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Abstract

Multipartite genomes define the genus Vibrio, yet replicon specialisation remains poorly understood,
particularly in environmental species. We developed a machine-learning classifier to assign draft contigs
to putative replicons with high accuracy, integrating complete and draft genomes in comparative
analyses. Independent implementation in Vibrio cholerae yielded similar performance, supporting
broader applicability. Analysis of 41 Vibrio coralliilyticus genomes revealed functional specialisation
between chromosomes despite similar proportions of core and flexible gene families. Chromosome |
was enriched in essential cellular processes, central metabolism, motility and regulation, whereas
chromosome Il was enriched in environmental sensing, signal transduction, transport and interaction-
associated functions. Chromosome | also exhibited greater plasticity, with more extensive homologous
recombination and higher densities of mobile genetic elements and defence systems. Two previously
undescribed conjugative megaplasmid lineages (254-628 kb) displayed contrasting adaptive
repertoires. One was broadly distributed across hosts and geographic regions, encoding a conserved
accessory repertoire including a giant multidomain putative effector predicted to mediate host
interactions. The other was restricted to Mediterranean coral isolates, with an expanded mobilome and a
conserved Sofic-like anti-phage defence system. Together, these findings show that functional
specialisation can coexist with similar gene conservation patterns, while chromosomes and
megaplasmids make complementary contributions to adaptation and genome evolution.

INTRODUCTION

The genus Vibrio comprises more than 190 described species within the family Vibrionaceae, distributed
into at least 51 clades (1). Members of this Gram-negative genus are predominantly heterotrophic
bacteria inhabiting diverse aquatic environments, including estuaries, coastal waters, and marine
sediments, where they occur as free-living organisms or in association with algae, invertebrates, and
vertebrates, and can adopt mutualistic, commensal, or pathogenic lifestyles (2).

A distinctive, although not exclusive, feature of many Vibrio species is the presence of two
chromosomes (Chr | and Il) of unequal size (3). Chromosome Il is thought to have originated from an
ancestral megaplasmid because it retains a plasmid-type replication and partition system based on RctB
(4), yet it also carries genes essential for growth and viability (5). This multipartite genome architecture
is considered to enhance adaptation to diverse environmental conditions (3). The two chromosomes
also differ in replication timing, gene dosage, and rates of evolution. Chromosome Il initiates replication
later than Chrl, although both chromosomes terminate replication synchronously (6-8). Consequently,
genes on Chrl generally experience higher copy numbers and dosage-dependent expression during
exponential growth (9), whereas genes on secondary chromosome have been proposed to evolve more
rapidly (10).

Despite these well-established biological differences between chromosomes, most pangenome
analyses treat Vibrio genomes as single entities, pooling genes from different replicons without
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considering chromosome-specific evolutionary dynamics. A recent chromosome-resolved comparative
analysis of 76 reference Vibrio genomes revealed pronounced functional asymmetry between
chromosomes, with Chrl enriched in housekeeping functions and Chrll containing a larger proportion of
accessory genes, including virulence-associated functions (11). These findings suggest that Chrll may
play a major role in genome plasticity and ecological adaptation across the genus, potentially through
the acquisition and reorganisation of genetic material mediated by horizontal gene transfer,
recombination, and transposition. However, because that study included only a single representative
genome per species, it did not address chromosome specialisation within species or determine whether
Chrll consistently represents the principal reservoir of accessory genes and genome plasticity.
Answering these questions requires complete genomes because fragmented assemblies hinder the
accurate assignment of accessory genes and mobile genetic elements to individual replicons.

Niche adaptation and speciation within Vibrio are largely shaped by mobile genetic elements (MGEs),
which can be shared between species through horizontal gene transfer (HGT) (12, 13). This genomic
variability is mirrored in the pangenome structure, with many Vibrio species exhibiting open pangenomes
(11), indicative of continuous gene acquisition and high genomic diversity across strains. However, most
comparative genomic studies providing key insights into genome plasticity and the role of MGEs have
largely focused on human pathogens (14-16). More recently, these analyses have expanded to
environmentally and aquaculture-relevant species, including V. anguillarum, V. splendidus, V. harveyi, and
V. europaeus (17-20).

Among environmental vibrios, Vibrio coralliilyticus is an important marine pathogen associated with
disease outbreaks in reef-building corals worldwide, causing bleaching, tissue necrosis, and mortality
(21-23). It is also a major cause of mortality in bivalve larvae, including Eastern and Pacific oysters,
causing severe losses in hatchery production (24, 25). This broad host range highlights its ecological
versatility and impact on both natural ecosystems and aquaculture. Importantly, virulence is strongly
influenced by environmental conditions, particularly temperature, through the upregulation of virulence
factors (26-28). Together, these characteristics suggest a genomic architecture that supports
responses to environmental signals while facilitating the continuous acquisition of new functions,
raising the question of how these two capacities are distributed across its replicons.

