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Significance

Bacterial large and highly 
structured ncRNA classes 
contribute to fundamental 
processes such as protein 
biosynthesis, protein localization, 
RNA processing, and gene 
regulation. Intriguingly, additional 
structured ncRNA classes exist in 
bacteria, but the functions of 
several of the most widespread 
classes have yet to be established. 
Here, we describe initial studies 
on raiA motif RNAs, which 
represent a remarkably well-
conserved ncRNA class found in 
many Gram-positive species. 
Bioinformatic, biochemical, and 
genetic analyses reveal that the 
Clostridium acetobutylicum raiA 
motif RNA is important for cellular 
differentiation to form spores  
and aggregates, implicating this 
ncRNA as an important 
contributor to major  
physiological changes.
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Several structured noncoding RNAs in bacteria are essential contributors to fundamental 
cellular processes. Thus, discoveries of additional ncRNA classes provide opportunities 
to uncover and explore biochemical mechanisms relevant to other major and potentially 
ancient processes. A candidate structured ncRNA named the “raiA motif” has been 
found via bioinformatic analyses in over 2,500 bacterial species. The gene coding for the 
RNA typically resides between the raiA and comFC genes of many species of Bacillota 
and Actinomycetota. Structural probing of the raiA motif RNA from the Gram-positive 
anaerobe Clostridium acetobutylicum confirms key features of its sophisticated secondary 
structure model. Expression analysis of raiA motif RNA reveals that the RNA is consti-
tutively produced but reaches peak abundance during the transition from exponential 
growth to stationary phase. The raiA motif RNA becomes the fourth most abundant 
RNA in C. acetobutylicum, excluding ribosomal RNAs and transfer RNAs. Genetic 
disruption of the raiA motif RNA causes cells to exhibit substantially decreased spore 
formation and diminished ability to aggregate. Restoration of normal cellular function 
in this knock-out strain is achieved by expression of a raiA motif gene from a plasmid. 
These results demonstrate that raiA motif RNAs normally participate in major cell 
differentiation processes by operating as a trans-acting factor.

cell differentiation | Clostridium acetobutylicum | ComFC | RNA World | ribozyme

Structured noncoding RNAs (ncRNAs) are known to perform various roles in fundamental 
biological processes in bacteria. Some ncRNA classes, such as RNA-processing ribozymes 
(1–4) and riboswitches (5, 6), are likely representative of functions that predate the emer-
gence of proteins. Others, such as ribosomal RNAs (rRNAs), transfer RNAs (tRNAs), 
signal recognition particle (SRP) RNAs, and transfer-messenger RNAs (tmRNAs) partic-
ipate in the production and manipulation of proteins (7–9), whose evolutionary emergence 
presumably triggered the eventual loss of RNA-based organisms from the RNA World 
(10, 11). Although the RNAs noted above are ubiquitous, or at least very common, addi-
tional large, structured ncRNA classes have been reported to be well conserved and wide-
spread in certain bacterial lineages (12–14). These RNAs provide opportunities to uncover 
additional functions for structured ncRNAs whose origins might date back to the RNA 
World.

Recently, we described the biochemical function of a ~1,000-nucleotide ncRNA class 
called CP group II ribozymes, which catalyze successive self-splicing reactions to make 
small RNA circles (15). This finding continues a trend that most large ncRNA classes in 
bacteria whose functions have been experimentally established operate as catalytic RNAs. 
We think this trend is justified by the fact that RNAs performing sophisticated chemical 
reactions must use complex and highly conserved structures to form effective active sites. 
Thus, we speculate that other large and well-conserved bacterial ncRNAs (14) might also 
function as ribozymes.

Two other large, structured ncRNAs in bacteria that are relatively common but whose 
biochemical and biological functions remain to be fully defined are ornate, large, extremo-
philic (OLE) RNAs (16, 17) and raiA motif RNAs (13). OLE RNA participates as a 
component of a large ribonucleoprotein (RNP) complex that localizes to the membrane 
of Gram-positive organisms where it is proposed to serve as a multifunctional 
stress-responsive particle (17). If true, then OLE RNAs fit the pattern that large ncRNAs 
in bacteria often perform complex and fundamental biochemical roles.

The raiA motif class of bacterial ncRNAs also exhibits sequence and structural features 
that suggest it performs one or more biochemical functions that are relevant to an impor-
tant and perhaps ancient cellular process. Each ~200-nucleotide raiA RNA forms a 
complex-folded structure interspersed with numerous highly conserved nucleotides (13), 
which is indicative that it forms a sophisticated three-dimensional (3D) architecture 
essential for its biochemical function. Its presence in more than 2,500 bacterial species 
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(predominantly in Bacillota and Actinomycetota) whose genomes 
have been sequenced suggests that raiA motif RNAs perform a 
broadly important function.

