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Abstract 13 

Clostridium diolis DSM 15410 is a type strain of solventogenic clostridium capable of 14 

conducting isopropanol-butanol-ethanol fermentation. By studying its growth on different 15 

carbohydrates, we verified its ability to utilize glycerol and produce 1,3-propanediol and 16 

discovered its ability to produced isopropanol. Complete genome sequencing showed that its 17 

genome is a single circular chromosome and belongs to the cluster I (sensu scricto) of the genus 18 

Clostridium. By cultivation analysis we highlighted its specific behavior in comparison to two 19 

selected closely related strains. Despite the fact that several CRISPR loci were found, 16 20 

putative prophages showed the ability to receive foreign DNA. Thus, the strain has the 21 

necessary features for future engineering of its 1,3-propanediol biosynthetic pathway and for 22 

the possible industrial utilization in the production of biofuels. 23 
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1. Introduction 28 

The production of bio-based chemicals, such as solvents or acids, and bio-hydrogen from 29 

renewable waste feedstock, for example, food and horticultural waste or byproducts of meat-30 

processing industry [1–4], is the cornerstone of sustainable circular economies [5]. In this 31 

scenario, microbial production plays an important role, however, at an industrial level, the wider 32 

utilization of microbial cell factories depends on the ability to select suitable strains and 33 

determine their potential for metabolic engineering [6]. While genome editing tools, including 34 

promising clustered regularly interspaced short palindromic repeats (CRISPR) technologies [7], 35 

exist, their utilization on non-model organisms can be challenging and requires detailed 36 

knowledge of previously engineered strains [8]. Although the basic phenotype features of many 37 

bacterial strains are known, their potential industrial capacity remains hidden in unknown 38 

genotypes as complete genome sequences are available for only selected species. Moreover, 39 

phenotypic heterogeneity may not reflect genetic differences or similarities [9]. 40 

An important group of industrially usable bacteria can be found in solventogenic clostridia, 41 

typically rod-shaped and spore-forming anaerobes, whose phylogenetic affinities are still 42 

unsettled as they are continuously being reclassified or reidentified [10–12]. This applies also 43 

to C. diolis species as it was reclassified as heterotypic synonym of C. beijerinckii earlier this 44 

year [13]. The most widely studied species within this group is Clostridium acetobutylicum, 45 

whose genome was sequenced in 2001 for the first time [14]. By that time, various genomes of 46 

solventogenic clostridia were analyzed and assembled into high quality complete genome 47 

sequences, including other promising solvent producers such as C. beijerinckii [15,16], C. 48 

pasteurianum [17], C. butylicum [18], and many others. Unfortunately, the diversity of 49 

solventogenic clostridia makes the knowledge gathered for a particular species or strain hardly 50 

applicable for another, even closely related, species or strain [19]. Therefore, analyses of 51 

particular strains on a genome-wide scale are needed as one of the key parameters for the 52 

engineering of clostridia as microbial cell factories lies in well-annotated genomes [20]. Despite 53 

advances in sequencing and genome assembly, a complete genome sequence of the type strain 54 

Clostridium diolis DSM 15410 remained unassembled until now. 55 

C. diolis DSM 15410 (formerly known as C. butyricum DSM 5431) is a type strain with ability 56 

to produce, except common metabolites for solventogenic bacteria from genus Clostridium, 57 

also 1,3-propanediol [21]. It utilizes a wide range of substrates, including glycerol [22]. 58 

Although the genome of the strain was sequenced in the past, no high-quality genome assembly 59 

was achieved. On the contrary, its first draft genome by Wang et al. [23] was marked as 60 

contaminated in the GenBank database. In this paper, we present the first complete genome 61 

sequence of Clostridium diolis DSM 15410. We annotated the genome, predicted the operon 62 

structure and searched for prophage DNA, restriction-modification (R-M) systems, and 63 

CRISPR arrays. Moreover, we performed a phylogenomic analysis and compared selected 64 

genes of the central metabolism to genes in other strains of C. beijerinckii/diolis species and 65 

performed series of comparative cultivation experiments using strains C. beijerinckii NCIMB 66 

8052 and C. beijerinckii NRRL B-598.  67 



2. Materials and Methods 68 

2.1. Bacterial strain and cultivation condition 69 

2.1.1. Bacterial strains 70 

Culture of the strains C. diolis DSM 15410, C. beijerinckii NCIMB 8052, and C. beijerinckii 71 

NRRL B-598 were obtained from the German Collection of Microorganisms and Cell Cultures 72 

(DSMZ), National Collection of Industrial, Food and Marine Bacteria (NCIMB), and 73 

Agricultural Research Service Culture Collection (ARS/NRRL), respectively. The cultures 74 

were maintained as spore preserves in sterile distilled water at 4 °C. 75 

2.1.2. Ability to grow on different substrates 76 

The ability of C. diolis DSM 15410 to grow on different substrates was tested in modified 77 

