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Abstract
A wild-type solventogenic strain Clostridium diolis WST, isolated from mangrove sediments, was characterized to produce 
high amount of butanol and acetone with negligible level of ethanol and acids from glucose via a unique acetone-butanol 
(AB) fermentation pathway. Through the genomic sequencing, the assembled draft genome of strain WST is calculated to 
be 5.85 Mb with a GC content of 29.69% and contains 5263 genes that contribute to the annotation of 5049 protein-coding 
sequences. Within these annotated genes, the butanol dehydrogenase gene (bdh) was determined to be in a higher amount 
from strain WST compared to other Clostridial strains, which is positively related to its high-efficient production of butanol. 
Therefore, we present a draft genome sequence analysis of strain WST in this article that should facilitate to further under-
stand the solventogenic mechanism of this special microorganism.

Introduction

Due to more and more serious environmental pollution and 
the rapid consumption of fossil fuels, it is an urgent need to 
seek for a renewable, sustainable and environment-friendly 
alternative energy, such as biofuels [17]. Butanol, a clean 
and renewable biofuel that possess superior fuel properties 
(e.g., higher energy density, lower corrosion and convenient 
transportation) compared to ethanol [18], has its great poten-
tial to replace the fossil fuels [22], and in most cases, it can 
be anaerobically produced from Clostridial strains through 
the acetone–butanol–ethanol (ABE) pathway. However, sev-
eral factors, such as the low butanol yield, the high cost of 
traditional feedstocks and even the formation of by-prod-
ucts, limited the economic benefit and the industrialization 

of biobutanol fermentation [4]. So strategies involved in 
butanol tolerance enhancement, gene mutation or gene-
knockout platform were established to overcome the prob-
lems. Although the inhibition of certain gene, such as the 
ethanol or acetone forming gene, can partially lower the pro-
duction of by-products, in most cases, it can also lead to the 
reduction of butanol production [1, 5]. Due to the compli-
cated regulation system and the unverified inherited stability 
of those gene-modified bacteria, the wild-type strain with 
higher butanol production and less by-products generation 
should provide preference to biobutanol industry rather than 
those engineered strains [19]. In this article, a wild-type bac-
terial strain Clostridium sp. WST was introduced to perform 
a high-efficient conversion yield of biobutanol from glucose 
with a negligible level of ethanol and other by-products, and 
its draft genomic sequence was also described in detail to 
present the uniqueness of this strain.

In the present study, Clostridium sp. strain WST was 
isolated from the mangrove sediments located in Chenghai 
district (Shantou, China), and identified as a gram-positive 
and solventogenic Clostridial bacterium. It was depos-
ited in China General Microbiological Culture Collection 
Center (CGMCC) (Beijing, China) with a deposit num-
ber of CGMCC 14506, and maintained in the Microbiol-
ogy Laboratory of Shantou University (Shantou, China) as 
well. Strain WST was reported to be capable of efficiently 
converting glucose into biobutanol up to 16.62 g/L with a 
yield of 0.55 g/g using 30 g/L glucose, and 7.89 g/L acetone 

Nucleotide Sequence Accession Numbers The draft genomic 
sequence of C. diolis strain WST has been deposited into GenBank 
with the accession number of PRKY00000000.1.
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and negligible level of ethanol (0.30 g/L) was also detected. 
Additionally, it was worth mentioning that the pH value of 
culture medium was naturally maintained at a level of 5.0-
5.5 during the whole fermentation process, as the concen-
tration of butyrate and acetate obviously declined to 0.35 
and 0.38 g/L, respectively, in the later fermentation phase 
[12]. It is highly possible that strain WST adopted an uncon-
ventional fermentation process to generate biosolvents, and 
there should be some special genes or enzymes with a high 
efficiency involving in the butanol production as well as 
transformation of acids into solvents. Therefore, the genome 
of this strain was sequenced to obtain its detailed genomic 
insights and genes related to efficient biobutanol production.

