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ABSTRACT

Currently, over 190 species in family Vibrionaceae, including not-yet-cultured taxa,
have been described and classified into over nine genera, in which the number of species has
doubled compared to the previous vibrio evolutionary update (Vibrio Clade 2.0) (Sawabe et
al., 2014). In this study, “Vibrio Clade 3.0, the second update of the molecular phylogenetic
analysis was performed based on nucleotide sequences of eight housekeeping genes (8-
HKGs) retrieved from genome sequences including 22 newly determined genomes. A total of
51 distinct clades were observed, of which 21 clades are newly described. We further
evaluated the delineation powers of the clade classification based on nucleotide sequences of
34 single-copy genes and 11 ribosomal protein genes (11-RPGs) retrieved from core genome
sequences, however, the delineation power of 8-HKGs is still high and that gene set can be
reliably used for the classification and identification of Vibrionaceae. Furthermore, the 11-
RPGs set proved to be useful in identifying uncultured species among metagenome-
assembled genome (MAG) and/or single-cell genome assembled genome (SAG) pools. This
study expands the awareness of the diversity and evolutionary history of the family
Vibrionaceae and accelerates the taxonomic applications in classifying as not-yet-cultured

taxa among MAGs and SAGs.

Keywords: Vibrionaceae, multilocus sequence analysis, housekeeping gene, single-copy

gene, ribosomal protein gene, genome taxonomy, metagenome-assembled genome
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INTRODUCTION

The family Vibrionaceae is a monophyletic group of Gram staining-negative facultative
anaerobic bacteria forming curved rods that occur naturally in marine and brackish water
systems. To date, over 190 species have been described, consisting of over 9 genera.
Members of Vibrionaceae are important bacteria for marine mineral cycles, geochemistry,
pathogenicity, evolution, ecology and systematics; it has been an excellent model for testing
modern methodologies and techniques in bacterial systematics and ecology for better
establishing “Genomic Taxonomy” [1-3]. Genomic taxonomy is defined on the basis of
comprehensive comparative genomics methods including various genome indices, e.g.,
average nucleotide identity (ANI), digital DNA-DNA hybridization (dIDDH) [4], average
amino acid identity (AAI), and multilocus sequence analysis (MLSA) [5]. Among those,
MLSA has become one of the most accurate methods in identification of not only species but
also strains [6—12].

The first broad research on reconstructing the evolutionary history of 78 Vibrionaceae
type strains by MLSA using nine genes (ftsZ, gapA, gyrB, mreB, pyrH, recA, rpoA, topA, and
16S rRNA) was performed by Sawabe et al. (2007), and 14 monophyletic clades were
described (“Vibrio Clade 1.0) [6]. Subsequently, the molecular phylogeny was updated to 96
species including 10 genome sequenced strains based on eight housekeeping genes used in
2007 eliminating the 16S rRNA gene due to its low resolution, and eight clades were newly
identified (“Vibrio Clade 2.0”). It also concluded that the “8-HKGs MLSA” demonstrated
enough delineation power for species description, and should be used as the default method
before alternative approaches are applied [13]. However, due to the difficulties in developing
universal primers for amplifying MLSA genes and the lack of genome sequences of type

strains in Vibrionaceae, new clades had yet to be identified. Recent rapid progress in genome
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sequencing projects in vibrios provides an ideal opportunity to update the recent evolutionary
units of Vibrionaceae and has resulted in a massive increase in novel lineages.

Pan-genome was defined to be entire genome repertoire of a given group, and a set of
genes shared by all genomes was named core-genome [14—16]. Since the first pan-genome
analysis on pathogenic Streptococcus agalactiae [17], pan-genome studies have been
successfully applied to a variety of biological research [18]. In particular, the currently most
used multifunctional program, Anvi’o, which is capable of combing both the pangenomics
and phylogenomics for single-copy genes in core-genome to investigate the relationships
between a given group of draft/complete genomes [19, 20], provides new insights in
exploring the phylogeny and taxonomy of bacteria, such as Arenibacter [21], Vibrio [22], and
Salmonella [23]. In addition to the pangenome analyses, both metagenome assembled
genome (MAG) and single-cell assembled genome (SAG) are a recently emerging
methodology in many branches of modern microbiology. Using this approach, a new view of
the tree of life in three domains was reconstructed using ribosomal protein sequences [24],
and then this picture was expanded with the concatenation of 120 ubiquitous single-copy
protein genes [25]. All these genome-based approaches provide a wide range of
phylogenetically informative sequences that can be used to classify or identify species, and
finally suggest many novel not-yet-cultured microbes [24, 25]. Furthermore, it became
practical to characterize not-yet-cultured Vibrionaceae by metagenomic sequencing
approaches, especially the ones in a symbiotic relationship to angular fishes [26]. It has
accelerated the improvements in related research in diversity, evolution and ecological
symbiotic relationships between bacteria and fishes [26-29]. Previously, the taxa in
metagenomes could be easily classified into family or higher levels but classifications in

species/strain level remains a challenge [30], accurate identification of Vibrionaceae
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species/strains could push forward in understanding the diversity, evolution, and phylogeny
of bacteria.

The aims of this study are; 1) to update the knowledge in the diversity and evolution of
the family Vibrionaceae, 2) to examine the delineation power of 8-HKGs against SCGs and
recently developed gene sets such as ribosomal protein genes (RPGs), and 3) to evaluate the
RPGs set as a potential new approach for species identification/classification of uncultured
microbial MAG/SAG. Twenty-one new clades are delineated in this study. This study
updates the most recent Vibrionaceae phylogeny to help us better understand and explore the
diversity and evolution of Vibrionaceae species, and it proposes a potential new approach to

the identification and classification of new bacterial species candidates using MAG/SAG.