To investigate the possible biological and biochemical functions 
of the raiA motif RNA, we conducted a series of bioinformatic, 
biochemical, and genetic analyses to seek clues regarding its roles. 
Gene associations often provide clues regarding the functions of 
ncRNAs. The gene for the raiA motif RNA is often found adjacent 
to the raiA open reading frame, which codes for a protein that acts 
to place ribosomes in “hibernation” as cells enter stationary phase 
(18, 19). In addition, the raiA motif frequently resides adjacent to 
the comFC gene, which codes for a protein involved in compe-
tence—a process wherein cells can take up exogenous DNA for 
genomic integration (20). Furthermore, we demonstrate that the 
RNA adopts a strikingly well-folded structure and that it is expressed 
as an independent transcript in abundance when cells approach sta-
tionary phase. A Clostridium acetobutylicum strain wherein the raiA 
motif gene is deleted exhibits strong defects in aggregation and spor-
ulation functions, indicating that this highly structured ncRNA plays 
an essential role in these fundamental physiological processes.

Results and Discussion

Consensus Sequence and Structural Model for raiA Motif RNAs 
Reflect an Intricate Structure. Since the initial report of raiA 
motif RNAs (13), bacterial genomic sequence databases have 
substantially expanded. Therefore, we conducted computational 
searches based on comparative sequence analysis (13, 21–23) 
to identify additional members of this ncRNA class. Using the 
original consensus model (13), we queried all representative 
genomes from the Genome Taxonomy Database (GTDB) R07-
RS207 (24). This search strategy yielded 2,377 distinct-sequence 
raiA motif examples distributed across 2,720 representative species 
(SI Appendix, raiA Sequence Alignments), which is a greater than 
fivefold increase of the previously reported collection (13).

Based on the expanded collection of raiA motif RNAs, a revised 
consensus sequence and structural model was prepared (Fig. 1A). 
Key features include six major base-paired regions (called P1 
through P6) strongly supported by nucleotide sequence covaria-
tion that retains Watson–Crick base pairing, two pseudoknots 
that are similarly supported by covariation, and 51 nucleotide 
positions whose base identities are highly conserved. Additionally, 
the P6 region has two major variations, including a small hairpin 
loop (32% of the representatives) or a larger multi-stem domain 
(68%) that often carries a highly conserved E-loop structure (25, 
26). These characteristics suggest that the raiA motif uses a sophis-
ticated secondary and tertiary architecture to perform its biochem-
ical function(s) and that formation of this structure demands the 
presence of a large number of exceedingly well-conserved nucle-
otides. In rare instances (~20 representatives), the RNA motif 
includes only P1, P3, and P4 but still carries most of the highly 
conserved nucleotide positions (SI Appendix, raiA Sequence 
Alignments).

The various raiA motif hits were mapped on a phylogenetic 
species tree (Fig. 1B), indicating that this ncRNA class is well 
represented in species of the phyla Bacillota and Actinomycetota. 
Most organisms with raiA motifs are found in a few well-defined 
clades among the Clostridia, Actinomycetia, Coriobacteriia, 
Negativicutes, and Acidimicrobiia taxonomic classes. These obser-
vations indicate that the raiA motif is a genetically stable feature 
of these bacteria. However, several major classes such as Bacilli 
and Anaerolineae have few, if any, organisms with a raiA motif 
gene. This distribution pattern appears consistent with the hypoth-
esis that raiA motif RNAs have an ancient origin and that some 

bacterial lineages have since adapted to the absence of this other-
wise well-conserved ncRNA. Alternative explanations for the 
distribution of raiA motif RNAs seem far less likely. For example, 
multiple evolutionary inventions of the raiA motif seem unlikely 
due to the long length, high percentage of conserved nucleotides, 
and complex structure of this ncRNA class. Also, horizontal gene 
transfer of a late-emerging raiA motif RNA is unlikely because 
this would have led to the more scattered distribution of species 
that carry the ncRNA, rather than its clustering among species of 
certain lineages.

Location of the raiA Motif Gene Implies Links to Diverse Cellular 
Processes. Bacterial genome organization often exploits the 
colocalization of genes whose protein products are related to a 
specific biochemical pathway or biological process (28). This 
organizational strategy is also used for ncRNAs, such as RNAs 
involved in the translation apparatus (29) and OLE RNA (16, 
17). Exploiting information regarding gene associations has been 
particularly useful for establishing candidate ligands for newly 
found riboswitch candidates. Specifically, the function of the 
protein whose gene is located immediately downstream and in 
the same orientation as a riboswitch candidate provides strong clues 
regarding the ligand that regulates riboswitch function (6, 30). 
Therefore, we sought clues regarding the biological and biochemical 
functions of raiA motif RNAs by conducting a thorough analysis 
of genes located near to the raiA motif gene.

To achieve this objective, a search of 887 annotated genomes 
carrying a raiA motif gene was performed. We evaluated the anno-
tated functions of gene products ten positions upstream and ten 
positions downstream of the raiA motif gene (Dataset S1). Several 
observations from this analysis are notable. Importantly, the raiA 
motif does not exhibit genomic location characteristics indicative 
of riboswitch function. The motif is commonly separated in the 
genome from the downstream ORF by hundreds of nucleotides, 
and it is often encoded in the opposite orientation relative to the 
same gene in different species. These distance and orientation 
characteristics are highly atypical for riboswitches, indicating that 
a cis-regulatory role for raiA RNAs is unlikely.

