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A B S T R A C T

In this study, we identified and analyzed a novel genomic island (GI), named pddGI-1, located on chromosome II 
of certain strains of the marine pathogen Photobacterium damselae subsp. damselae (Pdd). This GI shares structural 
similarities with other GIs found in Vibrio species, such as the Vibrio seventh pandemic island-II (VSP-II) of 
V. cholerae. The pddGI-1 island is a mosaic of gene blocks that encode functions related to ROS defense, anaerobic 
energy metabolism, and restriction-modification (RM) systems. Notably, pddGI-1 also includes a complete 
vibrioferrin siderophore system, enabling the bacteria to thrive in low-iron environments. Vibrioferrin was 
chemically identified from cell-free supernatants of Pdd RG91. Additionally, a pvsD mutant deficient in vibrio
ferrin biosynthesis was generated and analyzed. The results suggest that Pdd strains harbouring pddGI-1 gain a 
distinct growth advantage under iron-limited conditions. These findings, along with previous research, highlight 
the significant heterogeneity in iron assimilation systems among Pdd strains.

1. Introduction

Photobacterium damselae subsp. damselae (hereafter Pdd) is a marine 
bacterium that can behave as an opportunistic pathogen for many 
different marine animals, including mammals and even humans [1–3]. 
Strains of Pdd have been isolated from seawater, seaweeds, and seafood 
[4,5] and is commonly detected in the microbiota of fish farms [6], as 
well as in apparently healthy wild marine fish [7–9]. Pdd virulence relies 
mainly on extracellular products (ECPs), especially in a strong haemo
lytic activity [10–12]. The most relevant virulence factors described to 
date are damselysin, phobalysin P, and phobalysin C, haemolysins 
encoded by plasmid-borne dly and hlyApl genes and chromosomal hlyAch 
gene, respectively [13–15].

In most bacteria, one of the best established virulence factors is the 
ability to scavenge iron from the host by means of siderophores [16] or 
by using heme as iron source. In Pdd, the genes for heme uptake were 

previously characterized [17], but iron acquisition via siderophores is 
poorly studied [18]. In this regard, we previously demonstrated that 
some strains of Pdd can synthetize and use citrate as an effective 
iron-carrier [19]. In another study conducted with Pdd RG91, a strain 
not using citrate as siderophore, a proteomic analysis of iron-regulated 
proteins led to the identification of three proteins potentially involved 
in the synthesis and transport of a vibrioferrin-like siderophore [20]. 
The genes encoding these proteins were found in a subset of Pdd isolates 
in a genomic region containing mobile element-related genes, suggest
ing that they might have been acquired via horizontal gene transfer by 
certain Pdd lineages [21].

In this study, we identified the siderophore produced by Pdd RG91 as 
vibrioferrin and reported a complete set of genes involved in its syn
thesis and transport. These genes are located within the novel genomic 
island pddGI-1, which exhibits a gene structure similar to some GIs found 
in Vibrios. The presence of pddGI-1 enables a subset of Pdd isolates to 
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produce and utilize the siderophore vibrioferrin.

2. Materials and methods

2.1. Bacterial strains, plasmids, and culture conditions

The bacterial strains used are listed in Table S1 and Table S2. Pdd 
strains (Table S1) were routinely grown at 25 ◦C on Tryptic Soy Agar 
(TSA) (Condalab) supplemented with 1 % NaCl (TSA-1) or in Tryptic Soy 
Broth (Condalab) supplemented with 1 % NaCl (TSB-1). Escherichia coli 
strains (Table S2) were routinely grown at 37 ◦C in Luria-Bertani (LB) 
broth or on LB agar (Condalab), supplemented with antibiotics when 
appropriate. Antibiotics were used at the following final concentrations: 
kanamycin (Km) at 50 μg/mL, ampicillin (Ap) sodium salt at 50 μg/mL, 
and rifampin (Rf) at 50 μg/mL.

2.2. Growth promotion and siderophore production assays

Growth promotion assays were conducted using 96-well microtiter 
plates. Each well contained 200 μL of CM9 medium [22] inoculated with 
a 1:50 dilution of an overnight culture of the Pdd strain in TSB-1 adjusted 
to an OD600 = 0.5. The medium was supplemented with either 10 mM 
Fe2(SO4)3 for iron excess conditions, or 50 μM 2,2′-dipyridyl for 
iron-restricted conditions. Cultures were incubated at 25 ◦C with 
shaking at 150 rpm, and growth (OD600) was recorded for 24 h using an 
iMACK Microplate reader (BioRad). Bacterial cultures grown in CM9 
with 40 μM 2,2′-dipyridyl and an OD600 ≈ 0.8 (after approximately 6 h of 
incubation) were used to obtain supernatants for measuring siderophore 
production using the chrome azurol-S (CAS) liquid assay [23]. For this 
purpose, equal volumes of CAS solution and supernatant were mixed, 
and the absorbance at 630 nm (A630) was measured in a spectropho
tometer (Hitachi U-2000) after 15 min of incubation at room 
temperature.