MATERIALS AND METHODS

Bacterial Strains

To increase the number of complete genome sequences of Vibrionaceae, 27 type strains
(see Table S1) including 4 Photobacterium and 23 Vibrio species were cultured on ZoBell
2216E agar and broth at 25°C and used for genome sequencing.
DNA Extraction and Whole Genome Sequencing

Genome sequences for the 27 type strains were newly determined/updated according to
previously described methods using a hybrid assembly of Nanopore long and Illumina short
reads [31]. Sequencing library for MinION (Oxford Nanopore Technologies, Oxford, UK)
was prepared using Rapid Barcoding Kit (SQK-RBK004). MinlON reads were basecalled by
Guppy 1.1. Demultiplexing and adaptor trimming of the reads were performed using
Deepbinner 0.2.0 [32]. Paired end DNA libraries were prepared using Nextera XT and were
sequenced with the Illumina MiniSeq platform (150-300 bp length) following the

manufacturer’s instructions. Removal of adaptor sequences were performed using the
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platanus trim function in Platanus B [33]. Most of the complete genomes were assembled
with Unicycler 0.4.7 or 0.4.8 [34] using both long and short reads. For V. ezurae JCM
215227, draft assembly was created by Flye 2.8.3 [35] with genomeSize=5 m using MinION
long reads, then sequences were corrected with Racon 1.4.20 [36] and Medaka 1.0.1 (Oxford
Nanopore Technologies Ltd., https://github.com/nanoporetech/medaka), finally polished by
Pilon 1.24 [37] using Illumina short reads.

Data Collection

A total 163 draft genomes of type or reference strains in Vibrionaceae and one complete
genome of Escherichia coli K-12 (ASM584v2) were retrieved from the National Center for
Biotechnology Information (NCBI) and GenBank database (Release 238, 15 June 2020) to
update Vibrionaceae phylogeny in this study. All the genome sequences used in the analysis
are listed in Supplementary Table S1.

Eight Housekeeping Gene Sequences (8-HKGs)

MLSA was performed accordingly to Sawabe et al. (2013). The nucleotide sequences of
the eight housekeeping genes (fisZ, gapA, gyrB, mreB, pyrH, recA, rpoA, and topA) were
retrieved from genome sequences using in silico MolecularCloning ver. 7 (In Silico Biology,
Inc., Yokohama, Japan). The domains used to reconstruct the phylogenetic trees were regions
of the fisZ, gapA, gyrB, mreB, pyrH, recA, rpoA, and topA genes: positions 1-948, 1-960, 13-
1650, 1-1038, 31-663, 1-906, 1-990, and 1-2073, respectively (V. cholerae ATCC 14035
(ASM62164v1) numbering).

Pan-Genome Analysis and Single-Copy Genes (SCGs)

Pangenomic analyses were performed using a total of 192 genome sequences (191
Vibrionaceae and E. coli) and the Anvi’o program ver. 6.2 [19-20]. Briefly, each of the
genome sequence fasta file was converted into an anvi’o contigs database (anvi-gen-contigs-

database), the contigs databases were decorated with hits from HMM models (anvi-run-
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hmmes) and annotated with functions from the NCBI’s Clusters of Orthologus Groups (anvi-
run-ncbi-cogs). An anvi’o genomes storage database was created (anvi-gen-genomes-storage)
and its pangenome was analyzed (anvi-pan-genome) with the help of NCBI’s blastp v. 2.7.1+
and MUSCLE [38]. Core single-copy genes were filtered (anvi-get-sequences-for-gene-
clusters) by default settings from the clusters generated by MCL [39] and extracted in fasta
files (anvi-get-sequences-for-gene-clusters) for further analysis. Gene information is listed in
Supplementary Table S2.

Ribosomal Protein Genes (RPGs)

Ribosomal protein gene sets used in Hug et al. (2016) and Park et al. (2018) were
retrieved from the same genome dataset using in silico MolecularCloning ver. 7 (In Silico
Biology, Inc.) with the exception of three species (Candidatus Photodesmus blepharus,
Candidatus Photodesmus katoptron, and Vibrio gallaecicus) due to the lack of certain genes.
The region of each gene used in this study is listed in Supplementary Table S3.

Sequence Analysis

The sequences of different gene sets were aligned using MACSE v2.03 [40] or
MUSCLE [38] and edited using MEGA-X v10.1.8 [41]. Split decomposition analysis using
the concatenated sequence was performed using SplitsTree 4.14.8 with a neighbor net
drawing and a Jukes-Cantor correction. The concatenated sequences were also used for a
phylogenetic analysis using Maximum Likelihood (ML) method with 500 bootstraps by
MEGA-X v10.1.8 [42, 43]. Average Nucleotide Identity (ANI) values were estimated using
FastANI [44], PyANI [45] and Orthologous Average Nucleotide Identity Tool version 0.93.1
[46]. In silico DNA-DNA hybridization (DDH) values were estimated using a Genome-to-
Genome Distance Calculator 2.1 (GGDC) [47, 48]. Average Amino Acid Identity (AAI)

values were estimated by AAI calculator, Kostas lab [49].
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RESULTS

Vibrio Clade 3.0: Updated MLSA Network Based on Typical 8-HKGs

8-HKGs MLSA using 191 Vibrionaceae strains including 27 newly determined/updated
genome sequences revealed a total of 51 distinct clades with 21 newly defined clades, with
the other twelve clades remaining unchanged as previously described (Fig. 1, Table 1). A
description of Vibrio Clade 3.0 was obtained in a supplemental document. The robustness of
these clades was strong enough to indicate their monophyly in the Maximum Likelihood
phylogenetic analyses (Fig. S1a, S2a). On the basis of genome analysis, most of the clades
shared >71.9% intra-ANI, >18.7% intra-in silico DDH, and >66.6% intra-AAI (Table 1), the
highest ANI (98.9%) and DDH (90.1%) were observed between V. ginghaiensis Q67" and V.
ordalii ATCC 335097, and the highest AAI (98.6%) was observed between V.
neocaledonicus CGJ02-2 and V. alginolyticus ATCC 17749".