As the distance from the raiA motif gene increased, the gene 
annotations became more numerous and less consistent at each 
location. Therefore, the distribution of genes located only up to 
four positions before and after the gene for the raiA motif RNA 
were graphed (Fig. 2). Despite this noted variability in location, 
orientation, and gene association, the motif commonly resides 
downstream of comFC genes (74%) and upstream of raiA genes 
(66%). This latter gene association was the motivation for choos-
ing the raiA motif name (13). As noted above, the comFC gene 
codes for a protein that participates in DNA uptake (20) and 
therefore is relevant to bacterial competence (31, 32), or the ability 
of cells to take up foreign DNA and integrate these molecules into 
their genome.

As noted earlier, the raiA gene codes for a ribosome hiberna-
tion factor, which stabilizes the 70S ribosome in an inactive state 
when cells are experiencing low nutrient conditions (18, 19, 35). 
In addition, the prfB gene resides near the raiA motif gene. The 
prfB gene codes for Release Factor 2 (36), which is involved in 
disengaging the ribosome from the mRNA and the completed 
protein product once the ribosome reaches UAA or UGA stop 
codons (37). Although this gene association is less common than 
the association with the raiA gene, it further strengthens the 
possible connection between the raiA motif RNA and translation 
control.

Other common gene associations imply that raiA motif RNAs 
might also be relevant to processes involving signaling (mtrA, 
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mtrB, lpqB, and RR), and membrane transporter functions (ABC 
transporters), protein secretion (secA), and membrane composition 
(degV). These gene associations are rather disparate, and there 
appears to be no unifying theme regarding the functions of their 
protein products. Thus, we cannot precisely define a strong 
hypothesis for the function of raiA motif RNAs based only on 
gene associations. Furthermore, we do not detect a strong candi-
date for a protein component of a possible RNP complex that 
might be formed by the raiA motif RNA. Such partnerships 
between ncRNAs and proteins are evident in some cases, such as 
for group II ribozymes (3) and OLE RNAs (16, 38).

The raiA Motif RNA from C. acetobutylicum Conforms to the 
Predicted Secondary Structure Model. To conduct biochemical 
and genetic analyses, we chose to investigate the raiA motif 
representative from C. acetobutylicum ATCC 824 (SI Appendix, 
Table S1). This Gram-positive species is an obligate anaerobe from 
the Bacillota phyla and is known to conduct Acetone-Butanol-
Ethanol fermentation (39). This metabolism feature is exploited 
for its basic science value and for its industrial utility regarding the 
large-scale production of certain biofuel and bulk chemicals (40). 
Thus, previous work has provided a range of genetic tools (41) that 
are useful for the investigation of raiA motif RNAs.
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The raiA motif RNA from C. acetobutylicum (Fig. 3A) adopts 
a folded form in vitro that is entirely consistent with the consensus 
structure model predicted previously (13) and of that derived from 
our updated comparative sequence analysis (Fig. 1A). Nucleotides 
predicted to form base-paired regions P1 through P7 indeed 
exhibit expected base-pairing potential for this representative. 
However, the initial stem area of P8 appears to lack the four base 

pairs typical of this region. Although the structure of the P8 stem 
appears to be weakened in the C. acetobutylicum representative 
(Fig. 3A), this region is the least-conserved portion of the raiA 
motif as observed by comparative sequence analysis.

The proposed structure is also strongly supported by structural 
probing data. Specifically, we used in-line probing (42, 43) to map 
the locations of robust spontaneous RNA strand scission. Rapid 
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strand scission typically occurs at nucleotides either undergoing 
substantial structural motion or at sites wherein the internucleo-
tide linkage is held in an in-line geometry that facilitates RNA 
chain cleavage by internal phosphoester transfer (42). As expected 
for a well-structured RNA, in-line probing results reveal that most 
internucleotide linkages of raiA motif RNA are remarkably stable 
(Fig. 3B). This indicates that these linkages join nucleotides that 
are participating in stable structures that do not permit the 
nucleophilic attack of a ribose 2′-oxyanion on the adjacent phos-
phorus center (42).

In contrast, some linkages do undergo relatively robust scission 
(Fig. 3B). These labile sites often map to loops, bulges, or other 
unpaired regions that are likely to be relatively unstructured. 
Intriguingly, there are numerous nucleotides residing in regions 
outside of the predicted base-paired regions that also resist sponta-
neous cleavage. These findings strongly indicate that raiA motif 
RNAs form complex tertiary interactions that provide global sta-
bility of the RNA even when the nucleotides are not in conventional 
base-paired stems. Many of these stable regions encompassing bulges 
or unpaired linkers carry highly conserved nucleotides, which are 
likely necessary for forming a sophisticated 3D RNA structure.