2.3. Detection of vibrioferrin by cross-feeding assays

Bioassays were designed to determine the production of vibrioferrin 
by Pdd isolates. Vibrio alginolyticus AR13, which utilizes vibrioferrin as 
an iron source but does not produce it [24], was used as the indicator 
strain. This strain was inoculated into CM9 minimal medium containing 
the iron chelator 2,2′-dipyridyl at 150 μM, a concentration above the 
minimal inhibitory concentration. Pdd RG91 wild type, the RG91 pvsD 
defective mutant, and all other tested strains were cultured on TSA-1 
plates. Bacterial cells were then harvested with a sterile loop and 
placed on top of the indicator strain plates. The results were considered 
positive when a growth halo of the indicator strain, indicative of 
vibrioferrin production, was observed around the discs. A blank disc 
containing 10 μL of a 10 μM Fe2(SO4)3 solution was used as a positive 
control for growth.

2.4. Sequencing of Pdd RG91 genome

Genomic DNA from Pdd RG91 was purified using the GNOME DNA 
kit (Q-biogene) and sequenced on an Illumina MiSeq sequencer with 
100 × coverage. The reads were trimmed for quality, adapter sequences, 
and ambiguous nucleotides, and were assembled using SPAdes 3.6 [25]. 
The resulting draft genome sequences were annotated and compared 
with the Rapid Annotations using Subsystems Technology (RAST) Server 
[26]. This Whole Genome Shotgun project has been deposited at 
DDBJ/ENA/GenBank under the accession JBHDUS000000000. The 
version described in this paper is version JBHDUS010000000.

2.5. Detection by PCR of ppdGI-1 genetic markers

A PCR-based screening of Pdd strains from various geographical or
igins and hosts (Table S1) was performed to assess the prevalence of 

pddGI-1, using primers listed in Table S3. DNA extractions were per
formed with InstaGene™ Matrix (Bio-Rad), and PCR reactions were 
carried out using NZYTaq II 2x Green Master Mix (NZYTech), following 
the manufacturer instructions. A 2 % agarose gel was used to analyze the 
amplified PCR products.

2.6. Construction of a pvsD mutant in Pdd RG91

The pvsD gene, which encodes a vibrioferrin biosynthesis enzyme, 
was deleted by allelic exchange with the Kmr suicide vector pNidkan 
derived from pCVD442, as previously described [27]. Briefly, a 
non-functional allele of pvsD was constructed by PCR amplification of 
the amino- and carboxy-terminal regions, which were then fused to 
create an in-frame deletion of 90 % of the pvsD internal coding sequence. 
The resultant plasmid, containing the truncated allele, was transferred 
from E. coli S17-1-ʎpir into a rifampin-resistant derivative of the RG91 
strain. Selection for plasmid integration was performed using Rf and Km, 
followed by selection for a second recombination event using sucrose 
resistance (15 % w/v). Primers used for mutant construction are shown 
in Table S3.

2.7. Detection of siderophore vibrioferrin by mass spectrometry (MS) and 
absorption spectroscopy (UV)

Siderophore detection in liquid media was performed using cell-free 
supernatants from cultures of Pdd RG91, grown at 25 ◦C in 1 L flasks 
containing CM9 minimal medium supplemented with 40 μM 2,2′- 
dipyridyl, with continuous shaking at 150 rpm for 24 h. The flasks were 
inoculated with 20 mL of a fresh Pdd culture in TSB-1. When the bac
terial cultures reached an OD600 of 0.8, the cells were removed by 
centrifugation at 10 000×g for 10 min, and the supernatants were 
filtered through a 0.45 μm pore-size membrane using a continuous 
filtration cartridge (Millipore).

One liter of cell-free culture supernatant was stored at − 20 ◦C and 
then lyophilized, yielding 2.789 g of solid material, which was divided 
into several portions for subsequent analysis. A first portion (215.9 mg) 
was dissolved in 1 mL of 0.1 % TFA and subjected to solid-phase 
extraction (SPE) using a pre-activated Oasis MCX cartridge (1 g sor
bent, Waters). The cartridge was first eluted with 10 mL of 0.1 % TFA 
(PDMCX1 fraction) followed by 10 mL of H2O:MeOH (1:1) each con
taining 0.1 % TFA (PDMCX2 fraction), 10 mL of MeOH (PDMCX3 
fraction), and finally with 10 mL of H2O: 7N NH3 in MeOH (2:1) 
(PDMCX4 fraction). These fractions were lyophilized yielding 21.5 mg 
(PDMCX1), 21.9 mg (PDMCX2), 4.4 mg (PDMCX3), and 11.1 mg 
(PDMCX4). The CAS test for Fe3+-complexing substances and side
rophore activity analysis revealed that PDMCX1 was the most active 
fraction. The active lyophilized siderophore fraction, PDMCX1, was 
extracted with MeOH to remove salt compounds, yielding two sub
fractions after lyophilization: PDMCX1-MeOH (3.8 mg) and PDMCX1- 
salts (4.8 mg) (Fig. S1).