In addition, according to the heatmaps of ANI and AAI matrices (Fig. S3, S4), AAI
heatmap showed higher clade-based hierarchical clustering. The AAI boundaries of clades
could be clearly inferred to be around 70%, while the ANI boundaries remained
undetermined. Meanwhile, ANI matrices of all genomes for preliminary screening using
FastANI and PyANI indicated that 17 species/strains pairs showed values above the species
boundary (95%), further confirmation was examined using OrthoANI between these pairs.
According to the OrthoANI, 14 of the 17 preliminary pairs must be re-evaluated for further
identification (Table 2).

Clade Based Genome Features

The Vibrionaceae clades except singletons had the mean 4.7 + 0.4 Mb genome size and
44.5 + 0.8% GC content. Each clade had similar genome size and GC content, but vibrio
clades overlapped with each other more than other clades in other genera (Fig. 2). Even

though members of the Hollisae clade comes from different genera (Enterovibrio and
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Grimontia), they shared similar size and content. In addition, the Nigripulchritudo had the
biggest genome (6.3 Mb), while the Halotolerans had the highest GC content (50.6%).
Single-Copy Genes (SCGs) MLSA

The same 192 genomes were used for pan-genome analysis. A total of 95,334 gene
clusters with 844,099 genes were defined in the pangenome, in which 403 gene clusters with
82,829 genes were recognized in the core-genome, and 34 single-copy genes were identified
by default settings (listed in Table S2). The 34 single-copy genes (34-SCGs) were extracted
and concatenated from the core-genome for the phylogenetic analysis. According to the split
network constructed by concatenated 34-SCGs (Fig. 3a), 50 of 51 clades (98%) in 8-HKGs
MLSA were congruent despite differing positions, except the singleton Ganghwense clade,
which was assigned into the neighboring Rosenbergii clade. This was consistent with the
results in the phylogenetic tree using the same data (Fig. 4a, S1b), P. ganghwense was
grouped in the Rosenbergii clade. Scophthalmi clade lost the monophyly. Although the
network topology base on 34-SCGs MLSA was similar to that of 8-HKGs, it showed
comparatively lower gene resolution than 8-HKGs MLSA (Fig. SSa).

Ribosomal Protein Genes (RPGs) MLSA

Two RPGs sets, 16-RPGs from Hug et al. (2016) and 11-RPGs from Park et al. (2018),
were examined for MLSA analysis among the 188 Vibrionaceae species. Three species (V.
gallaecicus and two Candidatus Photodesmus species) were removed due to the lack of
certain genes.

Since these two sets had a similar network (Fig. 3b, S6) and gene resolution (98.6% and
98.5% respectively, Fig. S5a), the 11-RPGs set is recommended as a subject for further
research, thus time and effort has been saved in collecting these genes of interest. According
to the split network base on the concatenated 11-RPGs nucleotide sequences (Fig. 3b), all

clades in 8-HKGs MLSA were congruent. Member exchange occurred between two clades:
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Proteolyticum and Rosenbergii clade. P. marinum, which belong to Proteolyticum in 8-
HKGs, was clustered in Rosenbergii, and P. sanctipauli, which belong to Rosenbergii in 8-
HKGs, was clustered in Proteolyticum. It was even worse in the phylogenetic tree
constructed using the same data, the members of Proteolyticum, Rosenbergii, and Aquae
clades in 8-HKGs interfered with each other here that we could not classify the clades among
them (Fig. 4b, S2).
Identification of MAGs Using 11-RPGs

A total of 19 Vibrionaceae MAGs from different BioProjects were collected to test
identification using 11-RPGs (Table 3). Finally, 10 MAGs were used for the 11-RPGs MLSA
after checking the presence of 11-RPGs. Results on the basis of 11-RPGs MLSA using 188
Vibrionaceae and 10 Vibrionaceae MAGs (Fig. 5, Table 3) showed that 7 MAGs (MAG3 -
MAGY) were classified into known clades, in which 5 MAGs (MAGS5 - MAG9) were further
identified as know species based on ANI (MAG®6; V. casei, MAGT; V. litoralis, and MAGS,
MAGS8, MAGY; V. campbellii). MAG3 and MAG4 were estimated to belong to
Diazotrophicus and Nereis clade, respectively, but they showed lower ANI below the species
boundary (<95%) against any known clade members, which means they are likely to be new
species. In addition, three MAGs could not be classified into any known vibrio clades,
MAG1 might share common ancestry with Rumoiensis clade species but MAGI had a distant
long branch, and MAG2 was located close to Fischeri clade, but was not clustered with any
vibrio species. Moreover, MAG10 was primarily labeled as Vibrionaceae MAG but it could
be placed to Aeromodaceaea (Table 3 and Fig. 5). In further blast, MAG10 was affiliated to
be relative of Tolumonas auensis DSM 9187T with the 11 RPG sequence similarity 86.1-

94.6%.

