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Abstract

Bacteria have developed a series of iron-scavenging and transport systems. The expression of many of the iron
utilization genes is tightly regulated by the Fe?* loaded Fur repressor protein. In this study, the Fur titration assay
(FURTA) was used to screen for DNA fragments from a genomic DNA library of Photobacterium damselae ssp.
piscicida containing potential Fe>*Fur binding sites or iron binding-proteins which withdraw iron from Fur. One
of the clones encoded a fonB gene and adjacent a functionally related exbB gene. An additional and complete tonB
exbB exbD gene cluster was identified and sequenced. A gene homologous to the ferritin gene was found whose
FURTA-positive phenotype may be explained by its iron-binding ability. Genes encoding a putative complete iron-
regulated outer membrane transport protein and a pseudogene of a transport protein were found. The FURTA assay
also revealed iron regulation of the AraC type transcriptional regulation.

Introduction

Iron is an essential element for growth and survival
of most bacteria. Although iron is the fourth most
abundant element on earth, free iron is limited and
not readily available since the ferrous iron undergoes
rapid oxidation to form iron (II) which is practically
insoluble. Bacteria respond to iron limitation by mul-
tiple mechanisms. One of these involves the synthesis
and secretion of low-molecular-weight Fe(III) chelat-
ors named siderophores (Neilands, 1995). Bacterial
pathogens are also capable of acquiring iron by means
of siderophore-independent mechanisms through util-
ization of host iron-binding compounds such as trans-
ferrins, lactoferrins, ferritins and hemoproteins.

The expression of genes involved in iron acquisi-
tion is strictly regulated in response to the iron concen-
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tration in the environment. The ferric uptake regulator
(Fur) protein acts as an iron-responsive DNA bind-
ing repressor protein (Hantke 1981, Braun & Hantke
1991, Neilands, 1990), and requires ferrous iron as a
cofactor for dimerization and DNA binding. When Fur
is loaded with ferrous iron, it is able to bind operator
sites (called Fur boxes) within the promoter region
of iron-regulated genes so that their transcription is
shut-off in iron-replete conditions. In iron-depleted
conditions, unloaded Fur cannot bind operator sites,
thus allowing transcription of iron-regulated genes.
The marine Gram-negative bacterium Photobac-
terium damselae ssp. piscicida is the causative agent
of fish pasteurellosis, a disease affecting wild and cul-
tured marine fish and which causes important econom-
ical losses in marine aquaculture worldwide (Magar-
iflos et al. 1996b). This species acquires iron via
siderophores and heme and its virulence for fish is
increased when fish are previously inoculated with
hemin or hemoglobin (Magarifios et al. 1994). Strains
of P. damselae ssp. piscicida produce siderophores un-
der iron-limiting conditions, and chemical tests and
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Table 1. Bacterial strains and plasmids

Designation Relevant characteristic(s) Isolation source/
Reference

Strains

P. damselae

subsp. piscicida

DI21 Seabream, Spain
554.2 Sole, Spain
B51 Seabass, Spain
IT-2 Seabream, Italy
ATLIT-2 Morone sp. Israel
10831 Seabass, France
EPOY-8803-1I Red grouper, Japan
ATCC 29690 Yellowtail, Japan
ATCC 17911 White perch, USA
Escherichia coli
DH5« Cloning strain Laboratory stock
H1717 araD139 AlacUI169 rpsL150 relAl flbB5301 deoCl ptsF25  Hantke 1987

rbsR aroB fhuF::\ placMu
Plasmids
PT7-7 Cloning vector, Ap", Tabor and Richardson 1985
pGEMT-Easy PCR cloning vector, Ap" Promega
pCAR149 Inverse-PCR product containing DNA This study

downstream of clone F-30

cross-feeding assays showed that the siderophore is
neither a phenolate nor a hydroxamate (Magarifios
et al. 1994). In addition, iron availability regulates
the amount of capsular polysaccharide and the produc-
tion of an extracellular protease (Do Vale et al. 2001;
Magarifios et al. 1996a,b). Iron-regulated outer mem-
brane proteins have been described in P. damselae ssp.
piscicida (Magarifios et al. 1994) but genes encoding
these proteins have not been identified. Recently, we
reported on the cloning and sequencing of a Fur homo-
logue in P. damselae ssp. piscicida, and demonstrated
that it acts as an iron-responsive transcriptional regu-
lator (Juiz-Rio er al. 2004). In the present study, we
report the identification of novel Fur-regulated genes
in P. damselae ssp. piscicida using the Fur titration
assay (FURTA).

