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Introduction

Clostridium acetobutylicum is an organism that is com-
monly used to produce acetone and butanol by traditional 
acetone–butanol–ethanol fermentation (ABE) [1]. It can 
convert various biomasses such as corn, starch and molas-
ses into acetone, butanol and ethanol. Butanol is an espe-
cially ideal future second-generation renewable biofuel 
because of its higher energy density and lower volatility. 
Thus, ABE fermentation has again recently become the 
focus of biofuels in studies. To date, many C. acetobu-
tylicum strains have been isolated and adopted for differ-
ent feedstock and fermentation processing. Besides having 
high solvent yields and high tolerance for butanol, indus-
trial C. acetobutylicum strains also require an increased 
immunity against bacteriophages because of their frequent 
exposure to phages during fermentation [2].

Clustered regularly interspaced short palindromic 
repeats (CRISPR)/CRISPR-associated(Cas) were recently 
proven to be the inheritable immune system of prokary-
otes. They have been widely found in bacteria (~40 %) and 
archaea (~90 %) [3]. A typical CRISPR structure was well 
described previously [4, 5]. In brief, they are composed of 
CRISPR arrays and Cas genes. CRISPR arrays consist of 
repetitive elements (repeats) interspersed with genome tar-
geting sequences (spacers). These repeats are usually ~20–
50-bp long and have conserved RNA structures within the 
CRISPR arrays [6]. Spacers originate from short fragments 
of invading foreign DNA. When the CRISPR system is 
activated, spacers should associate with repeats to produce 
mature CRISPR RNAs(crRNA) to recognize the target 
DNA. Cas genes are adjacent and upstream of the CRISPR 
arrays and show high structural similarity to proteins with 
an endonuclease. It has a DNA or an RNA-binding func-
tion [7] and there is a remarkable diversity among the Cas 
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genes within the CRISPR system [8]. So far, there have 
been more than 45 Cas families identified in various organ-
isms [8].

The mechanism of CRISPR immunity is similar to the 
RNA interference (RNAi) pathway in eukaryotes, which 
rely on short RNA for sequence-specific detection and 
direct degradation of invading nucleic acids. Moreover, 
this capability of DNA editing is not limited to prokaryotic 
organisms. The type II CRISPR system, Cas9 nuclease, 
can function with custom guide RNA to precise cleavage at 
sequence-specific genomic loci in human and mouse cells, 
demonstrating an inheritable immune technology and wide 
applicability as a genome editing tool [9–11].

In this study, we reported the first case of a CRISPR sys-
tem in C. acetobutylicum. Genetic characteristics described 
here include a CRISPR system interspersed within the 
whole genome of C. acetobutylicum, homologous leader 
sequences at 5’ terminus of CRISPR loci and low similarity 
to other members of relevant protein families. The above 
findings reveal a unique evolution of CRISPR system in C. 
acetobutylicum GXAS18-1, and provide a mechanism to 
confer phage resistance in commercial C. acetobutylicum 
strain.

Materials and methods

Sequencing and assembly

The C. acetobutylicum GXAS18-1 strain was originally 
isolated from the soil and adapted for butanol fermenta-
tion. The genome library construction and sequencing of 
C. acetobutylicum GXAS18-1 were performed on an Illu-
mina Genome Analyzer IIX instrument at Beijing Genomic 
Institute (BGI, Shenzhen, China). The library with 350 bp 
inserts yielded ~5.4 million 90  bp paired-end reads and 
496  Mb of raw data, which covered 90  % of the C. ace-
tobutylicum genome with an average of 100-fold depth of 
data. To assemble the genome, reads were firstly filtered by 

the SOAP [12] software to exclude the low-quality reads. 
They produced 480 Mb of clear data and were assembled 
into a scaffold sequence using the SOAPdenovo software 
[12] with an optimal K-mer parameter.