The PDMCX1-MeOH subfraction, which tested positive in the CAS 
test and the siderophore activity assay, was analyzed by LC-DAD-MS 
under the following conditions: Atlantis dC18 column (100 × 4.6 mm, 
5 μm) (Waters) with a mobile phase consisting of a 35 min gradient from 
10 to 100 % CH3CN in H2O (v/v), then 5 min at 100 % CH3CN, and 
finally 10 min from 100 % to 10 % CH3CN/H2O (v/v), at a flow rate of 1 
mL/min. All measurements were performed on an ESI ion trap mass 
spectrometer LTQ-Orbitrap Discovery in negative mode attached to an 
Accela HPLC system (Thermo-Fisher Scientific). Accurate mass mea
surements were taken using the FT-MS Orbitrap module at a resolution 
>30 000 FWHM (full width at half maximum) for obtaining elemental 
composition of the [M − H]- ion adduct within 1–3 ppm accuracy.

The TIC-HPLC chromatogram of the PDMCX1-MeOH fraction 
(Fig. S2B) showed two peaks eluting at Rt = 2.49 and Rt = 3.89–4.01 
min, which were named PDMCX1-MeOH-H1 and PDMCX1-MeOH-H2 
HPLC fractions, respectively. The UV spectrum of PDMCX1-MeOH-H1 
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HPLC fraction, eluted at Rt = 2.49 min, displayed an end absorption 
band at λ ≈ 200 nm (Fig. S2C), while its corresponding MS (Fig. S2E) 
showed the [M − H]- ion adduct at m/z 433.1099 (calculated for 
C16H21N2O12

- , m/z 433.1100) that matched that of free vibrioferrin (VF, 
apovibrioferrin, 1). The HPLC fraction PDMCX1-MeOH-H2, eluted at Rt 
= 3.89–4.01 min, displayed the presence of a compound with an UV 
spectrum with an end absorption band at λ ≈ 258 nm (Fig. S2D) and a 
MS (Fig. S2F) showing the [M − H]- ion adduct at m/z 441.0953 
(calculated for C16H18BN2O12

- , m/z 441.0958) that matched that of 
borate-vibrioferrin complex (B-VF complex, 2).

Chelation test and analytical detection of vibrioferrin-Fe(III) 
and vibrioferrin-Ga(III) complexes. A second portion of the lyophi
lized material (373.0 mg) was subjected to the same procedure as pre
viously described, yielding the methanol fraction PDMCX1-MeOH. This 
fraction was divided into two portions, which were separately trans
ferred into two vials, to which a small amount of FeCl₃⋅6H₂O or GaBr₃ 
(~1 mg) was added, resulting in two subfractions named PDMCX1- 
MeOH-Fe and PDMCX1-MeOH-Ga, respectively. In both cases, a 
turbidity was observed after metal salt addition. Each subfraction was 
analyzed by HPLC-DAD-MS under the same conditions previously 
described. Iron complex of vibrioferrin was detected by HPLC-DAD-MS 
analysis of the PDMCX1-MeOH-Fe subfraction in the chromatographic 
peak eluted at Rt = 2.49 min (Figs. S3A and S3B). The UV spectrum 
exhibited a shoulder around 300 nm, consistent with a ligand-to-metal 
ion charge-transfer band, typical of ferric complexes [28] and the 
HRMS analysis displayed the [M − H]- ion adduct at m/z 486.0210 
(calculated for C16H18FeN2O12

- , m/z 486.0209) that matched that of 
iron-vibrioferrin complex (Fe-VF complex, 3) (Figs. S3C and S3D). 
HPLC-DAD-MS analysis of subfraction PDMCX1-MeOH-Ga revealed a 
peak at Rt = 1.90 min, which was identified as the gallium complex of 
vibrioferrin (4) (Figs. S4A and S4B). HRMS analysis revealed the pres
ence of the [M − H]⁻ ion adduct at m/z 499.0111 (calculated for 
C16H18GaN2O12

- , m/z 499.0121), corresponding to the 
gallium-vibrioferrin complex. Its UV spectrum further confirmed the 
presence of this complex (Figs. S4C and S4D).

2.8. Assays of virulence for fish

Virulence assays were conducted using turbot (Scophthalmus max
imus) fingerlings with an average weight of 15 g, divided into two groups 
of 30 fish per strain tested. The inocula were prepared by suspending 
several colonies from a 24-h TSA-1 culture in saline solution to achieve 
an OD600 of 0.5. Turbot fingerlings were inoculated intraperitoneally 
(IP) with 0.1 mL of the bacterial suspension. The actual concentration of 
injected bacteria, determined by plate count on TSA-1, was between 2 
and 4 × 104 bacterial cells per fish. Mortalities were recorded daily for 
10 days post-injection, and the statistical significance of survival dif
ferences among Pdd strains was assessed using the Kaplan-Meier method 
and a log-rank test in SPSS 25 (SPSS for Windows, version 25).