The raiA Motif RNA Is One of the Most Abundant RNAs in 
C. acetobutylicum. To initiate the analysis of raiA motif RNAs in 
cells, we established or exploited methods for the manipulation 
and detection of the RNA in C. acetobutylicum. To conduct genetic 
alterations, we used a CRISPR/Cas9-based editing system that 
enables the scarless insertion or removal of target genes (44). First, 
we introduced a cas9 gene under a xylose-inducible promoter at 
a genomic location where insertions are known not to perturb 
normal cell function (44). The resulting strain carrying the cas9 
gene was named CAS9. Beginning with the CAS9 strain, a raiA 
motif RNA knockout (KO) variant strain was prepared by deletion 
of the raiA motif RNA gene to create a strain called “ΔraiA motif ”. 
Successful removal of the natural raiA motif locus was confirmed 
by PCR analysis (SI Appendix, Fig. S1).

Furthermore, the ΔraiA motif strain was evaluated by qRT-PCR 
assays to confirm that the mRNA levels of the flanking genes were 
not substantially altered. The gene located immediately upstream 
of the raiA motif gene in C. acetobutylicum is comFC, which is 

typical of most species (Fig. 2 and SI Appendix, Fig. S2). However, 
the gene located immediately downstream of the raiA motif gene 
is annotated as gntR, which encodes a member of a large family 
of transcription factors (45). Regardless of the functions of the 
protein products of these genes, the levels of their mRNAs are 
largely unchanged when the raiA motif gene is deleted (SI Appendix, 
Fig. S2).

Detection of raiA motif RNA transcripts was achieved initially 
by northern blot analysis. A single raiA motif RNA transcript band 
was identified using a complementary oligonucleotide probe in 
wild-type (WT) C. acetobutylicum cells (Fig. 4A), whereas two 
transcripts differing in their 3′ termini have been observed for the 
homologous representative from the bacterium Clostridioides dif-
ficile (46, 47). No transcript is observed with the ΔraiA motif 
strain, which further demonstrates that the gene for the raiA motif 
RNA has been deleted in these cells. This analysis also reveals that 
the raiA motif RNA peaks in abundance at the 12-h time point, 
which suggests that the RNA is in greatest demand as cells tran-
sition from exponential growth phase to stationary phase. These 
results were confirmed by qRT-PCR assays (Fig. 4B).

To establish the abundance of raiA motif RNAs relative to other 
transcripts, we analyzed previously published C. acetobutylicum 
whole-transcriptome RNAseq data (49). Transcriptomics data 
were derived from cells collected 75 min past an OD600 measure-
ment of 1 and therefore represent cells at or near stationary phase. 
On exclusion of tRNAs and rRNAs, raiA motif RNAs represent 
the fourth most abundant transcript in cells (Fig. 4C and 
Dataset S2). Thus, all RNAs that are more abundant than raiA 
motif RNA are exclusively (tRNAs, rRNAs, SRP RNA, RNase P) 
or substantively (tmRNA) ncRNAs. The broad phylogenetic dis-
tribution of raiA motif RNA, its extraordinary sequence and struc-
ture conservation, and its abundance are all consistent with a 
biochemical function as a structured ncRNA. This conclusion is 
also consistent with the lack of a protein-coding region among 
the various other conserved features of the molecule.

The C. acetobutylicum ΔraiA Motif Strain Is Defective for 
Sporulation and Aggregation. Although the raiA motif RNA is 
present throughout the growth phases of C. acetobutylicum, its 
abundance peaks when cells transition to the stationary phase. This 
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transitional period requires that cells undergo multiple physiological 
changes depending on environmental conditions. Cells need to 
cease growth, initiate spore formation, and/or produce large-scale 
macromolecular aggregate structures on which cells can maintain 
a vegetative stage, including biofilm formation (50).

The persistent abundance of raiA motif RNA (Fig. 4) suggests 
that it might have functional roles throughout the life cycle of the 
cell. Because this ncRNA experiences its highest concentration at 
the transitional phase between exponential growth and stationary 
phase, it must serve one or more important roles during this 
period. Therefore, we searched for effects on major physiological 
processes relevant to the transitional period when the raiA motif 
RNA is deleted.

First, we assessed the abilities of both the CAS9 and the ΔraiA 
motif cells to undergo sporulation. The ΔraiA motif strain yields 
~1/10th the number of viable spores compared to the CAS9 strain 
based on bacterial colony abundances on solid media (Fig. 5A). 
Poorer spore formation by ΔraiA motif cells was confirmed by 
determining sporulation efficiency, which accounts for the number 
of vegetative cells in each culture (Fig. 5B). This deficiency in spore 
formation can be restored when a gene for the raiA motif RNA is 
reintroduced under its natural promoter via a plasmid (Fig. 5B, 
“Rescue”; SI Appendix, Table S2).

