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Avian pathogenic Escherichia coli (APEC) strains are a subset of extraintestinal pathogenic E. coli (EXPEC)
strains associated with respiratory infections and septicemia in poultry. The iroBCDEN genes encode the
salmochelin siderophore system present in Salmonella enterica and some EXPEC strains. Roles of the iro genes
for virulence in chickens and production of salmochelins were assessed by introducing plasmids carrying
different combinations of iro genes into an attenuated salmochelin- and aerobactin-negative mutant of O78
strain x7122. Complementation with the iroBCDEN genes resulted in a regaining of virulence, whereas the
absence of iroC, iroDE, or iroN abrogated restoration of virulence. The iroE gene was not required for virulence,
since introduction of iroBCDN restored the capacity to cause lesions and colonize extraintestinal tissues.
Prevalence studies indicated that iro sequences were associated with virulent APEC strains. Liquid chroma-
tography-mass spectrometry analysis of supernatants of APEC x7122 and the complemented mutants indi-
cated that (i) for x7122, salmochelins comprised 14 to 27% of the siderophores present in iron-limited medium
or infected tissues; (ii) complementation of the mutant with the iro locus increased levels of glucosylated dimers
(S1 and S5) and monomer (SX) compared to APEC strain x7122; (iii) the iroDE genes were important for
generation of S1, S5, and SXj (iv) iroC was required for export of salmochelin trimers and dimers; and (v) iroB
was required for generation of salmochelins. Overall, efficient glucosylation (IroB), transport (IroC and IroN),
and processing (IroD and IroE) of salmochelins are required for APEC virulence, although IroE appears to

serve an ancillary role.

Escherichia coli is a commensal resident of the intestine as
well as a pathogen that can cause both enteric and systemic
diseases of humans and animals (11, 31, 52). Certain commen-
sal intestinal Escherichia coli isolates can cause disease at ex-
traintestinal sites, and these strains have been collectively
termed extraintestinal pathogenic E. coli (EXPEC) (53).
Among ExPEC strains, uropathogenic E. coli (UPEC) is the
most common cause of human urinary tract infections (UTIs)
(37, 52). Avian pathogenic E. coli (APEC) strains share some
virulence traits with EXPEC from human infections and are
responsible for extraintestinal infections of economic impor-
tance to the poultry industry (11, 15, 49, 50). One of the most
common forms of disease associated with APEC is avian coli-
bacillosis, which starts as a respiratory infection (airsacculitis)
that is frequently followed by generalized infections such as
perihepatitis, pericarditis, and septicemia (11, 25).

One attribute associated with APEC and other ExPEC
strains is the presence of multiple iron uptake systems, includ-
ing siderophores, which play an important role in extraintesti-
nal virulence (13, 55, 57). Siderophores are high-affinity iron-
chelating molecules that can contribute to bacterial survival
during infection by sequestering iron, which is an essential
trace element for most bacteria (24, 42, 46). Most E. coli
strains, including nonpathogenic E. coli K-12, and other entero-
bacteria such as Salmonella enterica and Klebsiella spp. produce
the catecholate siderophore enterobactin, which is a cyclic
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trimer of 2,3-dihydroxybenzoyl serine (DHBS) (24, 42). Entero-
bactin is very efficient at sequestering iron in vitro; however,
it is less able to compete for iron during infection, as it is
inhibited by serum albumin (32) and specifically binds to the
host innate defense protein neutrophil gelatinase-associated
lipocalin (NGAL; also called lipocalin 2 or siderocalin) (22,
39). In contrast, aerobactin and salmochelins, which are sid-
erophores associated with APEC and UPEC strains (15, 42, 49,
57), can effectively acquire iron in the presence of serum al-
bumin or NGAL (3, 19, 32). Aerobactin is a hydroxamate
siderophore produced by most APEC strains (11) and certain
pathogenic E. coli, Klebsiella pneumoniae, and Shigella strains
(9, 23, 42). Aerobactin is synthesized by the iucABCD-encoded
gene products, and aerobactin uptake occurs via the iutA-
encoded receptor protein (23, 42). Salmochelins are C-gluco-
sylated derivatives of enterobactin and DHBS molecules (glu-
cosylated linear trimers, dimers, and monomers of DHBS) that
were initially described by Hantke et al. (27). Salmochelins are
produced by Salmonella enterica and certain EXPEC strains (3,
18, 27, 36, 62). In E. coli and Salmonella enterica, the salmo-
chelin-encoding system comprises two divergently transcribed
sets of genes, iroBCDE and iroN, which constitute the iro gene
cluster (13, 17, 42, 56) (Fig. 1). The iroB gene encodes a
glucosyltransferase that glucosylates enterobactin, iroC en-
codes an ABC transporter required for transport of salmo-
chelins, and iroD, iroE, and iroN code, respectively, for a cyto-
plasmic esterase, a periplasmic hydrolase, and an outer
membrane siderophore receptor (10, 18, 27, 36, 62).

APEC strain x7122 (O78:K80:H9) has been used as a model
strain to study molecular mechanisms of APEC pathogenicity
(4, 13). Strain x7122 possesses the chromosome-encoded en-
terobactin siderophore system and also produces the aerobac-
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FIG. 1. Schematic diagram of the region comprising the iro locus and

1 kb
flanking sequences carried on plasmid pAPEC-1 of APEC strain x7122.

