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Abstract: Corals and sponges are ecologically and economically important organisms, threatened in 

part by bacterial epidemics which the Vibrio genus has been related to. This study deals with four 

highly related Vibrio strains (over 99% 16S rRNA gene similarity) isolated from the gorgonian coral 

Eunicella verrucosa and the sponges Ircinia variabilis and Sarcotragus spinosulus. The main 

objectives were to identify their species and determine their pathogenic potential towards these hosts. 

Their phylogeny was studied by multilocus sequence analysis based on five housekeeping genes 

(gapA, ftsZ, mreB, topA, and gyrB) which determined their species to be V. crassostreae. A fifth strain, 

V. crassostreae 9CS106, was introduced into the study as a highly related strain from the Pacific 

Ocean. All five strains had their genotype analysed for relevant virulence traits by making use of the 

RAST genome annotation platform. The traits found were similar in all strains and suggest a lifestyle 

dependent on finding a host, possibly through chemotaxis, followed by the formation of aggressive 

and persistent biofilms. These can be substrate-targeted to chitin or norspermidine. At this stage there 

can be downregulation of motility and upregulation of virulence as well as the shutdown of 

antivirulence loci. Various regulatory mechanisms for such pathogenic features and interspecies 

quorum sensing suggest a coordinated opportunistic behaviour. Pathogenic factors like iron 

sequestering and type IV and VI secretion systems were detected. The pathogenic potential found 

indicates this species may threaten benthic organisms in a scenario of raising temperatures, which are 

associated with Vibrio virulence. 
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Introduction 

Sponges, corals, and the Vibrio genus 

Bacteria have long since shaped eukaryotic 

evolution. Having cohabited Earth for at least 2.7 

billion years (Cooper 2000), symbiotic 

relationships have had numerous chances to 

sprout between prokaryotes and eukaryotes 

along the passage of various evolutionary 

milestones, such as multicellularity or the 

development of the digestive tract. Both marine 

sponges and corals are known to form these 

close relationships with bacteria. Indeed, these 

microorganisms can constitute up to 35% of a 

sponge’s biomass (Hentschel et al. 2012) and, 

along with algae and archaea, inhabit all zones of 

a coral (Rosenberg et al. 2007). 

Corals are responsible for the creation of the 

largest structures built by any species and are an 

important economic asset. The mere presence of 

such structure-building organisms shapes the 

local environment by altering biological 

interactions, offering protection from predators, 

and affecting local biodiversity (Miller et al. 2012). 

Sponges are an important part of these 

ecosystems. They establish a balance in reef 

expansion through bioerosion and greatly aid in 

times of coral recovery by, for example, 

consolidating rubble and sediments after 

destructive events like storms, which improves 
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coral survivability by up to ten times. Much like 

corals, they also affect the chemistry of their 

surroundings, whether it be by utilizing oxygen to 

the point of depletion or cycling nitrogen in 

association with bacteria (Bell 2008). 

Nevertheless, not only do the environmental 

niches created by corals and sponges depend on 

them but so do scientific advances. Marine 

sponges were the largest marine source of newly 

discovered compounds in the previous decade, 

followed closely by the Cnidaria phylum to which 

corals belong. Since sea-borne microorganisms 

were the next most important marine contributor 

to newly found substances (Mehbub et al. 2014), 

it stands to reason that studying the organisms 

involved in these symbiotic relationships would 

not only deepen our knowledge towards 

ecological preservation but also be a great 

source towards the discovery of new compounds. 

Besides direct human actions known to have 

a negative impact on sponges and corals, such 

as: coastal development, contamination by heavy 

metals from seaside industries, and recreational 

activities such as snorkelling (Hannak et al. 2011; 

Riesgo et al. 2016); global warming is also a 

worrisome prospect for coral and sponge health. 

The role of Vibrio spp. in this aspect should not 

be understated. Ircinia variabilis colonies in the 

Adriatic and Ionian seas have suffered disease 

outbreaks linked with an increased presence of 

Vibrio rotiferianus, the genus composing 15.8% 

of the sponge’s culturable surface bacteria. While 

reasons for the outbreak were not determined 

reduced water currents, a highly nutritional 

environment, and high temperatures were likely 

candidates (Stabili et al. 2012). Another link to 

temperature increases inducing Vibrio 

pathogenesis was found in E. verrucosa from 

southwestern England. In this instance over 20 

bacterial strains were found to inhabit diseased 

coral tissues, 15 of those being Vibrio splendidus 

accompanied by four other species of 

Vibrionaceae. These pathogenetic 

microorganisms were tested for their capability to 

infect E. verrucosa at different temperatures (15 

and 20°C) and a clear link was established (Hall-

Spencer et al. 2007). Finally, yet another study, 

by Vezzulli et al. (2016), has connected rises in 

sea surface temperature to more numerous 

cases of Vibrio pathogenicity, this time in 

humans. 