Compared to the C. acetobutylicum CAS9 strain, the ΔraiA 
motif strain also exhibits reduced levels of aggregation when cul-
tured in Clostridium growth medium (CGM) for 48 h. This phe-
notype is observed by visual inspection of culture tubes (Fig. 6A), 
by measuring OD600 before and after mixing liquid cultures 
(Fig. 6B) and by calculating aggregation index values (Fig. 6C). 
Again, a rescue strain carrying the raiA motif gene on a plasmid 
reverses this aggregation deficiency phenotype. The ΔraiA motif 
strain also manifests reduced overall growth (Fig. 6B), which 
might be due to adverse effects of poor biofilm production (51). 
Together, the sporulation and aggregation deficiency phenotypes 
reveal that the raiA motif plays important roles in cell differenti-
ation in C. acetobutylicum.

Concluding Remarks. The large size and highly conserved 
sequence and structural features of raiA motif RNAs strongly 
indicate that members of this unusual ncRNA class perform one 
or more biochemical functions that require the formation of a 

complex 3D architecture. Some features of raiA motif RNAs are 
like those of riboswitches that form selective binding pockets for 
their target ligands. However, other attributes differ markedly from 
those of riboswitches. While riboswitch structures often include 
gene control substructures called expression platforms to modulate 
gene expression (5, 6), such as intrinsic terminator stems (52, 53) 
and Shine-Dalgarno occlusion structures (54), these elements 
are typically not associated with raiA motif RNAs. Furthermore, 
despite appearing in various gene contexts, the raiA motif RNA 
gene exists as a single copy in bacterial chromosomes. These and 
other characteristics are inconsistent with a cis-regulatory role for 
the raiA ncRNA.

Because most large ncRNAs with conserved structures in bac-
teria are ribozymes (12, 14), we speculate that raiA motif RNAs 
most likely catalyze a chemical transformation. Again, based on 
its established characteristics, the range of possible ribozyme func-
tions can be somewhat bounded. For example, unlike group I and 
group II self-splicing introns that commonly participate as com-
ponents of mobile genetic elements (2, 3), and therefore are often 
present in multiple copies in bacterial chromosomes, raiA motif 
RNAs are encoded at single genetic loci. Moreover, raiA motif 
RNA sequences have never been observed to interrupt ORFs, nor 
have they been observed to undergo self-processing reactions 
in vitro. It therefore seems certain that raiA motif RNAs do not 
function as self-splicing RNAs, or as ribozyme components of 
transposable elements. Similar reasoning can be used to exclude 
the possibility that raiA motif RNAs function as self-cleaving 
ribozymes (4, 55).

Although the raiA motif ncRNA class is more narrowly distributed 
in bacteria compared to the RNase P ribozyme class (1), both these 
RNAs are encoded by single-copy genes in bacteria. Therefore, we 
speculate that raiA motif RNAs might also catalyze an important 
chemical transformation in a manner that, like RNase P, does not 
require multiple variants in the cell to achieve its biological objective. 
Notably, members of these two RNA classes differ substantially in 
the proportion of nucleotides that are highly conserved. Over 50 
positions throughout the approximately 200 nt (25%) are 97% con-
served in raiA motif RNAs (Fig. 1A). In contrast, only 24 of ~400 
nt (6%) are conserved at a similarly high level in RNase P RNA (56). 
Bacterial RNase P, an RNP consisting of one protein and one cata-
lytic RNA subunit, is an endonuclease that cleaves a wide array of 
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RNA substrates, including tRNA precursors and other RNAs (1). 
The relatively low percentage of conserved sequences in RNase P 
RNA can probably be attributed in part to its vastly broader phy-
logenetic distribution and the diversity of its RNA substrates. The 
far greater extent of sequence conservation displayed by the raiA 
motif RNA might indicate that it recognizes a substrate molecule 
that is invariant in structure.

The observation that genes for raiA motif RNAs often reside near 
genes involved in competence, translation regulation, sporulation, 
cyclic dinucleotide signaling, and motility (Fig. 2 and SI Appendix, 
Fig. S2) is consistent with our observations that the representative 
from C. acetobutylicum participates in major lifestyle transitions and 
developmental programs relating to these genes. This juxtaposition 
of genes involved in natural competence and translation arrest is 
broadly conserved, even among distantly related bacteria that lack 
the raiA motif RNA, and is consistent with competence as a devel-
opmental program that is often concomitant with growth arrest or 
a decrease in rRNA production (57, 58). Given the importance of 
cyclic dinucleotide signaling to bacterial physiological changes (59–
61), and given that these signaling molecules likely emerged during 
the RNA World (62, 63), an intriguing possibility is that raiA motif 
RNAs serve as receptors or as ribozymes involved in cyclic dinucle-
otide signaling processes.

Materials and Methods

Bioinformatics Analyses. Genomic assemblies for representative GTDB species 
(64), version r207, were retrieved from the NCBI Genome Assembly FTP (65). A 
covariance model for raiA motif RNAs was built from the originally published 
alignment (13) and queried against the GTDB bacterial representative genome 
assemblies using Infernal (66). The secondary structure was analyzed in RALEE 
(67) and the consensus diagram was generated with R2R (68), after removing 
hits with three or more ambiguous nucleotides.