Clostridium sp. strain WST was cultivated in a strictly 
anaerobic culture medium at 30 °C with a rotary speed of 
150 rpm for 12–24 h [12], and the bacterial cells were cen-
trifugally collected. The total genomic DNA of strain WST 
was then extracted by the Bacteria Genomic DNA Extraction 
Kit (Dongsheng Biotech, Guangzhou, China) according to 
the manufacturer’s protocol, and stored at − 80 °C before 
sequencing at Beijing Genomics Institute (BGI) (Shenzhen, 
China). A whole genome shotgun strategy using the high-
throughput Illumina HiSeq 2000 sequencing system was 
adopted [16]. The ultrasonic method was firstly utilized to 
interrupt large DNA fragment to a certain length, and their 
sticky ends were repaired into blunt ends using T4 and Kle-
now DNA polymerase. The ‘A’ base was then added to the 
3′ terminal of each fragment in order to link the adaptor con-
taining ‘T’ base at the respective terminal. After recovered 
via electrophoresis, the target DNA fragments with adaptors 
in both ends were amplified by the polymerase chain reac-
tion to construct libraries, which were qualified for further 
DNA sequencing. Quality control of the resulted raw reads 
was filtered by removing spike-in, adaptors and ambiguous 
or low-quality reads [9], and sequences were assembled by 
using the SOAPdenovo program (version 1.05) [7]. The 
final assembly data in the draft genome indicated strain 
WST possessed a genome size of 5,852,792 bp with a GC 
content of 29.69%, which was similar with C. diolis strain 
DSM 15410. It was observed that 192 contigs with an N50 
of 86,305 bp and an N90 of 23,434 bp were assembled into 
190 scaffolds with a maximum length of 273,448 bp, and a 
total of 5,458,044 reads with a 270-bp insert size, counting 
up to 724 Mb, were obtained after those low-quality reads 
were filtered. The software of Glimmer (V3.02) was adopted 
to predict that the above draft genome included 5263 genes 
[2]. The tRNA and rRNA were identified by using the pro-
gram of tRNAscan-SE (V1.3.1) [8] and rRNAmmer (V1.2) 
[6], respectively. As shown in Table 1, the draft genome of 
C. diolis strain WST contained 5049 protein-coding genes, 
68 tRNA genes, 11 rRNA genes (including 9 of 5S rRNAs, 
1 of 16S rRNA, and 1 of 23S rRNA genes) as well as 73 
sRNA genes.

The BLAST analysis of 16S rRNA gene sequence of 
strain WST, which was obtained using the primer set of 27F 
and 1492R [15], showed that the sequence was 99% iden-
tity to that from both C. diolis strain S33-KKU (Accession 
No. KT799798.1) and C. beijerinckii strain NRRL B-598 
(NZ_CP011966.2). Based on the further identification of 
16S rRNA gene using the EzBioCloud server (http://www.
ezbio​cloud​.net/), the genome of C. diolis DSM 15410 
(AQQG00000000.1), the representative strain of C. dio-
lis, was applied to the genomic average nucleotide identity 
(ANI) analysis, due to the lack of the genome of strain S33-
KKU. The results reveal that the OrthoANlu value of strain 
DSM 15410 obtained from ANI analysis is 98.88%, a lit-
tle higher than that of strain C. beijerinckii NRRL B-598 
(98.42%), which also indicates that strain WST was closer 
to C. diolis species rather than C. beijerinckii species. A 
comparison of genome features between C. diolis strain 
WST and C. diolis strain DSM 15410 was demonstrated 
in Table 2, and a phylogenetic tree of strain WST was also 
constructed based on its 16S rRNA gene sequence using the 
maximum likelihood method (MEGA V7.0) (Fig. 1).