Reinforced clostridial medium (RCM) medium containing 10 g/L tryptone (Sigma-Aldrich), 3 78 

g/L yeast extract (Merck), 10 g/L meat extract (Merck), 3 g/L sodium acetate, 5 g/L sodium 79 

chloride and one of each tested carbohydrate (arabinose, cellobiose, fructose, glucose, glycerol, 80 

lactose, maltose, mannose, and xylose) in concentration 20 g/L. RCM medium without 81 

carbohydrate supplementation was used as a control and the test was done in triplicates for each 82 

carbohydrate. Inoculum was prepared as an overnight culture from pre-heated (2 min, 80 °C) 83 

spore preserves and cultivated in modified RCM medium containing 20 g/L glucose in an 84 

anaerobic chamber at 37 °C. Each test tube containing 10 ml of medium with carbohydrate was 85 

inoculated with 0.5 ml of overnight culture and cultivated for 24 h in an anaerobic chamber at 86 

37 °C. After cultivation, an optical density (OD) at 600 nm (Varian Cary 50 UV-VIS 87 

spectrophotometer, Varian) was measured in each sample against the respective medium 88 

without inoculation as blank. 89 

2.1.3. Bioreactor cultivation 90 

Multifors 1L bioreactors (Infors HT) and modified RCM medium containing 50 g/L of glucose 91 

were used for the batch cultivation of C. diolis DSM 15410 (triplicate). Prior to the inoculation, 92 

the pH of the medium was adjusted to 6.3 and oxygen from the bioreactor was removed by N2 93 

bubbling. The inoculum was prepared the same way as described above. The amount of added 94 

inoculum in working volume (700 ml) was 10 %. After inoculation, the pH was measured, but 95 

not controlled, and samples were taken for the consequent OD measurement and HPLC analysis 96 

of produced metabolites and consumed glucose. Samples were analyzed on HPLC (Agilent 97 

Series 1200 HPLC; Agilent) with refractive index detection and an IEX H+ polymer column 98 

(Watrex). The parameters of the HPLC analysis were as follows: an injection sample volume 99 

of 20 μl, 5 mM H2SO4 as a mobile phase, a flow rate of 0.5 ml/min, and a column temperature 100 

of 60 °C. 101 

2.1.4. 1,3-Propanediol production 102 

For an analysis of 1,3-propanediol production, C. diolis DSM 15410was cultivated in a 103 

modified RCM medium and a medium optimized for the production of propanediol in C. diolis 104 



[24], both of which contained 50 g/L of glycerol. The production of 1,3-propanediol and other 105 

metabolites was analyzed using HPLC as described above. 106 

A phase contrast microscopy (Olympus BX51; Olympus) was used to determine the 107 

morphological state of the cells. The HPLC data, OD at 600 nm, and pH course were processed 108 

and plotted using Matlab 2019a. 109 

2.1.5. Comparison of cell morphology, carbohydrate consumption and metabolites 110 

production 111 

Cell morphology, carbohydrate consumption and metabolites production of C. diolis DSM 112 

15410, C. beijerinckii NCIMB 8052 and C. beijerinckii NRRL B-598 were analyzed in four 113 

media: 114 

1) Tryptone-yeast extract-acetate medium (TYA) with glucose as a substrate containing 115 

40 g/L glucose, 2 g/L yeast extract (Merck), 6 g/L tryptone (Sigma-Aldrich,), 0.5 g/L 116 

KH2PO4, 3 g/L ammonium acetate, 0.3 g/L MgSO4.7H2O and 0.01 g/L FeSO4); 117 

2) RCM medium (as described above) containing 40 g/L glucose; 118 

3) RCM medium (as described above) containing 50 g/L glycerol; 119 

4) Medium optimized for the production of propanediol in C. diolis [24] containing 50 g/L 120 

glycerol. 121 

Inocula were prepared in TYA medium from heat-shocked spore preserves cultivated overnight 122 

in anaerobic chamber at 37 °C. For the analysis, strains were cultivated for 72 h. Samples for 123 

HPLC analysis and microscopy control (Olympus BX51 microscope) were taken at the end of 124 

cultivation. 125 

2.2. DNA extraction and sequencing 126 

DNA was extracted from an exponentially growing culture of C. diolis DSM 15410 using a 127 

High Pure PCR Template Preparation Kit (Roche). The extraction was followed by an RNAase 128 

treatment by RNase A (Sigma-Aldrich) and subsequently purified by applying the High Pure 129 

PCR Product Purification Kit (Roche). The whole genome sequencing was performed using a 130 

combination of Illumina Next-Seq and PacBio RSII platforms. For the Illumina sequencing, the 131 

library construction and sequencing of the sample was performed by CEITEC Genomics core 132 

facility (Brno, Czechia) on Illumina NextSeq, pair-end (PE), 150 bp. For the PacBio 133 

sequencing, library construction and sequencing of the sample was performed by SeqMe 134 