Here, we performed a replicon-resolved pangenome analysis of 41 V. coralliilyticus genomes to
investigate how functional repertoires, genome plasticity, and MGEs are distributed across
chromosomes and plasmids, and to determine how these replicons contribute to adaptation and
genome evolution in this marine pathogen. Our findings reveal a multipartite genome shaped by both
functional specialisation and differential genomic plasticity, challenging a simple core-flexible model of
chromosome organisation and uncovering distinct contributions of chromosomes and megaplasmids to
genome evolution and adaptive potential.

MATERIALS AND METHODS
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Genomes used in this study

Seventeen V. coralliilyticus strains were newly sequenced (Supplementary Table 1). Genomic DNA was
extracted using the DNeasy Blood & Tissue Kit (Qiagen), and hybrid genome assemblies were generated
from lllumina short reads and Oxford Nanopore long reads using Unicycler v0.4.7 (29) with default
parameters. Assembly quality was assessed with CheckM2 (30). An additional 10 complete V.
coralliilyticus genomes were retrieved from NCBI and included in subsequent analyses (Supplementary
Table 1).

Machine-learning classification of contigs from draft assemblies

Draft V. coralliilyticus genome assemblies were downloaded from NCBI and contigs were assigned to
Chrl, Chrll or plasmids using supervised machine-learning models trained on the 27 complete genomes
(17 newly sequenced and 10 retrieved from the NCBI). Replicons were randomly fragmented into
sequences ranging from 200 bp to 3 Mb, and their 6-mer frequency profiles were used as classification
features. The dataset was split into training and test subsets in a 67:33 ratio (random seed = 123) using
a genome-wise strategy, so that all fragments from a given genome were assigned exclusively to one
subset, preventing data leakage between training and test datasets. Eleven supervised classifiers
implemented in scikit-learn v1.7.2 (31), including support vector machines, Naive Bayes, k-nearest
neighbours, decision trees and random forests, were evaluated. The Linear Support Vector Classifier
(LinearSVC) achieved the highest accuracy and was selected for subsequent analyses. Only draft
assemblies comprising less than 55 contigs were retained, yielding a final set of 14 draft genomes.

The complete dataset therefore comprised 41 genomes: 17 newly sequenced genomes and 24 genomes
retrieved from NCBI (10 complete and 14 draft assemblies) (Supplementary Table 1).

To evaluate whether the k-mer-based replicon classification strategy was robust beyond V. coralliilyticus,
an independent species-level validation was performed using 500 complete V. cholerae genomes with
unambiguously resolved replicons. Replicons were fragmented and represented by 6-mer frequency
profiles, and models were trained and evaluated de novo within the V. cholerae dataset.

Genome characterisation and replicon comparative analyses

Plasmid sequences were identified using geNomad (32), retaining predictions with a classification score
>0.9. In draft genomes, plasmids were considered only for presence/absence analyses, whereas
analyses requiring plasmid size or gene content were restricted to complete genomes with plasmids
assembled as single contigs. Based on previous studies in Vibrionaceae, plasmids were classified as
plasmids (< 250 kb) or megaplasmids (= 250 kb) (33).

Average nucleotide identity (ANI) was calculated using FastANI (34). Pairwise ANI values were first
obtained from complete genomes to assess genomic relatedness and confirm taxonomic affiliation and
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were subsequently calculated separately for Chrl and Chrll to compare sequence conservation between
chromosomes.

GC skew analyses were restricted to complete genomes to avoid biases associated with fragmented
assemblies (Supplementary Table 1). GC skew was calculated for each replicon using a custom Python
3 script with 10 kb sliding windows and 1 kb step as (G - C)/(G + C), and cumulative GC skew was
obtained as the running sum of window values. To quantify strand asymmetry, we defined two metrics.
Skew strength was calculated as the sum of the mean positive GC skew and the absolute mean negative
GC skew, providing a direction-independent measure of strand asymmetry. Skew symmetry was
calculated as the smaller of the two mean magnitudes divided by their sum (range 0-0.5), where 0.5
indicates a perfectly balanced bidirectional GC skew profile. Replicons lacking values of either sign were
assigned a symmetry value of 0. Differences among Chrl, Chrll, plasmids (< 250 kb) and megaplasmids
(=250 kb) were assessed using the Kruskal-Wallis test followed by pairwise Wilcoxon rank-sum tests
with Benjamini-Hochberg correction.

Codon usage was analysed separately for Chrl, Chrll and plasmids from complete genomes. Relative
synonymous codon usage (RSCU) values were calculated from all predicted protein-coding sequences
according to Sharp and Li (35). Principal component analysis (PCA) of centred and scaled RSCU values
was performed in R v4.5.0 to compare codon usage biases among replicons.

Pangenome analysis

Gene families were partitioned using PPanGGOLIN (36) into persistent, shell and cloud categories.
Hereafter, persistent families are referred to as the core genome, whereas shell and cloud families
constitute the flexible genome. Protein sequences from the core and flexible genomes of each
chromosome were functionally annotated using BlastKOALA (37). Annotated proteins were assigned
Kyoto Encyclopedia of Genes and Genomes (KEGG) Orthology (KO) identifiers and classified into KEGG
functional categories. The relative abundance of each category was calculated separately for the core
and flexible fractions of Chrl and Chrll.

