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Abstract

:

Clostridium beijerinckii is a relatively widely studied, yet non-model, bacterium. While 246 genome assemblies of its various strains are available currently, the diversity of the whole species has not been studied, and it has only been analyzed in part for a missing genome of the type strain. Here, we sequenced and assembled the complete genome of the type strain Clostridium beijerinckii DSM 791T, composed of a circular chromosome and a circular megaplasmid, and used it for a comparison with other genomes to evaluate diversity and capture the evolution of the whole species. We found that strains WB53 and HUN142 were misidentified and did not belong to the Clostridium beijerinckii species. Additionally, we filtered possibly misassembled genomes, and we used the remaining 237 high-quality genomes to define the pangenome of the whole species. By its functional annotation, we showed that the core genome contains genes responsible for basic metabolism, while the accessory genome has genes affecting final phenotype that may vary among different strains. We used the core genome to reconstruct the phylogeny of the species and showed its great diversity, which complicates the identification of particular strains, yet hides possibilities to reveal hitherto unreported phenotypic features and processes utilizable in biotechnology.
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1. Introduction


Clostridium beijerinckii belongs to the group of authentic Clostridium spp., also referred to as Cluster I “Sensu stricto” [1]. As a Gram-positive, spore forming, rod shaped anaerobe capable of solventogenesis, C. beijerinckii represents an industrially relevant microorganism. From that perspective, butanol seems to be the main subject of research interest. Butanol is produced within either an acetone-butanol-ethanol (ABE) [2] or isopropanol-butanol-ethanol (IBE) [3] fermentation pathway that covers a bi-phasic process in which acid formation is later followed by the formation of solvents. Moreover, solventogenesis is usually coupled with sporulation. Nevertheless, both processes do not seem to be closely linked in all strains [4]. Thus, evolutionary and comparative studies of various clostridial strains are required to help reveal hidden aspects of the production of valuable chemicals by microbial cell factories [5].



Although the evolution and taxonomy of the clostridia were revisited several times [1,6,7,8], additional studies are needed as the clostridia still represent a polyphyletic group with uncertain phylogenetic affinities and reidentifications of particular strains and reclassifications of various clostridial species are quite common [9,10,11]. The most recent change affecting C. beijerinckii is the reclassification of C. diolis as C. beijerinckii [12]. These taxonomic readjustments were expected as the previous taxonomy was built upon phenotypic differences that do not necessarily reflect genetic heterogeneity [13]. A massive reduction in DNA sequencing costs over the past 20 years resulted in many genomes of non-model bacteria being sequenced. This applies also to C. beijerinckii strains, and, currently, there are 241 genome assemblies of various C. beijerinckii strains and five genome assemblies of three different C. diolis strains in the GenBank database (May 2021). Unfortunately, most genomes are assembled only in the form of draft assemblies, thus leading to gaps in knowledge. Although draft assemblies of type strains C. beijerinckii DSM 791T and C. diolis DSM 15410T were sufficient to reveal that C. bejerinckii and C. diolis are heterotypic synonyms [12], it was the complete genome assembly that helped to reveal hitherto unreported features of C. diolis DSM 15410T. A thorough analysis proved its ability to produce isopropanol [14] that was hidden for 18 years since the description of the species in 2002 [15]. There are also other strains of C. beijerinckii that are studied without the knowledge of a genome sequence; for example, the strain C. beijerinckii F-6, a butanol-tolerant hydrogen producer for which only a 16S RNA gene sequence is known [16,17].