DISCUSSION

11
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As of October 2020, over 5,000 genomes have been described in Vibrionaceae, but only
164 genomes with less than 30 complete genomes of Vibrionaceae type strains were
available in public databases. Twenty-seven genomes (22 complete) of type strains in
Vibrionaceae have been added or updated in this study (Table S1), which covers nearly 15%
of described Vibrionaceae species. This could achieve the second update of vibrio
evolutionary units and we propose it be “Vibrio Clade 3.0”. The second update of vibrio
clades is described in the supplemental document.
Possible Clade Boundaries

In this study, a total of 51 clades (including 17 orphan clades) were described in the
family Vibrionaceae, which is almost twice the number described in 2013, specifically the
increase of singletons (from 4 to 17), showed greater diversity of this family. Members of a
clade shared at least 71.9% ANI, 18.7% DDH, and 66.6% AAI (Table 1), which may suggest
clear boundaries in classifying clade members in the future. However, in order to improve the
accuracy of these boundaries, we would like to suggest excluding the two-member clades
since they are more likely to be unstable. Integrating with the heatmaps of ANI and AAI
(Fig. S3, S4), the AAI boundary for Vibrionaceae clades classification could be 69.5-71.8%,
but an apparent ANI clade boundary was not found.
Possible Changes in The Future

According to the 8-HKGs MLSA in this study, some clades were likely to be split into
several different branches, indicating different evolutionary directions and potential new
clades in the future (Fig. 1, S7). For example, in the Mediterranei clade, two major branches
could be found: branch with 1) V. thalassae, V. mediterranei, and V. barjaei, and 2) V.
variabilis, V. maritimus, and V. hangzhouensis. The same could be found in the Porteresiae
clade: branch with 1) V. palustris and V. zhugei, and 2) V. porteresiae and V. tritonius.

Furthermore, there are still some individual orphan-like species showing distant relationships

12
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with other members in a clade, usually occurring at the edge of a clade. Examples include V.
gallicus in the Halioticoli clade, V. sinaloensis in the Orientalis clade, V. fortis and V.
profundi in the Splendidus clade. All these candidates possess singleton potential or could
form a new clade with newly included members. Meanwhile, the classification of clades in
the genus Photobacterium seemed troublesome since the results differed between different
gene sets, particularly between the Rosenbergii and Proteolyticum clades (Fig. 4), which may
require further studies.

We also consider not-yet validly published genus/species in future studies, e.g. genera
"Corallibacterium" [50] and newly described "Veronia" [51]. "Corallibacterium" strains
were not included in this study due to the lack of genomes, but "Veronia pacificus™ is a later
synonym of Enterovibrio pacificus, which was determined to be an orphan clade in this
study.

Misidentification of Species/Strains

Some species/strains in clades were found to be closely related and shared long branches
in the split network tree (Fig. 1). According to the ANI calculation, they may have been
misidentified thus need further confirmation (Table 2). First confirmation was performed
using different ANI calculators, those (14 pairs) who reach the boundary value (95%) for
species delineation [46, 52] came to the second confirmation by in silico DDH checkup; and
the final eight pairs were examined by AAI calculation [53, 54]. As shown in Table 2, all the
final 8 pairs showed values over the boundaries. However, half of them were subspecies
(Salinivibrio costicola, Photobacterium damselae and P. leiognathi subspecies) and one pair
(Aliivibrio logei-A. salmonicida) were not type strains, so are not discussed in this study.
Finally, we re-identified 3 species which were likely to have been previously misidentified.
V. chemaguriensis was newly classified in 2019 from the Harveyi clade, showed 45%

GGDC, 92% ANI and 96.2% AAI against to genome of V. alginolyticus ATCC 17749" [55],
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however, with the new member of V. diabolicus was classified into the Harveyi clade, the
genome of V. chemaguriensis Isol™ showed 98.1% ANI, 83.1% DDH and 98.4% AAI against
V. diabolicus CNCMI-1629", which indicates they are the same species; another member of
this clade, V. neocaledonicus CGJ02-2, showed 98.5% ANI, 85.7% DDH and 98.5% AAI
against V. alginolyticus ATCC 17749", was identified as V. alginolyticus ATCC 177497,
consistent with the recent research [56] and the luminescent bacterium V. ginghaiensis Q67"
in Anguillarum was identified as V. ordalii ATCC 33509" (98.9% ANI, 90.1% DDH and
98.5% AAI). These results highlight the contribution of 8-HKGs MLSA in identifying the
new and previously misidentified species/strains in Vibrionaceae, which could contribute to
further elucidation of species-level ecology more appropriately.
Delineation Power of 8-HKGs MLSA

Compared to the 8-HKGs, newly examined 34-SCGs and 11-RPGs were determined to
be lower resolution (94.9% and 98.5%, separately) (Fig. S5a), which caused issues in
identifying closely related species/clades. Most of the incongruences were observed in the
genus Photobacterium (Fig. 4), which suggests that both the 34-SCGs and 11-RPGs may not
be the best gene set for the identification of Photobacterium species. These results indicated
that the 8-HKGs MLSA is still an effective and reliable tool in the identification of
Vibrionaceae. Meanwhile, by means of evaluation of the 8-HKGs individually, six of the
eight housekeeping genes showed relatively higher gene resolution (Fig. SSb), which

indicates that it is highly possible that we could use the 6-HKGs set for future research.

Availability of a Potential RPG Set for Metagenomes
The success of identifications of MAGs proved the potential of the 11-RPGs set in
classifying or identifying (new) species/clades using metagenomes. However, there were still

several MAGs that could not be used for identification due to the lack of certain ribosomal
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protein genes. The reason seems to depend on genome completeness and complete regions of
the genome. Most of the MAGs, which had all 11-RPGs hits, showed over 90.9%
completeness (checked by DFAST, https://dfast.ddbj.nig.ac.jp/), except for MAGS and
MAG10, while other MAGs, which had only eight or even none hits showed lower
completeness (average 61.3%). Unfortunately, we did not find any available SAGs data to
test for the identification using the 11-RPGs set, but its application was believed as well. As a
result, it is necessary to obtain more complete genomes or decrease the number of genes for
analysis, which would be needed in future research. More suitable and reliable ribosomal
gene sets should be evaluated since S17 was deleted in the 11-RPGs set but had the highest
gene resolution (Fig. S5c¢). More attempts are needed for the identification of new species,
and its application for other bacterial families to be demonstrated as well. Moreover,
evaluation of 8-HKGs or its reduced set must be performed to study further population
studies using MAGs/SAGs data set because only 8-HKGs or its reduced set has high
delineation powers in differentiate populations [7].