All experiments involving fish were conducted in strict accordance 
with the guidelines established by the European Union (2010/63/UE) 
and the Spanish legislation (RD 53/2013) for the use of animals in 
research. All fish were anesthetized with tricaine methanesulfonate (MS- 
222) at 80 mg L− 1 before IP injection, and survivors were euthanized at 
the conclusion of the experiments with a MS-222 overdose of 160 mg 
L− 1. The procedure was authorized by the Bioethics Committee of the 
University of Santiago de Compostela (approved protocol No. 15004/ 
14/003).

3. Results and discussion

3.1. Genome sequence analysis of Pdd RG91 and pddGI-1 general 
features

In a previous proteomics study of Pdd RG91 [20], we identified three 
proteins involved in the synthesis (PvsD) and transport (PvuA and PsuA) 

of the siderophore vibrioferrin [29,30]. These Pdd RG91 proteins were 
found to be upregulated when the strain was cultivated under low-iron 
conditions. To identify and characterize the genomic region encoding 
these proteins, we sequenced and analyzed the genome of Pdd RG91 in 
this study.

A comparative in silico analysis between the genome sequence of Pdd 
RG91 and other Pdd genomes available in GenBank revealed that 
chromosome II of RG91 harbours unique sequences homologous to those 
previously reported for the synthesis and transport of vibrioferrin in 
Vibrio parahaemolyticus [29]. A pairwise comparison between the RG91 
genome (GenBank Acc. No. JBHDUS000000000) and that of Pdd 
ATCC33539 (Acc. No. ADBS00000000), a strain lacking homologues for 
siderophore genes (including both the vibrioferrin gene cluster and 
related sequences), clearly shows that the RG91 genome contains a re
gion encoding a complete vibrioferrin-like siderophore system (Fig. 1). 
Notably, this region is located within a novel genomic island (GI), which 
we have named pddGI-1. The predicted functions of the ORFs found 
within this GI are presented in Table S4.

GI pddGI-1 is located within a variable region of chromosome II 
(Fig. 1) and is flanked by two conserved genes: a fructose transporter 
component C (locus VDA_000334 in the ATCC33539 genome annota
tion) and a serine tRNA, along with a hypothetical protein (locus 
VDA_000337). The backbone of pddGI-1 is primarily composed of 
phage-related proteins, whose homologues are present in other well- 
described GIs (Table S4). Notably, orf1 and orf35 encode two 
prophage-related proteins that show significant homology to integrases 
and AlpA-type regulatory proteins found in numerous Vibrio, Photo
bacterium, and Pseudomonas genomes, with amino acid similarity 
ranging from 78 to 81 %. It is noteworthy that the integrase (orf1) 
located at the 5′ end of pddGI-1, the hypothetical proteins orf23-25 
located internally, and orf39-40 located at the 3′ end, exhibit significant 
homology to proteins encoded by the Vibrio cholerae seventh pandemic 
island-II (VSP-II), which is related to the epidemiological success of this 
pandemic clone [31], and by the VVI-II genomic island characterized in 
V. vulnificus [32] (Fig. 1B). Additionally, some V. anguillarum and 
P. phosphoreum genomes contain GIs, not yet characterized, that include 
integrase homologues closely related to orf35 and 36 in V. anguillarum 
and orf35-40 in P. phosphoreum (Fig. 1B). These findings suggest that 
these genes are commonly present in DNA structures of other GIs and 
likely constitute the backbone of this family of GIs. Moreover, the 
presence of homologues in many bacterial species indicates that this 
family of accessory genetic elements is widespread among marine 
bacteria.

Horizontally acquired genes can provide recipient strains with se
lective advantages and virulence factors, potentially leading to new 
pathogens [33]. pddGI-1 contains three transposases (orf2, orf9, orf21) 
and genes associated with ROS defense, anaerobic energy metabolism, 
restriction-modification (RM) systems, and a complete vibrioferrin iron 
uptake system. These features may confer benefits to the host.

orf4 encodes a 179-aa protein with a YciW domain (COG2128), 
typical of peroxidase-related enzymes. Its closest homologues in 
Vibrionaceae have 78–81 % similarity, suggesting a role in antioxidant 
defense against reactive oxygen species produced by host immune cells 
[34]. orf6 to orf8 are homologous to dmsABCD genes, which encode 
enzymes for anaerobic respiration with N- and S-oxide acceptors like 
DMSO and TMAO. DmsA and DmsB form a catalytic dimer anchored by 
DmsC, while DmsD exports DmsA to the TAT translocon [35,36]. These 
reductases are prevalent in Vibrionaceae and support respiration in 
low-oxygen environments, aiding host colonization [37,38]. TMAO, 
found in marine environments and animal tissues, is used as an osmolyte 
[39]. The presence of a duplicate dms operon in RG91, sharing 52–81 % 
similarity with pddGI-1, suggests that TMAO reduction is crucial for Pdd 
ecology. The versatility in metabolic systems within Vibrionaceae species 
enables adaptation to varying environmental conditions.