Cas gene finding

Three programs including Glimmer [13], SNAP [14] and 
GeneMark [15] were trained with the C. acetobutylicum 
ATCC 824 genome data and employed to detect potential 
ORFs from the sequence assembly. The various results 
were combined into consensus ORFs and then manu-
ally curated. All genes were annotated by Blastp to the nr 
database with an E-value cutoff of 10–6 and a 60 % resi-
due homology. The potential Cas genes and the unmatched 
genes were further validated by the Blast2go tool using the 
pfam, hmm-tigr and interpro databases.

CRISPR finding and prediction of the promoter/RNA 
structure

CRISPR, including repeat and spacer sequences, was 
identified by the CRISPRdb database [3] (http://crispr.u-
psud.fr/). The non-coding sequences found immediately 
upstream of each CRISPR repeat were selected as the puta-
tive leader sequences. These potential leader sequences 
were further predicted as the promoter using the BDGP 
Neural Network Promoter Prediction (Reese, 2001). The 
repeat sequences of the RNA secondary structure were pre-
dicted by taking advantage of the RNAfold program [16] 
(http://rna.tbi.univie.ac.at/cgi-bin/RNAfold.cgi).

Cas gene family finding

To investigate the Cas families, the Cas profiles of the 
cluster of orthologous groups of protein (COG) [17] were 
collected as core gene families. The protein database of 
the bacterial genomes (ftp://ncbi.nih.gov/genomes/Bacte-
ria/) was searched with a hmmsearch algorithm using the 

Table 1   Four space sequences 
and their matched genes in nr 
database

Space no. Length Similarity Matched gene (matched range) Protein ID In present genome

1 38 100 Hypothetical protein
(316–353)

AEI31626.1
ADZ20164.1
AAK79088.1

Complete deletion

2 35 97 DNA replication protein DnaC
(55–89)

AEI34732.1
ADZ20985.1
AAK79895.1

Partial deletion

3 38 100 Hypothetical protein
(566–603)

AEI32072.1
ADZ20986.1
AAK79896.1

Partial deletion

4 36 97 Site-specific recombinase (867–902) AEI32090.1
ADZ21005.1
AAK79913.1

Complete deletion

http://crispr.u-psud.fr/
http://crispr.u-psud.fr/
http://rna.tbi.univie.ac.at/cgi-bin/RNAfold.cgi
ftp://ncbi.nih.gov/genomes/Bacteria/
ftp://ncbi.nih.gov/genomes/Bacteria/
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E-value of 6. Cas genes from the pfam and the interpro 
databases were found to complement by a member of a rel-
evant gene family if they are filtered by an E-value in the 
hmmsearch algorithm.

Phylogenetic tree comparison

To construct the gene tree, orthologous Cas genes were 
aligned using the MUSCLE method [18] and were then 
concatenated together. The gene tree was further con-
structed using the MEGA [19] software with the NJ algo-
rithm. Moreover, these Cas gene families span across all 
three domains, and a method, based on concatenation of 
31 orthologous genes, was employed to construct a highly 
resolved species tree [20]. Briefly, 31 gene profiles of COG 
from the previous report [20] were collected as the core 
orthology. They were then searched in the protein database 
of the relevant organisms using the hmmsearch algorithm 
to extract the best-match orthology. These orthologous 
genes were then aligned, concatenated and used to con-
struct the final species tree utilizing the NJ algorithm. Both 
gene tree and species tree were aligned and analyzed using 
the compare2trees tool [21].