Proteins carrying N-terminal signal peptides were identified using SignalP 6.0 (38). Predicted proteins
were classified into five categories according to their secretion or processing pathway: Sec-dependent
(SP), lipoprotein (LIPO), Tat-dependent (TAT), Tat-dependent lipoprotein (TATLIPO) and type IV pilin-like
(PILIN) signal peptides. For each genome, the abundance of each category was normalised to the total
number of predicted proteins encoded by the corresponding replicon.

Defence systems

Anti-phage defence systems were identified using PADLOC (39). For each genome, the number of
systems in each category was normalised by replicon length and expressed as systems per Mb.
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Virulence-associated genes

Open reading frames (ORFs) were predicted using Prodigal (40). Protein sequences were searched
against the Virulence Factor Database (VFDB; 41) using BLASTp with thresholds of > 80% sequence
identity and = 60% query coverage. For each genome, the number of hits assigned to each virulence
category was normalised to the total number of predicted proteins encoded by the corresponding
chromosome.

Homologous recombination analysis

To investigate the relative contributions of homologous recombination and mutation to genome
diversification, recombination analyses were performed independently for Chrl and Chrll using
concatenated nucleotide alignments of the core genes shared by all isolates. Phylogenetic trees were
inferred from each alignment using FastTree v2.1.11 (42).

Homologous recombination was inferred using ClonalFrameML (43). For each chromosome, the
corresponding phylogenetic tree and core genome alignment were analysed using default parameters to
estimate the ratio of recombination to mutation rates (R/6), the mean length of recombination
fragments, and the relative effect of recombination versus mutation (r/m). These parameters were used
to assess the contribution of homologous recombination to genome evolution.

Mobile genetic elements (MGEs)

Insertion sequences (ISs) were identified using ISEScan (44). Integrated prophages and plasmids were
predicted using geNomad (32). Regions of genomic plasticity (RGPs) were identified using the panRGP
module of PPanGGOLIN (36), and integron-associated attC recombination sites were detected using
IntegronFinder (45). Transposase proteins were clustered at 90% sequence identity and 70% alignment
coverage to reduce redundancy.

To compare the distribution of MGEs between chromosomes, the abundance of each category was
normalised by chromosome length and expressed as elements per Mb.

Plasmid analysis

Plasmids were classified into distinct groups based on sequence similarity and genomic architecture.
Sequence similarity was evaluated using BLASTn (= 90% identity and = 60% query coverage). Plasmids
were annotated using PlasAnn (46), and conjugative systems were identified using CONJScan v2.0.1
(47). Structural comparisons were performed with GBDraw (48). These analyses were restricted to
plasmids assembled as single contigs in complete genomes to avoid biases associated with fragmented
assemblies.

Page 6/26



To assess the phylogenetic distribution of plasmid lineages, a genome phylogeny was inferred using the
Type (Strain) Genome Server (TYGS) (49) following the standard Genome BLAST Distance Phylogeny
(GBDP) workflow. The analysis included the 27 complete V. coralliilyticus genomes together with Vibrio
neptunius KCTC 12702 and was rooted with Vibrio vulnificus NBRC 15645.

An unusually large hypothetical protein encoded by one plasmid was further characterised using HHpred
(50) to identify structural homologues and conserved domains. The central region of the protein was
modelled with AlphaFold 3 (51).

Relative transcriptional activity of chromosome | and
chromosome Il

RNA-seq datasets generated in a previous study on the effects of interspecies interactions on the
virulence of Vibrio coral pathogens (28) were reanalysed to evaluate chromosome-specific
transcriptional activity. Transcriptomes from pure and mixed cultures grown at 20°C and 28°C were
analysed as described previously (28). Sequencing reads from each treatment were mapped to the
reference genome of V. coralliilyticus strain Vic-OC-068 using Bowtie (52), the strain analysed in the
original study. The proportion of covered positions (depth > 0) was calculated for each chromosome as a
proxy for the fraction of the replicon covered by RNA-seq reads. Fold changes in chromosome coverage
(coculture/monoculture) were then calculated separately for each temperature.

Statistical analysis

Statistical analyses were performed in R v4.5.0. Unless otherwise indicated, paired comparisons
between Chrl and Chrll were performed using two-sided Wilcoxon signed-rank tests. P values were
adjusted for multiple comparisons using the Benjamini-Hochberg procedure.

Data availability

Genome accession numbers for all publicly available Vibrio coralliilyticus genomes analysed in this study
are listed in Supplementary Table 1. The newly generated genome sequences have been deposited in
NCBI under BioProject accession number PRINA1523816. The individual BioSample accession numbers
for the 17 newly sequenced strains are publicly accessible and are provided in Supplementary Table 1.