Genes in the vicinity of the raiA motif were identified using a custom Python 
script implementing the Biopython package (69). The script uses NCBI RefSeq (70) 

chromosome accessions and coordinates from the raiA motif STOCKHOLM file to 
access NCBI GenBank records using Entrez queries and identify genes upstream 
and downstream of each motif. The gene product name of the coding sequence 
at each position upstream and downstream of each raiA motif as specified in the 
GenBank record was taken as each gene name.

A custom R script utilizing the ape (27) and TreeTools (71) packages was used to 
prune a bacterial tree of life from GTDB R07-RS207 (24) to generate the smallest 
tree containing all genome assemblies containing the raiA motif. The resulting 
phylogenetic tree was visualized and annotated using iTOL v6 (72).

Bacterial Strains and Media. C. acetobutylicum ATCC 824 cells for all experiments 
were cultured in an anaerobic chamber (Bactron 300) containing an atmosphere of 
90% nitrogen, 5% hydrogen, and 5% carbon dioxide. Growth media used for each 
experiment are noted and were composed as follows: 2× YTG medium (48) includes 
16 g L−1 tryptone, 10 g L−1 yeast extract, 5 g L−1 NaCl, and 10 g L−1 glucose. The pH 
was adjusted to 5.2 for liquid media and 5.8 for solid media. All solid media were 
prepared with 15 g L−1 agar. Clostridial Growth Medium (CGM) (73) includes 30 g 
L−1 glucose, 6.25 g L−1 yeast extract, 2.5 g L−1 ammonium sulfate, 1.25 g L−1 NaCl, 
2.5 g L−1 asparagine, 0.95 g L−1 monobasic potassium phosphate, 0.95 g L−1 dibasic 
potassium phosphate, 0.5 g L−1 magnesium sulfate heptahydrate, 13 mg L−1 man-
ganese sulfate heptahydrate, and 13 mg L−1 iron sulfate heptahydrate. The pH was 
adjusted to 6.4. Clostridial basal medium (CBM) (74) includes 10 g L−1 glucose, 0.5 g 
L−1 monobasic potassium phosphate, 0.5 g L−1 dibasic potassium phosphate, 4 g L−1 
tryptone, 0.2 g L−1 magnesium sulfate heptahydrate, 10 mg L−1 manganese sulfate 
heptahydrate, 10 mg L−1 ferrous sulfate heptahydrate, 1 mg L−1 para-aminobenzoic 
acid, 1 mg L−1 thiamin hydrochloride, and 2 μg L−1 biotin. The pH was adjusted to 
6.9. Escherichia coli TOP10 cells (Thermo Fischer Scientific) were grown in Luria-
Bertani medium at 37 °C. For the appropriate Clostridium strains, culture media 
was supplemented with thiamphenicol (Th, 15 μg mL−1). For the appropriate E. coli 
strains, kanamycin (Kan, 60 μg mL−1) or chloramphenicol (Cm, 25 μg mL−1) were 
added. C. acetobutylicum ATCC 824 and E. coli strains were maintained as 20% v/v 
glycerol stocks stored at −80 °C. Spore suspension stocks of C. acetobutylicum ATCC 
824 used in this work were maintained at −20 °C as previously described (75).

Chemicals and Oligonucleotides. All synthetic oligonucleotides (SI Appendix, 
Table S3) were supplied by Integrated DNA Technologies. [γ-32P] ATP (specific 
activity: 6,000 Ci mmol−1) was purchased from PerkinElmer.

RNA Oligonucleotide Preparation. In vitro transcription from synthetic DNA 
templates was used to prepare raiA motif RNAs for analysis following a proto-
col described previously (76). The resulting RNAs were purified by denaturing 
10% polyacrylamide gel electrophoresis (PAGE). The bands corresponding to the 
desired products were excised, the RNAs were eluted using crush-soak solution 
(200 mM NH4Cl, 10 mM Tris-HCl [pH 7.5 at ∼20 °C], 1 mM ethylenediamine-
tetraacetic acid [EDTA]), and the RNAs were recovered by precipitation with etha-
nol. Then, 60 pmoles of the RNA transcripts were dephosphorylated using rAPid 
alkaline phosphatase (Roche Life Sciences) following the manufacturer’s protocol. 
Five pmoles of dephosphorylated RNAs were 5′ 32P-radiolabeled using T4 poly-
nucleotide kinase (New England Biolabs). Radiolabeled RNAs were purified using 
denaturing 10% PAGE, recovered as described above, and resuspended in dH2O 
for storage at −20 °C until use.

In-Line Probing Assays. Following the protocol described previously (42, 43), 5′ 
32P-labeled C. acetobutylicum raiA motif RNA was subjected to ILP (in-line probing) 
analysis in a 10-µL reaction mixture containing 100 mM Tris-HCl (pH 8.3 at 20 °C), 
100 mM KCl, and 20 mM MgCl2. The mixture was incubated at room temperature for 
∼40 h. Marker lane preparation included NR (no reaction): RNA was kept at −20 °C; 
T1 (RNase T1 treatment): partial digestion with RNase T1; −OH (partial alkaline deg-
radation): incubation with sodium carbonate (pH 9). RNA products were separated 
using denaturing 10% PAGE and visualized using a Typhoon FLA 9500.