Numbers within arrows correspond to designated ORFs within the sequence (accession no. AF449498). Black arrows indicate the iro genes.
Nucleotide identities between segments of the x7122 iro coding region and those of UPEC strain CFT073 (accession no. AE014075) (60) and
Kilebsiella pneumoniae plasmid pLVKP (accession no. AY378100) (9) are illustrated within boxed segments, with numbers representing the percent
nucleotide identity between segments. Additional sequences of CFT073 and pLVKP that are absent from the pAPEC-1 region are illustrated with
diagonal lines and described in text boxes. Plasmid constructs described in the text are illustrated above pAPEC-1 containing the iro locus region.
Primers used to generate clones by PCR are indicated with the symbol > for sense primers or < for antisense primers. Corresponding restriction
endonuclease sites used to generate the plasmids are indicated. See Materials and Methods for details.

tin and salmochelin siderophores, which are encoded by genes
present on a large virulence plasmid, pAPEC-1 (13). The sal-
mochelin and aerobactin systems are required for full virulence
of the strain in a chicken infection model (13). The loss of
either of these systems reduced the capacity of the APEC
strain to colonize extraintestinal tissues. Moreover, loss of both
the aerobactin- and salmochelin-encoding gene clusters re-
sulted in an avirulent strain that was unable to colonize ex-
traintestinal sites, such as the lungs and liver, compared to the
wild-type parent strain. Complementation of the salmochelin-
and aerobactin-negative APEC strain with a plasmid contain-
ing the iro gene cluster resulted in a regaining of virulence
comparable to that of the wild-type parent strain, despite the
lack of the aerobactin gene cluster (13). However, the specific
roles of iro genes in complementation of the attenuated strain
have thus far not been established. Furthermore, to our knowl-
edge, the quantities of enterobactin, DHBS molecules, and the
salmochelins produced by APEC or other pathogenic E. coli
strains have not been assessed.

In this report, we introduced plasmids containing different
combinations of iro genes into an attenuated APEC salmo-
chelin- and aerobactin-deficient strain in order to determine

which iro genes were required to complement virulence of this
strain in a chicken experimental infection model. By using this
approach, we were able to specifically investigate the contri-
bution of iro-encoded gene products for APEC virulence
without the influence of the other virulence-associated sid-
erophore, aerobactin. Furthermore, we used liquid chromatog-
raphy-tandem mass spectrometry (LC-MS/MS) to determine
the relative levels of siderophores produced by strain x7122
from the tissues of infected chickens and to quantitate sid-
erophores produced directly from culture supernatants of
strain x7122 and complemented mutants.

MATERIALS AND METHODS

Bacterial strains, plasmids, media, and growth conditions. The bacterial
strains and plasmids used in this study are listed in Table 1. APEC strain x7122
is an O78:K80:H9 strain and produces enterobactin, salmochelins, and aerobac-
tin. In addition, APEC and E. coli fecal isolates from healthy poultry were used
to screen for the presence of iro genes. The 298 APEC isolates were previously
described elsewhere (14). Thirty-two E. coli fecal isolates from healthy poultry
were kindly provided by J. M. Fairbrother (University of Montreal, Montreal,
Quebec, Canada). APEC strains and commensal fecal poultry isolates were
previously classified for virulence based on lethality for 1-day-old chicks follow-
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TABLE 1. Bacterial strains and plasmids used for this study

Bacterial strain

Genotype or phenotype” Source or reference

or plasmid
Strains

X7122 Avian pathogenic; 44
078:K80:H9; gyrA Nal*

x7304 AiroBCDEN::nptl] 13
AiucABCD iutA:xylE
Km" Nal"

DH5«a F~ (A80d lacZAM15) Bethesda Research
A(lacZYA-argF)U169 Laboratories
endAI recAl hsdR17(ry
my ") deoR thi-1 supE44
grA96 relAl

Plasmids

pACYC184 p15A replicon; Cm" Tc" 6

pBC SK (=)  ColEl origin; Cm" Stratagene

PYA3661 pACYC184::iroBCDEN; 13
Cm"

pli33 pACYC184::iroN; Cm" This study

pli34 pACYCI184::iroBCDE; Cm*  This study

pli37 pACYC184::iroBDEN; Cm"  This study
plJ53 pACYC184::iroB; Cm" This study
plJ121 pACYC184::iroBC; Cm" This study
plJ135 pACYC184::iroBCN; Cm* This study
plJ136 pACYC184::iroBCEN; Cm"  This study
plJ137 pACYC184::iroBCDN; Cm"  This study

“ Cm, chloramphenicol; Km, kanamycin; Nal, nalidixic acid.

ing subcutaneous inoculation, where LC1 corresponds to the high-lethality class,
LC2 to the low-lethality class, and LC3 to the nonlethal class (14).

Luria-Bertani (LB) broth and tryptic soy agar (Difco Laboratories, Detroit,
MI) were routinely used for growing E. coli strains and clones. E. coli strain
DH5a was used for plasmid cloning and recovery. For infection studies, strain
X7122 and derivatives were grown in brain heart infusion broth (Difco). For
production and detection of catecholate siderophores, bacteria were grown at
37°C for 17 h in iron-poor M63-glycerol minimal medium containing the follow-
ing per liter: 5.3 g KH,PO,, 13.9 g K,HPO, - 3H,0, and 2.0 g (NH,),SO,. The
pH was adjusted to 7.5 with KOH, and medium was supplemented with 1 mM
MgSO,, 1 mM CaCl,, 1 mM thiamine, and 0.6% (wt/vol) glycerol before inoc-
ulation. The minimal medium was inoculated with 0.6% of a 5-h culture grown
in TY medium containing (per liter) 5 g yeast extract, 5 g sodium chloride, and
8 g tryptone according to previous reports (27, 58, 59, 62). Iron-poor medium was
prepared in plastic bottles to reduce trace contamination of iron. Antibiotics
were added as required at the following concentrations: kanamycin, 30 g ml™;
chloramphenicol, 30 wg ml~; and nalidixic acid, 30 wg ml~ .