This MLSA approach established in this study could help to further understanding of
not-yet-cultured vibrios. MAGs used in this study recovered from various materials
(bioreactor, invertebrates, and environments) and diverse environments (surface seawater,
sediment, and hydrothermal vent), and the new species candidates were found in the
sediment-related samples (MAG1, and MAG?2), and marine phytoplankton exometabolite
enrichments (MAG3, and MAG#4). In particular, MAG2 was reconstructed from a
Foraminifera, Globobulimina sp., obtained from sediment in Gullmar Fjord (Sweden), and
estimated to belong in not only a new genus but also a new clade (Fig. 5). Unveiling new
species candidates from marine environmental MAGs/SAGs are not surprising considering

the pace in new species description in recent decades, but those from marine protozoans
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associated taxa might be a new frontier to expand Vibrionaceae ecology, or more specifically

to reveal unexpected host-microbe associations.
Conclusion

The new phylogenetic analysis using 191 genomes for family Vibrionaceae was updated
with a total of 51 distinct clades including 21 newly defined ones. According to the
comparison with two new approaches, the 8-HKGs MLSA is still an effective and reliable
tool for delineating new species, monophyletic groups/clades in Vibrionaceae. Using the
dataset in this study, 96.1% ANI may be the boundary for species delineation, 69.5-71.8%
AAI may be the boundary for Vibrionaceae clade delineation. The success of identification in
Vibrionaceae using MAGs showed the potential of the 11-RPGs set in classifying or
identifying species candidates in MAG or SAG applications. This is the most comprehensive
study to date of the family Vibrionaceae with both the most genera and the most species
described. However, more efforts on acquiring genomes for the remaining Vibrionaceae
species will improve and perfect the phylogenetic analysis to better illustrate the ecological
diversity, evolutionary history, and host-microbes interactions of the family Vibrionaceae.
Finally, this methodology could be a universal tool, so it could apply to any bacterial taxa

after evaluating the HKGs and RPGs set suitability.
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FIGURE CAPTIONS

Figure 1. The updated concatenated split network based on multilocus sequence analysis
(MLSA) of eight housekeeping genes (8-HKGs) retrieved from 191 Vibrionaceae
species. The fisZ, gapA, gyrB, mreB, pyrH, recA, rpoA, and topA gene sequences were
concatenated and the tree was reconstructed using the SplitsTree4 ver. 4.14.8. Clades
indicated by red, green, and blue represent the “new”, “emended”, and “un-changed”
clades, respectively.

Figure 2. Clade-based genome size and GC content relatedness of all 191 Vibrionaceae
species used in this study. Colors indicate different clades except singletons which are
all black. The size of shapes indicates the number of species in Clades. Error bars
indicate the standard deviation. Data were visualized with ggplot2 ver. 3.3.3.

Figure 3. Concatenated split network based on nucleotide sequences of a) 34 single-copy core
genes (34-SCGs) retrieved from 191 Vibrionaceae species pan-genome, b) 11 ribosomal
protein genes (11-RPGs) retrieved from 188 Vibrionaceae species. Gene sequences were
concatenated, and the tree was reconstructed using the SplitsTree4 ver. 4.14.8. Clade
underlined was not conserved compared to 8-HKGs MLSA. Colour was set as same as
Figure 1.

Figure 4. The rooted Maximum Likelihood bootstrap consensus tree based on a) 34-SCGs vs
8-HKGs, b) 11-RPGs vs 8-HKGs; each clade is marked by different colours (colour was
set as same as Figure 1, black branches are the singletons), shadowed clades with labels
were incongruent compared to 8-HKGs. The trees with all leaves labeled are available in
Supplemental Figure S4 and S5, respectively.

Figure 5. Metagenome-assembled genomes (MAGs) identification using concatenated split

network based on nucleotide sequences of 11-RPGs retrieved from 188 Vibrionaceae
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species and 10 MAGs. Gene sequences were concatenated, and the tree was
reconstructed using the SplitsTree4 ver. 4.14.8.

Figure S1. The rooted Maximum Likelihood bootstrap consensus tree based on a) 8
housekeeping genes, b) 34 single-copy genes. Branches of each clade are marked by
different colors (color was set as same as Figure 2).

Figure S2. The rooted Maximum Likelihood bootstrap consensus tree based on a) 8
housekeeping genes, b) 11 ribosomal protein genes. Branches of each clade are marked
by different colors (color was set as same as Figure 2).

Figure S3. Heatmap representation based on the average nucleotide identity (ANI) distance
matrix. Dendrogram shows the hierarchical clustering. Species ID is listed in Table S1.
Heatmap was visualized with ComplexHeatmap ver. 2.2.0.

Figure S4. Heatmap representation based on the average amino identity (AAI) distance
matrix. Dendrogram shows the hierarchical clustering. Species ID is listed in Table S1.
Clades (over 2 members) were labeled with the same color as Figure 2, asterisks indicate
the split clades. Heatmap was visualized with ComplexHeatmap ver. 2.2.0.

Figure S5. Gene similarity of a) concatenated gene sets, b) eight housekeeping genes, and ¢)
16 ribosomal protein genes (bold indicates 11-RPGs set), circles represent different
species, red square indicates the median value, lower gene similarity means higher gene
resolution.

Figure S6. Concatenated split network based on nucleotide sequences of 16 ribosomal protein
genes retrieved from 188 Vibrionaceae species. Gene sequences were concatenated, and
the tree was reconstructed using the SplitsTree4 ver. 4.14.8.