(Dobris, Czechia) on PacBio RS II, 2× SMRT cell. The presence of plasmid(s) was tested using 135 

a GeneJET Plasmid Miniprep Kit (Thermo Scientific) and was performed, by different 136 

researchers, in two triplicates – no plasmid was obtained. 137 

2.3. Genome assembly 138 

The initial quality assessment of raw reads was done using a combination of FastQC v0.11.5 139 

and MultiQC v1.7 [25]. The adapter and quality trimming was performed using Trimmomatic 140 

v1.36 [26]. Trimmed Illumina PE reads were combined with PacBio continuous long reads 141 

(CLR) into an initial draft genome assembly with SPAdes v3.11.1 [27]. High-quality circular 142 



consensus sequencing (CCS) reads were generated using SMRTlink v7.0.1.66975 and used for 143 

closing the gaps in the initial draft assembly with GMcloser v1.6.2 [28]. The resulting one-144 

contig assembly was polished using all reads in a two-step procedure. The first step of polishing 145 

was performed with the SMRTlink Resequencing protocol by mapping all subreads and 146 

generating a polished contig. The second step was done by mapping Illumina PE reads to the 147 

polished contig with BWA v0.7.17 [29] and using Pilon v1.23 [30] for its second round of 148 

polishing. Files with mapped reads were handled with SAMtools v1.7 [31] and, during 149 

particular steps, mapping quality and quality of assemblies were controlled using Qualimap 150 

v2.2.1 [32]. The polished assembly was examined for circularity based on the presence of 151 

overlapping sequences at both ends of the contig. The overlap was found using MUMmer v3.23 152 

[33] and the duplicated sequence was manually trimmed from one end of the contig. Finally, 153 

the replication origin (oriC) was predicted using Ori-finder [34] and the whole sequence was 154 

rearranged according to its position, so the DnaA gene is the first gene in the complete genome 155 

assembly. 156 

2.4. Genome annotation and analysis 157 

A genome annotation was added by the NCBI Prokaryotic Genome Annotation Pipeline 158 

(PGAP) [35]. An operon prediction was completed using Operon-mapper [36] and the results 159 

were manually added to the genome record. The functional annotation of the protein coding 160 

genes was performed by assigning clusters of orthologous group (COG) categories from the 161 

eggNOG database with eggNOG-mapper [37]. The circular genome map was prepared with 162 

DNAplotter [38] integrated in Artemis [39]. Prophage DNA was searched with PhiSpy 3.7.8 163 

[40]. Methylation motifs were inferred using base modification and motif analysis protocol in 164 

SMRTlink v7.0.1.66975. Further processing and analysis of the methylated motifs was 165 

completed by the internal tools of the REBASE database [41]. The annotated genome sequence 166 

was further analyzed for presence of CRISPR loci using CRISPRDetect tool [42]. A 167 

phylogenomic tree was produced with PhyloPhlAn 3.0 [43] using genes conserved across the 168 

bacterial domain. 169 

3. Results and discussion 170 

3.1. The general characterization of the strain 171 

C. diolis DSM 15410 is a mesophilic heterofermentive rod-shaped spore-forming bacterium, 172 

see Fig. 1, that was able to grow in a medium containing a wide range of carbohydrates; the 173 

lowest increase in OD was observed in an arabinose medium and the highest increase was in a 174 

cellobiose and maltose medium, see Table 1. Additionally, mixed sugar utilization experiment, 175 

performed by Xin et al. (2016), revealed that the strain is able to simultaneously co-utilize 176 

glycerol with glucose, xylose or arabinose [22].Thus, the strain demonstrates metabolic 177 

flexibility and future perspective of its commercial fermentation on waste substrates. 178 



 179 

Fig. 1. Vegetative cells (A) and spores (B) of C. diolis DSM 15410 obtained in RCM medium 180 

after 24 and 48 h of cultivation, respectively. 181 

Table 1. Ability of C. diolis DSM 15410 to grow on different carbohydrates 182 

Carbohydrate OD 600 nm after 24 h cultivation* 

Arabinose 0.53±0.04 

Cellobiose 4.51±1.03 

Fructose 2.66±0.96 

Glucose 3.14±0.04 

Glycerol 1.73±0.17 

Lactose 2.10±0.51 

Maltose 3.99±0.60 

Mannose 3.00±0.75 

Xylose 2.86±0.67 

Control (medium without 

carbohydrate addition) 

0.58±0.05 

*average and standard deviation from three experiments 183 

During batch cultivation in a modified RCM medium with glucose, the strain exhibited a two-184 

phase fermentation profile typical for other solventogenic Clostridia – acidogenesis, until 185 

approximately the 7th hour of cultivation and, after that, solventogenesis, see Fig. 2a, b. 186 

Interestingly, the strain produced very low concentrations of acetone and produced isopropanol, 187 

which, to the best of our knowledge, was not previously reported for the strain despite being 188 

mentioned in over 100 articles. This was probably due to the focus on 1,3-propanediol 189 

production from glycerol in most of the publication rather than on ABE/IBE production from 190 

glucose. Except for the metabolites shown in Fig. 2b, the strain produced trace amounts of 191 

acetone and ethanol. A decreased concentration of acids after the 8th hour of cultivation, see 192 