Results

CRISPR in C. acetobutylicum genomes

Seven scaffold sequences from the assembled C. aceto-
butylicum genomes were confirmed to contain CRISPR 
loci (Fig. 1). Except for scaffold10, which harbors a longer 
CRISPR array (12 repeat/spacer units), CRISPR loci usu-
ally contained 8–10 repeat/spacer units scattered along the 

assembled sequences. Some of them are separated by genes 
or non-coding sequences (Fig. 1). For example, the CRISPR 
locus in scaffold27 sequence contains a non-coding sequence 
and two adjacent genes coding cystathionine gamma-syn-
thase and cystathionine beta-lyase. As a result, this CRISPR 
locus is divided into five confirmed and three possible repeat-
spacer arrays. In scaffold31, the CRISPR locus is interrupted 
by four consecutive hypothetical genes which lack homology 
to any sequences found in the non-redundant (NR) database 
(Fig. 1). Clustered Cas genes are only found at the 3’ end of 
the CRISPR locus within scaffold25, which indicates that 
this scaffold has the typical structure of the CRISPR system 
and is composed of the CRISPR locus, the leader at the 5’ 
end of CRISPR and a cluster of eight Cas genes at the 3’ end 
of CRISPR. Interestingly, an additional gene found between 
the CRISPR array and the cluster of Cas genes was a mem-
ber of the transcriptional regulator XRE family. When a pro-
moter prediction was performed at the leader region, which is 
located upstream of the 5’ end of the non-coding sequences of 
the XRE gene and the cluster of Cas genes, a clear promoter 
element signal was shown to reside inside these sequences.

Repeat sequences

A total of 94 repeat sequences were collected from all con-
firmed CRISPR loci. All the repeats were 30-bp long and had a 
conserved sequence. However, different frequencies of nucle-
otide substitution were observed along the repeat sequences. 
Figure 2 presents an alignment of multiple conserved repeat 
sequences with two sites with high nucleotide polymorphism 
including a nucleotide transition of T/A (48/46 %) at the 8th 
position and a transversion of A/G (47 %/30 %) at the 17th 
position. To further study the effect of the nucleotide substitu-
tions on the RNA secondary structures, a consensus sequence 

Fig. 1   Location of the 
multiple CRISPR loci along 
the assembled genome. Black 
diamonds represent the repeat/
spacer units in the CRISPR loci. 
The arrow boxes represent the 
genes and are labeled with their 
respective names. The black 
lines represent the non-coding 
sequences, and the labeled 
sequences within those non-
coding sequences were further 
explored by homology analysis 
and promoter prediction
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of all the repeat sequences was constructed, and then, its sec-
ondary structure predicted using the RNAfold software [22]. 
Results indicated that the sequence can form a stable RNA 
secondary structure with a 5-bp-long stem loop (Fig. 2). Fur-
thermore, the substitution at the 8th position exists precisely 
at the stem structure, which results in a U:U pair mismatch 
resulting in a transition from an A to a T and may decrease the 
stability of the RNA structure.

According to a previous study by Kunin et  al. [6], 
repeats can be divided into 33 clusters based on sequence 
similarity. The classification of repeats was also analyzed 
here using the same method [6]. The analysis indicates 
that the present repeats can be grouped with cluster 15, 
which has been found only in a few organisms such as 
Syntrophomonas wolfei Goettingen and Clostridium tetani 
stains. However, the repeats in the present strain lack the 
conserved 3’ terminus sequence of GAAA(C/G) that was 
found in many other species belonging to cluster 15, but 
have the sequence of TAAAT.

Space sequences

Eighty space sequences with lengths between 33 and 43 bp 
were detected in the confirmed CRISPR loci of C. ace-
tobutylicum. Only two loci were verified to contain the 
same repeat/spacer units among them, and all the spac-
ers produced 73 unique spacer sequences. Due to the fact 

that spacers originate from partially homogenous invading 
sequences, we analyzed all spacer sequences by search-
ing for them in the bacteriophage genome database and the 
nr database. The results indicated that the present spacer 
sequences showed no sequence homology in the current 
phage genome database. Moreover, four spacer sequences 
matched with sequences found in the nr database, all of 
which originated from the complete genome of three other 
C. acetobutylicum strains. However, four spacer sequences 
lacked any self gene targets in the present C. acetobutylicum 
strain [23] due to a complete or partial deletion of these four 
genes (Table 1). Two genes are fully deleted in the present 
assembled genome: one of them encodes a recombinase, 
while the other encodes a hypothetical protein without an 
annotated function. However, two genes displayed partial 
deletions: one encodes a DNA replication protein that is 
missing the spacer’s homologous sequence at the 5’ termi-
nus, and the other encodes a hypothetical protein that lacks 
the spacer’s homologous sequence at the 3’ terminus.