RESULTS

Classification of draft genome contigs into chromosomal
and plasmid replicons

The eleven classifiers achieved accuracies ranging from 80.5% to 96% on the held-out test set. Across all
models, Chrl contigs were classified almost perfectly (F1: 0.99), indicating a highly distinctive k-mer
signature. The main classification challenge was distinguishing Chrll from plasmids (F1: 0.94), for which
performance was lower across most classifiers (Supplementary Table 3).
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The Linear Support Vector Classifier (LinearSVC) outperformed all other classifiers, achieving 96%
overall accuracy together with the highest precision, recall, and F1-score across the three classes. It was
followed by the k-nearest neighbour classifiers (k = 1, 3 and 5), with accuracies of 95.9%, 95.6% and
95.3%, respectively. In contrast, the radial basis function support vector machine achieved 91% accuracy,
whereas the AdaBoost decision-tree classifier yielded the lowest performance (80.5%; Supplementary
Table 3). LinearSVC was therefore selected for the classification of draft genome contigs in subsequent
analyses.

Although contigs from all 26 draft genomes were classified into Chrl, Chrll and plasmid replicons, only
assemblies containing < 55 contigs were retained for downstream analyses. This filtering step yielded 14
draft genomes and minimised potential biases associated with assembly fragmentation.

To determine whether this classification approach was applicable beyond V. coralliilyticus, the workflow
was independently applied to V. cholerae. Classifiers accuracies ranged from 85.3% to 96.7%, with
Random Forest (100 trees) showing the highest performance (accuracy = 0.967; F1-score = 0.97),
including accurate classification of plasmid contigs (F1-score = 0.97) despite their under-representation
in the test set. The LinearSVC, the best-performing classifier in V. coralliilyticus, also performed well in V.
cholerae (accuracy = 0.953), with F1-scores of 0.95, 0.95 and 0.94 for Chrl, Chrll and plasmids,
respectively (Supplementary Table 4). These results support the applicability of the k-mer-based replicon
classification strategy beyond V. coralliilyticus.

Distinct genomic organisation and compositional features characterise the replicons of Vibrio
coralliilyticus

A total of 41 V. coralliilyticus genomes were analysed (Supplementary Table 1). Genome sizes ranged
from 5,295,939 to 6,542,744 bp, with GC contents between 45.3% and 46.0%. Chrl ranged from 2,498,117
to 3,873,393 bp, whereas Chrll ranged from 1,809,248 to 2,132,499 bp. Because plasmid sequences in
draft assemblies may be fragmented across multiple contigs, analyses of plasmid size and structural
organisation were restricted to the 27 complete genomes. Plasmids were detected in 24 of these
genomes (88.8%) and ranged from 52,449 to 628,063 bp, with megaplasmids (= 250 kb) present in 79%
of plasmid-bearing genomes (Supplementary Table 2).

More than 80% of pairwise genome comparisons fell within a narrow ANl interval (96.8-97.3%), whereas
the shared genome fraction ranged from 74.4% to 100%, revealing accessory-genome variation among
closely related strains (Supplementary Fig. 1). Both chromosomes displayed comparable ANI values
despite differences in shared genome fraction, which was more variable in Chrl than in Chrll. In contrast,
plasmids were markedly more heterogeneous than either chromosome in both ANI and shared genome
fraction (Supplementary Fig. 1).

Replication-associated compositional asymmetry differed significantly among replicons, as reflected by
GC skew strength and symmetry (Kruskal-Wallis test, p < 0.001). Both chromosomes displayed highly
symmetric GC skew profiles, although Chrl exhibited significantly stronger and more symmetric signals
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than Chrll. In contrast, plasmids showed a clear size-dependent pattern. Small plasmids (< 250 kb)
displayed low and highly variable symmetry values, whereas megaplasmids exhibited more symmetric,
chromosome-like GC skew profiles, although both remained below the symmetry observed in Chrl and
Chrll (Fig. 1).

The distribution of ribosomal and transfer RNA genes was strongly biased toward Chrl. All eleven rRNA
operons were located on this replicon and showed a highly conserved arrangement relative to dnaA
across all genomes, clustering near the origin of replication. Likewise, Chrl contained at least one copy
of every tRNA gene, whereas Chrll encoded only a reduced subset (5-6 tRNAs) corresponding to a
limited number of amino acids (Ser, Gly, Leu, Cys and occasionally Arg), all of which were also present on
Chrl (Supplementary Table 2). Consistent with this organisation, all single-copy marker genes used by
CheckM2 were exclusively located on Chrl.

Consistent with the biased distribution of tRNA genes, principal component analysis of relative
synonymous codon usage (RSCU) revealed subtle but consistent differences in codon preferences
between replicons. The reduced tRNA repertoire of Chrll matched its preferred codons, suggesting a
non-random distribution that may reflect adaptation to optimise translational efficiency. In contrast,
plasmid-encoded genes exhibited substantially greater heterogeneity in codon usage, with no clear
clustering by plasmid size (Supplementary Fig. 2).