Methods

Bacterial strains and culture conditions. Strains
used are listed in Table 1. P. damselae ssp. pisci-
cida was routinely grown at 25°C in Tryptic Soy

Agar (Difco Laboratories, Augsburg, Germany) sup-
plemented with 1% NaCl (TSA-1). Escherichia coli
strains were grown at 37°C in Luria Bertani (LB)
medium. McConkey agar base (Difco) was supple-
mented with 1% lactose and 0.04 mM FeSO4 (M+Fe).
If required ampicillin was added at a concentration of
0.1 mg ml~! All strains were stored frozen at —80°C
in LB broth with 20% glycerol.

DNA techniques. Total genomic DNA was extrac-
ted from Photobacterium damselae ssp. piscicida with
the Easy-DNA kit (Invitrogen, Karlsruhe, Germany).
DNA extraction from agarose gels and plasmid DNA
purification were carried out with kits from Qiagen,
Hilden, Germany. Standard methods for restriction en-
donuclease analyses, ligations and other DNA cloning
techniques were carried out as described by Sam-
brook and Rusell (2001). Plasmids used in cloning
experiments and those derived from this study are
summarized in Table 1.

For inverse PCR, chromosomal DNA was cut with
a single restriction enzyme and self-ligated. Ligation
products were used as template in a PCR reaction



with suitable primers, using the Expand Long Tem-
plate Kit (Roche Diagnostics, Mannheim, Germany).
DNA sequences were determined by the dideoxy chain
termination method on either plasmid or PCR product
templates by using the Big Dye Terminator v3.0 DNA
Sequencing Kit (Applied Biosystems) and an auto-
mated sequencer ABI 377 (Applied Biosystems). The
European Bioinformatics Institute services were used
to consult the EMBL database with the FASTA3
and BLAST algorithms. Additional DNA and pep-
tide analysis were performed using BioEdit Software
(Version 5.0.6). For Southern hybridization, chromo-
somal DNA (3 ng) was cut with appropriate enzymes,
gel-electrophoresed and transferred onto nylon mem-
branes (0.45 um pore size, Boehringer Mannheim).
Labeling of DNA probes, hybridization and detection
were performed with the ECL Direct Nucleic Acid la-
beling and detection system (Amersham Biosciences,
Braunschweig, Germany).

FURTA. Fur-regulated promoters and iron-binding
proteins carried on a multicopy plasmid can be iden-
tified by transformation into E. coli strain H1717.
This strain carries a Fur-regulated fhuF::lacZ gene fu-
sion which is particularly sensitive to changes in the
concentration of the Fur repressor (Stojiljkovic et al.
1994). Iron-binding proteins cloned on a plasmid and
expressed in E. coli H1717 will compete with Fur
proteins for iron, thus lowering the amount of Fur mo-
lecules which can dimerize and repress the fhuF::lacZ
gene fusion. Similarly, Fur boxes introduced on a mul-
ticopy plasmid can cause derepression of the fusion by
titrating the Fur protein, thus leading to transcription
of the lacZ gene and the expression of a lac™ phen-
otype. This can be used as a selectable marker for
cloning Fur-regulated promoters and iron-binding pro-
teins, since lac™ colonies are red on McConkey plates
supplemented with Fe, while lac™ colonies remain
white.

Fur titration assay was performed as previously
described (Stojiljkovic ef al. 1994). In brief, chromo-
somal DNA of P. damselae ssp. piscicida DI21 was
partially digested with the restriction enzyme Sau3A.
Fragments between 0.5 and 5 kb were cloned into
the BamHI site of vector PT7-7 and transformed into
E. coli DH5-a. Approximately 20.000 colonies were
pooled into four groups. Plasmid DNA isolated from
these pools was used to transform E. coli H1717. Red
transformants on M+Fe were reisolated twice, and
plasmid DNA was isolated.
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Nucleotide sequence accession number. The EMBL
accession number for the sequences described in
this article are AJ548760, AJ567909, AJ699417,
AJ699306, AJ699365.