Following reclassification there are now two type strains: C. beijerinckii DSM 791T (=ATCC 25752, E. McCoy A-67, L.S. McClung 1671, NCIMB 9362) and C. beijerinckii, formerly C. diolis, DSM 15410T (=DSM 5431, SH1, 88-273, ATCC BAA-557). Although the reclassification means the loss of type strain designation, this has not been universally agreed by various sources. Thus, the strain C. beijerinckii DSM15410T can be found as the type strain in the German Collection of Microorganisms and Cell Cultures (DSZM) catalogue and must be searched as C. diolis DSM 15410 in the GenBank database. Here, we refer to all C. beijerinckii/diolis strains as C. beijerinckii strains for two reasons. First, the species name C. beijerinckii was proposed several decades before C. diolis [15,18]. Second, the number of assemblies is considerably higher for the C. beijerickii species, and it contains several well-studied strains, e.g., C. beijerinckii NCIMB 8052 [19,20,21,22] (formerly C. acetobutylicum [23]), C. beijerinckii NRRL B-598 [24,25,26,27] (formerly C. pasteurianum [9]), and C. beijerinckii DSM 6423 [28,29]. Despite that, only a draft genome sequence of the type strain C. beijerinckii DSM 791T has been available until now. In this paper, we sequenced and assembled the complete genome of C. beijerinckii DSM 791T that contains a chromosome and a single megaplasmid. The presence of the plasmid has never been reported before as the type strain has not been studied in detail. Additionally, we performed its annotation, and included the classification of protein coding sequences (CDSs) into clusters of orthologous groups (COG), a prediction of the operon structure, and the identification of prophage DNA and CRISPR arrays. Eventually, we compared its main genomic features to the other type strain (DSM 15410T) and performed an extensive comparative study of all currently available C. beijerinckii genomes to define its pangenome. Although some reports comparing genomes of various C. beijerinckii strains have been published [9,12,14,17,30], they are limited to comparing only a few genomes simultaneously, and, sometimes, they have used only 16S rRNA gene sequences. This is the first report to show the diversity of the C. beijerinckii species and the first study to use the maximum information available, thanks to the definition of the core genome from 237 genomes.




2. Materials and Methods


2.1. Bacterial Strain


The strain Clostridium beijerinckii DSM 791T was obtained from the German public collection of microorganisms at the Leibnitz Institute DSMZ-German Collection of Microorganisms and Cell Cultures, Braunschweig, Germany.




2.2. Cultivation


The strain inoculum was prepared from a cryopreserved culture stored at −80 °C in 30% glycerol. Cells were cultivated at 37 °C in liquid tryptone-yeast extract-acetate (TYA) medium overnight and subsequently transferred on solidified TYA medium with agar. The selected colony was transferred into a liquid medium and cultivated for 24 h. Cells from 10 mL of suspension were pelleted by centrifugation (6000× g), washed with sterile demi water, pelleted again, and stored at −80 °C prior to DNA isolation. Up to the final centrifugation and wash step, all operations were performed under a nitrogen atmosphere in an anaerobic chamber Concept 400 (Ruskinn). The composition of TYA media was as follows: 20 g·L−1 glucose; 2 g·L−1 yeast extract; 6 g·L−1 tryptone; 0.5 g·L−1 KH2PO4; 3 g·L−1 ammonium acetate; 0.3 g·L−1 MgSO4.7H2O; 0.01 g·L−1 FeSO4; (agar 20 g·L−1); pH was adjusted to 6.8 prior to sterilization (121 °C, 20 min).




2.3. DNA Extraction and Sequencing


For long-read sequencing, genomic high molecular weight DNA was extracted using the MagAttract HMW DNAKit (Qiagene, Venlo. NL). The extracted DNA purity and proper length were checked using the NanoDrop (Thermo Fisher Scientific, Waltham, MA, USA) and Agilent 4200 TapeStation (Agilent technologies, Santa Clara, CA, USA), respectively. Library preparation for Oxford Nanopore sequencing was performed using the Ligation sequencing 1D Kit (Oxford Nanopore Technologies, Oxford, UK). The library was sequenced using the R9.4.1 flowcell and the MinION platform (Oxford Nanopore Technologies).



For short-read sequencing, genomic DNA was purified using the GenElute Bacterial Genomic DNA Kit (SIGMA-ALDRICH, St. Louis, MI, USA). The extracted DNA purity was checked by NanoDrop (Thermo Fisher Scientific). The sequencing library was prepared using the KAPA HyperPlus kit and was carried out using the Miseq Reagent Kit v2 (500 cycles) and the Illumina MiSeq platform (Illumina, San Diego, CA, USA).