Vibrio crassostreae is known to be a 

sometimes-benign species with great potential for 

such pathogenicity. The simple acquisition of a 

plasmid (coding for heavy metal resistance, and 

type IV and type VI secretion systems) by an 

oyster-hosted strain was found to turn a harmless 

V. crassostreae strain pathogenic. This issue was 

associated with oyster farming and could pose 

not only health but also economic problems 

(Bruto et al. 2016). This duality of harmless 

bacterium or dangerous pathogen presented by 

the species is here the object of interest. 

Background 

This study focuses on the symbiotic 

relationship between benthic marine hosts (the 

gorgonian coral Eunicella verrucosa and marine 

sponges Ircinia variabilis and Sarcotragus 

spinosulus) and a bacterium shared among them, 

Vibrio crassostreae. It follows the work authored 

by Telma Franco at Universidade do Algarve and 

Centro de Ciências do Mar on the Vibrio 

population hosted in sponges, corals, and Sparus 

aurata larvae. In it, sponge samples were 

obtained from 13 different specimens in Galé 

Alta, Algarve at 15 meters of depth. The coral 

samples were taken from Baleeira Bay, Sagres, 

Algarve at the depth of 20 meters. Five fragments 

of 5 cm each were collected from both healthy 

and diseased specimens, along with water above 
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the colonies and sediment from the surrounding 

area. After sample processing and Vibrio spp. 

isolation, 16S rRNA gene sequence phylogeny 

was performed, followed by whole genome 

sequencing of select strains. With a threshold of 

99% 16S rRNA gene sequence similarity defined, 

17 operational taxonomic units (OTUs) were 

established from the 81 Vibrio strains identified. 

Some OTUs were composed of strains from a 

single origin (sponge, coral, or fish larvae) while 

the remaining four had a mixture of sponge- and 

coral-dwelling strains. 

One of the goals was now to determine the 

degree of generalism found in a chosen OTU. 

And so, OTU Evh5 was chosen to proceed with 

for a more in-depth analysis as it is the group of 

mixed origin with the least bias towards a source 

and contains four strains with a sequenced draft 

genome: Evh6 and Evh12 from the healthy coral 

E. verrucosa; Evd3 from diseased samples of the 

same host; and Vb339 from S. spinosulus 

samples. 

Materials and methods 

Sequencing and assembly validation 

Read coverage was calculated through 

equation 1 (Illumina 2011). 

Coverage =
Reads×Read length 

Haploid genome length
×Directions (1) 

Secondly, each contig was submitted to the 

megablast algorithm, against the “Nucleotide 

Collection (nr/nt)” at NCBI, with the goal of ruling 

out contigs that might have resulted from a poor 

assembly. A final sequencing and assembly 

quality check was made through the verification 

of the presence of eight known housekeeping 

genes for the Vibrionaceae family in the 

assembled contigs. These genes were gapA, 

gyrB, ftsZ, mreB, pyrH, recA, rpoA, and topA 

(Sawabe et al. 2013). Reference sequences of 

these genes were acquired from Vibrio cholerae 

N16961 and BLASTed against the contigs, using 

the megablast algorithm for highly similar 

sequences. When this algorithm returned no hits, 

the blastn algorithm for somewhat similar 

sequences was used instead. 

16S rRNA gene phylogeny 

The 16S rRNA gene had already been 

sequenced for all four strains. The Sequence 

Match tool, made available by the Ribosomal 

Database Project (RDP), was used to search for 

type and non-type strains with a 16S rRNA gene 

sequence closest to our strains’. The RDP 

database results were complemented by running 

our strains’ 16S rRNA gene sequences, through 

the megablast algorithm, against the “16S 

ribosomal RNA sequences (Bacteria and 

Archaea)” database at NCBI. The hits from both 

databases were compiled and joined by the 

Vibrio crassostreae 9CS106 strain, as a 

representative of a species with a closely related 

genome. The close Vibrionaceae family member 

Photobacterium profundum str. SS9 (Kahlke et 

al. 2012) was also added as the outgroup (16S 

rRNA gene NCBI accession code AB003191.1). 