Construction of plasmids. Enzymes used for generation of constructs were
purchased from New England Biolabs. For PCR-generated fragments, Elongase
DNA polymerase (Invitrogen) was used at an annealing temperature of 52°C.
Plasmid constructs were derived from pYA3661 and are all illustrated in Fig. 1.
PYA3661 (13) carries the full iro gene cluster (iroBCDEN) of APEC strain x7122
on an 11.5-kb HindIIT fragment cloned into vector pACYC184 (6) (Fig. 1).
Plasmid plJ34 (iroBCDE) was produced by digesting pYA3661 with HindIII and
Sspl and cloning the appropriate fragment into the HindIIT and EcoRYV sites of
PACYC184. Plasmid plJ37 (iroBDEN) was produced by digesting pYA3661 with
KpnlI, which results in a 2,861-bp in-frame deletion of the 3’ end of iroC. Plasmid
plJ53 was generated by digesting pYA3661 with HindIII and Pvull and cloning
the fragment containing iroB into the HindIIT and EcoRV sites of pACYC184.
Plasmid plJ121 (iroBC) was generated by digesting pYA3661 with HindIII and
AclI and cloning the iroBC-containing fragment into the HindIII and NarT sites
of pACYC184. Plasmids pIJ135 (iroBCN) and plJ136 (iroBCEN) were produced
by amplifying two PCR fragments from pYA3661, ligating them with Xhol
linkers within the primers, and cloning them into the HindIII site of pACYC184.
For pIJ135, the iroBC genes were amplified using primers CMD81 (5'-TCAGA
GCAAGAGATTACGCGCAGAC-3") and CMD91 (5'-TTCTCGAGACCGCC
GCTTCTGACTGTGT-3") and the iroN gene was amplified using primers
CMD277 (5'-CGCCCTCGAGACTACGATCAGAATGATGCGGT-3") and
CMD87 (5'-CAGTACCGGCATAACCAAGCCTAT-3"). Primers CMD91 and
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CMD277 each contain an Xhol site (underlined). Primers CMD81 and CMD87
correspond to pACYC184 vector sequences flanking either side of the cloned iro
locus in pYA3661 and generate fragments containing HindIII sites. The pIJ136
construct containing iroBCEN was similarly obtained using primers CMD81 and
CMD91 for amplification and generation of the XhoI-HindIII fragment contain-
ing iroBC and primers CMD90 (5'-ACCTCGAGGAAACGGTACAGACTTCC
TG-3") (Xhol site underlined) and CMD87 for amplification and generation of
the Xhol-HindIII fragment carrying iroEN. Plasmid pIJ137 (iroBCDN), was
generated by three cloning steps. First the iroN gene was obtained from
pYA3661 following digestion with SphI and cloned into the SphlI site of
pACYC184, resulting in plasmid plJ33. The fragment carrying iroBCD was
amplified by PCR with primers CMD81 and CMD278 (5'-AAAGTCTCGAGG
GGTCAACTCAACCC-3") (Xhol site underlined) and cloned in vector pBC
SK(—) at the HindIII and Xhol sites. This intermediate vector was then digested
with SspI and Eagl, and the appropriate fragment was then cloned at the Nrul
and Eagl sites of plJ33, generating plasmid pIJ137. The specific deletions in the
iro cluster for each of the plasmids generated were confirmed by PCR in the
cloned strains and in x7304 complemented derivatives.

Prevalence of the iro genes in APEC and fecal commensal strains. Two
hundred ninety-eight APEC and 32 commensal fecal isolates were screened by
PCR for the presence of the iroB and iroN genes. Crude bacterial lysates were
obtained as described elsewhere (47). The primers used to generate a 663-bp
fragment corresponding to iroB were IROBKO1 (5'-AGGCGCGCCTCTCTAT
GGGC-3') and IROBKO2 (5'-CTCTAGATCAAGGCCGTCAACC-3'). The
primers used to specifically amplify a 549-bp fragment of the iroN gene were
IRONI1 (5'-TATTCGTGGTATGGGGCCGGA-3") and IRON2 (5'-GCCCGC
ATAGATATTCCCCTG-3'). The PCRs were achieved using Tag DNA poly-
merase (New England Biolabs), at an annealing temperature of 58°C and an
extension time of 1 min at 72°C for 25 cycles.

Sequencing of the regions adjacent to the iro locus of pAPEC-1. The iro gene
cluster from strain x7122 was previously characterized and sequenced. The
flanking DNA regions of the iroBCDEN cluster were sequenced from APEC
strain x7122 by using custom primers. The sequencing was done at the Genome
Québec facility (Montreal, Quebec, Canada). Sequences were analyzed with
the ORF Finder and BLAST programs available online at http://www.ncbi
.nlm.nih.gov.

Experimental infections of chickens via the air sacs. For infection studies,
eight groups of 3-week-old White Leghorn specific-pathogen-free chickens (Ca-
nadian Food Inspection Agency, Ottawa, Canada) were inoculated in the right
thoracic air sac with 0.1 ml (107 CFU) of a bacterial inoculum grown overnight
in brain heart infusion broth. Experimental infections and the lesion scoring were
carried out as previously described (33). Chickens were euthanized at 48 h
postinfection, and their spleens, livers, and lungs were removed; weighed; sus-
pended in buffered saline with gelatin (BSG) (1 liter is 8.5 g NaCl, 0.3 g KH,PO,,
0.6g Na,HPO,, and 0.1 g gelatin); and homogenized with an Omnimixer homog-
enizer. Samples were diluted 1:3, 1:30, and 1:300 in BSG. Bacterial counts were
performed by plating 100 .l of each diluted sample on MacConkey agar plates
supplemented with the appropriate antibiotics.

Analysis of siderophores from culture supernatants and tissues of infected
chickens. Supernatants of 17-h cultures were obtained following centrifugation
of bacterial cells at 3,200 X g for 15 min and addition of 5 mM FeCl; to each
supernatant. The precipitate was removed by centrifugation, and the superna-
tants were filtered on 0.2-wm membranes. Aliquots of 1 ml of supernatant were
then prepared in 5% (vol/vol) formic acid, and 0.12 ng/ml of 5,6,7,8-tetradeutero-
3,4-dihydroxy-2-heptylquinoline was added as an internal control (34). Each
strain was cultured in triplicate, and a sample of each culture supernatant was
analyzed by LC-MS/MS. All of the strains tested demonstrated similar growth
curves to APEC wild-type strain x7122 following growth in LB medium. For
growth in iron-poor M63 medium, all strains tested grew similarly and attained
an overnight (17 h) mean optical density at 600 nm (ODy) of from 1.2 to 1.4,
except for strain x7304(plJ37 iroBDEN), which demonstrated a slight growth lag
and an overnight mean ODy, of 1.0 (data not shown).

For detection of siderophores during infection, two groups of 20 chickens were
infected as described above with a 0.1-ml inoculum containing either 107 or 10%
CFU of strain x7122. Twenty-four hours postinfection, pericardia, air sacs, livers,
and blood were removed from surviving chickens, pooled, weighed, suspended in
a solution of methanol and formic acid (19:1), and homogenized with an
Omnimixer. Homogenates were centrifuged at 3,200 X g for 15 min. The super-
natants were retained, and the insoluble pellets were then extracted three times
with methanol-formic acid (19:1). The supernatants from each of the extractions
were then combined and concentrated by evaporation. Five-hundred-micro-
liter aliquots were then prepared with 5,6,7,8-tetradeutero-3,4-dihydroxy-2-
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FIG. 2. Scheme showing molecular structures of each the catecholate siderophores that were analyzed. Enzymes predicted to play a role in
processing of salmochelins, enterobactin, or DHBS derivatives based on biochemical studies of Lin et al. (36) and Zhu et al. (62) are indicated.

heptylquinoline as an internal control. Samples were analyzed three times by
LC-MS/MS.