Both phage-like elements and genomic islands (GIs) often contain 
selfish DNA, including restriction-modification (RM) systems that 
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ensure their persistence [33]. orf29 and orf30 encode a Type I RM system 
with restriction and methylase subunits. These genes have close homo
logues in Photobacterium angustum S14 (97–99 % amino acid identity) 
and several Vibrio species, including V. parahaemolyticus, V. harveyi, and 
V. cholerae, with over 80 % similarity (data not shown). orf31 encodes a 
specificity subunit of a Type I RM system with homologues in 
V. cholerae, while orf 34 shows 97 % similarity to a Type III restriction 
endonuclease from V. harveyi. Although RM systems are not unique to 
pddGI-1—as mobile genetic elements commonly harbor them and over 
80 % of bacterial genomes contain multiple RM systems [40]—they can 
provide a significant selective advantage by protecting against envi
ronmental bacteriophages [41].

As shown, all genes in pddGI-1 have close homologues in various 
marine bacterial species, indicating that these genes are part of a vari
able gene pool within the marine microbiota. Interestingly, although the 
mean GC content of pddGI-1 is similar to that of the rest of chromosome 
II (39.9 % vs. 39.6 %, respectively), specific sequence blocks within 
pddGI-1 have GC content patterns identical to those in related GIs from 

other vibrios [32,42]. Notably, the distribution of GC content within 
pddGI-1 shows breaks that correlate with the distribution of homologues 
(Fig. 1C). Consequently, the genes can be grouped into blocks based on 
homologues distribution, functional relationships, and GC content 
(Fig. 1C). These findings suggest that pddGI-1 likely originated from 
successive gene acquisition events from other Vibrionaceae rather than 
from an ancient association with Pdd.

3.2. pddGI-1 harbours genes encoding vibrioferrin synthesis and transport

Notably, pddGI-1 contains a complete vibrioferrin iron uptake system 
(orf17-orf26) with 80–99 % amino acid similarity to vibrioferrin system 
in V. harveyi (Table S4), maintaining the same gene organization 
(Fig. 1A). This system includes two operons transcribed from divergent 
promoters: one operon (pvsABDE) encodes biosynthesis functions [30], 
while pvsC encodes the siderophore exporter. The second operon con
sists of genes for ferric-vibrioferrin uptake (pvuA1, pvuA2, pvuBCDE), 
where pvuA1 and pvuA2 are outer membrane receptors and pvuBCDE 

Fig. 1. Gene arrangement of the Pdd RG91 genomic island pddGI-1. (A) Alignment of pddGI-1 sequence and the flanking chromosomal region (GenBank access No. 
JBHDUS010000037: 42000 … 51070 and JBHDUS010000010: 1 … 48000) with the genomic sequences of Pdd LD-07 (GenBank access No. LYBU01000077:47200 … 
50500) and Pdd ATCC33539 (GenBank access No. ADBS01000002: 83100 … 89750). Grey blocks indicate identical sequences. (B) Distribution of BlastP homologues 
associated with other genomic island backbones on the pddGI-1 sequence. Multiple alignments with the same database sequence are connected by a dotted line. (C) 
GC content distribution of pddGI-1.
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forms the ABC transport system for iron-siderophore transport through 
the inner membrane [29,43,44].

Siderophores are compounds synthesized by microorganisms to 
solubilize iron extracellularly and transport it into cells through specific 
transporters. Thus, the ability to produce and utilize a siderophore is 
crucial for forming natural marine bacterial communities [45] and is 
often essential for virulence [46]. Vibrioferrin, originally identified in 
Vibrios such as V. parahaemolyticus, V. alginolyticus, and V. splendidus 
[28], is also found in many marine bacteria [47], including numerous 
environmental Vibrio species [45] and other genera like Marinobacter 
[48] and Edwardsiella [49], highlighting its widespread presence in 
marine bacteria. It has been proposed that the distinctive properties of 
vibrioferrin may play a crucial role in enhancing iron bioavailability 
through photoredox reactions in marine environments [47].

3.3. Production of vibrioferrin by Pdd RG91

The identification of vibrioferrin-related proteins under low-iron 
conditions [20] and the presence of genes involved in vibrioferrin syn
thesis and transport in Pdd RG91 strongly suggest that this strain pro
duces vibrioferrin as its siderophore. To confirm this, we generated an 
RG91 mutant lacking most of the pvsD coding sequence, essential for 
vibrioferrin biosynthesis [30]. We then conducted biological assays to 
compare the wild-type and mutant strains.

Both strains exhibited similar growth under iron-excess conditions 
(Fig. 2). However, under iron-restricted conditions, the pvsD mutant 
showed a 40 % reduction in growth compared to the parental strain, 
which reached an OD600 of approximately 1.4 (Fig. 2B). Cross-feed 
bioassays with V. alginolyticus AR13, an indicator strain that uses 
vibrioferrin as an iron source but does not produce it [24], showed that 
the RG91 parental strain promoted its growth under iron deficiency, 
whereas the pvsD mutant did not (Fig. 2A).

