes, given that solvent production starts at a point
between 10 and 12 h and has the highest rate between 12 and 24 h. Consistent with
the delayed, low level of butanol production (Fig. 3 and Table 2), there was a faint,
degraded adhE1 transcript at 24 h on the Northern blot and a concomitantly lower CT

value for the SolB overexpression strain [824(p94_solB)]. Note in particular that for the
samples exhibiting adhE1 expression, two bands appeared on the Northern blot, with
both appearing larger than 1,000 bp. As discussed above, one represents the expected
polycistronic sol operon transcript (3,973 bp), and the other, smaller band likely
corresponds to a smaller transcript containing only adhE1 (2,589 bp) (Fig. 5C and D).
Although mRNA degradation after the mid-exponential phase in simple batch cultures
remains a serious problem (less so in pH-controlled cultures), one may perhaps con-
clude that the shorter, adhE1-containing transcript prevails over the longer transcript at
24 h.

Several efforts to generate high-quality Northern blots of ctfA and ctfB transcripts
did not prove successful. While two transcripts could be seen (31) (Fig. S3), presumably
corresponding to the 3,973-bp and 1,324-bp transcripts shown in Fig. 5D, the bands
showed excessive degradation. Nevertheless, their patterns correspond qualitatively to
those of the Q-RT-PCR data (Fig. 6A and B), which indicate substantial reductions in
transcript levels only for the SolB overexpression strain [824(p94_solB)]. We note that
although mRNA degradation was generally a problem, it somehow affected the tran-
scripts probed with the ctfA probe more than those probed with the adhE1 probe, with

TABLE 2 Endpoint metabolite concentrations after 72 h of static-flask growth

Strain

Net product titer (mM)a

Butanol Acetone Ethanol Acetate Butyrate Glucoseb

WT 135.0 � 27.0 70.8 � 4.8 19.2 � 5.5 1.2 � 6.6 6.2 � 5.6 276.9 � 52.1
824(p94MCS) 150.4 � 16.1 73.9 � 4.9 29.6 � 4.9 �1.3 � 1.9 3.6 � 4.3 311.8 � 24.2
824(p94_solB) 19.8 � 6.2 6.6 � 2.5 3.7 � 1.2 14.8 � 3.2 50.9 � 3.9 105.2 � 5.3
824 ΔsolB 5.5 � 1.8 0.0 � 0.0 2.7 � 0.6 12.5 � 1.6 65.7 � 1.8 85.8 � 10.4
aValues are averages (n � 3) � SD and are normalized to the level at the first time point. Metabolite profiles
are shown in Fig. 3.

bTotal glucose consumption after 72 h of static growth.

FIG 4 Growth curve and metabolite profile for batch fermentation cultures of 824 ΔsolB. Cultures of 824
ΔsolB were grown in 4-liter bioreactors and maintained at a pH of �5.0 throughout growth. Error bars
represent SD (n � 2). Metabolite profiles are not normalized and thus reflect starting medium concen-
trations, notably 30 mM acetate.
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very little degradation when the mRNA was probed with the adc probe (see below).
These data thus suggest that ctfA-containing transcripts are less stable than the other
sol-locus transcripts.

Transcription of adc peaks at approximately 12 h and then steadily decreases
throughout stationary phase (15); this expression pattern was seen in Northern blot
analyses of all samples (Fig. 7C). Both Northern blot and Q-RT-PCR data for the adc gene
(Fig. 7) show that SolB overexpression leads to strong downregulation of, but does not
abolish, the adc transcript. We note here that the stability of the adc mRNA enabled
higher-quality Northern blots than those with the other sol operon transcripts, espe-
cially those with the ctfA-ctfB mRNAs.

Next, we investigated the impact of SolB overexpression on the protein expression
of CoAT and AADC by using Western analysis (we did not have an antibody for AdhE1,
preventing its investigation at the protein level). As previously documented (42), two
bands, nearly indistinguishably close together, representing the �26-kDa (CtfA) and
�28-kDa (CtfB) CoAT subunits, were seen for the WT strain at 24 and 32 h, with faint
bands at 12 h (Fig. 6D). The 824(p94_solB) strain displayed one or possibly two CoAT
bands at 12 h only. Additionally, cell lysates displayed low levels of CoAT enzymatic
activity for the SolB overexpression strain 824(p94_solB) compared to those for the WT