Results and discussion

Sequence analysis of FURTA positive DNA regions.

Using the FURTA assay we isolated 72 Furta-positive
clones which formed red colonies on iron containing
M-+Fe medium. Duplicate clones were eliminated on
the basis of identical EcoRI-Hindlll restriction pat-
terns. Since several small clones were contained in the
collection of larger ones, five distinct groups of clones
were finally inferred (Figure 1).

Plasmid F-15 contained five ORFs (Figure 1).
ORF1 and ORF2 showed homology with AraC-type
transcriptional activators (Table 2). AraC regulates the
E. coli arabinose operon by binding through a helix-
turn-helix motif to promoter DNA (Gallegos et al.
1993). Members of this family act in Pseudomonas
aeruginosa (PchR) (Heinrichs and Poole, 1993) and
Yersinia pestis (YbtA) (Fetherston er al. 1996) as
positive regulators of genes coding for siderophore re-
ceptors and for enzymes involved in siderophore bio-
synthesis. In fact, a low similarity was found between
ORF2 and YbtA in a BLAST similarity search (data
not shown). Thus, the P. damselae ssp. piscicida
ORF2 may constitute a positive regulator of gene
functions related to iron acquisition. The potential Fur-
box upstream of ORF2 matched the E. coli consensus
sequence in 16 of 19 bases (Figures 1, 2). ORF3
encoded a protein with 660 amino acids which was
homologous to siderophore receptors of various spe-
cies. It displayed the highest similarity to FyuA, a
putative siderophore receptor from Photorhabdus lu-
minescens (Table 2), while the closest homologue with
well-known function was the quinolobactin receptor
of Pseudomonas fluorescens (Matthijs et al. 2004)
(Table 2). Since P. damselae is a member of the fam-
ily Vibrionaceae, a similarity search was conducted
among the siderophore receptors in Vibrio species.
ORF3 showed 25% identity to the V. vulnificus ferric
vulnibactin receptor (Figure 3). ORF3 may constitute
the receptor for the yet uncharacterized P. damselae
ssp. piscicida siderophore. Although P. damselae is
closely related to Vibrio species, ORF3 has no close
homologue in Vibrios. It is concluded that ORF3 may
transport a novel ferric siderophore. In fact, strains of
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Table 2. Proteins with homology to Photobacterium damselae ssp. piscicida ORFs described in this study.

Photobacterium Homologue EMBL Amino acid  Amino acid
damselae protein Acc No Identity (%)  Similarity (%)
ORF1 (F-15) R. solanacearum AraC family Q8XYES 30 48
transcriptional regulator
ORF2 (F-15) Anabaena sp. AraC family transcriptional ~ Q8YTY8 44 59
regulator
ORF3 (F-15) P. luminescens putative ferrisiderophore Q7N4LS5 40 61
receptor FyuA
P. fluorescens quinolobactin receptor Q84HG2 25 42
ORF4 (F-15) Y. pestis YbtX protein Q9Z7C28 35 52
ORF5 (F-15) Y. enterocolitica HMWP2 non-ribosomal P48633 47 62
peptide synthetase (Irp2)
V. anguillarum AngR protein P19828 31 50
ORF6 (F-30) V. parahaemolyticus probable Q87JU8 75* 86*
ferrisiderophore receptor
E. coli FhuE receptor P16869 31* 48*
ORF7 (F-30) V. cholerae hypothetical protein VC1548 Q9ZHW2 55 76
ORFS8 (F-30) V. cholerae ExbB-related protein Q9ZHW1 59 72
ORF9 (F-57) V. parahaemolyticus ferritin Q87TI2 88 95
ORF10 (F-64) V. parahaemolyticus PhuW protein Q87126 59 73
ORF11 (F-64) V. cholerae TonB1 protein 052042 43 59
ORF12 (F-64) V. parahaemolyticus ExbB protein QI9XCYS5 66 83
ORF13 (F-19) V. vulnificus Glutathione-S-transferase Q8D4M6 84 91
ORF14 (F-19) V. parahaemolyticus uncharacterized iron-  Q87JU1 52 73
regulated membrane protein
ExbB2 V. cholerae ExbB2 Q9ZHWO 70 84
ExbD2 V. cholerae ExbD2 Q9ZHV9 84 93
TonB2 V. cholerae TonB2 Q9ZHVS8 50 70

*Data obtained by comparing the first 245 amino acids of the pseudogene.