Pangenome analyses reveal functional partitioning
between chromosomes

The V. coralliilyticus pangenome comprised 12,881 gene families and exhibited an open structure
(Heaps' law, a =0.276, R2 = 0.996, p < 0.001). Of these, 4,244 belonged to the core genome and 8,637 to
the flexible genome, including 1,291 shell and 7,346 cloud gene families. The Chrl pangenome
comprised 128,319 genes grouped into 7,393 families, whereas Chrll contained 71,495 genes distributed
across 3,860 families (Fig. 2A, B). Similar proportions of core and flexible gene families were observed in
both chromosomes, with only 545 families (4.23% of the pangenome) detected on both replicons. Of
these, only 14 were recurrently present in more than 20 genomes and were predominantly associated
with central metabolism (Supplementary Table 5).

The flexible genome of both chromosomes was dominated by unclassified proteins (> 70%), whereas
this proportion decreased markedly in the core genome (< 3%). Chrl was enriched in genes involved in
genetic information processing (12.49% vs. 5.30% in Chrll), consistent with its role in housekeeping
functions. Cell motility and glycan biosynthesis were detected exclusively in Chrl, whereas Chrll
contained larger proportions of genes involved in cellular community-prokaryotes, signal transduction,
and membrane transport (Fig. 2C, D).

These functional differences extended to cell-environment interactions. Chrll encoded a significantly
higher proportion of proteins carrying predicted signal peptides than Chrl (16.88% vs. 13.61%, paired
Wilcoxon test, p < 0.0001), primarily due to enrichment of Sec-dependent, lipoprotein, and Tat-dependent
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signal peptides, whereas pilin-like proteins were more abundant in Chrl (Supplementary Fig. 3).
Functional specialisation also extended to ABC transport systems and nitrogen metabolism. Chrl
predominantly encoded transporters for essential nutrients, together with assimilatory nitrate reduction
pathways. In contrast, Chrll contained more transporters for more variable substrates, including ribose,
maltose, urea and nitrate/nitrite, and encoded dissimilatory nitrate/nitrite reduction pathways associated
with facultative anaerobic respiration.

This partitioning was particularly evident in quorum-sensing and c-di-GMP signalling pathways. The Chrl
core genome encoded the central signal integration and regulatory machinery, while Chrll encoded the
major signal detection systems, including the Al-2 receptor complex LuxP/LuxQ, the CAI-1 synthase-
receptor pair CqsA/CgsS, and the high-cell density regulator LuxR (Supplementary Fig. 4A). Notably, the
Al-1 (AHL) synthase-receptor pair LuxM/LuxN was only detected in 25 strains and always as part of the
flexible genome, occurring on either Chrl or Chrll depending on the strain. A similar partitioning was
observed for c-di-GMP-associated pathways, with Chrll harbouring multiple sensory and regulatory
proteins, whereas Chrl encoded additional downstream components together with elements of the
MSHA pilus system (Supplementary Fig. 4B).

Similar chromosome-specific trends were observed for virulence-associated genes. Chrl was
significantly enriched in genes related to motility, biofilm formation, adherence, effector delivery systems,
and regulatory functions, whereas Chrll contained higher proportions of genes associated with stress
survival, antimicrobial activity, and exoenzyme production (Fig. 3). These patterns indicate that Chrl
preferentially encodes functions involved in host colonisation and virulence, whereas Chrll contributes
more extensively to environmental adaptation and extracellular interactions.

To explore whether the distinct functional profiles of the two chromosomes were reflected at the
transcriptional level, we reanalysed previously published RNA-seq datasets obtained from V.
coralliilyticus grown in monoculture or in coculture with Vibrio mediterranei at 20°C and 28°C (28). We
compared transcriptomic coverage between monoculture and coculture separately at each temperature
to distinguish the effect of interspecific interaction from that of temperature. At both temperatures,
coculture substantially increased the fraction of each chromosome covered by RNA-seq reads relative to
the corresponding monoculture, but this increase was consistently greater for Chrll. At 20°C, the
proportion of covered positions increased approximately 20-fold in Chrl and 123-fold in Chrll during
coculture, whereas at 28°C the corresponding increases were approximately 9-fold and 34-fold,
respectively (Supplementary Fig. 5).

Chromosome | concentrates defence-system diversity

Restriction-modification (RM) and dXTPase were the most widespread defence systems, whereas the
remaining mechanisms showed a more heterogeneous distribution across isolates. Overall, defence
systems were significantly enriched in Chrl relative to Chrll (paired Wilcoxon test, adjusted p = 0.0065).
Chrl contained higher densities of RM, Mokosh type I, dXTPase, and abortive infection systems, whereas
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Chrll harboured a more limited repertoire, with DISARM/DMS being the only defence system enriched on
this replicon (Supplementary Fig. 6).

Hierarchical clustering based on the presence and absence of defence-system types revealed two major
isolated groups. These groups showed no obvious association with geographic origin or host but largely
coincided with the two megaplasmid groups described below. Cluster separation was primarily driven by
differences in accessory defence-system repertoires, with the Sofic system largely defining one of the
two clusters (Fig. 4).