FIG 5 Expression analysis of adhE1. (A) Average raw CT values (n � 3) from Q-RT-PCR analysis of
adhE1 transcript levels (the average CT value for adhE1 in nontemplate controls was 29.58 � 0.12).
(B) Fold changes in adhE1 expression in 824(p94_solB) and 824 ΔsolB [relative to the expression
levels in 824(p94) and the WT, respectively], derived from Q-RT-PCR analysis. All error bars represent
SD (n � 3). **, P � 0.01; ***, P � 0.001 (two-tailed, unpaired t test). (C) Northern blot analysis of adhE1
expression at 12 and 24 h, revealing expression both as part of the polycistronic sol operon and as
a single transcript, using 15 �g of total RNA. (D) Schematic of solB and the sol-locus genes, showing
labels for the distal and proximal sol operon promoters (P1 and P2), the putative ctfA-ctfB promoter
(Pctf), the hairpin Rho-independent terminator starting 36 bp into the ctfA coding sequence, and the
strong bidirectional Rho-independent terminator between ctfB and the convergent adc gene. Also
indicated are the proposed transcripts of sol operon genes (lengths listed; not drawn to scale), which
are supported by RNA-seq data (9) (see Fig. S4 in the supplemental material).
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strain (Fig. 6C). These data and the low levels of acetone produced (Fig. 3D) suggest
that the cells of the 824(p94_solB) strain contain low levels of CoAT protein, which are
apparently below the level of detection in our Western blots (Fig. 6D).

Two bands appeared on the AADC Western blots, near the expected protein size
(Fig. 7D): the lower band, marked with an arrow in the figure, represents AADC, with the
upper band showing a separate, unknown protein to which the antibody cross-reacts
(43). The AADC band was present for all WT samples but none of the 824(p94_solB)
strain samples (Fig. 7D), despite detectable (although low levels of) adc transcripts (Fig.
7C) and low levels of acetone formed by the strain. This suggests that AADC expression
is low and was below the detectable level in our Western gels.

While translational repression by mRNA target degradation is a common regulatory
mechanism for numerous prokaryotic sRNAs (44), transcriptional repression may also
result indirectly from a trans-acting sRNA repressing the translation of a transcriptional
activator to block the transcription of its target genes. As stated above, the transcrip-
tion factor Spo0A, the master regulator of sporulation in Clostridium and all endospore
formers, is an essential activator of the sol-locus genes (4, 18) and a possible target of
SolB (34). Therefore, we were interested in investigating possible indirect repression of
the sol-locus genes by SolB via its interaction with the spo0A mRNA. We thus assayed
the spo0A transcript by Q-RT-PCR. CT values and fold change calculations show for both
824(p94_solB) and 824 ΔsolB that spo0A transcript levels remained nearly identical to
those in the WT strain (Fig. S5), indicating that SolB does not affect the level of spo0A
mRNA.

Collectively, these data show that in the SolB overexpression strain [824(p94_solB)],
the sol operon and adc transcripts are severely downregulated but not completely

FIG 6 Expression analysis of ctfA. (A) Average raw CT values (n � 3) from Q-RT-PCR analysis of ctfA
transcript levels (the average CT value for ctfA in nontemplate controls was 30.85 � 0.16). (B) Fold
changes in ctfA expression in 824(p94_solB) and 824 ΔsolB [relative to the expression levels in 824(p94)
and the WT, respectively], derived from Q-RT-PCR analysis. All error bars represent SD (n � 3). **, P � 0.01;
***, P � 0.001 (two-tailed, unpaired t test). (C) Specific activities of the CoAT enzyme from crude lysates
of the WT (ATCC 824), 824 ΔsolB, and 824(p94_solB) (solB OE) strains. (D) Western blot analysis of CoAT
protein expression (note bands for both subunits only for the wild type, with one band for 824 ΔsolB),
using 50-�g samples, primary antisera diluted 1:500, and secondary antisera diluted 1:10,000.
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absent and result in low levels of the corresponding proteins and low levels of butanol
and acetone formation. These data support the role of SolB as a translational repressor
that targets the mRNAs of the sol-locus genes, whereby the presumed binding leads to
transcript degradation by endogenous ribonucleases recognizing and degrading the
abnormal RNA duplexes (25, 42, 44). We note, however, that given the very low levels
of SolB expression under normal growth conditions, this role of SolB as a translational
repressor does not have physiological relevance. Its physiological role must therefore
be different. The fact that SolB overexpression dramatically and specifically reduces the
adhE1, ctfA-ctfB, and adc transcript levels supports computational models (see below)
indicating that SolB interacts with these three transcripts. This is a critical hypothesis in
deciphering the likely physiological role of SolB.

solB deletion abolishes any detectable CoAT protein expression and activity
and attenuates adhE1 levels but leaves adc mRNA and AADC protein levels largely
unaffected. As with the WT strain, bands were present on the Northern blots for 824
ΔsolB samples, showing detectable but lower adhE1 mRNA expression, and this was
corroborated by the Q-RT-PCR data (Fig. 5). Although the adhE1 bands were less strong
than those of the WT strain, the transcript was nevertheless present. Q-RT-PCR data (Fig.
6A and B) showed that transcript levels of ctfA were lower for 824 ΔsolB samples than
for the WT strain but were similar to those for the plasmid control strain, which
produces solvents at high levels. In enzyme assays, we were not able to detect any
CoAT activity (Fig. 6C), and the Western blot showed either the lower band (corre-
sponding to CtfA) at 12 h or the upper band at 24 and 32 h, but never both; this is
consistent with the lack of detectable enzyme activity. Bands of the adc mRNA with an