Northern Blot Analyses. Northern blots were prepared by using a 32P-labeled 
DNA probe (SI Appendix, Table S3) according to a previously published protocol 
(77). Hybridization was carried out in GE Rapid-Hyb buffer at 42 °C according to 
the manufacturer’s protocol. Signals were normalized to 16S rRNA.

Cellular RNA Isolation and cDNA Production. Total cellular RNA samples were 
prepared from 5 to 10 mL of cell culture by pelleting cells by centrifugation at 
3,500 × g for 15 min at 4 °C, washing pellets once with RNAprotect (Qiagen), and 
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storing the resulting cells at −80 °C until use. For RNA isolation, cell pellets were 
processed with the Quick-RNA Fungal/Bacterial Miniprep kit (Zymo Research). 
Isolated nucleic acid material was subjected to DNase treatment using a TURBO™ 
DNase kit (ThermoFisher). The resulting RNA was subjected to cDNA synthesis 
using an iScript cDNA Synthesis Kit (Bio-Rad Laboratories). All kits were used 
following the manufacturers’ directions.

qRT-PCR. One μL of each cDNA synthesis preparation (see above) was combined 
with appropriate target-specific primers (SI  Appendix, Table  S3), SYBR Green 
(Applied Biosystems), and dH2O to generate 10 µL qRT-PCR mixtures. Samples were 
subjected to amplification and analysis on an iCycler iQ Real-Time PCR Detection 
System (Bio-Rad Laboratories) following the manufacturer’s directions. To reduce 
data variability, each assay was run in triplicate on the same 96-well plate along 
with three negative control wells per target (containing all qRT-PCR components 
with 1 µL dH2O substituted for the cDNA product) to verify that the signatures are 
not due to misamplification. For each target, a PCR standard curve was generated 
to calculate the PCR efficiency and to verify that all fluorescence curves were linear. 
Analyses of control targets (16S rRNA, nadE mRNA, and fabZ mRNA) were conducted 
on each plate and used as a baseline to establish fold change values.

Transcriptomics Data Analysis. Total transcriptomics sequence data ana-
lyzed were published previously (49) and were obtained in the Sequence Read 
Archive under the tag SRP052867. Raw FASTQ files were processed for trimming 
and ribosomal RNA removal following a processing pipeline provided by the 
authors (https://github.com/MatthewRalston/NGS_scripts). The resulting file 
was subjected to final alignment to the genome and expression analysis using 
Rockhopper (78).

Plasmid Construction. Plasmids used in this study (SI Appendix, Table S2) were 
generated using the following methods. Isolation of genomic DNA from C. acetobu-
tylicum ATCC 824 was achieved by growing cells overnight to stationary phase in 5 mL 
of CGM and employing the Quick-DNA Fungal/Bacterial Kit (Zymo Research) accord-
ing to the manufacturer’s instructions. Plasmid pINTcas9 (44) was reconstructed via 
synthesis (GenScript). Similarly, the plasmid pgRNAraiAKO was constructed based on 
the plasmid pgRNA (44) and included the appropriate guide RNA sequence targeting 
the raiA motif RNA gene sequence plus appropriate sequences that are homologous 
to the C. acetobutylicum genome flanking the raiA motif gene.

The praiARescue plasmid was prepared by using the pgRNAraiAKO plasmid as 
a PCR template to create a linear construct containing the C. acetobutylicum and E. 
coli origin of replication, and the chloramphenicol resistance gene (catP). DreamTaq 
green PCR master mix (ThermoFisher) was used for all PCR reactions relevant to 
plasmid manipulation. DpnI restriction enzyme was added to the resulting PCR 
mixture to fragment the naturally methylated pgRNAraiAKO plasmid DNA and 
the desired linear PCR product was purified using a QIAquick PCR Purification Kit 
(Qiagen) according to the manufacturer’s instructions. The PCR product was then 
used for Gibson assembly together with a 500 base-pair PCR product carrying the 
raiA motif gene, its promoter, and its terminator. This PCR product was generated 
by using the gDNA of C. acetobutylicum as a template.

The sequences described above were incubated together with Gibson 
Assembly® Master Mix (New England Biolabs) at a 3:1 molar ratio of insert 
to vector, following the manufacturer’s instructions. The resulting circularized 
DNA product was transformed into E. coli TOP10 cells. The desired transformed 
clones were identified by PCR. Nanopore sequencing was used to confirm the 
sequence of the final praiARescue plasmid. Plasmid pN3 used for methylation 
of pINTcas9, pgRNAraiAKO, and praiARescue, necessary for C. acetobutylicum 
transformation, was generously provided by the Papoutsakis laboratory at the 
University of Delaware.

Electro-Transformation of C. acetobutylicum. All plasmids transformed into 
C. acetobutylicum were subjected to methylation by co-transformation of plasmid 
pN3 into E. coli TOP10 cells facilitated by heat shock. This yielded plasmids that 
are protected against the C. acetobutylicum native restriction-modification system 
(79). Purification of co-transformed plasmids was achieved by using QIAprep Spin 
Miniprep Kit (Qiagen), and the resulting plasmid mixture was used for electropo-
ration of C. acetobutylicum as previously reported (79) with minor modifications 
as detailed below.