Color was set as same as Figure 1.
Figure S7. Focused concatenated split networks for each clade (except for singletons) based

on 8-HKGs with E. coli and V. cholerae as outgroups.
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Table 1. Newly obtained/updated genome sequences in this study

Genus Species Strains Status Accession
Photobacterium carnosum CECT 93947 Draft BPPU01000001-BPPU01000011
Photobacterium sanguinicancri CECT 75797 Complete AP024850-AP024851
Photobacterium swingsii CECT 75767 Complete AP024852-AP024853
Photobacterium toruni CECT 9189" Draft AP024854-AP024860
Vibrio aerogenes LMG 19650" Complete AP024861-AP024863
Vibrio agarivorans CECT 5085" Draft BLAT01000001-BLAT01000058
Vibrio breoganii CAIM 18297 Complete AP024864-AP024865
Vibrio comitans LMG 23416" Complete AP024866-AP024868
Vibrio ezurae JCM 215227 Complete AP024869-AP024870
Vibrio gallicus LMG 21878" Complete AP024871-AP024872
Vibrio gazogenes ATCC 299887 Complete AP024873-AP024874
Vibrio halioticoli IAM 14596" Complete AP024875-AP024877
Vibrio inusitatus LMG 234347 Complete AP024878-AP024880
Vibrio ishigakensis JCM 192317 Complete AP024881-AP024882
Vibrio mangrovi CECT 7927" Complete AP024883-AP024884
Vibrio neonatus JCM 215217 Complete AP024885-AP024886
Vibrio palustris CECT 9027" Complete AP024887-AP024888
Vibrio pectenicida LMG 196427 Complete AP024889-AP024892
Vibrio plantisponsor CECT 75817 Complete AP024893-AP024894
Vibrio porteresiae MSSRF30" Complete AP024895-AP024896
Vibrio quintilis CECT 77347 Draft AP024897-AP024899
Vibrio rarus LMG 23674" Complete AP024900-AP024902
Vibrio rhizosphaerae LMG 23790" Complete AP024903-AP024904
Vibrio ruber LMG 231247 Complete AP024905-AP024906
Vibrio spartinae CECT 9026" Complete AP024907-AP024908
Vibrio superstes JCM 21480" Complete AP024909-AP024910
Vibrio zhugei KCTC 627847 Complete AP024911-AP024912

Bold indicates newly updated genomes
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618  Table 2. Update of clades description using 8 housekeeping genes for multilocus sequence analysis (MLSA) in

619  the family Vibrionaceae

Clades Genus Species Number Genome GC ANI DDH AAIL
of size content (%) (%) (%)
species (Mb) (%)
Mean+SD  Mean+SD
New clades (21)
Photodesmus Candidatus Candidatus Photodesmus 2 1.140.1 332434 73.1 18.7 66.6
Photodesmus blepharus and Candidatus
Photodesmus katoptron
Pacificus Enterovibrio E. pacificus 1 53 45.5 - - -
Hollisae Grimontia E. baiacu, E. calviensis, 9 5.3+0.5 48.1+0.8 74.6- 19.5- 76.5-
/Enterovibrio E. coralii, E. nigricanis, 89.9 38.5 94.6
E. norvegicus, G. celer,
G. indica, G. marina,
and G. hollisae

Marinum Paraphotobacterium  Paraphotobacterium marinum 1 2.6 31.2 - - -

Aquae Photobacterium P. aquae 1 5.1 49.1 - - -

Halotolerans Photobacterium P. halotolerans and 2 4.7+0.0 50.6+0.5 91.1 42.5 94.6
P. salinisoli

Jeanii Photobacterium P. jeanii, P. sagunicancri, 3 5.440.3 44.1+0.9 77.6- 21.8- 82.6-
and P. swingsii 85.0 28.8 91.2

Proteolyticum Photobacterium P. alginatilyticum, 4 6.1+0.5 47.1+£0.9 76.6- 21.0- 79.4-
P. chitinilyticum, P. marinum, 93.4 52.3 95.1
and P. proteolyticum

Costicola Salinivibrio S. costicola. subsp. alcaliphilus, 7 3.440.1 49.9+0.6 78.6- 21.7- 84.5-
S. costicola. subsp. costicola, 98.5 86.2 98.3
S. kushneri, S. proteolyticus,

S. shamensis, S. siamensis, and
S. socompensis

Occultus Thaumasiovibrio T. occutus and T. subtropicus 2 4.9+0.7 48.3+1.6 71.9 20.8 68.5

Aestivus Vibrio V. aestivus and V. mexicanus 2 4.8+0.0 44.9+0.2 90.0 39.5 92.7

Albus Vibrio V. albus 1 4.3 46.1 - - -

Caribbeanicus Vibrio V. caribbeanicus 1 4.4 41.6 - - -

Fluvialis Vibrio V. fluvialis and V. furnisii 2 4.9+0.1 50.3+0.5 86.0 30.5 91.8

Maerlii Vibrio V. maerlii 1 4.8 44.5 - - -

Metschnikovii Vibrio V. cincinnatiensis, V. fujianensis, 4 3.740.1 43.8+0.3 76.5- 20.2- 80.5-
V. injenensis, and 91.9 45.7 95.3
V. metschnikovii

Ostreicida Vibrio V. ostreicida 1 4.4 45.6 - - -

Pacinii Vibrio V. pacinii and V. salilacus 2 4.0+0.5 45.2+0.1 95.7 65.9 95.5

Sonorensis Vibrio V. sonorensis 1 4.8 44.4 - - -

Viridaestus Vibrio V. viridaestus 1 4.7 41.9 - - -

Xiamenensis Vibrio V. xiamenensis 1 55 46.4 - - -

Emended clades (18)

Fischeri Aliivibrio A. finisterrensis, A. fischeri, 6 4.5+0.3 38.7+0.5 79.3- 22.2- 83.5-
A. logei, A. sifiae, A. wodanis 97.5 79.7 97.1
and 4. salmonicida