Fig. 2b, was due to their partial reutilization, which is one of the protective mechanisms cells 193 

use against low pH [44].  194 



Similar fermentation profiles and also comparable isopropanol concentrations were found in C. 195 

beijerinckii IBE-performing strains, such as C. beijerinckii DSM 6423 [45,46].  IBE 196 

fermentation has a certain advantages over ABE fermentations especially if the goal is to use 197 

produced solvents as biofuel [47,48]. Production of isopropanol instead of acetone is preferred 198 

because acetone is highly corrosive to engine and has low energy density [48]. On the other 199 

hand, isopropanol can be used as an octane booster for production of high-octane gasolines and 200 

is cheaper than other tested additives [49]. 201 

 202 

 203 

Fig. 2. The fermentation characteristics of C. diolis DSM 15410 cultivated in a bioreactor in an 204 

RCM medium containing glucose. (A) The growth curve represented by OD600nm and pH 205 

course. (B) The glucose consumption and production of metabolites. The standard error of the 206 

measurements did not exceed 5 %. 207 

 208 

When cultivated in a medium with glycerol, C. diolis DSM 15410 produced 1,3- propanediol, 209 

however, it only reached a low concentration (0.3-0.4 g/L) when cultivated in an RCM medium. 210 

Therefore, we tested production in a medium optimized for 1,3-propanediol production [24], 211 

resulting in the propanediol concentration increasing considerably to 5.48 ± 0.32 g/L. The 212 

glycerol consumption was 14.50 ± 0.51 g/L, and the butanol concentration was 0.70 ± 0.06 g/L. 213 

The concentration of 1,3-propanediol obtained in this study was higher than described by Kaur 214 

et al. (2012) [24], however, this might be caused by another experimental design. The 215 

production of 1,3-propanediol exclusively from glycerol but not glucose was expected, as it 216 

was previously shown by a 13C labeling experiment that the metabolic trait for 1,3-propanediol 217 

starts from glycerol in the strain [22]. 218 

Just a low number of strains can conduct IBE fermentation and strains that are able to produce 219 

both isopropanol and 1,3-propanediol are exception among solvent-producing microorganisms. 220 

Search of optimal cultivation conditions to effectively produce both solvents can be one of the 221 

important future prospective of C. diolis DSM 15410 study. 222 



3.2. The characteristics of the C. diolis DSM 15410 genome 223 

The length of the final genome assembly was 5,940,808 bp and the sequence has been deposited 224 

at DDBJ/EMBL/GenBank under accession No. CP043998. Coverage of the assembly after the 225 

filtering steps reached almost 700× and the assembly was reconstructed with the contribution 226 

of more than 4.4 million paired Illumina reads (83% of all Illumina reads) and more than 1.38 227 

million PacBio reads (84% of all PacBio reads). The remaining reads consisted of unpaired 228 

Illumina reads and chimeric PacBio reads that were detected during quality trimming and 229 

combining Illumina and PacBio reads into the first draft assembly. PacBio chimeras are not 230 

standard PCR-generated chimeras, but are generated during library preparation [50]. They 231 

cannot be removed by standard filtering tools, e.g. UCHIME [51], but can be filtered out using 232 

ccs reads and by mapping Illumina reads on PacBio reads during hybrid assembly [52,53]. We 233 

used both of these approaches (see Materials and Methods). Although the number of remaining 234 

reads was very high, they did not form any kind of longer contigs. Therefore, the complete 235 

genome of the strain Clostridium diolis DSM 15410 is formed by one circular chromosome, 236 

whose circularity was proved by searching for overlaps during genome assembly. Moreover, 237 

the absence of plasmid DNA was supported by a negative result during the trials for plasmid 238 

DNA isolation. Genetic information stored exclusively on the chromosome is one of the 239 

prerequisites for the future engineering of the strain as chromosomal pathway integration is 240 

preferred over plasmid‐ based expression due to its higher genetic stability [6]. 241 

The GC content of the sequence was calculated as 29.8% which was according to our 242 

presumptions as solventogenic clostridia form a low GC content group of gram-positive 243 

bacteria. The genome contains 5,244 annotated open reading frames (ORFs) divided into 3,224 244 

operons, see Table 2. The majority of ORFs consisted of protein coding genes, but 147 245 

pseudogenes were also found. The sequences of 108 pseudogenes were found incomplete, 36 246 

were frameshifted, 25 contained internals stop, and 19 suffered from multiple problems. The 247 

positions of particular features within the genome is shown in Fig 3. Protein coding genes and 248 

pseudogenes were also assigned COG categories. Unfortunately, 596 CDSs were not assigned 249 

any COG and additional 990 CDSs were assigned group S with an unknown function. 250 