Leader sequences

Twenty-five non-coding sequences flanking the CRISPR 
arrays were aligned by ClustalW to explore for potential 
leader/promoter regions. Among them, eighteen sequences 
were found to contain a conserved fragment of 200 nucleo-
tides that had on average a 70 % AT content (Fig. 3). The 

Fig. 2   Alignment of the repeat 
sequences along their consen-
sus sequence (left) and RNA 
structure (right)
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CRISPR arrays were further explored by promoter pre-
dictions (see “Materials and Methods”), and the results 
showed a clear promoter signal with a high score value 
of 0.99 (the range from 0 to 1). Because these non-coding 
sequences serve as promoters for the CRISPR loci [24, 25], 
we suppose that the multiple CRISPR loci are likely under 
the regulation of the same transcription factor when they 
are activated. The conserved sequences were also explored 
in the nr database by blastn for any homology with other 
sequences. It was found that these conserved sequences 
displayed a unique sequence similar to that of the three 
previously published C. acetobutylicum genomes. As 
shown in Fig.  3a, these unique non-coding sequences are 

located between the cystathionine beta-lyase gene and the 
peptidoglycan-binding gene and align with the conserved 
sequences, except for a gap of 20 nucleotides. In addition, 
a downstream fragment of 100 nucleotides is also homolo-
gous to the non-coding sequence that is found between the 
CRISPR array and the XRE gene in scaffold25.

Cas gene

Eight Cas genes were identified by blastp and interproscan 
in the present C. acetobutylicum genome. These included 
two cas6 genes, csm1, csm2, csm3, csm4, csm5 genes and 
a gene that is a member of the cas02710 family. The GC 

Fig. 3   a The result of homology analysis between one CRISPR locus 
and the non-coding sequence of C. acetobutylicum ATCC824. Genes 
are shown as arrows, repeat/spacer units in the CRISPR loci are illus-
trated as black diamonds, and the non-coding sequences including the 

leader/promoter are depicted as a box. b Alignment of the 18 non-cod-
ing sequences at the 5’ terminus of the multiple CRISPR loci and one 
homologous sequence from C. acetobutylicum ATCC824. The loca-
tions of these non-coding sequences were previously labeled in Fig. 1
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content of these genes is 25.2  % which is significantly 
lower than 31.2 % of genome overall (p < 0.01). However, 
they shared only a low degree of similarity at the amino 
acid level with the relevant homologous sequences, rang-
ing from 40 to 70  %. As described above, they are clus-
tered together and belong to the same operon. Except for 
the cas02710 (PF09670) gene family that is only found in a 
few species, csm1–csm5, members of the repeat-associated 
mysterious protein (RAMP) family and the cas6 gene are 
widely detected in bacteria and archaea (Fig. 4).

The Cas genes of C. acetobutylicum GXAS18-1 
lack homologous sequences with the Clostridium genus 
genomes, suggesting that these genes might be captured 
from another genus by horizontal gene transfer (HGT). A 
gene tree of Cas was created and compared to the species 
tree so as to explore any potential HGT relationship (refer to 
Materials and Methods), and the results are shown in Fig. 5. 
In contrast to the species tree, where C. acetobutylicum 
clusters with the Clostridia and the Bacilli genera, the clus-
ter of Cas genes of this present genome showed the closest 
genetic connection to the genera of Methanotorris igneus 
Kol 5, Methanococcus arolicus Nankai-3, Methanothermo-
coccus okinawensis H1 and Methanocaldococcus (M.) such 
as M. vulcanius M7, all of which belong to the euryarchae-
ota, especially the Methanococcus arolicus  Nankai-3 and 
the Methanothermococcus okinawensis H1 strains, which 
contain 6 Cas genes and are in the same gene cluster order 
csm1-csm2-csm3-csm4-csm5-cas02710 as that seen for 
the Cas genes of the strain studied in this report. The above 
findings provided strong evidence that the Cas genes in the 
present strain were transferred from the euryarchaeota. 