FIG 7 Expression analysis of adc. (A) Average raw CT values (n � 3) from Q-RT-PCR analysis of adc
transcript levels (the average CT value for adc in nontemplate controls was 30.53 � 0.17). (B) Fold
changes in adc expression in 824(p94_solB) and 824 ΔsolB [relative to the expression levels in
824(p94MCS) and the WT, respectively], derived from Q-RT-PCR analysis. All error bars represent SD (n �
3). **, P � 0.01; ***, P � 0.001 (two-tailed, unpaired t test). (C) Northern blot analysis of adc expression
at 12 and 24 h. (D) Western blot analysis of AADC protein expression (lower band, as previously verified
[43]), using 50-�g samples, primary antisera diluted 1:250, and secondary antisera diluted 1:10,000. Panel
D is a combination of images of two separate gels/membranes, since it was not possible to fit all lanes
in one gel.
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intensity comparable to that for the WT strain were seen in 824 ΔsolB samples (Fig. 7C),
and this was supported by the Q-RT-PCR data (Fig. 7A and B), collectively indicating that
adc transcription under solB deletion conditions occurs at levels similar to those in the
WT strain. The Western blot showed strong expression levels of the AADC protein at 24
and 32 h (Fig. 7D), yet no acetone was produced at those times or any time by the 824
ΔsolB strain (Fig. 1D), suggesting that the AADC level was not limiting acetone
formation, a conclusion also supported by earlier work in our lab (42).

Taken together, these data show that solB deletion does not affect the transcript
levels of ctfA-ctfB or adc significantly, yet it abolishes CoAT activity. The adhE1 mRNA
levels in the deletion strain appeared to be lower than those in the WT strain but
comparable to those in the plasmid control strain. AdhE1 protein expression or activity
could not be assessed directly, but the metabolite data in Fig. 4 document butanol
formation, albeit at a level lower than that of the WT strain, thus suggesting the
presence of AdhE1 activity. It appears that only the ctfA-ctfB transcript cannot be
translated in the absence of SolB, which suggests that SolB binding to ctfA-ctfB-
containing mRNAs is necessary for their translation. As a result, there is no CoAT activity
in the 824 ΔsolB strain, and thus no acetone production is possible (Fig. 3 and 4), as
AADC does not limit acetone formation per the discussion above.

Secondary structures and SolB binding predictions indicate likely regulatory
interactions between SolB and the sol-locus transcripts. To elaborate on our
experimental findings and consider potential mechanisms of molecular interaction
between SolB and the sol-locus genes, we performed multiple computational analyses
(see Materials and Methods). First, putative secondary structure folding was generated
for the 5= untranslated region (UTR) and the first 100 bp of the coding region for each
sol-locus gene transcript, using the Vienna RNA Websuite (45). Second, predictions for
binding between SolB and the 5= UTR plus 100 bp of each transcript were generated
using the IntaRNA online prediction program (46, 47) as well as the RNAup Web server
(also part of the Vienna RNA Websuite). Given the variability that can exist among
computational algorithms, both programs were utilized to more thoroughly examine
binding potential.

The secondary structure folding predictions revealed significant stem-loop motifs in
adhE1, ctfA, and adc transcripts (Fig. S6 to S8). Large, negative free energy values
associated with the structure predictions (�23.4 kcal/mol for adhE1, �27.2 kcal/mol for
adc, and �22.1 and �40 kcal/mol for ctfA) indicate strong probabilities of the natural
occurrence of these folding motifs. Additionally, the predicted folding of each transcript
occludes the ribosomal binding site, suggesting possible regulatory involvement of the
secondary structures of these transcripts, particularly the potential need for transla-
tional activation, which can typically require the action of a regulatory sRNA (48).

The binding predictions between SolB and the target transcripts reveal a strong
putative interaction between SolB and each transcript, as indicated by significant
negative free energy values. The generally accepted target model for such binding
predictions is the 5= UTR plus 100 bp of coding sequence (49); however, given the
dynamic nature of such molecular interactions, as well as the changing conditions
possible in vivo, we deemed it prudent to test multiple models to provide wider insight
and a more comprehensive picture (see Materials and Methods). The resulting sets of
free energy values and associated alignment predictions reveal the probability of each
binding interaction. The binding predictions for SolB with the adhE1 transcript exhib-
ited predicted free energies ranging from �3.88 to �4.62 kcal/mol, with each predic-
tion exhibiting highly analogous base pairing (Fig. S6). Each predicted SolB binding
region on adhE1 lay on a strongly predicted stem-loop, with one loop containing the
ribosomal binding site and start codon. On the adc transcript UTR, two regions on
opposite sides of the same bubble motif were predicted to interact with SolB, with
nearly perfect alignment and with free energies of �4.63 and �6.15 kcal/mol (Fig. S8).
For ctfA, strong binding with SolB was predicted for a single sequence within the ctfA
coding region, 93 bp downstream of the ribosomal binding site (Fig. S7A). This was the
sole sequence identified by both prediction algorithms and using each prediction
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model, showing a free energy of �6.23 kcal/mol. On the secondary structure for the
ctfA transcript, this predicted binding sequence aligns neatly with the ribosomal
binding site (Fig. S7C). Significantly, using every prediction parameter, all three tran-
script targets were predicted to bind with SolB at one of two strongly predicted central
regions of its secondary structure (Fig. S9).