Nevertheless, remaining 3,516 CDSs (out of all 5,102 protein coding genes and pseudogenes) 251 

were divided into the remaining GOG categories, see supplementary Table S1. 252 

Table 2: Genome features of Clostridium diolis DSM 15410 253 

Feature Chromosome 

Length (bp) 5,940,808 

GC content (%) 29.8 

Total number of ORFs 5,244 

Total number of operons 3,224 

Protein coding genes 4,955 

Pseudogenes 147 

rRNA genes (5S, 16S, 23S) 15, 14, 14 

tRNA 93 

ncRNA 6 

 254 



 255 

Fig. 3: A circular chromosome map of the C. diolis DSM 15410 genome. The outermost and 256 

second outermost circles represent CDSs on the forward and reverse strands, respectively. The 257 

third circle represents pseudogenes and the colors represent the COG functional classification. 258 

The fourth circle represents rRNA genes, while the colors distinguish between tRNA, rRNA, 259 

and ncRNA. The inner shaded area represents (from outside in) GC content and GC skew 260 

plotted using a 10-kb window with step of 200 bp. 261 

Additionally, we decided to test annotated ORFs for prophage genetic code. They may represent 262 

a large fraction of the strain-specific DNA sequences as they serve as anchors for genomic 263 

rearrangements [54]. We detected 16 prophages in total using PhiSpy, see supplementary Table 264 

S2. The cumulative length of prophages was 479,165 bp forming slightly more than 8 % of the 265 

genome. Such information might be useful for future explorations of the genome 266 

rearrangements among C. beijerinckii and C. diolis strains. Unfortunately, the total number of 267 

prophages is questionable as we were not able to reproduce the result of detection using 268 

additional online tools. PHASTER [55] predicted only two phages from which only one 269 

matched PhiSpy prediction. On the contrary, Prophage Hunter [56] predicted 22 prophages. 270 

Thus, future experimental work is needed for the analysis of viral DNA hidden in the C. diolis 271 

DSM 15410 genome. 272 

3.3. Restriction-modification systems and CRISPR arrays 273 

Future engineering of the strain might be limited by restriction-modification (R-M) systems 274 

that bacteria use to protect their own DNA. Such a limitation was already described for closely 275 

related species C. beijerinckii [57] (please note that the referenced strain C. pasteurianum 276 

NRRL B-598 was reidentified as C. beijerinckii NRRL B-598 [58]). We used PacBio 277 



sequencing data to study methylations on a genome wide scale. We detected 1,217 m6A and 278 

2,023 m4C methylated positions and additional 40,787 modified bases in total. Roughly half of 279 

the detected methylations (622 m6A and 610 m5C) and 6,773 modified bases were used to infer 280 

nine methylation motifs, see supplementary Table S3. The data was deposited in the REBASE 281 

PacBio database and processed with an internal rebase tool to match the methylated motifs with 282 

R-M systems. Seven motifs were found to be unique, while two has already been described 283 

before. Unfortunately, none of the detected motifs seemed to be genuine, rather they were the 284 

results of miscalls for the m5C motif. Although one 5mC type II methyltransferase was found 285 

in the C. diolis DSM 15410 genome (M.Cdi15410CORF24710P), its recognition site was not 286 

matched with detected motifs as PacBio gives unreliable results for m5C motifs. Besides from 287 

type II methylase, a type IV methyl-directed restriction enzyme (Cdi15410CORF14235P) was 288 

found, see supplementary Table S4. Activity of R-M system in C. diolis DSM 15410 was 289 

recently proved by Li et al. [59] as foreign DNA could not be transformed into the cell without 290 

pre-methylation. Surprisingly, utilization of its own methyltransferase 291 

(M.Cdi15410CORF24710P) did not lead to successful transformation. This result suggests that 292 

type IV (Cdi15410CORF14235P) restriction enzyme or additional hitherto unknown R-M 293 

system is active in C. diolis DSM 15410. Unfortunately, PacBio data are insufficient to resolve 294 

this problem, because unknown system must recognize cytosine residues, and needs to be 295 

supplemented with bisulfite sequencing in the future to capture active R-M system. 296 

Nevertheless, Li et al. [59] meanwhile proved that C. diolis DSM 15410 can be transformed 297 

using DNA pre-methylated by methylatransferases (M. Cce743I and M. Cce743II) from C. 298 

cellulovorans DSM 743B. 299 

Additional information useful for the future engineering of the strain can be found in CRISPR 300 

arrays. A CRISPR-associated system (Cas) forms a kind of bacterial immune system that 301 

provides protection from foreign genetic material, including plasmids [60]. On the other hand, 302 

CRISPR-Cas9 systems can be also used for genome editing. Although the technique found its 303 

utilization mainly for the genome editing of eukaryotes, it has already been applied to closely 304 

related (see below) strain of C. beijerinckii [61]. We found four CRISPR arrays in the C. diolis 305 

DSM 15410 genome, see supplementary Table S5. The sizes of arrays ranged from 149 bp to 306 

844 bp and two to 11 spacer units. Except for the shortest one, the remaining three arrays had 307 

cas or cas like genes in their neighborhoods, see supplementary Table S6. Unfortunately, none 308 

of the cas genes coded the Cas9 protein used for genome editing. Nevertheless, this does not 309 

prevent the CRISPR-Cas9 beeing utilized for C. diolis DSM 15410 genome editing as the 310 