LC-MS analyses. Multiple reaction monitoring (MRM) analyses were per-
formed using an Agilent HP 1100 high-performance liquid chromatograph (Agi-
lent Canada, Mississauga, Ontario, Canada) coupled to a Micromass Quattroll
spectrometer (Micromass Canada). Samples were injected onto a Zorbax Eclipse
XDB-C8 4.6- by 150-mm column at a flow rate of 400 pl/min and a linear
gradient of water-acetonitrile with 1% acetic acid. The high-performance liquid
chromatography effluent was directed to the mass spectrometer through a Valco
T splitter. The analyses were performed in positive electrospray ionization mode
with a cone voltage of 30 V. Monitoring of daughter ions from specific pseudo-
molecular ions was performed by collision-induced dissociation with argon at
different collision energies for each molecule ranging from 15 eV to 55 eV.
Information concerning the different salmochelin- and enterobactin-related mol-
ecules detected by MRM MS analyses is presented in Fig. 2. The specific tran-
sition ions monitored from pseudomolecular ions to daughter ions of salmo-
chelins SX, S1, linear diglucosyl-C-enterobactin (DGE) (S2), DGE (S4), S5,
monoglucosyl-C-enterobactin (MGE), linear MGE, triglucosyl-C-enterobactin
(TGE), and linear TGE were 404 > 299, 627 > 224, 1,012 > 224, 994 > 224,789 >
386, 832 > 224, 850 > 224, 1,156 > 266 and 1,174 > 266 m/z, respectively. The
transition ions monitored for enterobactin and its linear trimer [(DHBS);],
dimer [(DHBS),], and monomer (DHBS) derivatives were 670 > 224, 688 > 224,
465 > 224, and 242 > 137 m/z, respectively. The transition ions monitored for the
internal standard and aerobactin were 244 > 159 and 565 > 205 m/z, respec-
tively. Quantification of each compound, with the exception of aerobactin, was
determined from the response factor of enterobactin and corrected with the
intensity of the signal of the internal standard.

Purification of enterobactin. Enterobactin was purified as described by Lév-
eillé et al. (35), with additional purification by thin-layer chromatography on a
1-mm glass silica gel 60-A plate (Whatman). A calibration curve was established
from purified enterobactin, and this curve was used to estimate the quantities of

all catecholate siderophores, on the basis that salmochelins and enterobactin-
related molecules have a response factor similar to that of cyclic enterobactin.
Statistical analyses. Statistical analyses were performed using the Prism 4.0b
software package (GraphPad Software, San Diego, CA).
Nucleotide sequence accession number. The updated nucleotide sequence of
the iroBCDEN cluster is available under GenBank accession no. AF449498.

RESULTS

Comparison of the iro-containing region of pAPEC-1 with
other iro-containing regions. A 21,019-bp region of pAPEC-1
containing the iro gene cluster and spanning from the iss gene
to the cvaB gene was sequenced (accession no. AF449498).
This region, or specific segments of it, is highly homologous to
other sequences encoded on plasmids or genomic islands of
other E. coli strains (5, 8, 28, 29, 56, 60). The regions imme-
diately adjacent to the iro cluster on plasmid pAPEC-1 are also
conserved in the pathogenicity island (PAI) carrying the iro
cluster from CFT073 (Fig. 1), although an additional 24.5 kb
(spanning open reading frames [ORFs] c1249 to c1221) up-
stream of the iroN gene codes for F1C fimbriae and microcin
HA47 (Fig. 1). The regions flanking the iro genes in PAIs from
UPEC 536 (PAI Ills54) (5, 12), UTI89 (8), and probiotic strain
Nissle 1917 (genomic island I-Nissle 1917) (26) are organized
similarly to those in strain CFT073. An iro gene cluster is also
present on virulence plasmid pLVKP from Klebsiella pneu-
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TABLE 2. Distribution of iro genes among APEC and avian fecal
commensal isolates according to lethality class

No. (%) of E. coli isolates

Lcthality APEC Avian fecal commensal
class
Total iro positive” Total iro positive”
LC1 222 203 (91)° 1 1 (100)
LC2 38 24 (63) 12 6 (50)
LC3 38 17 (45) 19 3(16)
Total 298 244 (82) 32 10 (31)

“ Lethality classes were defined by lethality in 1-day-old chicks as follows: LC1,
50% lethal dose (LDs) of <10® CFU; LC2, LDs, of =10% CFU; LC3, not lethal
at =10® CFU (14).

b Positive PCR amplification of the iroB and iroN genes.

¢ iro sequences were significantly associated with APEC isolates from LC1 as
compared to APEC isolates from LC2 or LC3 (P < 0.0001) using Fisher’s exact
test.

4 jro sequences were significantly associated with APEC isolates relative to
environmental isolates (P < 0.0001) using Fisher’s exact test.

moniae CG43 (9) (Fig. 1). The iro genes carried by pLVKP
exhibit from 85 to 90% nucleotide identity (82 to 92% identity
at the amino acid level) to those of APEC x7122. However, in
the iro cluster from K. pneumoniae CG43, the orientation of
the iroN gene is inverted and the iroE gene is absent (Fig. 1).
In addition, a DNA region which flanks iroB in pAPEC-1,
corresponding to ORFs 3 and 4, exhibits 76% nucleotide iden-
tity to a putative integrase-encoding gene, LV233, upstream of
the iro genes of pLVKP (Fig. 1). These comparative sequence
analyses are in support of a lateral transfer of salmochelin-
encoding iro gene clusters among PAIs and different plasmids
in E. coli and K. pneumoniae.