To determine the specificity/preference for the sol-locus genes as SolB regulatory
targets, genome-wide target prediction computations were also conducted. Using the
TargetRNA prediction algorithm and prediction criteria outlined in Materials and Meth-
ods and in Table S3, the most consistently predicted targets (i.e., appearing in at least
4 predictions) for SolB were ctfA and ctfB, along with thiL, the gene for the plasmid-
borne acetyl-CoA acetyltransferase (thiolase), with highest rankings of 5, 19, and 1,
respectively, across the 17 queries (Table S4). Computational predictions can be im-
perfect indicators of in vivo conditions, so multiple queries utilizing different parame-
ters (see Materials and Methods and Table S3) were run to achieve a more compre-
hensive view and to account for variabilities. Although not predicted with the highest
rank or as the sole target of SolB, the sol locus was frequently and consistently
identified by the prediction algorithm, and we placed value in this consistency with
which it appeared as we adjusted the query parameters, interpreting it as indicative of
the strength of the prediction. Along with thiL, the sol locus was uniquely predicted to
interact with SolB at the same sequence and with the same energy in all predictions.

Expression of ctfA with a mutated RBS restores acetone production in the SolB
deletion strain. Our data described above suggest that SolB is an activator of ctfA
translation or that it stabilizes the ctfA-ctfB transcript. This transcript folds back on itself,
blocking the RBS; the predicted SolB binding site on ctfA is the exact sequence that
interacts with the RBS during this folding. Since this occlusion of the RBS creates the
proposed need for SolB binding and stabilization, mutagenesis that prevents the
folding should allow for translation of ctfA-ctfB in the absence of SolB. Thus, to
investigate the proposed interaction between SolB and the sol locus in vivo, site-
directed mutagenesis of the ctfA RBS was performed (see Materials and Methods and
Fig. S10). The RBS was changed into a different clostridial RBS sequence (the RBS for
adhE1). We chose the adhE1 RBS because we wanted to use a related solvent formation
RBS. The adhE1 RBS is not affected by any significant SolB-related regulation, since, as
we discussed, AdhE1/AAD expression off its natural sol operon promoter from plasmid
pCAAD results in good protein expression and butanol production in complementing
the degenerate strain M5, which does not contain the solB gene (13). Secondary
structure prediction (Fig. S10) indicates significant but not detrimental alteration of the
ctfA transcript, which effectively interrupts the transcript’s secondary structure to
prevent its folding. Transformation of the mutated plasmid into the 824 ΔsolB strain
generated the strain 824 ΔsolB(p94_ctfA(*RBS)). In addition, a plasmid containing the
ctfA-ctfB transcript with its native RBS (p94_ctfA) was also transformed as a control.
Both plasmids were also transformed into WT ATCC 824 as additional controls.

Small batch cultures without pH control of the 824 ΔsolB(p94_ctfA(*RBS)) strain
exhibited restored acetone and butanol production, while the same solB deletion strain
carrying the plasmid with the native RBS produced no acetone and diminished levels
of butanol (P � 0.05), as seen before (Fig. 8A). Interestingly, statistically significantly
higher acetone and butanol titers were observed in the WT 824 cultures transformed
with p94_ctfA(RBS*) than in those transformed with the nonmutated control; this
would be expected from the proposed model given the very low levels of SolB and the
high expression of the ctfA-ctfB transcript from a multicopy plasmid. Note that the two
plasmid-containing WT 824 strains showed lower levels of butanol and acetone than
those typically observed in WT 824 fermentations. The interpretation here is that the
larger number of ctfA RNA copies deriving from plasmid expression titrates SolB and
alters its impact on the expression of AdhE1, resulting in lower butanol expression,
which, in WT 824, is coupled to acid uptake and thus to acetone formation. To further
support the proposed model, CoAT activities were measured in cell extracts prepared
from batch cultures after 24 h. CoAT activity was detected in 824 ΔsolB(p94_ctfA(*RBS)),
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at 2.4 � 0.2 mU/mg protein (Fig. 8B). No CoAT activity was observed in the plasmid
control with the unmutated RBS. While the CoAT activity in 824 ΔsolB(p94_ctfA(*RBS))
is clearly sufficient to restore solvent formation, the measured activity is still lower than
those of the WT 824 strains transformed with the mutated and unmutated ctfA
plasmids, which showed activities of 16.9 � 3.3 mU/mg and 16.1 � 3.7 mU/mg,
respectively. These results indicate that elimination of transcript folding on the RBS
region in the absence of SolB restores CoAT translation and acetone production. As
shown previously in this study, SolB deletion results in elimination of acetone produc-
tion and the absence of CoAT translation (Fig. 3D and 6C and D). Restored enzyme and
acetone production through a transcript that lacks the proposed need for SolB stabi-
lization therefore indicates that it was the lack of SolB binding to the ctfA-ctfB transcript
to enable translation that initially abolished CoAT translation and acetone production;
therefore, per the proposed model, SolB binding is necessary for activation of the native
transcript.