Streptococcus pyogenes CRISPR-Cas9 was used for C. beijerinckii NCIMB 8052 genome 311 

editing. 312 

3.4. Phylogeny 313 

Although the evolution and taxonomy of clostridia was updated last year in a comprehensive 314 

phylogenomic study, the C. diolis species was omitted due to the missing high quality genome 315 

assembly [62]. As Kobayashi et al. [13] meanwhile proposed a reclassification of C. diolis as 316 

heterotypic synonym for C. beijerinckii, meaning they are the same species, it is evident that C. 317 

diolis DSM 15410 belongs to the cluster I (Sensu stricto) representing the “true” Clostridium 318 

genus, with C. butyricum being the type species. As the reclassification was based on 319 



incomplete genomes, we decided to verify its taxonomic placement and selected several 320 

solventogenic clostridial species from the cluster I, several “not true” clostridia from other 321 

clusters, and Bacillus subtilis to perform a phylogenomic analysis, see Fig 4. Our results showed 322 

that C. diolis DSM 15410 truly belongs to the subcluster 7 of the cluster I, as defined by Cruz-323 

Morales [62], with C. beijerinckii, C. saccharoperbutylacetonicum, C. saccharobutylicum, and 324 

C. butyricum being the most closely related species. Thus, we confirmed results of the study by 325 

Kobayashi et al. [13] that was unlike our study carried out using only draft genomes. 326 

 327 

 328 

Fig 4. The phylogenetic placement of C. diolis DSM 15410. The blue rectangle contains species 329 

from the cluster I “Sensu stricto” of the genus Clostridium. The tree was constructed using 330 

Phylophlan 3.0, using its internal database of circa 400 genes conserved across bacterial 331 

domain. The values represent the boostrap support based on 100 replicates. 332 

Digital DNA to DNA hybridization (dDDH) analysis using type strain genome server (TYGS) 333 

[63] and newly assembled complete genome confirmed that type strains C. diolis DSM 15410 334 

and C. beijerinckii DSM 791 reached value of 85.2% confirming they are the same species. 335 

Nevertheless, using known complete genome sequences of C. beijerinckii strains, we found out 336 

that the values is higher (88.8%) for the strain C. beijerinckii NRRL B-598, suggesting this 337 

strains and C. diolis DSM 15410 might be closely related. 338 

We performed comparative cultivation experiment of C. diolis DSM 15410 with two closely-339 

related C. beijerinckii strains, C. beijerinckii NCIMB 8052 and C. beijerinckii NRRL B-598 340 

(former C. pasteurianum NRRL B-598 [64]), see Table 3, which revealed some differences 341 

between them and C. diolis DSM 15410. Firstly, C. diolis DSM 15410 exhibited better glucose 342 



consumption and solvent production in RCM medium with glucose rather that TYA for C. 343 

beijerinckii strains. At the same time, a much lower frequency of random "acid crash" events, 344 

when solvents production was not initiated or was suppressed, was observed on TYA medium 345 

without pH control, in comparison to both C. beijerinckii NRRL B-598 and NCIMB 8052 346 

strains. Secondly, ability to utilize glycerol and produce 1,3-propanediol and isopropanol in 347 

glucose medium was again confirmed for C. diolis DSM 15410, which was not observed for 348 

the two tested C. beijerinckii strains. Nevertheless, these abilities were observed for other C. 349 

beijerinckii strains, such as, 1,3-propanediol production by type strain C. beijerinckii DSM 791 350 

[65] or isopropanol production by C. beijerinckii DSM 6423 or C. beijerinckii BGS1 [48,66]. 351 

Observable growth of two C. beijerinckii strains was surprisingly detected in RCM medium 352 

containing glycerol. However, this can be attributed to the composition of the medium that is 353 

rich and complex and contains various alternative sources of carbon and energy. The slight 354 

decrease of glycerol concentration shown in Table 3 might be thus attributed to other than 355 

utilization processes, for example, the adhesion of glycerol to cell walls or cell debris. 356 



Table 3. Comparison of C. diolis DSM 15410, C. beijerinckii NCIMB 8052 and C. beijerinckii NRRL B-598 (former C. pasteurianum NRRL B-

598) cell morphology, carbohydrate consumption and metabolites production in different media 

Medium Morphology Microscopic image Glucose 

consumption 

(g/L) 

Glycerol 

consumption 

(decrease) 

(g/L) 

1,3-

Propanediol 

(g/L) 

Isopropanol 

(g/L) 

Total 

solvents 

(g/L) 

Butyric 

acid 

(g/L) 

C. diolis DSM 15410 

TYA with 

glucose 

Massive 

sporulation 

 

20.9 ± 1.1 - 0.0 ± 0.0 0.7±0.0 7.7 ± 0.3 0.5 ± 0.2 

RCM with 

glucose 

Sporulation 

 