Ganghwense Photobacterium P. ganghwense 1 55 50.5 - - -
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Phosphoreum

Profundum

Rosenbergii

Anguillarum

Cholerae

Diazotrophicus

Harveyi

Marisflavi

Mediterranei

Nereis

Orientalis

Pectenicida

Porteresiae

Scophthalmi

Splendidus

Vulnificus

Photobacterium

Photobacterium

Photobacterium

Vibrio

Vibrio

Vibrio

Vibrio

Vibrio
Vibrio

Vibrio
Vibrio

Vibrio
Vibrio

Vibrio

Vibrio

Vibrio

P. andalusiense, P. angustum,
P. aquimaris, P. carnosum,

P. iliopscarium, P. kishitanii,
P. malacitanum, P. piscicola,
P. leiognathi subsp. leiognathi,
P. leiognathi. subsp.
mandapamensis,

P. phosphoreum, P. toruni, and
P. damselae. subsp. damselae

P. frigidiphilum, P. indicum,
P. lipolyticum, and
P. profumdum

P. aphoticum, P. gaetbulicola,
P. lutimaris, P. rosenbergii, and
P. sanctipauli

V. aestuarianus, V. anguillarum,
V. ordalii, and V. ginghaiensis

V. cholerae, V. metoecus,
V. mimicus, and V. parillis

V. diazotrophicus and
V. plantisponsor

V. alfacsensis, V. alginolyticus,
V. azureus, V. campbellii,

V. chemaguriensis, V. diabolicus,
V. harveyi, V. hyugaensis,

V. jasicida, V. mytili,

V. natriegens, V. neocaledonicus,
V. owensii, V. parahaemolyticus,
V. rotiferianus, and V.
sagamiensis

V. marisflavi

V. barjaei, V. hangzhouensis,
V. maritimus, V. mediterranei,
V. thalassae, and V. variabilis

V. hepatarius and V. nereis

V. aquaticus, V. atypicus,

V. bivalvicida, V. brasiliensis,
V. europaeus, V. galatheae,
V. orientalis, V. ouci,

V. tubiashii, V. sinaloensis
and V. xuii

V. pectenicida

V. palustris, V. porteresiae,
V. tritonius, and V. zhugei

V. ichthyoenteri, V. renipiscarius,
V. scophthalmi, and V. sinensis

V. atlanticus, V. celticus,

V. chagasii, V. fortis,

V. coralliirubri, V. crassostreae,
V. gigantis, V. cyclitrophicus,

V. echinoideorum, V. lentus,

V. gallaecicus, V. kanaloae,

V. profundi, V. splendidus,

V. tasmaeniensis, and

V. toranzoniae

V. cidicii, V. navarrensis, and
V. vulnificus

13 4.6£02
4 5.9+0.7
5 5.9+0.4
4 4.0+0.4
4 41402
2 4.6£02
16 52405
1 4.7

6 54403
2 4.540.5
11 5.0+0.6
1 45

4 4.6£0.9
4 4.8+0.4
16 52404
3 47403

39.5+0.7

42.7£2.1

48.5+1.1

44.1£1.0

46.8+0.5

43.7+0.3

44.4+1.2

422
45.3£1.2

45.8+0.6
45.0+0.6

413
44.4+0.9

44.2+1.2

43.9+0.8

47.7+0.9

75.7-
97.6

76.7-
95.7

75.5-
83.0

78.7-
98.9

85.0-
88.2

94.2

75.2-
98.4

76.7-
95.0

79.3

75.8-
94.2

72.5-
84.8

74.9-
84.4

76.1-
94.8

77.1-
95.4

20.5-
78.2

21.7-
63.8

21.2-
26.3

21.5-
90.1

29.1-
352

56.7

20.9-
85.7

20.6-
61.3

223

20.1-
56.1

19.2-
28.4

21.3-
28.4

21.2-
59.4

21.1-
62.8

76.7-
97.8

79.0-
95.8

76.5-
89.5

84.1-
98.5

91.4-
93.1

96.5

76.1-
98.6

81.1-
972

85.4

80.4-
95.8

71.8-
91.1

76.6-
89.9

78.7-
96.8

79.8-
94.8
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Unchanged clades (12)

Damselae Photobacterium P. damselae subsp. damselae and 2 4.7+0.5 40.9+0.1 97.0 74.2 97.0
P. damselae. subsp. piscicida
Agarivorans Vibrio V. agarivorans and V. astriarenae 2 4.840.1 45.5+£0.2 79.3 22.8 86.5
Coralliilyticus Vibrio V. coralliilyticus and V. neptunius 2 5.440.3 45.3+£0.5 87.6 342 91.7
F10 Vibrio Vibrio genomesp. F10 1 3.8 44.1 - - -
F6 Vibrio Vibrio genomesp. F6 1 4.2 423 - - -
Gazogenes Vibrio V. aerogenes, V. gazogenes, 7 5.1+0.5 45.7+0.3 72.1- 19.8- 69.5-
V. mangrovi, V. quintilis, 92.0 45.7 93.2
V. ruber, V. rhizosphaerae,
and V. spartinae
Halioticoli Vibrio V. breoganii, V. commitans, 10 4.2+0.4 43.9+1.1 73.2- 19.6- 74.9-
V. ezurae, V. gallicus, 93.6 455 96.3
V. halioticoli, V. inusitatus,
V. ishigakensis, V. neonatus,
V. rarus, and V. superstes
Nigripulchritudo  Vibrio V. nigripulchritudo and 2 6.3+0.3 44.9+1.3 77.1 21.5 84.0
V. penaeicida
Ponticus Vibrio V. panuliri, V. ponticus, 4 4.6+0.3 44.9+0.4 77.6- 22.2- 83.0-
V. rhodolitus, and V. taketomensis 85.0 30.3 89.6
Proteolyticus Vibrio V. proteolyticus 1 4.7 50.0 - - -
Rumoiensis Vibrio V. algivorus, V. aphrogenes, 6 3.8+0.3 41.8£0.9 76.5- 21.6- 79.9-
V. casei, V. gangliei, V. litoralis, 88.5 35.5 92.6
and V. rumoiensis
Tapetis Vibrio V. tapetis 1 5.7 43.7 - - -
620 Bold indicates new/emended species, underlined indicates likely mistaken species
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622