Sequence alignment and the tree 

construction itself were done using MEGA 

v7.0.20. The non-codon variant of the aligning 

algorithm MUSCLE was chosen. The tree was 

built through the maximum likelihood method, 

with result support through 500 bootstrap 

iterations, using the Kimura 2-parameter 

correction model. 

Multilocus Sequence Analysis with Whole 

Genome Sequencing 

The strains used in MLSA are the type 

strains of the Vibrio species that belong to the 

Splendidus clade of the Vibrionaceae family, as 

established by Sawabe et al. (2013). V. halioticoli 
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IAM 14596T, which belongs to the Halioticoli 

clade (the one closest to Splendidus) within the 

genus, was used to root the tree. Out of the eight 

house-keeping genes considered, pyrH, recA, 

and rpoA were not available for most strains and, 

for consistency, were completely excluded from 

the analysis. These five housekeeping genes 

were also retrieved from the study strains. Each 

gene was trimmed down to a standardized 

interval established in relation to a Vibrio 

cholerae N16961T (gapA: bp 226 to 905; ftsZ: 

132 to 639; mreB: 389 to 976; topA: 441 to 1096; 

gyrB: 383 to 1052). The five gene sequences 

were then concatenated for each strain. 

Phylogenetic trees were constructed in 

MEGA v7.0.20 through the UPGMA method, 

which we determined to return results closest to 

the established Vibrionaceae phylogeny (Sawabe 

et al. 2013). The robustness of the resulting tree 

was tested with 500 bootstrap iterations. The 

DNA evolution correction model Kimura 2-

parameter was used. 

Additional strains and the reference strain 

Vibrio crassostreae strain 9CS106 was 

closely matched to all subject strains in the full 

genome nucleotide BLAST runs. Its genome 

(both chromosomes and both extra chromosomal 

elements as published by Cordero et al. (2012)) 

was added to the study. Being that Evh12 is the 

most well-known of our in-house strains, with a 

published draft genome (Franco et al. 2016), it 

was selected to be the reference in all applicable 

cases. 

Genome annotation 

Genome annotation was performed through

the RAST platform (Rapid Annotation using 

Subsystem Technology) (Aziz et al. 2008), using 

the ClassicRAST annotation scheme, FIGfam 

Release 70, automatic error fixes, and no job 

replication so that each annotation run was 

independent from all others. 

Investigation of genotypic features 

Relevant RAST categories (e.g. “Iron 

Acquisition and Metabolism” or “Regulation and 

Cell signalling”) were explored for genes of 

interest. This approach was complemented by a 

keyword search done on the annotated genebank 

format files (.gbk) obtained from RAST for each 

strain. 

Results 

Sequencing and assembly validation 

Coverage calculation yielded values 

between 99.5 and 117.3 for the four strains. Note 

that strain Vb339 was sequenced twice (run A 

and run B). Both runs were used in conjunction 

for the assembly. As for contig validation through 

BLAST, the four strains were very closely related 

to Vibrio crassostreae 9CS106. However, while 

the coral strains contain at most one contig with 

no found similarity, Vb339 had very mixed 

results. Half of its contigs had a very poor query 

coverage, low identity percentage, or both. 

Lastly, all the selected housekeeping genes were 

present in the contigs. 

16S rRNA gene phylogeny 

The study strains, top RDP and BLAST hits, 

and the outgroup were gathered in a 16S rRNA 

gene library totalling 31 strains. The resulting 

phylogenetic tree grouped the study strains with 

V. celticus, V. crassostreae, V. gigantis, V. 

pomeroyi (all type and non-type strains), and V. 

splendidus W-1 KC851801. 
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Figure 1 – Phylogeny of the Vibrio splendidus clade based on five housekeeping genes. MLSA was 

performed with the unweighted pair group method with arithmetic mean, using the Kimura 2-

parameter evolutionary model, on MEGA v7.0.20. Result support through 500 bootstrap iterations 

(percentage of trees in which a given branch was clustered as shown is displayed next to the branch). 

Drawn to scale where branch length represents the number of substitutions per site. 