Discussion

CRISPR is a genetic immune system that was recently dis-
covered. CRISPR maintains the genetic memory by acquir-
ing new repeat-spacer units to prevent invading DNA such 

as transformation from environmental DNA, conjugation 
by plasmids and transduction by bacteriophages [26]. The 
CRISPR system was thought to be involved in the arms race 
between host and rapidly evolving phages or environment 
changes [27, 28]. This arms race conferred the CRISPR 
system with a high level of diversity in the sequences of 
the repeat-spacer, the leader and the Cas genes, even within 
closely related strains. Thus, it allows for the CRISPR loci 
to be widely used in high-resolution genotyping and foren-
sic medicine, such as in the spoligotyping technique. The 
elucidation of the CRISPR mechanism has become increas-
ingly important for industrial bacteria utilized in the food 
or biofuel industries [5].

In this study, we are the first to report a CRISPR system 
in C. acetobutylicum. With three other published genomes 
of C. acetobutylicum, the ratio of CRISPR carriers in C. 
acetobutylicum strains is 25 % that lower than CRISPR car-
riers in of bacterial (~40 %) and archaea (90 %) compared 
to previous studies [5, 26, 29, 30]. An explanation might be 
the number bias of genome sequencing [8]. More CRISPR 
systems in C. acetobutylicum strains may be found when 
the number of C. acetobutylicum genomes was accumu-
lated. The other reason might be that the reported strains 
were established under laboratory conditions for a long 
time. Having grown in an environment that lacks exposure 
to bacteriophages has resulted in the loss of the CRISPR 
system in the bacteria during rapidly adaptive evolution 
[26]. Such phenomena were also observed in a recent study 
on Mycoplasma gallisepticum, in which fast evolution and 
the loss of the CRISPR system were detected after host 
shifts. However, the associated absence of any CRISPR 
signals in other C. acetobutylicum strains and the evidence 
from the phylogenetic analysis show that the CRISPR sys-
tem in the present strain is probably acquired from different 
genera such as euryarchaeota by HGT as a result of the pre-
sent strain being exposed to a different environment. This 
finding was also supported by the evidence from the genes 
found in the genome of the present strain (unpublished 

Fig. 4   Homology analysis of 
the CRISPR system in the C. 
acetobutylicum genome used 
in this study with the cas6 gene 
from the C. botulinum A str. 
ATCC 3502, the XRE gene from 
C. acetobutylicum ATCC824 
and the two CRISPR systems 
from Methanothermococcus 
okinawensis H1 and Methano-
torris igneus Kol 5 strains
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data), in which many genes were annotated as bacterio-
phage genes but lacked any homologous genes with the 
other three C. acetobutylicum strains.

To date, many CRISPR mechanisms remain elusive. In 
general, the complete CRISPR system can be divided into 
three basic functional modules based on previous stud-
ies [26, 31], namely insertion of new spacers, expression 
and processing of CRISPR RNA, and CRISPR interfer-
ence. As a result of the CRISPR system participating in a 
co-evolutionary battle with rapidly evolving viruses, this 
has resulted in complex Cas gene families, repeat clusters 
derived from frequent HGT and micro-recombination in 
the repeat/spacer units and the Cas genes [7, 27, 32]. Forty-
five different Cas gene families [8] and 33 repeat clusters 
[6] can be found in current CRISPR/Cas database. In the 
present strain, except for lacking the cas1 and cas2 genes, 
all the other Cas genes can be proven as typical of the 
Mycob. tuberculosis subtype-like reference strains: namely 