24.5 ± 0.4 - 0.0 ± 0.0 1.0±0.0 8.3 ± 0.3 0.3 ± 0.1 

RCM with 

glycerol 

Sporulation 

limited but 

few spores 

recorded 
 

- 5.7 ± 0.9 0.3 ±0.0 0.1±0.0 1.4 ± 0.3 3.1 ± 0.1 

Optimized 

medium for 

1,3-propanediol 

production [24] 

Sporulation 

limited but 

few spores 

recorded 
 

- 13.0 ± 0.3 6.1 ± 0.3 0.1±0.0 7.2 ± 0.4 1.5 ± 0.3 



Medium Morphology Microscopic image Glucose 

consumption 

(g/L) 

Glycerol 

consumption 

(decrease) 

(g/L) 

1,3-

Propanediol 

(g/L) 

Isopropanol 

(g/L) 

Total 

solvents 

(g/L) 

Butyric 

acid 

(g/L) 

C. beijerinckii NCIMB 8052 

TYA with 

glucose 

Long chains 

without 

sporulation 

 

21.7 ± 4.0 - 0.0 ± 0.0 0.0 ± 0.0 6.9 ± 1.4 1.0 ± 0.0 

RCM with 

glucose 

Short chins 

without spores 

 

6.7 ± 0.1 - 0.0 ± 0.0 0.0 ± 0.0 1.7 ± 0.1 1.8 ± 0.1 

RCM with 

glycerol 

Various 

shape, random 

spores 

 

- 2.6 ± 0.2 0.0 ± 0.0 0.0 ± 0.0 0.2 ± 0.0 3.4 ± 0.1 

Optimized 

medium for 

1,3-propanediol 

production [24] 

Limited 

growth, short 

chains 

 

- 0.4 ± 0.8 0.0 ± 0.0 0.0 ± 0.0 0.1 ± 0.0 0.4 ± 0.1 

C. beijerinckii NRRL B-598 (former C. pasteurianum NRRL B-598) 



Medium Morphology Microscopic image Glucose 

consumption 

(g/L) 

Glycerol 

consumption 

(decrease) 

(g/L) 

1,3-

Propanediol 

(g/L) 

Isopropanol 

(g/L) 

Total 

solvents 

(g/L) 

Butyric 

acid 

(g/L) 

TYA with 

glucose 

Long chains, 

no spores 

 

18.7 ± 3.7 - 0.0 ± 0.0 0.0 ± 0.0 5.0 ± 1.0 3.3 ± 0.0 

RCM with 

glucose 

Short rods, no 

spores 

 

11.9 ±0.6 - 0.0 ± 0.0 0.0 ± 0.0 1.7 ± 0.3 4.2 ± 0.1 

RCM with 

glycerol 

Low cell 

density, 

visible 

sporulation 
 

- 2.0 ± 0.4 0.0 ± 0.0 0.0 ± 0.0 0.1 ± 0.1 2.9 ± 0.2 

Optimized 

medium for 

1,3-propanediol 

production [24] 

Limited 

growth, 

various rods, 

cell debris 
 

- 0.1 ± 0.1 0.0 ± 0.0 0.0 ± 0.0 0.1 ± 0.0 0.4 ± 0.0 

 



3.5. Selected genes in central metabolism 

Homologues of all identified genes playing a key role in the central metabolism of C. 

beijerinckii NRRL B-598 [67] and C. beijerinckii NCIMB 8052 [15,68] were found in the C. 

diolis DSM 15410 genome, see Fig. 5. Acidogenic enzymes phosphate acetyltransferase and 

acetate kinase encoded by pta (F3K33_06270) and ack (F3K33_06275), phosphate 

butyryltransferase and butyrate kinase encoded by ptb (F3K33_01180) and buk (F3K33_01185) 

catalyze the production of acetate and butyrate from their respective CoA precursors in the 

strain. These genes, except buk, were found in a single copy in the genome; homologous buk 

genes are F3K33_20500 and F3K33_23485. The re-assimilation of acids, observed during 

solventogenesis, was catalyzed by a CoA-transferase, subunits A and B of which are encoded 

by ctfA (F3K33_19590) and ctfB (F3K33_19595). We believe that these genes encoding CoA-

transferase together, with two genes encoding solventogenic enzymes aldehyde dehydrogenase 

ald (F3K33_19585) and acetoacetate decarboxylase adc (F3K33_19600), form the sol operon 

in C. diolis DSM 15410, even though Operon-mapper labeled the ald gene as a separate operon. 

This structure of the sol operon falls under type II sol operon, which can also be found in C. 

beijerinckii, C. puniceum, C. saccharobutylicum and C. saccharoperbutylacetonicum [69]. 

Multiple homologous genes encoding butanol dehydrogenase (bdh) and ald were annotated in 

the genome, however, a more detailed study is needed to confirm which ones are actively 

expressed in the strain. The production of isopropanol from acetone was probably catalyzed by 

NADP-dependent isopropanol dehydrogenase encoded by adh (F3K33_14815), which shares 

high sequence similarity (95.64%) with CIBE_3470 from C. beijerinckii DSM 6423 [70]. 