These results suggest that Pdd RG91 produces vibrioferrin. To 
confirm this hypothesis, cell-free culture supernatants of RG91, obtained 
under low iron conditions, were subjected to Solid Phase Extraction 
(SPE) using Oasis MCX cartridges, resulting in several fractions 
(PDMCX1-X4) that were then tested using the CAS assay and side
rophore activity assays (Fig. S1). To verify the presence of vibrioferrin, 
the CAS-positive and siderophore-active fraction PDMCX1 was desalted 
through MeOH extraction, yielding the subfractions PDMCX1-MeOH 
and PDMCX1-salts, which were subsequently analyzed by LC-DAD-MS 
(Fig. 3A and Figs. S2–S4).

Thus, the extracted mass chromatogram (m/z 400.00–450.00) of the 
desalted PDMCX1 subfraction (Fig. 3B) revealed the presence of two 
compounds with retention times of 2.49 and 4.01 min. Their 

corresponding high-resolution mass spectra displayed the [M − H]- ion 
adducts at m/z 433.1099 (calculated for C16H21N2O12

- , m/z 433.1100) 
(Fig. 3C) and at m/z 441.0953 (calculated for C16H18BN2O12

- , m/z 
441.0958) (Fig. 3D), which matched those of apovibrioferrin (VF, 1) and 
its boron complex (B-VF, 2), respectively. Furthermore, the UV spectrum 
of each compound exhibited maximum absorption bands at 201 nm and 
258 nm (Fig. S5), corresponding to those reported for vibrioferrin and its 
boron complex, respectively [28].

To corroborate the presence of vibrioferrin, a chelation test and 
analytical detection of vibrioferrin-metal complexes were conducted 
(Fig. 3E–H). The active PDMCX1-MeOH subfraction was mixed with 
small amounts of FeCl3⋅3H2O or GaBr3. The resulting products were then 
analyzed using HPLC-DAD-HRMS following the same procedures 
employed previously (Fig. S1). As a result, the iron complex of vibrio
ferrin (Fe-VF, 3) was identified in the analysis of the PDMCX1-MeOH-Fe 
subfraction by the presence of the [M − H]- ion adduct at m/z 486.0210 
(calculated for C16H18FeN2O12

− , m/z 486.0209) that matched that of the 
iron complex of vibrioferrin (Fe-VF, 3) (Fig. 3E and G).

HPLC-DAD-HRMS analysis of the PDMCX1-MeOH subfraction, after 
addition of GaBr₃, revealed the presence of the corresponding gallium 
complex of vibrioferrin (Ga-VF, 4) at Rt = 1.90 min, showing the [M −
H]⁻ ion adduct at m/z 499.0111 (calculated for C16H18GaN2O12

− , m/z 
499.0121) (Fig. 3F and H). In both cases, the characteristic iron isotopic 
distribution of each metal was observed. Collectively, these results 
unambiguously confirm that Pdd RG-91 produces the siderophore 
vibrioferrin.

As anticipated, vibrioferrin was undetectable in the culture super
natants of the RG91 pvsD mutant (data not shown). Interestingly, the 
pvsD mutant exhibited a weaker CAS-positive reaction, suggesting the 
potential production of other siderophore-active molecules by this strain 
(see below). These findings together confirm that pddGI-1 contains an 
active vibrioferrin gene cluster, which likely provides a selective 
advantage to Pdd strains that harbor it.

3.4. Distribution of pddGI-1 in a collection of Pdd strains

To investigate the distribution of pddGI-1 among various Pdd iso
lates, we analyzed gene block linkage and intra-GI variability. We per
formed PCR amplification on 41 Pdd strains to detect the presence of 
seven specific genes (Table S1). Four key genes were targeted: integrase 
(orf1), the vibrioferrin biosynthesis gene (pvsD), the dms cluster (dmsC), 
and the RM system (orf32). Additionally, we checked for the presence of 
genes VDA_0334 and VDA_0337, which flank the insertion site of pddGI- 
1 (Fig. 1), as well as genes VDA_0335 and VDA_0336, which replace 
pddGI-1 in the Pdd ATCC33539 genome (Fig. 1). PCR results of 17 

Fig. 2. (A) Cross-feeding assay of Pdd RG91 and its derivative mutant defective in pvsD to detect vibrioferrin production using V. alginolyticus AR13 as indicator 
strain. (B) Growth under iron excess and iron deficient conditions of wild type strain and its pvsD defective mutant.
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representative strains are summarized in Table 1.
The results showed that 11 out of 41 strains tested carry the pddGI-1 

element, as indicated by the presence of at least the integrase, dmsC, and 
pvsD genes. This suggests that pddGI-1 is prevalent among a significant 
subset of Pdd isolates. There is no correlation between the presence of 
pddGI-1 and the origin of the strains. However, intra-pddGI-1 variability 
was observed, with two of the 11 positive strains lacking amplification 
for the RM system component (orf32) (Table 1). This variability supports 
the notion that pddGI-1 elements may have arisen through gene block 
recruitment. While all strains tested positive for the genes flanking the 
pddGI-1 insertion site (VDA_000334 and VDA_000337), only the 
ATCC33539 strain was positive for VDA_000335 and VDA_000336 (data 
not shown). Furthermore, all strains positive for pddGI-1 also showed 
positive results in a PCR targeting the region between VDA_0334 and 
orf1 (Table 1), suggesting that all pddGI-1 elements are inserted at the 
same genomic location. These findings are consistent with the alignment 
of the RG91 pddGI-1 element and its flanking regions with genome se
quences available in GenBank (Fig. 1).