The iro genes are associated with clinical isolates and viru-
lence among avian E. coli isolates. The presence of iro genes
was investigated in avian E. coli isolates from clinical cases
(APEC) and isolates from the feces of healthy poultry (envi-
ronmental isolates). Two hundred ninety-eight APEC strains
and 32 environmental isolates were previously classified into
three lethality classes according to results from virulence assays
in 1-day-old chicks. APEC strains classified as LC1 are highly
virulent, LC2 strains are moderately virulent, and LC3 strains
are of low virulence. PCR amplifications with primers specific
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to iroB and iroN genes determined the presence or absence of
the iro cluster among strains. There was a 100% correlation
between results obtained using primers specific to either the
iroB or iroN genes. iro sequences were present in 244 of the 298
(82%) APEC isolates and were significantly associated (P <
0.0001) with APEC compared to environmental isolates, for
which only 10 of 32 (31%) isolates contained iro sequences.
Among APEC isolates, iro sequences were also significantly
associated with the lethality of the strains, with 91% of the
highly virulent (LC1) strains containing iro sequences, com-
pared to only 45% of the low-virulence (LC3) strains (Table 2).
Taken together, the results demonstrate an association of iro
genes with both clinical origin and increased virulence of avian
E. coli.

Role of iro genes in APEC virulence. To characterize the
importance of specific iro genes in APEC virulence, we deter-
mined the capacities of different mutants to infect chickens.
Groups of 3-week-old birds were inoculated in the right caudal
thoracic air sac with x7122 or its isogenic mutant derivatives.
From the inoculation site, virulent strains are typically able to
invade and infect deeper tissues, generate gross lesions, and
cause a systemic infection (43). However, in this model, atten-
uated strains are impaired in their capacity to colonize deeper
tissues (4, 13, 33).

Bacterial counts from internal organs at 48 h postinfection
(Fig. 3) demonstrated a systemic infection in chickens infected
with virulent strains. Wild-type APEC x7122 colonized the
lung, liver, and spleen, whereas the Airo AiucABC iutA mutant,
X7304, was not isolated from lungs or livers and was present in
very low numbers from the spleens of infected chickens (Fig.
3). Complementation of x7304 with the complete iro gene
cluster (pYA3661) restored the capacity to colonize organs,
although bacterial numbers in the lungs were significantly re-
duced (P = 0.003) compared to those in the wild-type parent
strain, x7122 (Fig. 3). The introduction of plasmids lacking
either iroN (plJ34 iroBCDE), iroC (plJ37 iroBDEN), or iroDE
(plJ135 iroBCN) was not effective at complementing strain
x7304, and very few bacteria were isolated from the tissues of
chickens infected with these strains (Fig. 3). Compared to
complementation with the complete iro cluster (pYA3661), the
absence of iroD (plJ136) conferred a significantly reduced ca-
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FIG. 3. Bacterial numbers present in the lungs, spleens, and livers of chickens infected with wild-type APEC strain x7122, isogenic mutant
derivatives, and iro plasmid-complemented strains. Data points represent bacterial counts from tissues isolated from different chickens (n = 5 to
11) 48 h postinfection. Horizontal bars represent the median bacterial CFU. Statistical differences compared with the wild-type strain are noted:
* and #*, P < 0.05 and P < 0.01, respectively, using the two-tailed Mann-Whitney test.
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TABLE 3. Score-based evaluation of gross lesions in organs of
infected chickens

Mean lesion score = SEM*
E. coli strain

Air sacs” Liver and heart®

X7122 27 +02 32+03
X7304 (Airo AiucABC iutA) 1.5+ 04* 0.8 +0.3**
X7304(pYA3661 iroBCDEN) 28 +0.3 32+02
Xx7304(p1J34 iroBCDE) 1.6 = 0.4* 1.3 £ 0.5*%
X7304(p1J37 iroBDEN) 1.4 = 0.3%* 1.0 = 0.2%*
Xx7304(p1J135 iroBCN) 1.4 = 0.3%* 0.8 +0.1%*
X7304(plJ136 iroBCEN) 19 +03 1.4 = 0.1%
x7304(plJ137 iroBCDN) 2.7+0.3 2.4 +0.4

“ Lesion scores are presented as the mean (= standard error of the mean
[SEM)) of values attributed to gross lesions of airsacculitis and combined lesions
of perihepatitis/and perihepatitis as described in reference 33.

® Mean lesion scores for airsacculitis in both caudal thoracic air sacs.

¢ Combined lesion scoring values for pericarditis and perihepatitis. Statistical
differences compared with the wild-type strain using the two-tailed Mann-Whit-
ney test are noted: * and **, P < 0.05 and P < 0.001, respectively.

pacity to colonize the liver (P = 0.007), spleen (P = 0.03), and
lungs (P = 0.003), although levels were markedly higher than
those observed in the absence of iroN, iroC, or both iroD and
-E (Fig. 3). In contrast, when x7304 was complemented with
plJ137 (iroBCDN), which lacks iroE, complementation was as
effective as complementation with the complete iro gene clus-
ter. In fact, x7304(plJ137 iroBCDN) demonstrated no signifi-
cant difference in colonization of tissues compared to
Xx7304(pYA3661). In addition, x7304(plJ137) demonstrated
no significant difference in colonization of the lungs or liver
compared to wild-type APEC strain x7122.

Gross lesions of colibacillosis present in the air sacs, livers,
and pericardia of infected chickens were also in accordance
with the bacterial levels observed in different tissues (Table 3).
Gross lesions were present in the air sacs, livers, and hearts of
chickens infected with APEC strain x7122 or x7304 comple-
mented with the complete iro gene cluster (pYA3661) (Table
3). In contrast, lesions were minimal or absent in chickens
infected with strain x7304 or x7304 complemented with plas-
mids lacking either iroN (plJ34), iroC (plJ37), or iroDE
(pIJ135). Strain x7304(plJ136 iroBCEN), which lacks iroD,
generated lesions of airsacculitis that were somewhat fewer
than those induced by x7304(pYA3661), although this reduc-
tion was not significant (P = 0.07). However, x7304(plJ136)
generated lesions of pericarditis/perihepatitis that were signif-
icantly decreased compared to those generated by strain
Xx7304(pYA3661) (P = 0.003). In contrast, strain x7304(pl1J137
iroBCDN), which lacks iroE, demonstrated no significant dif-
ference in generation of lesions of airsacculitis or pericarditis/
perihepatitis compared to x7304(pYA3661).