Multilocus Sequence Analysis with Whole 

Genome Sequencing 

Out of the various construction methods 

tested (ML, NJ, MP, UPGMA, and ME) UPGMA 

had both great reproducibility of Vibrionaceae 

phylogeny established in the literature (Sawabe 

et al. 2013) and the best result support, with 

bootstrap values never dipping below 75% (figure 

1). According to this method all study strains 

belong to the V. crassostreae species. 

The symbiotic genotype and other genes of 

interest 

The analysis of subsystems of interest on 

RAST led to the establishment of several 

functions that each of the five strains possess at 

the genotype level. These were categorized and 

can be viewed in table 1. 

Discussion 

Sequencing and assembly validation 

The very poor coverage and percentage 

identity of eight Vb339 contigs, amounting for 

0.34% of the genome size, led to their removal 

from further downstream processes. 

Species determination 

As expected, the 16S rRNA gene does not 

possess enough resolution to distinguish closely 

related Vibrio species. However, its usage is 

simple, rapid, and still useful in narrowing down 

possible candidates to simplify further 

phylogenetic research. As per MLSA the study 

strains clearly belong to V. crassostreae. 

Motility and chemotaxis 

Flagellar motility is a known function of

 Evh6

 Evh12

 Vb339

 Evd3

 V. crassostreae

 V. gigantis

 V. cyclitrophicus

 V. splendidus

 V. tasmaniensis

 V. lentus

 V. kanaloae

 V. pomeroyi

 V. chagasii

 V. pelagius

 V. fortis

 V. halioticoli
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Table 1 – Symbiosis and pathogenic features present in the study strains. Features may be present across more 

than one category. “+” – feature is fully coded for; “o” – feature is coded for but is missing important (although 

non-essential) genes and consequently its effectiveness is greatly reduced in comparison to the potential 

described in literature; “?” – feature is missing genes essential to its function despite the clear majority of 

genes being present. An error in RAST annotation not having annotated a gene, a possible unknown 

replacement gene, etc. could easily make this feature usable; “-” – feature is absent; “a” – feature functionality 

being present is unclear, the result displayed being a hypothesis placed by the author. 

CATEGORY FEATURE EVH12 EVH6 EVD3 VB339 9CS106 

Biofilm formation 

Type I secretion system + + + + + 

Type II secretion system - Tad cluster + + + + + 

Type VIII secretion system - Curli production - - - ? ? 

Type IV pilus + + + + + 

Detection of and biofilm formation on chitin + + + + - 

Detection of and biofilm formation on norspermidine + + + + + 

Syp cluster and σ54-dependent biofilm formation o o o o o 

Cell signalling 

Quorum sensing - AI-1 synthesis - - - - - 

Quorum sensing - AI-1 detection + + + + + 

Quorum sensing - AI-2 synthesis and detection + + + + + 

Second messengers - cAMP signaling + + + + + 

Chitin detection 
and usage 

Detection of and biofilm formation on chitin + + + + - 

Chitin and N-acetylglucosamine utilization + + + ? ? 

Iron acquisition 

Iron uptake + + + + + 

Iron uptake with pathogenic ties + + + + + 

Iron sequestering from exogenous heme o o o o o 

Siderophore – Aerobactin transport - - - ? - 

Siderophore – Vibrioferrin synthesis and transport + + + + - 

Siderophore – Ferrichrome transport - - - ? - 

Regulation – Quorum sensing + + + + + 

Regulation – Two-partner secretion - - - + - 

Motility 
and chemotaxis 

Flagellar motility + + + + + 

Flagellar motility - Vibrio-specific enhancements + + + + + 

Twitching motility + + + + + 

Chemotaxis – Host detection + + + + + 

Plasmids Conjugal transfer - - - + + 

Resistance 
and homeostasis 

AMP resistance + + + + + 

Arsenic resistance + + + + + 

Cation transport - - - - + 

Chromium compounds resistance o o o o o 

Cobalt, zinc, and cadmium resistance + + + + + 

Colicin E2 resistance - - - - - 

Copper homeostasis + + o + + 

Copper resistance ? ? ? ? ? 

Fluoroquinolone resistance + + + + + 

Tetracycline resistance + + + + + 

Toxin-antitoxin systems as starvation resistance - - - + + 
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Multidrug 
resistance 

RND family efflux pumps + + + + + 

MATE family efflux pumps + + + ? ? 