Production of isopropanol from acetone is an interesting feature of the strain, which is not 

common among solventogenic clostridia and is mostly performed by C. beijerinckii strains [47]. 

It is possible that NADP-dependent isopropanol dehydrogenase encoded by adh 

(F3K33_14815) can be expressed in more studied clostridial strains to obtain IBE producers. 

This was already performed for some C. acetobutylicum strains, however, expressed gene was 

cloned from C. beijerinckii DSM 6423 (= C. beijerinckii NRRL B-593) [71–73]. 

The biosynthetic pathway of 1,3-propanediol in C. diolis DSM 15410 is probably catalyzed by 

coenzyme B12-independent glycerol dehydratase, glycerol dehydratase activator and 1,3-

propanediol dehydrogenase, see Fig. 5, encoded by dhaB1 (F3K33_19825), dhaB2 

(F3K33_19820), and dhaT (F3K33_19810), respectively. This pathway structure is similar to 

the 1,3-propanediol pathway of Clostridium butyricum VPI1718 [74], however, because 

multiple homologues encoding glycerol dehydratase can be found in the genome of C. diolis 

DSM 15410, other genes may also take part in biosynthesis. 



 

Fig. 5. Central metabolism of Clostridium diolis DSM 15410. Main substrates (glycerol, 

glucose) and main products (1,3-propanediol, H2, lactate, acetate, acetone, ethanol, isopropanol, 



butyrate, and butanol) are highlighted in bold. Homologues of genes having a key role in the 

central metabolism of C. beijerinckii NRRL B-598 and C. beijerinckii NCIMB 8052 are 

indicated in blue boxes.  

The biosynthetic pathway of 1,3-propanediol can be a perspective target for future research and 

strain engineering as it allows 1,3-propanediol production from glycerol and close to none 

acetone production, the desirable state when cultivation is done to produce biofuels. Recently, 

the first protocol for genetic manipulation of the strain was tested [59] demonstrating 

enhancement of butanol or 1,3-propanediol productions and butyl acetate formation as a proof 

of concept. Only few published studies describing expression of 1,3-propanediol pathway in 

solventogenic clostridia exist. In one of the studies, 1,3-propanediol pathway from C. butyricum 

was expressed in C. acetobutylicum, and when engineered strain was cultivated as fed-batch 

culture, a higher concentration and productivity of 1,3-propanediol than that of the natural 

producer was observed [75]. Expression of the pathway is more often studied in E. coli, where 

genes from the Klebsiella pneumoniae are usually expressed [76,77]. Nevertheless, also genes 

from C. butyricum were successfully used [78]. Because majority of natural 1,3-propanediol 

producers, including K. pneumoniae and C. pasteurianum, carry coenzyme B12-dependent 

glycerol dehydratase, production process requires supplementation of a high-cost vitamin B12. 

However, supplementation is not required for cultivation of C. butyricum VPI1718, bearing 

coenzyme B12-independent glycerol dehydratase [74]. The same applies to C. diolis DSM 

15410 as high production of 1,3-propanediol was observed in optimized medium not 

supplemented with the vitamin [24]. The explanation is the same B12-independent glycerol 

dehydratase in the C. diolis DSM 15410 genome (F3K33_19825) sharing high sequence 

similarity of the protein product (98.60%) with the corresponding enzyme in C. butyricum. 

4. Conclusions 

We assembled the first complete genome sequence of the type strain Clostridium diolis DSM 

15410. Genomic analysis of the strain DSM 15410 showed that its genome is a single circular 

chromosome with a size of 5,940,808 bp that contains 5,244 ORFs divided into 3,224 operons. 

We supplemented genome data with the general characterization of the strain using microscopy, 

HPLC, and other techniques to demonstrate phenotype abilities of the strain for utilization in 

the production of biofuels. Moreover, we performed a phylogenomic analysis to confirm its 

placement within cluster I (Sensu stricto) of the genus Clostridium and to confirm that C. 

beijerickii and C. diolis are the same species. On the other hand, we highlighted differences of 

the strain C. diolis DSM 15410 by comparative cultivation with two selected C. beijerinckii 

strains. Although we found four CRISPR arrays, three of them with cas genes, which could 

serve as an immune system against foreign DNA, we also found 16 putative prophages in the 

C. diolis DSM 15410 genome suggesting that future engineering of the strain with additional 

DNA would be possible. We analyzed and reported R-M systems that could prevent gene 

transfer into C. diolis DSM 15410 genome. Although PacBio analysis proved no significant 

m4C and m6A methylations, and the remaining m5C methylase lacked coupled restriction 

enzyme, additional exploration by bisulfite sequencing will be needed to fully describe R-M 

systems in C. diolis DSM 15410. Eventually, we analyzed genes of the central metabolism and 



found genes encoding isopropanol production from acetone and 1,3-propanediol biosynthetic 

pathway, perspective targets for future research and strain engineering. 
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