The predicted genes were further annotated to obtain 
their functions using different databases. 3160 genes were 
functionally annotated in the GO database [13]; 4346 genes 
were annotated in the InterPro database [3]; 2669 genes 
were annotated in the KEGG database [10]; 3409 genes 
were annotated in the COG database [14], and 5021 genes 

Table 1   Non-coding RNA (ncRNA) counts in the genome of C. dio-
lis strain WST

Type Copy num-
ber

Average 
length

Total length % in genome

tRNA 68 77.6 5257 0.0898
5 s rRNA 9 116 1044 0.0178
16 s rRNA 1 1412 1412 0.0241
23 s rRNA 1 2862 2862 0.0488
sRNA 73 58.53 4273 0.0730

Table 2   Comparison of genomic features between C. diolis strain 
WST and C. beijerinckii NRRL B-598

Features C. diolis strain WST C. diolis strain 
DSM15410

Size (Mb) 5.85 5.85
GC (%) 29.69 29.70
Proteins 5049 4917
Genes 5263 5201
rRNAs 11 26
tRNAs 68 74
Other RNAs 73 6

http://www.ezbiocloud.net/
http://www.ezbiocloud.net/
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were annotated in the NR database, which accounted for 
60.04, 82.57, 50.71, 64.77, and 95.40% of the total genes, 
respectively. Table 3 demonstrates the main differences of 
genomic features between strain WST and other reported 
solventogenic Clostridial strains. Among these annotated 
genes of strain WST, several genes involved in ABE fer-
mentation metabolic pathways of strain WST were iden-
tified and the amount of these genes were also indicated 
in Fig. 2. A total of four possible butanol dehydrogenase 
(bdh) genes were annotated with the identities ranged from 
99.49 to 100% when compared to other reported sequences, 
which might be highly related to the high-efficient butanol 
production of strain WST, as some Clostridial strains pos-
sessed only one or two bdh genes that limited the efficiency 
of butanol production [13]. Similarly, the low yield of etha-
nol was observed probably due to the occurrence of only 

one annotated alcohol dehydrogenase genes (adhE) found 
in the genome of strain WST. In addition, another butyrate-
acetoacetate CoA-transferase gene (ctfAB) that transfers 
butyrate into butyryl-CoA was also detected, and it is highly 
possible that the enzyme would be strongly expressed in 
the late fermentation phase to reduce the accumulation of 
butyric acid for butanol generation and maintain a suitable 
pH of culture medium [12]. Furthermore, the (R,R)-butan-
ediol dehydrogenase encoded gene (butB) that related to the 
biosynthesis of 2,3-butanediol was also annotated within 
the genome. However, the gene encoding alpha-acetolactate 
decarboxylase (aldc) was absent. Thus, strain WST also has 
the potential to produce 2,3-butanediol if the above gene is 
introduced in future work. In conclusion, Clostridium dio-
lis strain WST demonstrates its unique solventogenic prop-
erty in the efficient butanol production from glucose, which 

Fig. 1   Phylogenetic tree of C. diolis strain WST based on 16S rRNA gene sequences using the maximum likelihood method (MEGA 7.0)

Table 3   General features of various solventogenic Clostridium species with reported genomes

Bacterial Strains Accession No. in GenBank Genomic size 
(Mb)

Annotated genes GC content (%) References

C. beijerinckii strain NRRL B-598 CP011966.2 6.18 5428 29.8 [11]
C. diolis strain DSM 15410 AQQG00000000.1 5.86 5142 29.7 [21]
C. diolis strain DSM NJP7 NHZR00000000.1 5.76 5147 29.7 [4]
C. beijerinckii strain NCIMB 8052 CP000721.1 6.01 5292 29.9 [20]
C. beijerinckii strain WB PIQP00000000.1 5.78 5142 29.7 [13]
C. acetobutylicum strain WA PIQQ00000000.1 4.07 3927 30.8 [13]
C. diolis strain WST PRKY00000000.1 5.85 5263 29.69 This study
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should be related to the presence and effective expression of 
both bdh and ctfAB genes.
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