Multiple Antibiotic Resistance MAR locus - - - - - 

Toxin production 
and delivery 

Colicin V biosynthesis + + + + + 

Phagocyte parasitism through ABC transport + + + + + 

Type VI secretion systems ? ? ? ? ? 

Other colonization 
and invasion 

features 

Accessory colonization factor - - - ? ? 

Antivirulence locus deactivation + + + + + 

Internalisation into host cells   +a   +a   +a   +a   +a 

RND family efflux pumps + + + + + 

BarA-UvrY (SirA) two-component regulatory system + + + + + 

 

Vibrio spp. (Josenhans & Suerbaum 2002). 

Results in this area fall in line with this knowledge 

and, showing not only regular flagellum activity 

but also enhanced invasive capabilities due to 

Vibrio specific genes, in particular FlgP which is 

known to increase intestinal colonization by V. 

cholerae (Morris et al. 2008). On the chemotaxis 

front, the whole receptor to motor activation 

process is coded for, and thus our strains should 

be capable of directed movement. As to what that 

movement is for, the numerous aminoacid 

receptors (serine in this case) point towards this 

feature being used for detecting hosts in the 

environment, a chemotaxic behaviour which has 

been noted before in Vibrio spp. that populate 

coral reefs (Tout et al. 2015). Such a capability 

could be useful after a host has perished and a 

new one is required. 

Biofilm formation 

All type I secretion system (T1SS) biofilm 

related functions are fully genotypically 

represented in our strains, including the signalling 

molecule LapD (Romling et al. 2013) and with the 

exception of a cysteine proteinase which is only 

coded for by Evd3. All strains thus should be able 

to produce potentially pathogenic, host-

aggressive biofilms. The five members of V. 

crassostreae also share biofilm features related 

to the T2SS and Type IV pili as evidence for their 

great biofilm formation capabilities. Curli are 

surface proteins linked to biofilm formation, and 

host adhesion and invasion. Their biosynthesis 

and excretion through the type VIII secretion 

system would allow for better biofilm formation 

and host invasion capabilities. However the major 

curli subunit gene (CsgA) (Barnhart et al. 2006) is 

missing in Vb339 and 9CS106 (curli biosynthesis 

is not coded at all in the coral-dwelling strains) 

and thus this feature should be absent. 

Another interesting aspect of biofilm 

formation in our strains were substrate 

specialized biofilms. Norspermidine has been 

identified in bacteria, plants, and marine life such 

as bivalves (Karatan et al. 2005) and marine 

sponges (Laville et al. 2007), meaning that the 

generalist V. crassostreae could make good use 

of this feature for colonizing hosts. This is of 

special interest because deletion mutants 

showed a reduced capacity for biofilm formation 

(Karatan et al. 2005) and norspermidine has 

been described as combating and disassembling 

biofilms (Rabin et al. 2015). And so NspS might 

have the capacity to confer resistance to this anti-

biofilm agent. As seen in section 4.4.3, all strains 

with the exception of 9CS106 are also capable of 

targeting chitin surfaces for biofilm formation. 

Regulated biofilms are also present in the 

form of σ54-dependent biofilms, which should be 

accomplishable by our strains in a minor capacity 
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due to the lack of SypIJK, the latter gene making 

the most impact in the loss of this capability. On a 

related note, the BarA-UvrY (SirA) two-

component regulatory system, which upregulates 

virulent genes while downregulating motility, is 

another indication that our strains follow a pattern 

of seeking a host to colonize and then 

establishing a parasitic static community in the 

form of a biofilm. 

Cell signalling 

Interspecies signalling through quorum 

sensing is clearly coded for by our strains. The 

fact that they are not capable of disrupting AI-2-

based quorum sensing could mean that they do 

not compete very heavily with neighbouring 

microorganisms, at least in this aspect, preferring 

to cohabitate in biofilms. The inability to 

synthesise AI-1 for intraspecies communication is 

puzzling, as they possess detector proteins for 

this molecule. Perhaps the synthesis gene was 

not annotated or a closely related species/strain 

produces this autoinducer and uses it to 

communicate with our strains in a one-way 

manner. Given that all our strains shared this 

characteristic yet come from different 

backgrounds, we are inclined to think that the 

former hypothesis is more likely. The LuxT 

quorum sensing regulator, associated with 

motility and virulence factors in Vibrio species 

(Liu et al. 2012), was found in a cluster for heme 

and hemin transport and utilization. As such, 

these three features (iron uptake, motility, and 

virulence) are probably controlled by this 

bacterial communication system.  