DISCUSSION

Our data show that SolB plays a prominent role in solventogenesis that is more
complex than the original hypothesis of SolB being a translational repressor of the
solventogenic genes of the sol locus, whereby SolB presumably would bind the
sol-locus transcripts and promote their degradation or prevent their translation. Our
data here are consistent with this model for SolB overexpression: high levels of SolB
expression lead to strong reductions in sol-locus transcripts (Fig. 5 to 7), which are
accompanied by a commensurate reduction in (but not abolishment of) the pro-
duction of butanol and acetone (Fig. 3). Computational predictions (Fig. S6 to S9)
also support this model, whereby high levels of heteroduplexes of SolB with
sol-locus transcripts would elicit the action of ribonucleases that would degrade
such complexes (25, 44). However, given that SolB is expressed physiologically at
low levels, this model cannot explain the physiological role of SolB. Significantly, we
found that solB deletion attenuated butanol production and abolished acetone
production, suggesting a more complex role for SolB. The fact that solB deletion

FIG 8 Metabolite production and CoAT enzyme activities in C. acetobutylicum strains expressing ctfA-ctfB
with the native RBS and a mutated RBS. (A) Endpoint concentrations of acetate, butyrate, acetone, and
butanol (net product titers) from 824(p94_ctfA), 824(p94_ctfA(*RBS)), 824 ΔsolB(p94_ctfA), and 824
ΔsolB(p94_ctfA(*RBS)) after 72 h of static-flask culture without pH adjustment. Error bars represent SD
(n � 3). *, P � 0.05. (B) Specific activities of the CoAT enzymes from 824(p94_ctfA), 824(p94_ctfA(*RBS)),
824 ΔsolB(p94_ctfA), and 824 ΔsolB(p94_ctfA(*RBS)).
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leaves the adc transcript and AADC protein levels largely unaffected suggests that
SolB does not have an impact on AADC expression under physiological conditions.
However, solB deletion appears to reduce the levels of the adhE1 transcript and
leads to significantly attenuated butanol production. This suggests that low, phys-
iological levels of SolB are necessary for stabilizing the adhE1 transcript. Compu-
tational predictions (Fig. S6) may explain such a role, but this would be very difficult
to interrogate experimentally given the difficulty of attaining in vitro the necessary
physiological conditions and RNA stoichiometries that prevail in vivo, especially for
the vary labile mRNAs of this organism. The impacts of SolB on the ctfA-ctfB
transcript and on CoAT protein and activity are the most interesting and intriguing
elements. solB deletion appears to reduce, but not severely so, the ctfA-ctfB
transcript, but it abolishes CoAT translation (Fig. 6) and the production of acetone
(Fig. 3 and 4). It thus appears that SolB is necessary for translation of the ctfA-ctfB
transcript, and this is supported by computational predictions (Fig. S7). The hairpin
Rho-independent terminator (Fig. 5C; Fig. S7) in the early portion of the ctfA-ctfB
transcript apparently enables the generation of a monocistronic adhE1 transcript
(Fig. 5). A similar hairpin engaging the RBS sequence on the separate ctfA-ctfB
transcript would prevent translation of the ctfA-ctfB mRNA unless the hairpin
structure is destabilized to free the RBS, and perhaps this is what SolB at low levels
achieves.

A recent study (50) elaborated on the crucial regulatory role of a stem-loop
sequence in the 5= UTR of adhE in Escherichia coli. The role of 5= UTR loop structures
in protein translation was recently demonstrated in C. acetobutylicum (51). Previous
studies (19, 20) documented the regulatory importance of the adhE1 5= UTR,
including its secondary structure, in regulating solvent production in C. acetobuty-
licum. The sol locus apparently codes for multilayered regulation at both the
transcriptional and translational levels, as several prior studies discussed here have
reported, including the study by Thormann et al. (19), who reported that the adhE1
transcript gives rise to both a bifunctional AdhE1 protein and a separate butanol
dehydrogenase. The present work adds another layer of complex regulation
through which this organism is apparently able to adjust the levels of various
solvents produced (e.g., the butanol-to-acetone ratio) according to the prevailing
culture conditions. There are several well-documented cases where the culture
conditions dictate butanol but no acetone production by this organism. Among
them are the study of CO gassing that inhibits H2 production and leads to butanol
formation without acetone production (52) and a study of growth on cheese whey
that exhibited normal levels of butanol formation but virtually no acetone produc-
tion (53). It is possible that SolB has a role in such fine-tuning of product formation
by this organism. While SolB expression is upregulated under metabolite stress, it
is possible that its expression is also modulated by other factors, such as the
prevailing redox environment in the cells, which would explain how cells tune
acetone production to the prevailing environmental conditions, as discussed above.
This and other small RNAs are apparently important in the extensive posttranscrip-
tional regulation of cell metabolism in this organism, as previously detailed by
combining and integrating RNA-seq and proteomic data (54).