2.4. Genome Assembly


Basecalling of raw nanopore squiggles was performed with Guppy v3.4.4 and the quality of reads was checked with MinIONQC [31]. Similarly, the initial quality assessment of Illumina raw reads was conducted through a combination of FastQC v0.11.5 and MultiQC v1.7 [32]. The adapter and quality trimming was performed using Trimmomatic v1.36 [33]. Initial genome assemblies were constructed using long reads with a Flye v2.8.1 assembler [34] and short reads with a plasmidSPAdes v3.11.1 assembler [35]. Contigs from both assemblies were compared with NUCmer v3.1 [36] and selected contigs were further polished. The first step of polishing was done by four rounds of mapping long reads with minimap2 v2.17 [37] and polishing with racon v1.4.20 [38]. The second step consisted of two rounds of polishing with medaka v1.2.5, again in combination with long reads. Finally, the third step of polishing was done by two rounds of mapping short reads with BWA v0.7.17 [39] and polishing with pilon v1.24 [40], while handling files of mapped reads with SAMtools v1.7 [41]. Resulting contigs were manually examined for circularity by concatenating their ends and mapping short and long reads with BWA and minimap2, respectively. Missing or duplicated bases were manually added or trimmed. Eventually, replication origins of contigs were predicted. Chromosomal replication origin (oriC) was predicted with Ori-finder [42] and the sequence was rearranged according to its position, so the dnaA gene is the first gene in the chromosomal sequence. Similarly, replication origin in plasmid (oriV) was predicted using BLAST [43] searches against the database of replication origins DoriC [44] and the sequence was rearranged according to its position, so the repB gene is the first gene in the plasmid sequence.




2.5. Genome Annotation and Analysis


A genome annotation was added by the NCBI Prokaryotic Genome Annotation Pipeline (PGAP) [45]. An operon prediction was completed using the Operon-mapper [46]. The functional annotation of the protein coding genes was performed by assigning clusters of orthologous group (COG) categories from the eggNOG database with the eggNOG-mapper [47]. Circular genome maps of a chromosome and a megaplasmid were prepared with a DNAplotter [48] integrated in Artemis [49]. The genome was searched for prophage DNA with PhiSpy v4.2.12 [50] and for clustered regularly interspaced short palindromic repeats (CRISPR) arrays with CRISPRDetect v2.3 [51].



Entrez was used to search the GenBank database for C. beijerinckii/diolis genomes [52]. A circular graph showing whole-genome alignments was produced with BRIG v0.95 [53]. Nucleotide sequences of reference genes from the strain C. beijerinckii DSM 791T were localized in other strains using BLAST [43] searches and a 90% sequence similarity in Ridom SeqSphere+ v7.6.1. Outliers were detected with R package graphics [54] using the boxplot function and setting a whiskers range as 10 times the interquartile range. Digital DNA to DNA hybridization (dDDH) values were calculated using the type strain genome server (TYGS) [55]. The core and accessory genomes and unique genes were identified with BPGA v1.3.0 [56] using amino acid sequences and a 90% sequence similarity. All sequences of unique genes and reference sequences of pangenome genes were uploaded to FAIRDOMHub [57]. The phylogenetic tree was reconstructed using the concatenated core genome sequences with the neighbor-joining method in BPGA. A reduction of leaf nodes in the tree was done by collapsing branches where the whole length was shorter than 1% of the longest branch in the tree. A final visualization of trees was conducted through Evolview v3 [58].





3. Results


3.1. Genome Sequencing and Assembly


Oxford Nanopore sequencing produced 690,277 reads with a N50 length of 21,578 bp. Moreover, 700 reads exceeded the length of 100 kbp, while five were even longer than 200 kbp. The Illumina sequencing produced more than 2.1 million additional paired reads of 250 bp in length. The final genome assembly consisted of two circular contigs. While the first one represented a circular chromosome of length 5,876,902 bp, the second corresponded to a 73,345 bp long megaplasmid. Both sequences have been deposited at the DDBJ/EMBL/GenBank under accession numbers CP073653 for the chromosome and CP073654 for the megaplasmid. Coverage of the assembly after the filtering steps was approximately 1063× and the assembly was reconstructed with the contribution of more than 2.1 million paired Illumina reads (more than 99% of all Illumina reads and more than 99% of all Illumina sequenced bases after quality trimming) and more than 640,000 of Oxford Nanopore reads (almost 90% of all Oxford Nanopore reads and more than 93% of all Oxford Nanopore sequenced bases). Average coverage, considering only short reads, was 88× for chromosome and 192× for plasmid.