3.5. Vibrioferrin production in different Pdd strains

To assess vibrioferrin production in Pdd strains harbouring pddGI-1, 
cross-feed bioassays were performed using V. alginolyticus AR13 as the 
indicator strain. Pdd RG91 and its pvsD mutant were used as positive and 
negative controls, respectively. All strains containing pddGI-1 success
fully promoted the growth of V. alginolyticus AR13, whereas strains 
lacking this element did not (Table 1). These findings confirm that all 

pddGI-1-like elements possess an active vibrioferrin gene cluster, and 
that having pddGI-1 enables the bacteria to produce vibrioferrin.

Additionally, the role of vibrioferrin production in bacterial growth 
under low iron conditions was investigated. Pdd strains with pddGI-1 
were tested for their growth under both iron-rich and iron-poor condi
tions, and siderophore production was measured using the CAS assay.

Strains of Pdd carrying pddGI-1 exhibited significantly higher growth 
yields and siderophore production under low-iron conditions compared 
to strains lacking this element (Fig. 4). Notably, all pddGI-1-harbouring 
strains showed a phenotype almost identical to that of the RG91 strain. 
In contrast, strains without pddGI-1 displayed reduced siderophore 
production and lower growth yields, similar to the RG91 pvsD null 
mutant. The ATCC33539 strain had the lowest growth rate and side
rophore production among all tested strains. These findings suggest that 
vibrioferrin production provides a growth advantage under iron-limited 
conditions, supporting the hypothesis that vibrioferrin may play a role in 
Pdd virulence.

Notably, the RG91 strain had a CAS assay value of − 0.8, reflecting 
high siderophore production, whereas the pvsD mutant had a lower 
value of − 0.6 (Fig. 4), similar to strains lacking pddGI-1. This CAS value 
suggests that the mutant still produces siderophores, albeit at lower 
levels, potentially indicating the presence of an alternative siderophore. 
Since RG91 does not use citrate as a siderophore [19], the mutant’s 
lower CAS value may indicate the production of an alternative, un
identified siderophore. The production of multiple siderophores likely 
offers a growth advantage and increased adaptability in low-iron envi
ronments [50].

Fig. 3. (A) HPLC-DAD-HRMS chromatogram of the desalted PDMCX1-MeOH subfraction. (B) Extracted mass chromatogram (m/z 400.00–450.00). (C) High- 
resolution mass spectrum (HRMS) of the peak at 2.49 min (PDMCX1-MeOH-H1) indicating the presence of apovibrioferrin (VF, 1). (D) HRMS of the peak at 
4.01 min (PDMCX1-MeOH-H2) indicating the presence of the borate vibrioferrin complex (B-VF, 2). (E) Extracted mass chromatogram (m/z 400.00–450.00) of 
HPLC-HRMS chromatogram of PDMCX1-MeOH subfraction after addition of FeCl3⋅3H2O. (F) Extracted mass chromatogram (m/z 400.00–450.00) of PDMCX1-MeOH 
subfraction after addition of GaBr3. (G) (− )-HRESIMS of PDMCX1-MeOH-Fe displaying the [M − H]- ion at m/z 486.0210 of iron vibrioferrin complex (Fe-VF, 3) 
(calcd. For C16H18FeN2O12

− , m/z 486.0209). (H) (− )-HRESIMS of PDMCX1-MeOH-Ga displaying the [M − H]- ion at m/z 499.0111 of gallium vibrioferrin complex 
(Ga-VF, 4) (calcd. For C16H18GaN2O12

− , m/z 499.0121).

Table 1 
Detection of pddGI-1 markers by PCR and vibrioferrin production in a subset of representative Pdd strains. The complete set of strains tested is shown in Table S1

Strain Isolation source pddGI-1 markers Vibrioferrin 
production

Integrase 
(orf1)

dmsC (orf 
7)

pvsD (orf 
11)

RM system 
(orf32)

VDA_334 - orf1 
linkage

VDA_000334 VDA_000337

ATCC33539 Chromis punctipinnis 
(USA)

— — — — — + + —

ATCC35083 Carcharhinus plumbeus 
(USA)

— — — — — + + —

RG91 Scophthalmus maximus 
(Spain)

þ þ þ þ + + + þ

LD07 Sparus aurata (Spain) — — — — — + + —
RM71 Scophthalmus maximus 

(Spain)
— — — — — + + —

9FT1M3 Carcharhinus plumbeus 
(USA)