By catalyzing the transfer of CoA from acetoacetyl-CoA to either butyrate or acetate,
CoAT facilitates the uptake of these acids, detoxifying their inhibitory effects and
leading to the non-growth-associated solvent production of stationary phase. CoAT
functions with AADC in the production of acetone, and the uptake of butyrate and
acetate by CoAT also facilitates the production of butanol and ethanol by AdhE1.
Antisense RNA knockdown of CoAT severely diminishes acetone titers, indicating that
CoAT is the rate-limiting enzyme in bidirectional CoAT activity and acetone production
(43). Expression of adhE1 from a multicopy plasmid in the M5 degenerate strain
(discussed above) enables butanol formation without acetone production, but to levels
significantly below those of the WT strain; this suggests that butanol production in
solventogenic cultures originates primarily from AdhE1 and that the adhE1 mRNA
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apparently can be translated without the presence of SolB, albeit at significantly
(�60%) reduced levels (compare Table 4 in reference 12 to Table 3 in reference 13).
These findings are thus consistent with the presently reported data (Fig. 3 to 5) and
proposed model for the impact of SolB on AdhE1 production. What is unusual and not
previously well documented for an sRNA is that, according to the proposed model, the
level of expression of SolB dramatically changes its effect from that of a translational
activator (its proposed physiological role) at low levels to that of a translational
repressor at high levels.

MATERIALS AND METHODS
Bacterial strains, plasmids, and culture conditions. Relevant characteristics and sources of all

bacterial strains and plasmids used in this study are listed in Table 1. E. coli strains were grown aerobically
at 37°C and 220 rpm in liquid or solid LB medium supplemented with ampicillin (Amp) (50 �g/ml),
kanamycin (Kan) (25 �g/liter), or chloramphenicol (Cm) (35 �g/ml) where necessary. Colonies of C.
acetobutylicum were grown anaerobically at 37°C on solid 2�YTG medium (16 g/liter tryptone, 10 g/liter
yeast extract, 5 g/liter NaCl, 10 g/liter glucose, 15 g/liter agar; pH 5.8) for at least 5 days before being
transferred to 10 ml of liquid clostridial growth medium (CGM), with recombinant strains grown similarly,
but in media supplemented with erythromycin (Em) (40 �g/ml in solid media and 50 �g/ml in liquid
media) or thiamphenicol (Th) (5 �g/ml) where necessary. Expression of the lactose-inducible promoter
of the pKO_mazF vector was induced by addition of 40 mM �-lactose (Sigma-Aldrich) to the culture
media.

Static-flask cultures. Strains were grown in replicate 40-ml static cultures in 50-ml conical tubes,
with inoculation from 10-ml overnight cultures (A600 � 0.5). All cultures were grown in CGM, supple-
mented with antibiotics where appropriate, with no pH adjustment.

Bioreactor studies. The SolB deletion strain (824 ΔsolB) was grown in replicate 4-liter batch
fermentations in a BioFlo 310 bioreactor (New Brunswick Scientific). Cultures were grown in undefined
CGM supplemented with 5 �g/ml thiamphenicol. Bioreactor conditions were kept anaerobic through
continuous sparging of N2 gas, and the pH was controlled (pH � 5) by addition of 6 N ammonium
hydroxide.

Construction of plasmids. All primers and their sequences utilized in this study are listed in Table
S1 in the supplemental material. Plasmid p94_solB, used for the overexpression of SolB, was constructed
by PCR amplifying the 215-bp solB coding region by use of primers that appended BamHI and KasI
restriction sites to the product’s 5= and 3= ends, respectively. After double digestion with BamHI and KasI
(New England BioLabs), the PCR product was ligated by use of Instant Sticky-End master mix (NEB) into
the p94MCS expression vector, which had been linearized by digestion with BamHI and KasI and
dephosphorylated with Antarctic phosphatase (NEB). Plasmid p94_ctfAB(*RBS), used for the expression
of the mutated ctfA-ctfB transcript, was constructed using Gibson assembly to achieve mutagenesis of
the ribosomal binding site (RBS) of the ctfA gene. Primers were used to separately amplify the ctfA gene
and the ctfA promoter region while introducing the RBS mutation (a change from 5=-AGGAGG-3= to
5=-AAGAAG-3=) into the PCR products (using primers listed in Table S1). The Gibson assembly, consisting
of the two PCR products containing the native promoter, the new mutated RBS, and the ctfA-ctfB genes,
was then cloned into the p94MCS vector, which had been digested with SalI. Plasmid p94_cftAB(WT RBS),
which contains the native RBS in place of the mutated one, was constructed in a similar manner, by
cloning the PCR product of the full native gene and promoter region into the SalI-digested p94MCS
backbone.