3.2. The Characteristics of the C. beijerinckii DSM 791 Genome


The guanine–cytosine (GC) content of the genome was calculated as 29.87%. While the GC content of the chromosome was almost 29.90%, the GC content of the plasmid was slightly lower, reaching only 27.84%, see Table 1. The complete genome contained 5279 annotated open reading frames (ORFs) divided into 3291 operons, see Table 1 for separate statistics for chromosome and plasmid. The majority of ORFs consisted of protein coding genes, but 134 pseudogenes were also found. The sequences of 60 pseudogenes were found to be incomplete, 56 were frameshifted, 34 contained internal stops, and 13 suffered from multiple problems. The positions of particular features within the chromosome and plasmid are shown in Figure 1. Additionally, protein coding genes and pseudogenes were assigned COG categories. Unfortunately, 687 CDSs were not assigned any COG and an additional 990 CDSs were assigned to group S with an unknown function. Nevertheless, the remaining 3454 CDSs (out of all 5131 protein coding genes and pseudogenes) were divided into the remaining COG categories, see Supplementary Table S1.



ORFs were searched for prophage genes, which resulted in 10 identified prophages of lengths ranging from 6583 bp to 42,566 bp, see Supplementary Table S2. All prophages were located on the chromosome. While the lowest number of genes in a prophage was eight, two prophages consisted of 51 genes. The cumulative length of prophages was 246,958 bp, which is less than 4.2% of the genome.



Only two CRISPR arrays were found (see Supplementary Table S3). Both arrays were extremely short, only 172 bp and 153 bp long, with two spacer units. Moreover, no cas or cas-like genes were found in their neighborhoods.




3.3. Diversity of C. beijerinckii Strains


A search for C. beijerijcki/diolis genomes in the GenBank database obtained 246 genome assemblies. After deduplication of multiple assemblies for the same strains, 242 assemblies were preserved, from which 11 represented complete genomes or complete chromosomal sequences, see Supplementary Table S4.



A comparison of complete chromosomal sequences to the reference, C. beijerinckii DSM 791T chromosome, is shown in Figure 2. While the majority of genomes mapped to the reference with almost 100% identity in whole length, there were two genomes with lower similarities. While some parts of the DSM 6423 genome mapped with 95% identities, the majority of the WB53 genome mapped with considerably lower identities, not exceeding 90%. Those results were further supported by dDDH analysis that showed dDDH values between particular strains and the reference ranging from 71.9% to 86.4%, except for strains DSM 6423 and WB53 where the dDDH value to the strain DSM 791T was 67.4% and 20.3%, see Supplementary Table S5.



A whole-genome comparison was further applied to the whole dataset of 242 genomes. Genes of the reference strain C. beijerinckii DSM 791T were searched in other genomes, using nucleotide BLAST and a 90% sequence similarity, to find missing genes or genes with missing stop codon, see Supplementary Table S6. The median value of missing or corrupted genes was 993 and seven outliers were detected. While three outliers exceeded the upper fence, four outliers lay below the lower fence. Those exceeding the limit were genomes of strains ASCUSBR67, HUN142, and WB53, with 2599, 1811, and 4778 missing or corrupted genes, respectively. The dDDH value between the type strain and the strain HUN142 was 48.5%. Outliers below the lower fence were genomes of strains DJ079, DJ317, NBRC 109359, and NCTC13035, with 116, 96, 125, and 144 missing or corrupted genes, respectively.




3.4. Pangenome of C. beijerinckii


After removing unannotated genomes and genomes of strains that do not belong to the C. beijerinckii species, the remaining 237 genomes were used to define the core genome. In total, 2308 genes were present in all genomes, and formed the core genome. Additionally, 12,202 genes were found in at least two genomes and formed the accessory genome. Together, they presented the pangenome of C. beijerinckii containing 14,510 genes. Moreover, 5929 genes were unique, i.e., they were found in only one genome. The number of unique genes for particular strains ranged from zero to 516 (found in the strain DJ015), see Supplementary Table S7. While the median value of unique genes was three, type strains DSM 791T and DSM 15410T had one and 148 unique genes. In addition, genes exclusively absent were also counted. Such genes were found in every strain except for one. The number of exclusively missing genes ranged from zero to 86 (missing in the strain DJ032). The median value was zero and type strains DSM 791T and DSM 15410T were missing six genes and one gene, respectively.