P. damselae ssp. piscicida produce under iron-limiting
conditions siderophores which are not of the phenolate
or hydroxamate type (Magarifios et al. 1994).

PCR and Southern blot hybridization were used
to screen a collection of P. damselae ssp. piscicida
strains for presence of the putative ferrisiderophore
receptor coded by ORF3. For PCR detection, primers
F15-in-5" (GCAGATAAAGGAGCACCACG) and F-
44-in-3’ (CCACCATATAGCGTAGCTTG) targeted to
internal regions of ORF3 gene were designed. The
ca. 1 kb fragment including part of the putative fer-
risiderophore receptor was amplified in only four P,
damselae ssp. piscicida strains (Table 3). In addition,
the complete ORF3 of clone F-15 was excised with
BamHI and Sall and used as a probe for hybridiz-
ation. The results coincided with those obtained by
PCR screening, indicating a diverse ORF3 content in
P. damselae ssp. piscicida strains.

The genetic makeup can vary considerably
between strains of the same species. This is particu-
larly frequent for genes coding for putative virulence
genes such as those which encode iron-sequestering
systems. In this study we have shown that the oc-
currence of the putative ferric siderophore receptor
ORF3 is variable among P. damselae strains and sub-
species. The two avirulent P. damselae ssp. piscicida
strains ATCC 29690 and EPOY 8803-II tested proved
negative for ORF3. However, since other ORF3 negat-
ive strains (Table 3) have been described as virulent
(Magarifios et al. 1992), we cannot relate ORF3 to
virulence.

The F-15 plasmid was completely sequenced and
revealed two additional Orfs, ORF4 and ORF5 (Fig-
ure 1). ORF4 showed homology to the YbtX protein
of Yersinia pestis (Table 2). Though this protein was
initially believed to be involved in siderophore yersin-
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Figure 1. Schematic representation of inserts of FURTA-positive clones of P. damselae ssp. piscicida. Open arrows indicate complete open
reading frames and direction of transcription. Squares indicate incomplete open reading frames. Black boxes indicate the presence of a putative

Fur box.

iabactin biosynthesis recent studies have shown that
YbtX is a highly hydrophobic cytoplasmic membrane
protein of uncertain function, whose mutation does
not have any significant effect in yersiniabactin syn-
thesis or utilization (Fetherston et al. 1999). ORF5
showed homology to the IRP2 protein of Yersinia en-
terocolitica, an enzyme with non-ribosomal peptide
synthase domains involved in the initial cyclization
and condensation reactions involving salicylate and
two cysteine molecules, implicated in the biosynthetic
pathway of the siderophore yersiniabactin (Bobrov
et al. 2002). ORF5 showed also homology to AngR,
an iron regulated Vibrio anguillarum protein involved
in the biosynthesis of the siderophore anguibactin
(Crosa, 1997; Wertheimer et al. 1999). Since no Fur
box was apparent upstream of the ORF3, ORF4 and
ORF5 genes they may be regulated through ORF2
(AraC) which itself is iron regulated. Clone F-15 ap-
parently encodes part of a ferric siderophore transport
and synthesis gene cluster.

