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Background

Vibrios are widely distributed in the marine environment. Several Vibrio species, including V. lentus, V. kanaloae, V. pomeroyi, and V. chagasii, could hardly be distinguished phenotypically from V. splendidus and were known as splendidus-clade strains (Gay et al., 2004b; Roux and Austin, 2006). The classification of these splendidus-clade strains had been characterized at a molecular level (gyrase B subunit, 16S rRNA sequences and amplified fragment length polymorphism) (Le Roux et al., 2004; Rojas et al., 2015), whereas there have been few systematic studies on the characterization of these splendidus-clade strains at the genomic level. These splendidus-clade strains had been found to be associated with the outbreak events of mortality among molluscs (Le Roux et al., 2002; Rojas et al., 2015). These various strains might act in an additive/synergistic manner, resulting in higher Crassostrea gigas mortality rates (Gay et al., 2004a; Gómez-León et al., 2005), or few strains displayed an individual pathogenicity as V. splendidus strain JZ6 causing obvious lesions on the adductor muscle of Yesso scallop (Liu et al., 2013).

The key virulence factors of bacteria influence their pathogenicity. However, little is known about the pathophysiology and virulence factors of these splendidus-clade strains. (Zhang and Li, 2021). Few studies have revealed several virulence factors of these splendidus-clade strains. Extracellular products, such as metalloproteases and siderophores as virulence factors competing for host available iron (Wyckoff et al., 2015; Song et al., 2018), flagellum protein FliC and dihydrolipoic acid dehydrogenase (DLDH) as adhesion factors (Dai et al., 2020), and the quorum sensing system as regulatory factor, have been verified to contribute to the pathogenesis of these splendidus-clade strains (Henke and Bassler, 2004). Iron chelators had been shown to reduce the virulence of V. splendidus, suggesting that the iron uptake mechanism may influence its virulence. (Zhang et al., 2016).

A recent study by us showed that V. kanaloae strain KH-4 could lead to acute hepatopancreas necrosis, and final death of ark clams (Huang et al., 2021). However, the pathogenic molecular mechanism of KH-4 is largely unknown, and the lack of the complete genome of V. kanaloae isolated from ark clams limits the advance of relevant research. The genomic sequence of V. kanaloae strain KH-4, isolated from the hepatopancreas of diseased ark clams in December 2020, was drawn in this work. Research on the identification of virulence factors in KH-4 was carried out to reveal its pathogenesis. Meanwhile, genomic comparative analysis of KH-4 and 19 selected splendidus-clade related strains was performed for the characterization of the differentiation and evolution among these splendidus-clade strains.



Data Description


Genome Sequencing and Assembly

The genomic DNA of V. kanaloae strain KH-4 was extracted from monoclonal pure culture that was isolated in our previous study (Huang et al., 2021) according to the manufacturer’s instructions of HiPure Bacterial DNA Kits (Magen, Guangzhou, China). Qubit (Thermo Fisher Scientific, Waltham, MA, USA) and Nanodrop (Thermo Fisher Scientific, Waltham, MA, USA) were used to determine the DNA quantity. A combination of PacBio III and Illumina II technologies were used to sequence the bacterial genome. Genomic DNA was fragmented and end-repaired using G-tubes (Covaris, Woburn, MA, USA) for PacBio sequencing, and then processed using the SMRTbell Template Prep Kit v.1.0 (with a fragment size >10 Kb, as determined by the blue Pippin system) according to the manufacturer’s instructions. (PacBio, Menlo Park, CA, USA). A Qubit 2.0 Flurometer (Life Technologies, CA, USA) was used to quantify the library DNA, and a Bioanalyzer 2100 was used to estimate average fragment size (Agilent, Santa Clara, CA, USA). Standard protocols were followed for Single-molecule real-time (SMRT) sequencing on the Pacific Biosciences Sequel (PacBio, Menlo Park, CA, USA). Continuous long reads were attained from PacBio sequencing and were used for de novo assembly using Falcon v0.3.0 (Chin et al., 2013). The PacBio data included 817,423 polymerase reads with an N50 of 8548 bp and a total of 6.21Gb (Table S1).

For Illumina sequencing, genomic DNA was randomly sonicated, then end-repaired, adenine nucleotide-tailed, and adaptor ligated using NEBNext® ΜLtra™ DNA Library Prep Kit (NEB, USA) according to the preparation protocol. 300-400 bp DNA fragments were enriched by PCR. Finally, the enriched amplicons were purified using AMPure XP system (Beckman Coulter, Brea, CA, USA), their size distribution was analyzed by Bioanalyzer 2100 (Agilent, Santa Clara, CA, USA) and quantified using real-time PCR. Genome was sequenced on the Illumina Novaseq 6000 sequencer by the pair-end method (PE 150). Raw data from Illumina sequencing was filtered using FASTP v0.20.0 (Chen et al., 2018). After filtering, the Illumina data consisted of 7.05 million paired-end 2 × 150 bp reads corresponding to 1.06 Gbp (Table S1). Clean reads of Illumina data were used to correct the draft genome sequences to improve the quality of the assembly and determine the final genome sequences using Pilon v1.23 (Walker et al., 2014). The whole genome sequencing of KH-4 were finally assembled into two circular chromosomes of 1,516,539 bp (Figure 1A) and 3,166,113 bp (Figure 1B) with GC content of 43.6%-44.1%. Their circularity was checked and verified by mapping reads across the linkage of the head and the tail of the chromosomes without breakpoint (Figure S1).