A functional annotation of genes showed a different composition of the core genome and the accessory genome (see Figure 3). The core genome contained a larger proportion of genes connected to metabolism and energy production and conversion, except for genes in group (Q) “Secondary metabolites biosynthesis, transport and catabolism”, where the accessory genome and unique genes had higher relative abundances. Similarly, genes connected to repair and defense mechanisms were more abundant in the accessory genome and among unique genes. While only 6.28% of genes were not assigned any COG in the core genome, their abundance in the accessory genome and among unique genes exceeded 35%, see Supplementary Table S8.



Amino acid sequences of unique genes for particular Clostridium beijerinckii strains as well as reference sequences of genes present in the Clostridium beijerinckii pangenome were uploaded to the FAIRDOMHub under the project “Clostridium beijerinckii pan-genome” https://fairdomhub.org/projects/242 (accessed on 1 June 2021).




3.5. Phylogeny


Finally, the phylogenetic tree of C. beijerinckii strains was reconstructed using the core genome (see Figure 4). Evolutionary closely related strains were collapsed into 16 clusters. While most clusters contained only units of strains, cluster 1 covered 145 strains, see Supplementary Table S9. The complete tree is showed in Supplementary Figure S2. While the type strain DSM 791T had four closely related strains and formed a cluster, the other type strain DSM 15410T formed an individual leaf node for which the strain NRRL B-598 was the closest strain.





4. Discussion


The number of exceedingly long reads presented ideal data for a complete genome assembly that allowed for the identification of possible plasmids, while a number of high-quality short reads were ideal for polishing the final assembly. The presence of the megaplasmid was evident from the initial Oxford Nanopore assemblies by Flye as two long circular contigs, regardless of whatever input parameters were produced. However, the length of the shorter contig varied considerably between assemblies that were produced with different input parameters. Thus, the length of plasmid was initially predicted by comparing Flye contigs to contigs produced by plasmidSPAdes. The final confirmation was found in the different coverage of chromosome and plasmid in the final assembly as the read coverage is one possible way to distinguish between chromosome and plasmid [35]. Since almost all high-quality Illumina reads mapped unambiguously to the final genome assembly, the proposed assembly seems to be correct and of a high quality. Although the prediction of replication origin oriC in the chromosome was unambiguous, the prediction of replication origin oriV in the plasmid was complicated as no standardized algorithm is currently available [44]. The first from two putative replication initiators was frameshifted and the second, while having a complete coding sequence, had a noticeably short upstream intergenic region. As both genes were located relatively close to each other, the start of the sequence was set according to the first one.