ORF6 of the FURTA positive clone F-30 coded for
a 291 amino acid protein and contained a Fur box se-
quence which matched 14 of 19 nucleotides with the
E. coli consensus Fur-box (Figure 2) It showed the
highest similarity to the N-proximal half of a putative
ferrichrome-iron receptor of Vibrio parahaemolyticus
(Makino et al. 2003) (Table 2). The closest homo-
logue with well-known function was the Escherichia
coli FhuE receptor for coprogen, ferrioxamine B and

Consensus: GATAATGAT A ATCATTATC
F-64 GATAATGAT A AcgATTcTt
F-30 GAaAATaAg A ATggTTATC
F-44 GATAATGET t CcTCATTATC
F-19 acTAATacg A ActATTATC

Figure 2. Comparison of potential Fur binding sites in FURTA pos-
itive clones with the E. coli Fur-box consensus sequence. Uppercase
letters indicate residues which are identical to the consensus, and
lowercase letters indicate residues differing from the consensus.

rhodotorulic acid (Sauer et al. 1990) (Table 2). The
size of ORF6 was much shorter than the sequences en-
coding outer membrane iron receptors which are in the
range of 80 kDa. Analysis of the downstream sequence
indicated that ORF6 may constitute a pseudogene. Ap-
proximately 50 nucleotides downstream of the stop
codon of ORF6 started a sequence of 377 amino
acids which showed homology to the second half of
the V. parahaemolyticus siderophore receptor. To see
whether the two pseudogenes are only contained in
the studied strain, the region comprising the frame-
shift mutation was PCR-amplified in the P. damselae
ssp. piscicida strains B51, IT-2, EPOY 8803-II, and
ATCC 29690 and sequenced. All four strains har-
boured similar frame-shift mutations indicating that
this pseudogene may be an ancestral feature of P.
damselae ssp. piscicida and not the result of a recent
genetic event in a single strain.
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Table 3. Occurrence of ORF3 coding for a putative ferrisiderophore receptor in different Photobac-

terium damselae ssp. piscicida strains.

Strain Origin/Source Virulence (LDs) for fish®  PCR DNA probe
detection  detection
of ORF3  of ORF3

DI21 Seabream, Spain virulent (103—105 ) + +

554.2 Sole, Spain ND + +

B51 Seabass, Spain ND + +

IT-2 Seabream, Italy virulent (10*-107) - -

ATLIT-2 Morone sp. Israel ND + +

10831 Seabass, France virulent (103—104) — —

EPOY-8803-1I  Red grouper, Japan ~ Nonvirulent (> 108) - —

ATCC 29690 Yellowtail, Japan Nonvirulent (> 108) — —

ATCC 17911 White perch, USA virulent (105—106) — —

4Data obtained from Magarifios ef al. 1992. (LD50) is the number of cells which killed half of the

fish. ND, not determined.

Clone F-57 contained an ORF coding for a 175-
amino acid protein with homology to ferritin proteins
(Table 2). Since no Fur box was evidenced in the re-
gion upstream of the ferritin gene, it is likely that the
FURTA-positive phenotype is caused by withdrawal of
iron from Fur by the iron-binding activity of ferritin.

The insert of F-64 contained the promoter region
and the sequence of a tonB (ORF11) gene, coding for
a putative protein which showed the highest similar-
ity to the TonB1 protein of Vibrio cholerae (Table 2).
F-64 also contained the 5’ region of a putative oxygen-
independent coproporphyrinogen oxidase homologue
(phuW) (ORF10) and an exbB gene (ORF12) (Fig-
ure 1). The TonB, ExbB (and ExbD) proteins are
key components in the transport of ferric siderophore
complexes and heme through the outer membrane
of gram negative bacteria. A consensus Fur-box se-
quence which matched 15 of 19 nucleotides with E.
coli consensus Fur-box (Fig. 2) is contained in the
intergenic region between the fonB and phuW homo-
logues. The PhuW oxidase may degrade heme and
release iron. V. cholerae contains two sets of tonB exbB
exbD genes of which tonB1 exbB1 exbD]1 are linked to
heme transport genes (Occhino et al. 1998).

The insert of clone F-19 contained two partial
ORFs. ORF13 showed homology to the carboxy-
terminal region of glutathione-S-transferases. Do-
mains of ORF14 showed homology to FptA,
the pyochelin receptor of Pseudomonas aeruginosa
(Ankenbauer and Quan, 1994). A putative Fur-box
matching 12 of 19 nucleotides with the E. coli
consensus sequence was evidenced upstream of the
ORF14 start codon (Figure 2).