Detection of siderophores produced by APEC x7122 in vitro
and in vivo. Relative levels of siderophores were initially de-
termined from culture supernatants and from tissues of chick-
ens infected with APEC strain x7122 by LC-MS/MS using an
MRM approach. Relative quantities of specific siderophores
detected from samples are detailed in Fig. 3. Siderophores
were detected from the air sacs and pericardia of chickens
infected with 10® CFU. Attempts to detect siderophores from
blood or liver or at an infective dose of 107 CFU were not
successful. Culture supernatants following overnight growth in
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iron-poor M63 medium comprised a mean of 77.1% = 3.3% of
nonglucosylated enterobactin derivatives, 21.1% = 2.6% of
salmochelins, and only 1.9% = 0.65% of aerobactin (Fig. 4). In
contrast, in extracts from air sac tissues, aerobactin comprised
58.9% = 3.4% of the siderophores, enterobactin derivatives
comprised 27.1% = 1.5%, and salmochelins comprised 14.0% =
4.9%. In extracts from pericardial tissues, aerobactin, salmo-
chelins, and enterobactin derivatives, respectively, comprised
48.0% * 4.5%, 27.1% * 5.1%, and 24.9% = 0.59% of the
siderophores detected. Overall, there was a major shift in the
relative quantities of aerobactin and enterobactin and DHBS
molecules produced in vitro compared to in vivo, whereas
salmochelin levels were similar from either culture superna-
tants or tissues of infected chickens.

Quantification of siderophores from APEC x7122 and mu-
tant derivatives. As iron-poor M63 medium was suitable for
production of salmochelins from supernatants of strain x7122,
salmochelins, enterobactin, and linear DHBS molecules were
quantified directly from the supernatants of strain x7122,
x7304, and complemented strains grown in this medium. As
expected, deletion of the iro gene cluster eliminated produc-
tion of salmochelins in isogenic strain x7304 (Fig. 5 and Table
4). Loss of the iro gene cluster in strain x7304 also resulted in
a mean overall 2.9-fold increase in enterobactin and DHBS
molecules compared to the level of the wild-type strain x7122
(Fig. 5).

Complementation of strain x7304 with plasmid pYA3661
(iroBCDEN) increased salmochelin levels by a mean of 2.3-fold
overall compared to APEC x7122 and reduced the overall level
of enterobactin-related molecules by 2.1-fold (Fig. 5). Specif-
ically, introduction of the complete iro gene cluster conferred
an increase in glucosylation of enterobactin derivatives and an
increased hydrolysis of these products into linear DGE (S2),
S1, S5, and SX compared to levels produced by wild-type strain
x7122 (Tables 4 and 5). Complementation of x7304 with plas-
mid plJ34 (iroBCDE), which lacks the iroN gene encoding the
salmochelin receptor, resulted in catecholate siderophore lev-
els that were similar to those observed with pYA3661 (iroBC-
DEN) (Fig. 5). However, the lack of iroN resulted in an in-
crease in linear DGE (S2) and a reduction in MGE, linear
MGE, enterobactin, and (DHBS), compared to pYA3661 (Ta-
bles 4 and 95).

Complementation of x7304 with plJ137 (iroBCDN), which
lacks the iroE gene encoding a periplasmic hydrolase, did not
alter the overall production of enterobactin or salmochelin
molecules, compared to x7304(pYA3661) (Fig. 5), although
profiles for specific catecholate molecules differed (Tables 4
and 5). In contrast, complementation with plJ136 (iroBCEN),
which lacks the iroD gene encoding a cytoplasmic esterase,
resulted in global 1.4-fold and 1.6-fold decreases in salmo-
chelins and enterobactin and DHBS derivatives, respectively,
compared to x7304(pYA3661) (Fig. 5).

Complementation of mutant x7304 with a plasmid carrying
only iroB (plJ53) resulted in a marked overall decrease of
enterobactin-related molecules and salmochelins (Fig. 5).
Traces of S1 were detected in the supernatants of this strain
(Table 4), and although enterobactin levels in x7304(p1J53
iroB) supernatants were similar to those from x7304(pYA3661),
all linear DHBS products were greatly reduced (Table 5).
Complementation of strain x7304 with either plJ121 (iroBC) or
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FIG. 4. Mean distribution of siderophores produced by wild-type APEC x7122 in iron-poor M63 medium (A) and in air sacs (B) and pericardia
(C) of infected chickens. The error values are standard errors of the means. Bold values indicate significant differences for the same molecule
compared to levels present in iron-poor M63 medium. The underlined value indicates a significant difference between the air sacs and the
pericardial membrane. (D) Relative total percent distribution of siderophores belonging to each siderophore group. *, significant difference for
the same group of siderophores between in vivo and in vitro conditions (P < 0.05) using the unpaired ¢ test.

plJ135 (iroBCN) restored production and secretion of salmo-
chelins to some extent, although overall salmochelin levels were
4.0-fold lower than those in supernatants of x7304(pYA3661)
(Fig. 5). Despite the overall decrease in salmochelins, introduc-
tion of either plJ121 (iroBC) or plJ135 (iroBCN) to x7304 re-
sulted in high levels of DGE (S4) and TGE and reduced levels of
SX, S1, and S5 (Table 4). x7304(plJ121 iroBC) and x7304(plJ135
iroBCN) also generated higher levels of enterobactin and
(DHBS);, whereas levels of DHBS were greatly reduced com-
pared to those of x7304(pYA3661) (Table 5). Taken together,
these results suggest that enterobactin molecules underwent in-
creased glucosylation in the presence of the IroB glucosyltrans-
ferase, but the tricyclic salmochelins could not be efficiently se-
creted in the absence of the IroC transporter and were poorly
processed in the absence of the IroD and IroE hydrolases.
Complementation of x7304 with plasmid plJ37 (iroBDEN),
which lacks the iroC gene, further demonstrated the impor-
tance of this gene for secretion of salmochelins, as only the
monomeric SX salmochelin was present at appreciable levels
in the supernatant of x7304(plJ37 iroBDEN) (Table 4). How-
ever, the overall level of enterobactin and DHBS molecules
detected was similar to that of x7304(pYA3661) (Fig. 5), and
in fact levels of enterobactin, (DHBS),, and (DHBS), were
increased compared to those of x7304(pYA3661) (Table 5).
Hence, overall iroC was important for secretion of salmo-

chelins in the supernatant but was not important for secretion
of enterobactin.