The calculated GC content matched our presumptions as clostridia form a low GC content group of Gram-positive bacteria. While the GC content of the chromosome was the same as for other strains with complete genomes, e.g., NRRL B-598 [27], NCIMB 8052 [20], DSM 15410T [14], the GC content of the plasmid was slightly lower. Another difference between the chromosome and the plasmid was found in abundances of genes in particular COG categories, see Supplementary Table S1. While the plasmid carried zero genes from group (C) “Energy production and conversion”, the same group contained 6.28% genes of the chromosome. Similarly, the chromosome carried larger percentage of genes in groups (E) “Amino Acid transport and metabolism”, (F) “Nucleotide transport and metabolism”, (G) “Carbohydrate transport and metabolism”, (H) “Coenzyme transport and metabolism”, (I) “Lipid transport and metabolism”, and (J) “Translation, ribosomal function and biogenesis”, i.e., all groups directly or indirectly connected to metabolism. Thus, the plasmid in the strain C. beijerinckii DSM 791T does not contribute to the production of metabolites utilizable in industrial biotechnology. In other clostridia, plasmids sometimes carry genes necessary for solventogenesis. For example, sol operon in C. acetobutylicum ATCC 824 is located on a plasmid that can be lost during the degeneration process, resulting in a loss of ability to produce solvents [59]. On the contrary, the plasmid in C. beijerinckii DSM 791T carried a larger percentage of genes in groups (L) “Replication, recombination and repair” and (V) “Defense mechanisms”, which means that the plasmid possessed a machinery capable of protecting the cell. The latter group contained five genes from which three belonged to the cluster involved in the production of the bacteriocin circularin A. The cluster contained genes cfgR (KEC93_26215), cfgK (KEC93_26220), cfg02 (KEC93_26225), cfg01 (KEC93_26230), cirA (KEC93_26235), cirB (KEC93_26240), cirC (KEC93_26245), cirD (KEC93_26250), cirG (KEC93_26255), cirH (KEC93_26260), and cirI (KEC93_26265). Such a structure of the gene cluster has been already experimentally proved for C. beijerinckii DSM 791T. However, it was not revealed that it is carried by a plasmid [60]. In our sequence, gene cirE, which is necessary for bacteriocin production, was not annotated by PGAP. This was probably due to its short length of only 150 bp. Nevertheless, the gene is present in the sequence between cirD and cirG as its nucleotide sequence had 100% similarity to that already sequenced and experimentally proved by Kemperman et al. [60] (GenBank accession no. AJ566621.1). Circularin A has a wide activity range that inhibits C. tyrobutyricum, lactococci, enterococci, and some Lactobacillus strains. It is also highly resistant to digestion by sequence-specific endoproteinases [61]. For potential industrial use, the ability of the strain to kill other bacteria is highly advantageous, as contamination of fermentation processes by bacteria presents a compelling problem that makes the fermentation more expensive [62]. Moreover, the strain C. beijerinckii DSM 791T has already been proved to be a robust 1,3-propanediol producer [63].



The number and cumulative length of putative prophages were approximately half compared with the strain DSM 15410T [14]. However, this prediction is questionable as two additional tools, PHASTER [64] and Prophage Hunter [65], predicted six and 30 prophages, respectively (data not shown). Although bacteriophage infection presents a serious problem for ABE fermentation, it has been addressed by only a few studies to date. Its analysis is not trivial and usually requires a separate study [66,67]. Thus, the question of phages in C. beijerinckii DSM 791T remains open. Unlike the strain DSM 15410T [14], CRISPR arrays in the strain DSM 791T had no cas or cas like genes in their neighborhoods. This suggests that while a culture of the strain DSM 791T might be resistant to other bacteria thanks to bacteriocin production, it might be defenseless against phage contaminations, as a CRISPR-associated system (Cas) forms somewhat of a bacterial immune system that provides protection from foreign genetic material [68].



Clostridium beijerinckii is a widely studied species, as the number of genome assemblies available suggests. Nevertheless, only a small fraction of them present high-quality complete genomes. While this analysis showed that the species is extremely diverse, and different strains may contain different genes, it is evident that some strains have been misidentified. This applies primarily to the strain that was WB53 isolated from a woodchip bioreactor [69]. All analyses, whole-genome alignment, dDDH, and a search for reference genes, presented strong evidence that the strain WB53 does not belong to the C. beijerinckii species and was omitted from following analyses to define the core genome. Similarly, the remaining two outliers arising from an analysis of the reference genes were discarded. Although the dDDH value for the strain ASCUSBR67 exceeded 70%, suggesting that it belongs to the C. beijerinckii species [70], its genome lacks the annotation that was needed since amino acid sequences were used in the following analysis. Unlike WB53, the strain ASCUSBR67 had a majority of corrupted, not missing genes (see Supplementary Table S4). This means that its assembly needs polishing by high-quality NGS data for further analyses, including genome annotation [71]. Yet, it is likely that the strain belongs to C. beijerinckii. The last outlier, the genome of the strain HUN142, had most of the reference genes missing. Together with a dDDH value below 70%, we can conclude that this strain does not belong to C. beijerinckii. It should be noted that when calculating the dDDH value, the d6 formula was used for complete genomes as it preserves the maximum amount of information, while the d4 formula was used for draft genomes as a more robust way to compare incomplete data [72]. Genomes of outliers below the lower fence in a reference genes’ analysis were preserved for following analyses as these represented strains that are evolutionary extremely close to the type strain C. beijerinckii DSM 791T.