Table 3. List of strains/species pair showing a value above species boundary

No. FastANI PyANI OrthoANI DDH AAI Paired strains/species Clade
(%) (%) (%) (%) (%)  (bold indicates the likely misidentified
species)
1 98.8 98.7 98.9 90.1 98.5 V. gqinghaiensis Q67" V. ordalii ATCC 33509 Anguillarum
2 98.3 98.4 98.5 86.2 983 S costicola subsp. alcaliphilus DSM 16359" S. costicola subsp. costicola LMG 116517 Costicola
3 98.3 98.4 98.5 85.7 98.6 V. neocaledonicus CGJ02-2 V. alginolyticus ATCC 177497 Harveyi
4 98.1 98.1 98.1 83.1 98.4 V. chemaguriensis Iso1™ V. diabolicus CNCM 1-1629" Harveyi
5 97.2 97.6 97.5 797 97.1 A logei 18159 A. salmonicida LF11238 Fischeri
6 97.5 97.5 97.6 782  97.8  P.damselae subsp. damselae ATCC 335397 P. angustum ATCC 259157 Phosphoreum
7 96.1 97.0 97.0 742  97.0 P.damselae subsp. piscicida 91-197 P. damselae NCTC 11647" Damselae
8 96.8 96.8 96.9 732  97.8  P. leiognathi subsp. mandapamensis svers.1.1  P. leiognathi subsp. leiognathi ATCC 255217 Phosphoreum
9 96.2 96.0 96.1 67.1 - V. ordalii ATCC 33509" V. anguillarum DSM 21597" Anguillarum
10 95.9 95.8 95.9 66.2 - V. qinghaiensis Q67" V. anguillarum DSM 215977 Anguillarum
11 95.5 95.8 95.7 65.9 - V. salilacus V. pacinii Pacinii
12 95.5 95.4 95.7 63.8 - P. frigidiphilum JCM 12947" P. profundum SS9 Profundum
13 95.4 95.3 95.4 62.8 - V. cidicii 2756-817 V. navarrensis ATCC 511837 Vulnificus
14 95.3 95.2 95.3 62.9 - P. andalusiense CECT9192" P. aquimaris LC2-0657 Phosphoreum
15 95.2 95.0 95.0 - - V. barjaei 3062" V. mediterranei NBRC 156357 Mediterranei
16 95.3 94.6 94.8 - - V. coralliirubri corallo1™ V. celticus Rd8.15" Splendidus
17 95.4 94.5 94.8 - - V. toranzoniae CECT 7225" V. kanaloae CCUG 56968 Splendidus
95 95 95 70 95 Threshold for same species
623
624 Table 4. A metagenome-assembled genomes (MAGs) survey using 11 ribosomal protein genes (11-RPGs)
625  scheme
ID Assembly Primary MAG name 11- MAG Belonged clade The closest species ~ ANI against
accession RPGs completeness based on 11-RPGs the closest
hits (%) species (%)
MAG1  ASM234268v1 Vibrio sp. UBA2441 11 95.5 New V. albus 71.5
MAG2 ASM335412v1 Vibrionaceae Glo_1 11 95.5 New Aliivibrio fischeri 71.5
MAG3 ASM1180648v1 Vibrio diazotrophicus HF9B 11 98.7 Diazotrophicus V. diazotrophicus 90.3
MAG4 ASM1180657v1 Vibrio hepatarius HF70 11 100.0 Nereis V. hepatarius 92.6
MAGS5 ASM337041v1 Vibrio campbellii HD9-110m-PIT-SAG10 11 29.1 Harveyi V. campbellii 98.4
MAG6 ASM351374v1 Vibrio sp. UBA10714 11 94.1 Rumoiensis V. casei 100.0
MAG7  ASM352238vl Vibrio sp. UBA10737 11 90.9 Rumoiensis V. litoralis 97.4
MAGS ASM1180653v1 Vibrio campbellii HF17 11 99.2 Harveyi V. campbellii 963
MAG9 ASM1337316v1 Vibrio campbellii HF-Dinl1 11 100.0 Harveyi V. campbellii 96.3
MAGI10 ASM325067v1 Vibrio diazotrophicus SZUA-511 11 30.8 Aeromonadaceae Tolumonas auensis ~ 69.4
MAGI11 ASMI187415vl Vibrio sp. MedPE-SWchi 1 70.8 NT NT -
MAGI12 ASM233904vl Vibrio metoecus UBA1833 8 60.9 NT NT -
MAGI13  ASM234273vl Vibrio sp. UBA2437 0 90.0 NT NT -
MAG14 ASM324725v1 Vibrio diazotrophicus SZUA-363 0 43.0 NT NT -
MAGI15 ASM337038vl Vibrio campbellii HD9-110m-PIT-SAG09 0 11.2 NT NT -
MAG16 ASM345089vl1 Vibrio sp. UBA12222 0 34.1 NT NT -
MAG17 ASM347639vl1 Vibrio sp. UBA9541 8 64.8 NT NT -
MAGI18 ASM348339vl Vibrio sp. UBAS8383 8 80.1 NT NT -
MAG19 ASMI1337330vl Vibrionaceae HF-Dia40 0 96.8 NT NT -
Possible new species indicated by bold. NT: not tested.
626
627
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