The presence of adenylyl cyclase (AC) and 

phosphodiesterase (PDE) on all strains signifies 

that they are able to use the secondary 

messenger cyclic AMP, creating the messaging 

molecules when needed (AC) and degrading 

them when their presence is unwanted (PDE). 

Glucose depletion is known to cause the usage 

of AC for the production of cAMP in some 

bacteria (McDonough & Rodriguez 2008). Since 

there is great evidence that our strains can also 

use chitin as a carbon source, it seems unlikely 

that the simple lack of glucose would cause them 

to become pathogenic through cAMP in an 

attempt to find a carbon source because another 

is readily available. Ultimately, the virulent usage 

of these signalling molecules in our strains is 

unclear, but cAMP’s history of pathogenic use 

(which passes by the Vibrio genus) (McDonough 

& Rodriguez 2008) and our strains’ capacity for 

virulence warrant attention in this regard. 

Chitin detection and usage 

All coral-hosted strains should be capable of 

not only sensing and latching onto but also 

consuming chitin. As for Vb339 and 9CS106 an 

important step in its acquisition (from the cell 

exterior to the periplasm) appears to be missing 

in the genotype, but the presence of the rest of 

the machinery suggests that this function may be 

present yet not annotated. The ability to process 

chitin is extremely useful as it frees 

microorganisms from relying on a fixed carbon 

source. Instead they can take up such an 

abundant carbon source from the passing flow of 

water, whether it be in the open ocean or in a 

filter feeding host such as corals or sponges. 

Iron acquisition 

Siderophores are featured in all strains 

except for 9CS106, most prominently in Vb339. 

This sponge-hosted strain does not fully code for 

the production of aerobactin and ferrichrome, 

while also missing the receptor FhuA to transport 

these siderophores. However, a ferrichrome and 

heme receptor is coded by all strains. If this 

protein can replace FhuA in its functions, 

exogenous aerobactin and ferrichrome could be 
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sequestered from the environment while they are 

being used by other bacteria. A third siderophore, 

vibrioferrin, is used by all strains except 9CS106. 

When it comes to non-siderophore iron 

uptake, these V. crassostreae strains are 

equipped for aggressive and parasitic 

behaviours. For example, stripping exogenous 

heme of iron without damaging this iron 

transporter molecule allows these strains to leech 

iron off their host while not rendering it incapable 

of collecting more of the nutrient, which opens 

the possibility for the process to be repeated. As 

noted before, the development of a pathogenic 

community within a host is associated with 

expressing the correct iron sequestering genes 

with an appropriate timing. Our strains have 

shown to have quorum sensing controlled iron 

acquisition related to virulence. Furthermore, 

Vb339 possesses a two-partner secretion system 

associated with virulence through iron 

acquisition. Everything considered, our strains, 

especially Vb339, have the means for well 

regulated, iron acquisition based parasitism. 

Resistances 

Resistance to metal compounds seems to 

be equally distributed among V. crassostreae. 

Considering how the filter feeding behaviour of 

sponges and soft corals plays into their ability to 

accumulate metals extracted from the passing 

water (Hansen et al. 1995; Selvin et al. 2009; 

Mohammed & Dar 2009), bacteria known to 

inhabit such hosts would indeed have to adapt to 

living in such metal-rich conditions. As for other 

types of harmful substances, one case to make a 

note of is the absence of resistance to colicin V, 

which is coded for by all strains. Perhaps they 

rely on their efflux pumps to not fall victim to their 

own bacteriocin.  

A particularly interesting adaptation are the 

toxin-antitoxin (TA) pairs. These were initially 

described as plasmidic features. One plasmid 

would code for the long-lasting toxin while the 

other coded for the volatile antitoxin. And so, 

daughter cells that code for the toxin but are 

missing the antitoxin-coding plasmid would perish 

ensuring that a plasmid of interest to the 

population is preserved among its members 

(Brown & Shaw 2003; Pandey & Gerdes 2005). 

Because all TA pairs have the toxin and antitoxin 

clustered with each other, they cannot be used to 

ensure that two separate genetic elements are 

both inherited by daughter cells. As such, the 

possibility remains that they are used to cull the 

microbial population in times of resource 

starvation, making the overall community more 

durable in face of nutrient depletion as the 

remaining cells have more left for themselves to 

work with. 