Spore suspensions (see above) were heated at 80 °C for 10 min and inoculated in 
10 mL 2× YT. Germination and growth were allowed to proceed overnight at 37 °C. 

Aliquots of these cultures (OD600 of 1.0 to 2.0) were used to initiate fresh 80 mL 2× 
YT cultures at an OD600 of 0.15. Once an OD600 of 0.6 to 0.9 was reached, indicating 
mid-log phase, tubes were briefly placed on ice and then centrifuged at 3,500 × g for 
15 min at 4 °C. Following removal of the supernatant, the cell pellet was resuspended 
in 30 mL ice-cold electroporation buffer (EPB: 270 mM sucrose, 5 mM NaH2PO4, pH 
7.4). The resuspended cells were centrifuged at 3,500 × g for 15 min at 4 °C, the 
supernatant was discarded, and the cell pellet was resuspended in 1.1 mL of ice-cold 
EPB, resulting in electrocompetent cells. Each electrotransformation was performed by 
mixing 550 μL competent cells and 50 μL of plasmid solution (~2 μg total). The mix-
ture was prepared in a 0.4 cm electroporation cuvette and electrotransformation was 
conducted with the following parameters: 2,000 V, 25 μF, and infinite Ω. Immediately 
following electroporation, samples were resuspended in 1 mL 2× YT and transferred to 
a 15-mL culture tube containing 9 mL 2× YT. Cultures were then allowed to recover at 
37 °C for 4 h. The recovery cultures were centrifuged at 3,500 × g for 15 min at room 
temperature, and the supernatant was discarded. The cell pellet was resuspended in 
50 μL 2× YT and plated onto solid 2× YT plates supplemented with the appropriate 
antibiotic. Plates were incubated at 37 °C for 2 to 3 d. Transformant colonies were 
subjected to PCR verification.

Construction of CAS9, ΔraiA Motif, and raiA Motif Rescue Strains. Genetic 
manipulation of C. acetobutylicum was done as previously described (44). For 
the construction of the CAS9 strain, the pINTcas9 plasmid was introduced 
by the method described above, and transformants were inoculated into 
CGM containing 5% xylose for 2 d to allow cas9 gene integration into the 
C. acetobutylicum chromosome. Colonies were subject to PCR verification and 
whole-genome sequencing to confirm precise insertion. Multiple passages 
using solid agar without antibiotic were performed for plasmid curing. The 
resulting CAS9 strain was then used as a control instead of WT for subse-
quent experiments. For the construction of the ΔraiA motif strain, CAS9 was 
subjected to electroporation of the plasmid pgRNAraiAKO and followed all 
steps as described above. Lastly, production of the raiA motif rescue strain was 
achieved by electroporation of the ΔraiA strain with the praiARescue plasmid, 
which was retained throughout all experiments through continuous passage 
in thiamphenicol-containing media.

Phenotype Assays. Sporulation assays were performed as previously described 
(80) with minor modifications. Spore suspensions were heated at 80 °C for 10 min 
and inoculated in 10 mL CGM, where they were allowed to germinate overnight 
at 37 °C. Overnight cultures were plated on solid CBM, and thiamphenicol (15 μg 
mL−1) was included for plasmid maintenance when necessary. Sampling of plated 
cultures was conducted after 2, 3, 4, and 6 d by resuspending 3 individual colonies 
in 80 μL liquid CGM. Then, 40 μL of the resuspended colony mixture was heated at 
80 °C for 10 min. Serial dilutions (10−1 to 10−6) were prepared from both the heated 
and unheated samples. From each strain, 10 μL of the dilution series were spotted 
onto 2× YT agar and incubated for 30 h. Sporulation efficiency percentages were 
determined by counting the colony-forming units per ml (CFU mL−1) and dividing 
the CFU values of total vegetative cells by the heat-resistant spores × 100.

Aggregation assays were performed by heating triplicate spore suspensions 
at 80 °C for 10 min and inoculating 5 mL 2× YT, where they were allowed to 
germinate overnight at 37 °C. Overnight culture samples were used to inoculate 
10 mL CGM at a final OD600 of 0.1, and these cultures were incubated at 37 °C 
for 48 h. Thiamphenicol was included for plasmid maintenance when necessary. 
Cells were removed from the anaerobic chamber and their OD600 values were 
measured either before mixing (unmixed) or after subjecting them to strong 
mixing for 5 min (maximum speed, Vortex-Genie 2). The aggregation index 
was then calculated according to the following equation: aggregation index = 
[(OD600

mixed – OD600
unmixed)/OD600

mixed] × 100. Statistical analysis was performed 
on GraphPad Prism v. 10.0.0 using a nonparametric t test at P < 0.05.

Data, Materials, and Software Availability. All experimental data are included 
in the main text and supporting information.
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