Figure 1 | The circular genome maps of the strain KH-4. (A), Chromosome 1. (B) Chromosome 2. The tracks from outside to inside represent the identity of the genome size, CDS (+), CDS (−), rRNA(red), tRNA(black), GC contents, and GC skews. On both strands of CDS, all annotated ORFs were colored differently according to the COG annotation. (C) Annotation summary of unigenes. (D) Functional categorization of KH-4 based on the COG database.





Genomic Component Prediction

The coding sequences were predicted using Prokka v1.1.2 (Seemann, 2014) and NCBI prokaryotic genome annotation pipeline (Tatusova et al., 2016). rRNAs were identified by rRNAmmer v1.2 (Lagesen et al., 2007) and tRNAs by tRNAscan-SE v2.0 (Chan et al., 2021). Results showed that Chr1 coded 2673 proteins, 40 rRNA genes, and 116 tRNA genes, while Chr2 coded 1261 proteins, 3 rRNA genes, and 16 tRNA genes. Interspersed repeat elements were identified by RepeatMasker v4.1.0 (Chen, 2004). A total of 61 interspersed repeats (Table S2) were found in the genome of KH-4, including 39 short interspersed repeated sequences (SINEs), 14 long interspersed repeated sequences (LINEs), one long terminal repeat sequence (LTR), and seven DNA elements. Tandem repeat elements were identified by TRF v4.0.9 (Benson, 1999). Transposons were predicted using TransposonPSI. A total of 0.23% (10,821 bases) as TEs were found to scatter throughout the genome of KH-4, with 11 of class I retrotransposons (0.20% of assembled genome) and three of class II DNA transposons (0.03% of assembled genome), respectively (Table S3).



Function Annotations

Gene annotation was performed by alignment with the various protein databases including NCBI non-redundant protein sequence (Nr) database, UniProt/Swiss-Prot (Swissport), Kyoto Encyclopedia of Genes and Genomes (KEGG), and Cluster of Orthologous Groups of proteins (COG). Overall, Nr, Swissport, COG, and KEGG annotations were obtained respectively for 3933, 2694, 3046, and 2469 unigenes (Figure 1C). There were 22 COG categories of the predicted open reading frames (ORFs) in KH-4 (Figure 1D), with the top three as the following: R (458 ORFs), E (359 ORFs), K (283 ORFs). About 1361 of the 3933 annotated unigenes were linked to 129 KEGG pathways. Major KEGG pathway representations included metabolic pathways (54.67%), biosynthesis of secondary metabolites (24.85%), microbial metabolism in diverse environments (15.65%), and ABC transporters (10.95%).

Blast was used to explore potential virulence factors in KH-4 respectively against Pathogen Host Interactions (PHI) and Virulence Factors of Pathogenic Bacteria (VFDB). Blast against PHI revealed several homologous virulence factors in KH-4 referring to intestinal diseases (Table S4), including RNA-binding protein Hfq (locus_tag LWM38_12790), protease LonA (locus_tag LWM38_04625), quorum-sensing regulator luxO (locus_tag LWM38_09410), et al. One hundred seventy-two homologous virulence genes were finally identified in KH-4 against VFDB (Table S5), including ABC transporter components, hemolysin, heme transport protein, and flagellins.



Comparative Genomic Analysis

A comparative genomic investigation was carried out among the strains of V. splendidus (strain: 10N.286.52.F10, BST398, CECT 8714, and OU02), V. lentus (strain: 40M4T, BSW13, 5F79 and 10N.286.45.C8), V. kanaloae (strain: KH-4, R17, S12 and CCUG 56968), V. chagasii (strain: ECSMB14107, LC2-408, LMG 21353, and CCUG 48643), and V. tasmaniensis (strain: SM1924, 10N.222.45.A2, 1F-187, and ZS-17). The genomes of above strains were downloaded from NCBI database and analyzed. The software Diamond and OrthoMCL were used to identify orthologous unigenes among species by default. Briefly, all the unigenes were blasted with each other, E-value<1e-5 and query coverage>30% were thought as orthologous genes. Following that, OrthoMCL classified orthologous genes from different species into one protein family, as well as other species-specific genes into different families. One thousand five hundred thirty orthologous unigenes were identified (Table S6). The phylogenetic tree was constructed according to protein sequence alignment of orthologous unigenes with 1000 bootstrap replicates. The phylogenetic tree showed that KH-4 clustered much more closely with the other selected V. kanaloae strains (Figure 2). However, several splendidus-clade strains (OU02, SM1924, ZS-17) could not be well clustered according to their previous identities. These strains were named and classified based on several housekeeping genes, while their accurate classification status should be reconsidered. The pangenome analysis was carried out with the default parameters of the bacterial pan genome analysis tool (BPGA). Twenty genome sequences of these splendidus-clade strains had a pangenome of 76,703 genes, including a core-genome of 44,282 genes (shared by all genomes), an accessory genome of 31,795 genes (partially shared by genomes), and a unique-genome of 626 genes in KH-4 (Table S7).




Figure 2 | Phylogenetic tree based on concatenated orthologous unigenes of selected splendidus-clade strains. Clusters of V. splendidus, V. kanaloae, V. chagasii, and V. tasmaniensis are colored. Asterisks show the strains that are not well clustered according to their previous identities. ** The strains that were not well clustered.






Conclusions

The 4.68 Mbp complete genome sequence of V. kanaloae strain KH-4 was released here. The genome of KH-4 was compared to the earlier described 19 genomes, resulting in a comprehensive recognition of splendidus-clade strains. The results revealed 1530 orthologous unigenes among selected splendidus-clade strains and 626 specific genes in V. kanaloae strain KH-4 compared with others. In all, our data provide a valuable resource for better cognition and differentiation of these splendidus-clade strains for future research.
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