Chromosome | concentrates genome plasticity and
horizontal genetic exchange

Recombination contributed substantially to sequence evolution in both chromosomes, with estimated
r/m values of 3.25 for Chrl and 2.57 for Chrll, indicating that nucleotide substitutions introduced through
homologous recombination exceeded those generated by mutation alone. Moreover, inferred
recombinant intervals were significantly longer in Chrl than in Chrll (median length, 382 vs. 298 bp;
Wilcoxon rank-sum test, P < 0.001; Supplementary Fig. 7). The mean divergence between imported and
recipient sequences was similar in both chromosomes (4.5%), which exceeded the average divergence
among the genomes analysed here (2.7-3.2%), consistent with recombination involving DNA from
donors more divergent than those represented in the sampled population.

To assess whether this trend extended to other signatures of genome plasticity, we compared the
density of MGEs and diversification hotspots between chromosomes. Chrl exhibited significantly higher
densities of insertion sequences (ISs), transposases, regions of genomic plasticity (RGPs), and integron-
associated attC sites than Chrll (paired Wilcoxon tests, adjusted p < 0.001; Fig. 5). This enrichment was
most pronounced for attC sites, which were almost exclusively detected in Chrl.

Two megaplasmid lineages differ in ecological distribution,
conjugation systems, and accessory functions

Comparative analyses identified two major megaplasmid lineages, hereafter referred to as Type1 and
Type2 plasmids. Type1 plasmids were detected in eleven isolates from all sampled regions and from
diverse sources, including seawater, corals, oysters, and other hosts (Fig. 6; Supplementary Table 2). In
contrast, Type2 plasmids were detected exclusively in ten Mediterranean coral isolates. Despite these
contrasting distributions, both plasmid lineages encoded conjugation-associated Type IV secretion
systems (T4SS), including relaxases, type IV coupling proteins (T4CPs), and multiple tra/trb components,
supporting their capacity for autonomous conjugative transfer, although no canonical oriT was identified.
The conjugation modules belonged to distinct T4SS classes, with Type1 plasmids encoding an F-type
system and Type2 plasmids a T-type system, indicating distinct conjugation machinery.
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Only about 25% of Type1 plasmid proteins could be assigned to KEGG functional categories, mainly
related to genetic and environmental information processing, and no complete metabolic pathways were
identified. Despite the limited functional annotation, several proteins suggested roles in host interaction,
interbacterial competition, signalling, and stress adaptation, including hemolysin-related proteins, Rhs-
family proteins, the RstAB two-component system, and multiple oxidative stress proteins. A particularly
notable feature was a highly conserved multidomain protein of approximately 5,000 amino acids (Fig. 6).
HHpred identified N-terminal sensor-like domains, a central Lymphostatin/LifA-like region, and C-terminal
RTX-associated domains. Adjacent RTX secretion-associated ATPases were encoded within the same
plasmid region, suggesting a secreted host-interaction effector.

In contrast, Type2 plasmids displayed a markedly different functional profile. Approximately 32% of their
proteins were annotated, including a complete homoprotocatechuate degradation pathway, a nearly
complete ascorbate degradation module, and multiple ABC transporters involved in the uptake of
osmoprotectants, complex carbohydrates, antimicrobial peptides, and signalling-related molecules.
These plasmids also carried an exceptionally high density of MGEs, including numerous TnpA-family
transposases and IS-associated elements, with some plasmids encoding more than 20 copies. This was
accompanied by a highly conserved transposase repertoire across Type2 plasmids, indicating the
persistence of a shared mobilome within this lineage. Consistent with this pattern, isolates carrying
Type2 plasmids also exhibited higher densities of insertion sequences and transposases on Chrl than
isolates carrying Type1 plasmids or lacking plasmids. Remarkably, approximately one-third of all
chromosomal transposases belonged to families also encoded by the resident Type2 plasmid
(Supplementary Fig. 8), indicating extensive overlap between plasmid and chromosomal mobilomes. In
addition, all Type2 plasmids encoded a Sofic defence system, and every isolate carrying a Type2 plasmid
also possessed a chromosomal Sofic homolog, whereas this system was absent from all strains lacking
Type2 plasmids (Fig. 4). Because Type2 plasmids were detected in isolates from multiple phylogenetic
lineages (Supplementary Fig. 9), this association is unlikely to be explained solely by shared ancestry.