Toxin production and delivery 

Toxin delivery shows the usage of ABC 

transporters by our strains. ATP-binding cassette 

(ABC) transporters are proteins integral to the 

cellular membrane that use ATP hydrolysis to 

fuel the passage of solutes through the 

membrane. They are a vast protein family, 

present across all phyla in all domains of life, and 

have a role in the resistance of pathogens to 

drugs and toxins, nutrient uptake (e.g. chitin 

transport in our strains), and homeostasis (Jones 

& George 2004). Such multifunctional systems 

show the dual nature of commensalism and 

parasitism that V. crassostreae can display. 

Our strains possess most components for 

successful type six secretion system functionality. 

However, depending on the strain, they are 

missing anywhere from one to three critical 

components. More notably, Vb339 does not 

possess any variant of VgrG and, except for 

9CS106, no strain shows signs of coding for Hcp. 

These are responsible for the tail-spike and tube 
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which interact with the target-cell and their lack 

would mean that this whole function could not be 

performed. They are also missing a structural 

protein, DotU, and should exhibit reduced T6SS-

related pathogenicity because of that (Bröms et 

al. 2012). Considering how the rest of the 

machinery and several associated proteins are 

present we suspect the possibility that these 

genes might simply not have been annotated. 

After all, RAST has shown to occasionally fail in 

annotation and/or categorization. 

Antivirulence loci 

It has been shown in Shigella spp. that 

quinolinate acts as an antivirulence locus (AVL), 

capable of repressing invasion and cell-to-cell 

spreading. Among the acquisition of virulence 

factors, the inactivation of such antivirulence loci 

is part of the evolutionary path a benign 

microorganism would take towards pathogenesis 

(Prunier et al. 2007). Each strain fully codes for 

an operon possibly involved in quinolinate 

biosynthesis, including quinolinate synthetase 

and quionolinate phosphoribosyltransferase. The 

latter is a key enzyme in quinolinate catabolism 

(QPRT [gene] at NCBI 2017) and its activity 

could thus lead to the consumption of quinolinate, 

consequently acting as if the AVL had been shut 

down and allowing pathogenic behaviour to 

occur. 

Conclusion 

The traits found suggest a lifestyle 

dependent on finding a host followed by the 

formation of aggressive and persistent biofilms. 

At this stage there could be downregulation of 

motility and upregulation of virulence as well as 

the shutdown of antivirulence loci. Various 

regulatory mechanisms for such pathogenic 

features and interspecies quorum sensing 

suggest a coordinated opportunistic behaviour. 

More support for their pathogenic behaviour 

comes in the form of secretion systems and 

resistances. Type IV and, to a certain degree, 

type VI secretion systems are widely used by all 

V. crassostreae strains here under study. 

Considering how the acquisition of a plasmid 

geared towards these very same secretion 

systems was enough to induce pathogenic 

behaviour in a V. crassostreae strain, it is likely 

that our strains have that potential as well (Bruto 

et al. 2016). The other feature the plasmid coded 

for was heavy metal resistance, also coded for by 

our strains, especially in what comes to 

cadmium, cobalt, copper, and zinc. This feature 

is useful as corals and sponges tend to 

accumulate metals (Hansen et al. 1995; Selvin et 

al. 2009; Mohammed & Dar 2009). 

However, an opportunistic microorganism 

may have a great potential for pathogenesis but 

never come to demonstrate those capabilities if 

the right conditions are not met. For Vibrio spp. a 

heavily supported association between the rise of 

water temperature and pathogenesis has been 

established (Stabili et al. 2012; Vezzulli et al. 

2016). The turning point appears to lie between 

15°C and 20°C (Hall-Spencer et al. 2007). Water 

temperature measurements at the bottom of the 

sea, taken two and half nautical miles away from 

Algarve’s coast since 2002, show that values 

tend to peak between mid-Summer and the 

beginning of Autumn. Furthermore, although the 

period from 2002 to 2010 saw no recorded sea 

bottom temperature above 20°C, since 2011 

three out of six years have passed that threshold 

(Tunipex 2017). It remains to be determined 

whether health conditions resulting from 

increased temperatures, such as the necrosis 

seen in the coral hosting V. crassostreae Evd3’s, 

can be directly caused by this species itself or 

whether this bacterium is purely opportunistic. 
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