Construction of the solB deletion plasmid pKO_mazF::solB followed a previously described procedure
(35). Two regions of homology (RH) were amplified by standard PCR from genomic DNA of C. acetobu-
tylicum ATCC 824. The 936-bp upstream RH corresponds to nucleotides �986 to �50 relative to the
transcriptional start site of solB, and the 901-bp downstream RH corresponds to nucleotides 	21 to 	901
relative to the end of the solB sequence. The following restriction sites were added to the ends of each
RH product: sites for XmaI (5=) and NotI (3=) for the upstream RH and sites for AvaII (5=) and SphI (3=) for
the downstream RH. The PCR products were double digested with the appropriate restriction enzymes
(NEB) and ligated into the pKO_mazF vector as described above. First, the downstream RH was ligated
into pKO_mazF, which was linearized by AvaII and SphI double digestion and dephosphorylated. After
transformation into chemically competent Turbo E. coli cells (NEB) and selection by EcoRI (NEB)
confirmation digestion, successful constructs were linearized by XmaI and NotI digestion and dephos-
phorylated, and the upstream RH was cloned into the vector.

Plasmid transformations. Newly constructed plasmids were transformed into chemically competent
Turbo or 10-beta E. coli cells (both from NEB), harvested using a spin miniprep kit (Qiagen), and
confirmed by 1-h restriction digestion and Sanger sequencing analysis. Plasmids were then transformed
into electrocompetent E. coli BL21(pAN3) cells for DNA methylation (35, 55). Methylated plasmids were
harvested and subsequently transformed via electroporation into electrocompetent C. acetobutylicum
ATCC 824 as previously described (35, 56).

Isolation of solB deletion mutants. Following transformation and 3 days of growth on 2�YTG solid
medium supplemented with thiamphenicol (5 �g/ml), triplicate colonies were selected for growth in
liquid 2�YTG. To facilitate allelic exchange of the Thr cassette, 10 subsequent vegetative transfers with
fresh supplemented medium were conducted as described previously (35), with the final transfer grown
with added 40 mM �-lactose to cure the cells of the pKO_mazF vector. Cultures were then serially diluted
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and grown on 2�YTG solid medium supplemented with thiamphenicol (5 �g/ml) and lactose (40 mM)
to complete the curing of the remaining vector backbone, as described previously (35).

Confirmation of mutant strains by PCR and sequencing. Genomic DNAs were extracted from
deletion mutant cultures by use of a DNeasy blood and tissue kit (Qiagen) and were screened by PCR
amplification of both crossover integration sites and the deleted solB sequence (Fig. 1A and B). PCR
products were also purified using a PCR purification kit (Qiagen), adenylated using GoTaq hot start
polymerase (Promega), and ligated into the pCR4-TOPO-TA sequencing vector (Life Technologies) for
Sanger sequencing analysis (Fig. 1C).

RNA extraction and quantitative RT-PCR (Q-RT-PCR). Cultures used for RNA extraction were
inoculated with 10-ml overnight cultures (A600 � 0.5) to a 1:16 dilution in 150 ml of CGM, supplemented
with antibiotics where appropriate. In addition to regular sampling for optical density (A600) measure-
ments and high-performance liquid chromatography (HPLC) analysis, 15-ml samples were collected at 6,
12, and 24 h (corresponding to the mid-exponential, transition, and stationary growth phases). These
samples were immediately centrifuged for 10 min at 8,000 � g, and resultant cell pellets were stored at
�80°C for up to 10 days. Isolation of total RNA, including small RNA, was performed using a Qiagen
miRNeasy minikit as described previously (40), except that samples were not split and diluted after TRIzol
addition and buffer RWT (optimized for microRNA [miRNA] and sRNA retention) was used in place of
buffer RW1. All RNA samples were treated by use of a Turbo DNase kit (Ambion) according to the
manufacturer’s protocol to remove contaminant genomic DNA and were further purified by ethanol
precipitation at �20°C before storage at �80°C. Generation of cDNA was performed using 2 �g of RNA
template and a High-Capacity cDNA reverse transcription kit (Applied Biosystems).

All primer sets used for Q-RT-PCR analysis are listed in Table S1, and the efficiency of each primer set
was validated on a test plate. Each cDNA sample was tested in triplicate using iTaq Universal SYBR green
supermix (Bio-Rad). All cDNA samples intended for direct comparison were prepared from the same
master mix preparation and run on the same plate to minimize variation in expression results. Primer
efficiency was assumed to be 100% for calculation purposes, because the calculated efficiency for every
primer set fell within the accepted range for the assumption of 100% efficiency (57).

Northern blotting. Northern blotting was performed as described previously (5). Five- or 15-�g
aliquots of total RNA samples were electrophoretically resolved in 5% precast Tris-borate-EDTA (TBE)–
urea polyacrylamide Ready gels (Bio-Rad) in a Bio-Rad Mini Protean Tetra cell apparatus and then
transferred to a positively charged nylon membrane (Ambion). Single-stranded oligonucleotide DNA
probes used for hybridization (listed in Table S2) were labeled with [�-32P]ATP by use of a phosphatase-
negative T4 polynucleotide kinase (Affymetrix). Excess radioactive material was removed by use of
NucAway spin columns (Ambion), and membrane prehybridization and hybridization with the radioac-
tive probe were conducted with ultrasensitive hybridization buffer (Ambion), with samples incubated for
16 to 22 h at 42°C under gentle agitation in a hybridization incubator (Fisher Scientific).