Similar to ASCUSBR67, the study discarded other unannotated genomes for which amino acid sequences of protein coding genes are unavailable. Those were genomes of strains WB and G117. On the other hand, the study preserved the genome of the strain DSM 6423 [29], thedDDH value of which was below the 70% threshold. First, when considering the confidence interval, a dDDH value of 70% was reached. Second, its number of missing or corrupted reference genes did not differ substantially from other strains. Since clostridia present a diverse group of organisms, this study contends that following only a dDDH value for their delineation may be cumbersome.



It is not surprising that the core genome had a larger proportion of annotated genes as it contains housekeeping genes that maintain basic cellular functions; additionally, their orthologues are known as they are present in other related species [73]. The core genome can be used to improve a phylogenetic analysis and to correctly assign bacterial species [74]. This is highly convenient for clostridia where the reidentification of strains is still quite common. Thus, the use of the core genome defined within this study is suggested as a supplement to a dDDH analysis when assigning new strains to the C. beijerinckii species. From a biotechnological point of view, the core genome is not of the main interest as it contains primarily critical functions, the alteration or deletion of which are often not possible. This is the reason why the core genome lacks genes responsible for various biotechnologically relevant phenotypic manifestations, as the production of solvents varies among strains. The core genome contains master regulators, for example spo0A (Gene3468# in the core genome) that orchestrates except for sporulation also solvent production. On the other hand, particular genes coding enzymes necessary to form the final products, e.g., adh (Gene3611# in the accessory genome) that is responsible for isopropanol production or dhaT (Gene1153# in the accessory genome) that is responsible for 1,3-propandiol production, are parts of the accessory genome. Therefore, they are not present in every strain. Nevertheless, some of the enzymes still present parts of the core genome, e.g., adh (Gene4950# in the core genome) that is responsible for ethanol production or bdh (Gene1521# in the core genome) that is responsible for butanol production. This was expected as C. beijerinckii covers ABE and IBE fermentation strains, meaning that while the ability to produce acetone or isopropanol varies among strains, ethanol and butanol are produced by all strains. Nevertheless, other metabolic regulations may suppress their production, for example ethanol production is negligible in the strain C. beijerinckii NRRL B-598 under standard cultivation conditions [24]. Additionally, solvent production may be interrupted during the so-called acid crash phenomenon induced by cultivation conditions or genome mutations [75,76,77].



The core genome can find additional utilization in the identification of versatile reference genes for RT-qPCR in C. beijerinckii, as such genes should be present in every strain. However, experimental validation is always needed, as a reference gene-coding peptidase T (Gene4499# in the core genome), proposed as a reference gene for the strain NCIMB 8052 [20], was later proved to be not utilizable for the strain NRRL B-598 [78], where genes greA (Gene2564# in the core genome), zmp (Gene1191# in the core genome) and others performed better.



The fact that approximately one third of the accessory genome and unique genes was not assigned any COG suggests that orthologues for these genes are not present in more studied species. These genes might provide desirable phenotypic features, but advances in the field of functional annotation of non-model organisms are required to reveal these hidden properties. The accessory genome also contains several sequences of hypothetical proteins, the sequences of which are formed from repetitive subsequences. Even though these sequences were found in two or more genomes, they are probably not real proteins, and they might prevent the accessory genome from being used in BLAST searches. We suggest the use of the corrected accessory genome for BLAST searches where 76 sequences with a single kind of amino acid forming more than 25% of a sequence are discarded. The corrected Fasta file was uploaded to the FAIRDOMHub.



Although genes coding bacteriocin circularin A have been described only for the type strain C. beijerinckii DSM 791T [60], they are present also in other strains, as the type strain has only one unique gene. Nevertheless, the presence of the whole cluster of all genes was not found in any other genome, nor in the closely related genomes that formed cluster 5 in the phylogenetic tree. Apart from the type strain, the cluster contained strains NBRC 10935, NCTC13035, DJ317, and DJ079, which were found to be closely related in the preceding analysis of reference genes as four outliers below the lower fence.