DISCUSSION

While multipartite genome organisation is a hallmark of many members of the family Vibrionaceae, the
extent to which individual replicons are functionally specialised remains poorly understood in most non-
human pathogenic species. Replicon-resolved comparative analyses are limited by the relatively low
availability of complete genomes for many environmental species and by the predominance of draft
assemblies, in which the chromosomal or plasmid origin of individual contigs is not directly preserved.
To overcome this limitation, we developed a k-mer-based machine-learning approach that assigned V.
coralliilyticus draft contigs to Chrl, Chrll or plasmids with high accuracy, allowing complete and draft
genomes to be integrated within the same replicon-resolved framework. Independent implementation of
the workflow in V. cholerae achieved similarly high classification performance, indicating that the ability
of k-mer composition to discriminate replicons is not restricted to V. coralliilyticus and supporting its
potential applicability in other members of the genus.
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Preserving replicon identity in pangenome analysis was biologically informative, revealing a pronounced
functional compartmentalisation of the multipartite genome of V. coralliilyticus, in which chromosomes
and megaplasmids contribute differently to cellular function, adaptation, and genome evolution.
Consistent with the genomic architecture originally described for Vibrio cholerae (5), Chrl concentrates
the core genomic features of the species, including the strongest and most symmetric GC-skew
patterns, all rRNA operons, and a complete set of tRNA genes. Although a small subset of tRNAs was
also detected on Chrll, these corresponded to the most frequently used codons. Notably, rRNA operons
were consistently located near the origin of replication, an arrangement commonly observed in fast-
growing bacteria as an optimisation strategy to satisfy the high demand for translational machinery
during fast growth (53, 54).

A widely accepted model for multipartite genomes in Vibrionaceae proposes a strong asymmetry
between chromosomes, with most core genes residing on Chrl, whereas Chrll is enriched in species- and
strain-specific genes and represents the main source of adaptive innovation (55, 56). However, our
results only partially support this model. Although the two chromosomes differed markedly in their
functional repertoires, they contained remarkably similar proportions of core and flexible gene families,
indicating that chromosome specialisation in V. coralliilyticus is determined primarily by functional
partitioning rather than differences in gene conservation. Accordingly, Chrl is specialised in genetic
information processing, central metabolism, and cell motility, whereas Chrll encodes a conserved
repertoire of genes involved in environmental sensing, signal transduction, membrane transport, and
other adaptive processes. Consistent with this functional specialisation, the RNA-seq coverage analyses
suggested that Chrll responded more strongly during interspecific interactions, consistent with its role in
sensing and responding to the biotic environment.

Our results suggest that the functional partitioning between chromosomes extends beyond gene content
to encompass the spatial organisation of major regulatory networks. In V. coralliilyticus, environmental
signal detection and signal integration appear to be distributed across different replicons, a genomic
organisation that may enhance regulatory flexibility by facilitating coordinated responses through
interactions between chromosomes, as previously proposed for V. cholerae (5). This organisation was
consistently observed for both quorum sensing and c-di-GMP signalling pathways. Although the modular
architecture of c-di-GMP signalling is well established in vibrios and other bacteria (57), to our
knowledge, the chromosomal segregation of c-di-GMP signalling components has not been previously
reported and may represent an additional level of regulatory organisation in vibrios.

Other comparative studies of multipartite bacterial genomes have suggested that secondary
chromosomes experience higher rates of horizontal gene acquisition and incorporation of adaptive
functions (58). However, our results challenge this paradigm. Several indicators of genome plasticity,
including homologous recombination, insertion sequences, transposases, integron-associated attC sites,
and regions of genomic plasticity, were consistently enriched in Chrl. The near-exclusive localisation of
attC sites on Chrl contrasts with the canonical genome organisation of Vibrionaceae, in which the
chromosomal superintegron is typically located on Chrll (59). Our findings indicate that this association
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is not universal within the family. Together, these findings indicate that, despite concentrating the core
cellular functions of the species, Chrl also exhibits the strongest signatures of genome plasticity,
including increased recombination and the accumulation of mobile and horizontally acquired genetic
elements. A similar chromosomal bias has been reported in Vibrio splendidus, where genomic islands
are more abundant on Chrl than on Chrll (18), suggesting that the preferential accumulation of mobile
and recombinant DNA within the primary chromosome may occur more broadly among environmental
vibrios than previously appreciated.

An additional major finding of this study is the identification of two major megaplasmid lineages not
previously described in V. coralliilyticus. To our knowledge, neither lineage showed close similarity to
megaplasmids previously reported in other vibrios. The apparent absence of closely related plasmids in
public databases may not necessarily reflect their true rarity, but rather the historical challenges
associated with reconstructing complete megaplasmids from short-read sequencing data, which
frequently yield fragmented plasmid assemblies due to repetitive sequences (60). The increasing
availability of complete genomes generated using long-read sequencing technologies is therefore likely
to reveal a much larger and previously hidden diversity of megaplasmids within Vibrionaceae and other
marine bacterial groups.

The broad geographic and ecological distribution of Type1 megaplasmids is consistent with the long-
term persistence of this lineage across diverse environmental and host-associated contexts. Consistent
with this, Type1 plasmids encode an F-type conjugation system, typically associated with large
conjugative plasmids carrying extensive accessory gene repertoires and exhibiting long-term
persistence within bacterial populations (61). One hallmark of the Type1 lineage is a highly conserved
giant multidomain protein containing a lymphostatin/LifA-like region. LifA/lymphostatin proteins are
among the largest bacterial effectors known and have been implicated in host colonisation and
modulation of host cellular responses (62, 63). Recent structural studies revealed a multidomain
architecture specialised for interactions with eukaryotic cells (64), while the adjacent RTX secretion-
associated ATPases suggest that this protein is secreted as a multifunctional effector. Although its
biological role remains unknown, its conservation across geographically distant isolates suggests that it
confers a strong selective advantage to the Type1 lineage.