Western blotting. Protein extraction and Western blotting were performed as previously described
(58), with 40 �g of total protein loaded into a 4 to 20% PAGE gel (Genscript) and transferred to a
supported nitrocellulose membrane (Bio-Rad). Membranes were washed with a blocking solution
containing Tris-buffered saline plus Tween 20 (TBST) and 1% gelatin for 2 h and then hybridized for 2 h
with either rabbit anti-AADC (20) or sheep anti-CoAT (43), diluted 1:250 and 1:500, respectively.
Secondary antibodies were diluted 1:10,000 and hybridized for 1 h; mouse anti-rabbit–Alexa Fluor 647
and donkey anti-sheep–Alexa Fluor 647 (both from Life Technologies) were used for detection of AADC
and CoAT, respectively. Fluorescence imaging was conducted with a Typhoon 9400 variable-mode
imager (GE Healthcare).

CoAT assay. Protein samples were quantified using the RC DC protein assay (Bio-Rad), with bovine
serum albumin as the standard. CoAT activity was assayed at room temperature in the butyrate
conversion direction as described previously (14). Combined in a cuvette were 100 mM Tris-HCl (pH 7.5),
100 mM potassium butyrate (pH 7.5), 20 mM MgCl2, 5% (vol/vol) glycerol, and 50 �l of crude lysate; the
final volume was brought to 900 �l with deionized (DI) water. A control reaction mixture that omitted
potassium butyrate (to measure the hydrolysis of acetoacetyl-CoA) was prepared for each sample. To
initiate the reaction, 0.10 mM acetoacetyl-CoA was added, and the decrease in A310 was measured as an
indication of the disappearance of the enolate form of acetoacetyl-CoA. The slopes obtained from control
reactions were subtracted from those for their corresponding sample reactions (this hydrolysis was less
than 10% of the uncorrected slope). One unit of activity is defined as the amount of enzyme which
converts 1 �mol of acetoacetyl-CoA per min under these conditions. The extinction coefficient is 8.0
mM�1 · cm�1. The following equation was utilized to calculate the approximate specific activity of each
crude lysate sample: specific activity (U/mg) � (ΔA310/min)/(8.0 � mass [mg]).

General analytical methods. Cell density was determined by measuring the A600 by use of a
Beckman Coulter DU 730 spectrophotometer (model A23616). Culture supernatants were assayed for
glucose, acetate, ethanol, butyrate, acetone, and butanol concentrations in an Agilent Technologies 1200
series high-performance liquid chromatograph (HPLC), using an H2SO4 mobile phase and a 45-min
separation method (59).

Standard PCRs utilized the Q5 Hot Start high-fidelity DNA polymerase (NEB), a 200 �M concentration
of each deoxynucleoside triphosphate (dNTP), 0.5 �M (each) primers, and 50 to 300 ng of DNA template.
Reactions were run in a Bio-Rad C1000 Touch thermal cycler; Q-RT-PCR included the addition of a CFX96
real-time system (Bio-Rad). Standard PCR conditions consisted of initial denaturation (98°C for 30 s)
followed by 30 cycles consisting of 10 s of denaturation at 98°C, 45 s for annealing at a temperature
specific to the primer set (typically 3°C higher than the lower of the two primers’ annealing tempera-
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tures), and extension at 72°C for a variable time dependent on the size of the product, with a final
extension step of 5 min at 72°C.

Computational methods. Secondary structure folding was generated using the Vienna RNA Web-
suite (45). The 5= UTR plus the first 100 bp of the coding region for each sol-locus gene transcript was
utilized. The adhE1 UTR was generated using the proximal promoter for the sol operon, given that several
studies have concluded that most transcriptional activity occurs from this promoter (11, 12, 20), and for
ctfA predictions, the putative 5= UTR for ctfA (based on the predicted promoter described in Results) plus
the first 100 bp was used, as well as the terminal 100 bp of adhE1 and the first 100 bp of ctfA together
with the intergenic region.

Binding predictions for SolB were generated using the IntaRNA online prediction program (46, 47) as
well as the RNAup Web server (also part of the Vienna RNA Websuite). For the IntaRNA predictions, the
full 196-bp solB sequence was queried against the full 5= UTR plus the first 50 bp of coding sequence for
both adhE1 and adc and against the 63-bp intergenic region between adhE1 and ctfA plus the first 100
bp of ctfA. For the RNAup predictions, the full solB sequence was queried against the following three
models for each transcript: (i) the 5= UTR plus 100 bp of coding sequence, (ii) the 5= UTR plus 50 bp of
coding sequence, and (iii) only the 5= UTR.

Genome-wide target prediction for SolB was conducted using the TargetRNA prediction algorithm
(v2.01) (60, 61). Seventeen prediction runs, reflecting combinations of different prediction parameters
(Table S3), were conducted by querying of SolB against the C. acetobutylicum genome. Target results
from all 17 predictions were screened for transcripts of characterized proteins that appeared in at least
four predictions.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/AEM
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