DISCUSSION

The iro genes encoding the salmochelin siderophore system
were initially identified as an iron- and pH-regulated locus
(named the iroA locus) in Salmonella enterica serovar Typhi-
murium (20, 21). Further studies determined that the iroA
locus comprised two divergently transcribed sets of genes
(iroBCDE and iroN) (2). The iro sequences which are present
in all phylogenetic lineages of S. enterica (2), are associated
with the Fels-2 prophage region inserted at the tmRNA (sszA4)
site (61), and were likely acquired through horizontal gene
transfer. iro gene clusters were also identified within PAIs
located at different tRNA sites on the chromosomes of several
ExPEC strains (12, 51, 60). In addition, some E. coli and
Klebsiella pneumoniae strains contain iro sequences localized to
plasmids (9, 13, 28, 29, 56). The presence of common se-
quences bordering iro genes in different strains suggests a pos-
sible common ancestry of these horizontally acquired genes
(Fig. 1).

Among E. coli isolates, iro sequences were shown to be
associated with EXPEC isolated from neonatal meningitis (38),
UTIs, and prostatitis in humans (1, 30, 51) as well as APEC
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FIG. 5. Mean concentrations of enterobactin and DHBS molecules
and salmochelins detected in culture supernatants. The amount of each
molecule was normalized with the internal standard, and quantities were
summed up according to the related siderophore group: salmochelins or
enterobactin and nonglucosylated DHBS derivatives (Enterobactin/
DHBS). Error bars represent the standard errors of the means. X, signif-
icant difference between the total enterobactin and DHBS molecules
produced by strain x7304 compared to x7122; ¥, significant difference
between the total enterobactin and DHBS molecules and total salmo-
chelins produced by strain x7304(pYA3661) compared to x7122. *, sig-
nificant difference between the total enterobactin and DHBS molecules
produced compared to x7304(pYA3661); **, significant difference be-
tween the total enterobactin and DHBS molecules and salmochelins pro-
duced compared to x7304(pYA3661) (P < 0.05).

(15, 48). In accordance with these reports, in our study iro
sequences were highly associated with the virulence of APEC
strains in 1-day-old chicks, and iro sequences were also signif-
icantly associated with APEC compared to fecal commensal E.
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coli isolates from poultry (Table 2). The increased association
of iro sequences among EXPEC and APEC isolates also cor-
relates with the importance of iro genes for the virulence of E.
coli in different infection models (13, 19, 38, 54). However,
prior to our current study, aside from the IroN salmochelin
receptor, the individual roles of iro-containing genes for E. coli
virulence had not been investigated.

To our knowledge, this is the first study to compare relative
levels of catecholate siderophores (salmochelins, enterobactin,
and derivatives) and aerobactin produced by E. coli during
infection of host tissues as well as following growth in iron-
poor culture medium. The proportions of salmochelins pro-
duced in tissues and in vitro were quite similar. In contrast,
clearly there were major differences between the relative
amounts of aerobactin and enterobactin siderophores present
in vivo and in vitro, and there were a marked increase in
aerobactin and a decrease in enterobactin observed from host
extraintestinal tissues (Fig. 4). The production of different sid-
erophores by EXPEC is likely required to provide an adaptive
advantage, as different siderophores may exhibit optimal activ-
ity under various conditions, including pH, carbon availability,
and growth temperature. From this standpoint, the increased
level of aerobactin detected in vivo may be due to the fact that
aerobactin acts as an effective siderophore under the physio-
logical conditions present in these tissues, and therefore its
expression may be upregulated in vivo. In vitro, aerobactin was
better produced under slightly acid conditions, whereas the
catecholate siderophores were more abundant at neutral or
slightly alkaline pH by strain Nissle 1917 (59). These findings
suggest that important regulatory mechanisms, in addition to
iron availability itself, can alter production of siderophores in
vitro as well as in vivo and further emphasize the role aerobac-
tin may contribute to E. coli extraintestinal virulence. In addi-

TABLE 4. Mean concentrations of salmochelins detected in culture supernatants

Concen (uM) of salmochelin®

Strain (genotype) Monoglucosylated molecules

Diglucosylated molecules Triglucosylated molecules

Linear DGE

MGE Linear MGE S1 SX DGE (S4) (s2) S5 TGE Linear TGE

X7122 1.7=x028 11=0.11 51012  98=*033 0.31=*0.03 1.1 £0.02 0.45*0.02 ND ND

x7304° ND ND ND ND ND ND ND ND ND

Xx7304(pYA3661 0.22 =0.02 0.14x0.03 92094 31.0+44 0.06=0.004 2.9=0.07 17=0.18 ND ND
iroBCDEN)?

X7304(plJ34 0.09 = 0.01 0.07 = 0.01 8.6+ 1.1 26139 0.04x0.005 88=x=098 1.5=*0.23 ND 0.06 = 0.01
iroBCDE)®

X7304(plJ137 0.17 = 0.001 022 x0.01 99=*055 204*11 042=x0.02 227=x=1.1 1.5=+0.05 0.04 =0.001 0.19 = 0.01
iroBCDN)*

X7304(plJ136 0.09 = 0.01 0.06=0.01 40=x033 196+18 023%+0.02 56=094 1.7=0.09 ND 0.04 = 0.004
iroBCEN)®

X7304(plJ53 ND ND 0.04 = 0.001 ND ND ND ND ND ND
iroB)®

x7304(plJ121 0.09 = 0.01 ND 1.3+0.02 32x+026 052*0.02 54x+012 043x0.02 025=+001 0.13=*0.01
iroBC)*

X7304(plJ135 0.13 = 0.01 0.04 £0.002 1.1=x0.04 3.5=040 0.46 = 0.01 51+0.03 046 =0.04 029001 0.15=0.01
iroBCN)°

X7304(plJ37 ND ND 1.3x01 31.7x35 ND 0.71 = 0.07 0.05 = 0.005 ND ND
iroBDEN)*

“ Values represent means * standard errors of the means of at least three independently grown cultures. Bold values indicate significant differences (P < 0.05) using

a two-tailed unpaired ¢ test. ND, molecule not detected in samples.
b Statistical differences were determined by using x7122 as the reference strain.