In contrast to the broadly distributed Type1 lineage, Type2 megaplasmids were detected only among the
sampled Mediterranean coral isolates and exhibited a markedly different functional profile. In addition to
encoding an expanded repertoire of transposases and insertion sequence-associated elements, all
Type2 plasmids carried a Sofic defence system. Remarkably, a chromosomal Sofic homolog was also
present in every isolate harbouring a Type2 plasmid, whereas this system was absent from strains
lacking this plasmid lineage. Sofic was recently characterised as an anti-phage defence system that
triggers abortive infection through a toxin-antitoxin-like AMPylation mechanism (65). Beyond phage
defence, toxin-antitoxin systems are also known to stabilise MGEs, including plasmids (66, 67). Although
the biological significance of the strict co-occurrence of plasmid- and chromosome-encoded Sofic
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systems remains unknown, this association raises the possibility that Sofic contributes to both phage
defence and the persistence of Type2 plasmids.

Conclusions

Our comparative genomic analysis shows that the multipartite genome of V. coralliilyticus is organised
into functionally specialised yet complementary genomic compartments. Unlike the prevailing model for
Vibrionaceae, chromosome specialisation reflects functional partitioning rather than differences in core
and flexible gene content, with Chrl combining essential cellular functions and genome plasticity,
whereas Chrll is specialised in environmental sensing and adaptive responses. Genome evolution
therefore operates at multiple hierarchical levels, with chromosome | acting as the principal
chromosomal reservoir of genome plasticity and conjugative megaplasmids providing additional
adaptive potential.
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Figure 1

GC skew strength and symmetry across chromosomes and plasmid size classes. (A) GC skew strength,
calculated as the sum of the mean positive GC skew and the absolute value of the mean negative GC
skew for each replicon. (B) GC skew symmetry. Points represent individual replicons from the 27
complete genomes, and boxplots summarize their distributions.
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Pangenome structure and functional composition of V. coralliilyticus across chromosomes. (A, B)
Pangenome accumulation curves for chromosome | (A) and chromosome Il (B), showing the number of
gene families assigned to the pangenome, core genome, and flexible (accessory) genome as a function
of the number of genomes sampled (n = 41). (C, D) Relative distribution (%) of KEGG functional
categories within the core and flexible fractions of chromosome | (C) and chromosome Il (D). Gene
families were partitioned with PPanGGOLIN and functionally annotated with BlastKOALA; proteins
without a KEGG assignment are shown as "Unclassified".
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Figure 3

Distribution of virulence-associated genes between chromosome I (Chrl) and chromosome Il (Chrll).
Relative abundance of genes assigned to different virulence-related functional categories in Chrl and
Chrll, normalised to the total number of genes encoded by each replicon. Bars represent the mean
percentage across the 41 genomes analysed and error bars indicate the standard error. Functional
categories were assigned based on VFDB annotations.
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Figure 4
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Distribution of defence-system repertoires across V. coralliilyticus genomes. Hierarchical clustering of
41 V. coralliilyticus genomes based on the presence and absence of defence-system types identified with
PADLOC. Rows represent genomes and columns represent defence-system categories. Grey cells
indicate the presence of a defence system and white cells its absence. Coloured annotations indicate
the geographic region of isolation, the host or sample source, and the megaplasmid lineage.

IS Transposases attC RGPs Prophages
40
30 1
% ° 7.5
B L
201 o 30 o
2 5
s 20 L
5 ° 204 5.0
L ]
o [ ]
2 101 t
g 10+ d 101
a 1 2.5
&
[®
é o1 ‘ y
01 01
0.01
-10
Chrl Chrll Chrl Chrll Chrl Chrll Chrl Chrll Chrl Chrll
Figure 5

Page 24/26



Enrichment of genome plasticity-associated features in chromosome | of Vibrio coralliilyticus. Violin
plots showing the density per megabase (Mb) of insertion sequences (IS), transposases, integron-
associated attC sites, regions of genomic plasticity (RGPs), and prophages in Chrl and Chrll. Points
represent individual genomes and boxplots indicate the median and interquartile range.
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Figure 6

Comparative genomics of complete Type1 megaplasmids. Pairwise genomic comparison of the seven
complete Type1 megaplasmids identified in V. coralliilyticus. Genes are coloured according to their
predicted functional category, and shaded connections indicate regions of nucleotide similarity between
plasmids, with colour intensity proportional to pairwise identity. The inset shows the organisation of the
conjugative transfer region, with traand trb genes labelled. Plasmid names and sizes are indicated on the
left; scale bars correspond to 5 kb (inset) and 100 kb (main panel).
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