Various strains of C. beijerinckii are extremely diverse, except for one large cluster containing evolutionary closely related strains. The majority of them (DJ strains) were uploaded to the GenBank at the same time by the DOE Joint Genome Institute. Unfortunately, the study describing these strains is missing. However, not all of the DJ strains clustered together and some of them even formed particular leaf nodes. From the type strain, the evolutionary-distant strain DSM 6423 was clustered with an additional five strains into cluster 15. Although both type strains have different genome characteristics, they are evolutionary closer to each other than to DSM 6423. The closest neighbor to the IBE fermenting type strain DSM 15410T is the strain NRRL B-598, a typical ABE fermentation representative. This is surprising because evolutionary-distant DSM 6423 is also an IBE strain. The absence of a distinguished cluster of IBE strains is further supported by the position of the individual leaf node with the strain C. beijerinckii BGS1, which is another isopropanol producer [30]. These relations only confirm that the evolution of Clostridium beijerinckii is not trivial, and novel strains should be identified using the whole core genome rather than particular genes or a dDDH analysis.




5. Conclusions


In this study, we sequenced and assembled the first complete genome sequence of the type strain Clostridium beijerinckii DSM 791T. We discovered that the genome of the type strain is composed of a circular chromosome and a circular megaplasmid that carries a complete cluster of genes to produce bacteriocin circularin A, which is unique among C. beijerinckii strains. We used the genome sequence for whole-genome comparisons, and we found out that at least two strains currently assigned as C. beijerinckii, WB53 and HUN142, do not belong to the species. Moreover, we proved that some of the genome assemblies, e.g., the genome sequence of the strain C. beijerinckii ASCUSBR67, are of lower quality and should be polished before they can be used for comparative analyses. By collecting 237 genomes that met the quality criteria, we defined for the first time the pangenome of the Clostridium beijerinckii species. We used the core genome to reconstruct a phylogeny of the whole species, using the maximum sequence information available. As we demonstrated, phylogeny of the species is not trivial, and we suggest use of the core genome when performing comparative analysis and identification of novel strains. The accessory genome contained a large percentage of genes with unknown function. This means, therefore, that many unique properties of the C. beijerinckii species might be still unreported.
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Figure 1. Circular maps of C. beijerinckii DSM 791 (A) chromosome and (B) plasmid. The outermost and the second outermost circles represent CDSs on the forward and reverse strands, respectively. The third circle represents pseudogenes, and the colors represent the COG functional classification. The fourth circle represents RNA genes, while the colors distinguish between tRNA, rRNA, and ncRNA. The inner shaded area represents (from outside in) GC content and GC skew, plotted using a 10-kb window with a step of 200 bp while the colors distinguish between above and below average values. 






Figure 1. Circular maps of C. beijerinckii DSM 791 (A) chromosome and (B) plasmid. The outermost and the second outermost circles represent CDSs on the forward and reverse strands, respectively. The third circle represents pseudogenes, and the colors represent the COG functional classification. The fourth circle represents RNA genes, while the colors distinguish between tRNA, rRNA, and ncRNA. The inner shaded area represents (from outside in) GC content and GC skew, plotted using a 10-kb window with a step of 200 bp while the colors distinguish between above and below average values.



[image: Processes 09 01196 g001]







[image: Processes 09 01196 g002 550] 





Figure 2. Whole-genome comparison of the type strain C. beijerinckii DSM 791T to other C. beijerinckii complete genomes with the visualization of genomes percentage identity. 
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Figure 3. Relative abundances of genes in particular clusters of orthologous groups. Color coding distinguishes between gene from core (red) and accessory (blue) genomes and genes unique for particular strains (green). 
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Figure 4. Phylogenetic reconstruction of Clostridium beijerinckii species. The phylogeny was reconstructed using 2308 genes of the core genome, present in every strain. Branches that were shorter than 1% of the maximum branch length were collapsed. The number of strains hidden under collapsed branches is written to each collapsed branch and strains are listed in Supplementary Table S9. The branch containing the type strain C. beijerinckii DSM 791T is highlighted in red. 
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Table 1. Genome features of Clostridium beijerinckii DSM 791T.
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	Feature
	Chromosome
	Plasmid





	Length (bp)
	5,876,902
	73,345



	GC content (%)
	29.90
	27.84



	Total number of ORF
	5209
	70



	Total number of operons
	3237
	54



	Protein coding genes
	4929
	68



	Pseudogenes
	132
	2



	rRNA genes (5S, 16S, 23S)
	17, 16, 16
	0, 0, 0



	tRNA
	93
	0



	ncRNA
	6
	0
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