þ þ þ – þ + + þ

CDC2227–81 Human — — — — — + + —
RG214 Scophthalmus maximus 

(Spain)
þ þ þ þ þ + + þ

H22060601R Pagrus auriga (Spain) þ þ þ þ þ + + þ

H01100403D1 Pagrus auriga (Spain) þ þ þ — þ + + þ

H29060602R Pagrus auriga (Spain) þ þ þ þ þ + + þ

ACR208.1 Scophthalmus maximus 
(Spain)

þ þ þ þ þ + + þ

AQP16.1 Scophthalmus maximus 
(Spain)

— — — ± — + + —

VIRO-RIÑÓN Scophthalmus maximus 
(Spain)

þ þ þ þ þ + + þ

AZ247.1 Scophthalmus maximus 
(Spain)

þ þ þ þ þ + + þ

AZ245.1 Scophthalmus maximus 
(Spain)

þ þ ±þ þ þ + + þ

RG153 Scophthalmus maximus 
(Spain)

þ þ þ þ þ + + þ
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3.6. Impact of vibrioferrin production on Pdd virulence

Turbot fingerlings were inoculated with either the RG91 parental 
strain or the RG91 pvsD mutant to evaluate the role of vibrioferrin in Pdd 
virulence. Both strains were pathogenic and capable of causing disease 
and death in turbot fingerlings (Fig. 5). After 10 days, survival rates were 
60 % for fish inoculated with RG91 and nearly 80 % for those inoculated 
with the pvsD mutant (Fig. 5). Although the difference is statistically 
significant (p < 0.05), these results suggest that vibrioferrin production 
is not critical for the full virulence of RG91 in this experimental model. 
Further research is needed to better understand the role of vibrioferrin in 
Pdd virulence.

Iron acquisition is crucial for the successful colonization and inva
sion of many microbial pathogens [46]. However, the role of a specific 
siderophore in virulence depends on the strain’s genetic background 
[51]. The RG91 pvsD mutant produces an alternative siderophore, which 
may compensate for the loss of vibrioferrin. Some Pdd strains can ac
quire iron from ferric citrate [19] and from heme and heme proteins in 
host tissues through mechanisms independent of siderophores [17]. 
Notably, when bacteria enter the host, genes for hemolysins (Dly and 
HlyA) and heme uptake are co-expressed, as their synthesis is induced 
under iron starvation conditions [14,17,20]. This suggests that in highly 
hemolytic Pdd strains, like RG91 [12], the combined effects of Dly and 
HlyA, along with the ability to utilize heme iron, may be sufficient to 
meet the bacterial iron needs within the host.

Bacterial pathogens often have multiple iron acquisition systems that 
may appear redundant in laboratory settings but serve specialized 
functions at the host-pathogen interface [52–54]. A key example is the 
irp-HPI genomic island encoding the siderophore piscibactin in Vibrio 
anguillarum, which has significant implications for bacterial adaptation 
to the host and pathogenesis, extending beyond iron uptake [55]. 

Siderophore systems are also crucial for understanding microbial pop
ulation dynamics, as they play key roles in cooperation and competition 
for iron in natural bacterial communities [56,57]. This is particularly 

Fig. 4. Growth (OD600) and siderophore production (CAS liquid assay) under iron-excess and iron-limited conditions by several Pdd strains harbouring pddGI-1 
compared with strains lacking this element.

Fig. 5. Survival of turbot fingerlings (Scophthalmus maximus) inoculated with 
Pdd strains RG91 (parental) and pvsD defective mutant at 2 × 104 cells/fish. 
Fish mortality was recorded daily for 10 days after the pathogen IP injection. 
Asterisk denotes statistically significant differences (P < 0.05).
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true in marine environments, where vibrioferrin genes are widespread 
[45,47]. Therefore, the biological significance of vibrioferrin production 
in Pdd warrants further investigation.

4. Conclusions

Understanding genomic islands (GIs) is crucial for grasping bacterial 
evolution and identify potential virulence factors [58]. The pddGI-1 
element, a novel GI found in the highly virulent Pdd strain RG91, shares 
a common backbone with other well-characterized GIs in marine bac
teria. PCR screening has revealed significant genome plasticity, affecting 
both the structure of pddGI-1 and the genomic regions where these 
islands integrate. This indicates that pddGI-1 may belong to a family of 
GIs prevalent in marine bacteria, contributing to their genetic diversity.

Our study shows that pddGI-1 enables Pdd to produce vibrioferrin, 
which enhances growth under iron-limited conditions. Additionally, 
pddGI-1 encodes potential fitness factors, such as defenses against 
foreign DNA and reactive oxygen species, as well as mechanisms for 
respiration under low-oxygen conditions. The role of these factors in 
bacterial fitness warrants further investigation.

While pddGI-1 likely provides an advantage by expanding the genetic 
pool of Pdd, its direct contribution to virulence remains uncertain. The 
observed high levels of hemolysis and potential production of alterna
tive siderophores might complement iron acquisition during fish infec
tion. Our results also suggest that Pdd exhibits significant diversity in its 
iron acquisition mechanisms through siderophores.
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