Cloning and sequence analysis of the complete TonB2
system. F-30 harboured a complete ORF7 and a par-
tial ORF8 with homology to V. cholerae hypothetical
protein VC1548, and a protein which on the basis
of C-terminal homologies was tentatively related to
ExbB in several genome sequences of Vibrionaceae
although the proteins have double the size of ExbB
proteins with defined functions. These two genes are
part of a cluster of V. cholerae genes which includes
the TonB2 system (Occhino er al. 1998). In order
to determine whether P. damselae ssp. piscicida har-
boured a second set of fonB genes, chromosome walk-
ing downstream of F-30 was carried out by inverse
PCR. Chromosomal DNA was cut with BglII, self-
ligated and used as a template for inverse-PCR with
suitable primers. A band of ca. 7 kb was amplified,
cloned in pGEMT-Easy to yield pCAR149, and par-
tially sequenced. Four ORFs were found downstream
of the VC1548 homologue which showed homology
to the ExbB-related protein, and the ExbB2, ExbD2
and TonB2 proteins (TonB2 system) of V. cholerae,
respectively (Figure 4, Table 2).

Like V. cholerae, P. damselae ssp. piscicida ap-
parently contains two sets of tonB exbB exbD genes.
To examine iron regulation, plasmid pCAR149 was
transformed into the E. coli H1717 indicator strain and
showed a lacZ™ phenotype, suggesting that none of
the genes of the second TonB system is under Fur reg-
ulation. The same gene arrangement is encountered in
the recently annotated genome of V. parahaemolyticus
(Makino et al. 2003). In contrast, V. cholerae (Heidel-
berg et al. 2000) and Vibrio vulnificus (Chen et al.
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Figure 3. Sequence alignment of the putative P. damselae ssp. piscicida ferrisiderophore receptor of clone F-15 with the V. vulnificus

ferrisiderophore receptor. Shaded residues denote identical positions in the two proteins.
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Figure 4. Structure of the P. damselae ssp. piscicida second TonB system and upstream genes.
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2003) do not harbour a putative siderophore receptor
linked to the TonB2 System.

Our study has shown that P. damselae ssp. pis-
cicida harbours at least two sets of genes encoding
TonB, ExbB and ExbD proteins. In Gram-negative
bacteria, these three proteins are part of a cytoplasmic
membrane complex involved in the active transport
of a series of iron-containing ligands across the outer
membrane. The arrangement of genes in the two TonB
systems of P. damselae ssp. piscicida is the same as
described for V. cholerae, the first species in which two
sets of TonB genes were discovered (Occhino et al.
1998). Thereafter, other Gram-negative bacteria were
shown to contain two sets of TonB genes, including
several representatives of the genus Vibrio (O’Malley
et al. 1999). This study represents the first descrip-
tion of two sets of TonB genes in a Photobacterium
species, adding a new genus to the increasing list of
bacterial genera which harbour two TonB systems.

In a previous study (Magarifios et al. 1994) it
was found that three outer membrane proteins of 105,
118 and 145 kDa were overproduced in P. damselae
ssp. piscicida DI21 under iron-restricted conditions.
None of these proteins were identified in the present
study which indicates that the number of Fur-regulated
genes in P. damselae ssp. piscicida may be higher
than those isolated in this study. Fur boxes which dif-
fer substantially from the E. coli consensus Fur boxes
may not bring about sufficient Fur titration as to allow
derepression of the fhuF::lacZ gene fusion. This would
cause an underestimation of the iron-responsive genes
as has been reported for example in Helicobacter
pylori (Fassbinder et al. 2000), and in Campylobacter
Jjejuni (van Vliet et al. 1998). Similarly, in Salmon-
ella typhimurium eight Fur-regulated promoters were
isolated by FURTA, while the number of Fur-regulated
genes may be between 80 to 100 (Panina et al. 2001).

In conclusion, we have identified four iron-
regulated genes and/or operons and a putative iron-
binding protein gene in Photobacterium damselae ssp.
piscicida. These results represent the first survey for
iron-regulated genes in this fish pathogenic bacterium,
setting the basis for future genetic analyses aimed
at understanding the role played by iron-sequestering
systems in the virulence of P. damselae ssp. piscicida.
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