Mycob. tuberculosis CDC1551 and Mycob. tuberculosis 
H37Rv, which contain the csm1–csm5, the cas02710 and 
the cas6 genes. Furthermore, the weaker linkage between 
the cas1-cas2 and the subtype-specific genes was also 
widely observed in many organism of the Mycob. tubercu-
losis subtype, in which the cas1-cas2 genes may associate 
with other CRISPR loci or operons [4, 8]. Here, we propose 
that the absence of the cas1-cas2 gene in C. acetobutyli-
cum might result from a weak link between the cas1-cas2 
genes and subtype-specific genes, which has resulted in the 
C. acetobutylicum having either acquired the CRISPR/Cas 
system without the cas1-cas2 genes or lost both the relevant 
genes during subsequent evolution.

As described above, only 4 out of 80 spacers were found 
to match known gene sequences, and all were shown to be 
present in the three published genomes of the C. acetobu-
tylicum strains. However, none of the spacers were found 
to match with phage genome sequences in the current 

Fig. 5   Comparison of gene tree and species clustering tree. On the left is a gene tree constructed using concatenated Cas genes; and on the right 
is a species tree which is constructed from the concatenation of the 31 conserved orthologous genes
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database. This is consistent with a previous study, in which 
only 47 matched sequences (<1  %) were confirmed from 
bacteriophage genes among 88 organisms with 4500 spac-
ers reviewed [33]. Taken together the small-scale sequenc-
ing of the phage genome [34], it is possible that spacers 
lack any homologous sequences to phages in this present 
study. Moreover, four spacers mentioned above lack self-
targeting sequence, as two genes are completely lost and 
two other genes are only partially deleted at the matched 
regions of the assembled genome. Stern et  al. [23] have 
studied the self-targeting CRISPR spacers from all known 
CRISPR and have shown that only 0.4  % spacers were 
self-targeting CRISPR, while most were frequently associ-
ated with the partial or full degradation of the CRISPR/Cas 
activity. Therefore, they postulated a model for CRIPSR 
autoimmunity and its possible outcomes. In this model, if 
the fitness cost from autoimmunity was low, the host could 
thrive due to the benefits from resisting phage DNA. So as 
to prevent any negative effects, five possible mechanisms of 
inactivation of the CRISPR/Cas activity could occur. How-
ever, this model only considered the negative fitness cost 
from self-targeting genes. In the present study, our result 
indicated a potential function of CRISPR autoimmunity 
that acts as an RNA-programmable genome editor [35]. 
The carrier could profit from the CRISPR autoimmun-
ity system that can delete self-targeting genes or domains 
resulting in partial or full abrogation of gene function. 
This potential function was also shown in a recent study, 
in which mature crRNAs can be base paired with trans-
activating crRNA to form a two-RNA structure that further 
directs Cas9 to cleave DNA in a site-specific manner [35]. 
It can also be used to explain why self-targeting spacers are 
absent in the reported CRISPR system.

Finally, we identified in the present study is a common 
leader/promoter flanking one end of the repeat-spacers 
cluster. Out of 23 non-coding flanking sequences adja-
cent to the repeats-spacers, 18 were found to share a 200-
bp conserved homologous sequence, which was found to 
be an AT-enriched sequence with a clear promoter signal. 
Although multiple CRISPR loci were found in many other 
organisms, such as Methanocaldococcus jannaschii and 
Clostridium difficile BI1 [36, 37], this is the first reported 
case of multiple CRISPR loci regulated by the same tran-
scriptional element. As far as the leader sequence functions 
as a promoter [38–42], it is implied that multiple CRISPR 
loci are prone to transcribe simultaneously when they are 
triggered by an invading phage [43–45]. Furthermore, the 
CRISPR carriers may take advantage of this strategy as 
a risk diversification mechanism, in which carriers can 
increase the efficiency of incorporation of new spacers 
and decrease the risk of defective mutations at the leader 
sequence or the diversity of the Cas genes.
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