¢ Statistical differences were determined by using x7304(pYA3661 iroBCDEN)) as the reference.
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TABLE 5. Mean concentrations of enterobactin-related molecules detected in culture supernatants

Concn (uM) of enterobactin-related molecule”:

Strain (genotype)

Enterobactin (DHBS); (DHBS), DHBS

X7122 121 £ 3.4 253 +4.6 33.1+£47 11.6 £ 1.2
x7304° 62.9 7.2 62.7 = 6.2 86.6 = 9.3 259 =39
X7304(pYA3661 irOBCDEN)b 1.5 = 0.16 1.9 = 0.25 9.6 = 1.01 27.1 £ 3.7
X7304(p1J34 iroBCDE)" 0.9 = 0.07 0.9 = 0.11 109 = 1.9 20.8 3.1
X7304(plJ137 iroBCDN)* 3.8 +0.14 5.1 x0.23 22209 13.9 = 0.8
X7304(p1J136 iroBCEN)® 0.6 = 0.06 0.8 = 0.12 8.6 = 0.57 15013
X7304(plJ53 iroB)“ 1.6 = 0.35 0.6 = 0.10 0.5 = 0.01 ND
X7304(plJ121 iroBC)“ 3.7 £0.20 2.9 = 0.09 10.7 =04 1.6 = 0.10
X7304(p1J135 iroBCN)* 4.6 = 0.36 3.9 +0.29 11.8 £ 0.5 2.6 =£0.15
X7304(plJ37 iroBDEN)* 2.7 £ 0.25 3.7 035 153 £ 1.5 82 x1.12

“ Values represent means * the standard errors of the means of at least three independently grown cultures. Bold values indicate significant differences (P < 0.05)

using a two-tailed unpaired ¢ test. ND, molecule not detected in samples.

b Statistical differences were determined by using x7122 as the reference strain.

¢ Statistical differences were determined by using x7304(pYA3661 iroBCDEN) as the reference strain.

tion to regulatory changes that may occur in vivo, it is also
possible that the decreased detection of enterobactin from
tissues may in part be due to association of this siderophore
with host proteins such as albumin or NGAL orthologs.

As the presence of multiple iron uptake systems may hinder
the analysis of the roles of specific iron transport systems or
their individual components in extraintestinal E. coli infections
(13, 54, 57), we used plasmid complementation of an attenu-
ated salmochelin- and aerobactin-negative APEC strain to as-
sess the specific importance of individual iro genes for APEC
virulence and for the production of different types of salmo-
chelin molecules. Complementation of the attenuated mutant
with the complete iro gene cluster on a medium-copy plasmid
restored lesion scores to levels similar to those of the wild-type
parent strain, x7122 (Table 3), and considerably increased
colonization of systemic organs even in the absence of aerobac-
tin (Fig. 3). Compensation for the lack of aerobactin and the
regaining of virulence are likely due to an increased capacity to
produce and process salmochelins. Introduction of the iro
genes on pYA3661 resulted in over twice the production of
salmochelins and a greater level of glucosylated dimers and
monomers compared to those of the wild-type parent (Table 5
and Fig. 4).

Complementation of attenuated strain x7304 with plasmids
containing different combinations of iro genes demonstrated
that, in particular, the iroN and iroC genes, as well as the
combination of iroD and iroE genes, were critical for virulence.
The IroN salmochelin receptor-encoding gene did not effect
salmochelin production, although it was required for virulence.
These results are in line with the attenuation of EXPEC iroN
mutants (38, 54). Recently, IroN has also been shown to dem-
onstrate a cell invasion phenotype, which could further con-
tribute to its importance for EXPEC virulence (16). In contrast
to ExPEC, loss of IroN, together with FepA, in Salmonella
enterica serovar Typhimurium and S. enterica serovar Enterit-
idis had little effect on systemic spread in mouse and chicken
models, respectively, indicating that salmochelin uptake and
enterobactin uptake are not critical for Salmonella virulence
(45). However, since the combined loss of IroN, FepA, and Cir
resulted in attenuation, uptake of DHBS and enterobactin
breakdown products appears to contribute to Salmonella viru-
lence (45). Thus, although EXPEC possess numerous cat-

echolate siderophore receptors, including FepA, Fiu, Cir, Iha,
and other uncharacterized putative siderophore receptors, it is
likely that only IroN functions as the salmochelin receptor and
that the uptake of salmochelins is a prerequisite for full viru-
lence.

X7304(plJ37 iroBDEN), which lacks only iroC, secreted no
detectable cyclic glucosylated salmochelins, very little gluco-
sylated linear trimers and dimers, and a substantial level of SX
monomer (Table 4). However, in the absence of iroC, entero-
bactin, (DHBS),, and (DHBS), were abundant. These results
support a role for the iroC gene product in the export of
salmochelins, with the exception of the SX monomer, which
may possibly be exported by another pathway. Furthermore,
the attenuation of this mutant indicates that enterobactin and
its breakdown products could not serve as efficient sid-
erophores in vivo. Recently, Crouch et al. (10) also demon-
strated the role of iroC for secretion of DGE (S4) and linear
DGE (S2) as well as the importance of this gene for virulence
of Salmonella enterica serovar Typhimurium in the mouse.

x7304(p1J135 iroBCN), which lacks both the iroD and iroE
genes encoding salmochelin hydrolases (62), secreted small
amounts of SX monomer and S1 and S5 dimers and some of
the largest amounts of TGE and DGE (S4) detected in super-
natants. Hence, the lack of virulence of this strain is likely due
to a reduced processing of cyclic salmochelins for efficient iron
acquisition during an infection. The IroD hydrolase appeared
to play a predominant role in virulence compared to the IroE
hydrolase (Fig. 3 and Table 3). These results are in accordance
with the enzymatic activities of these hydrolases (36). Purified
IroE demonstrated higher selectivity for apo-siderophores and
mostly only cleaved cyclic compounds into linear trimers (36),
suggesting IroE may be more important for export or process-
ing prior to release of siderophores for iron scavenging. In
contrast, IroD demonstrated higher affinity for Fe*"-loaded
siderophores and efficiently processed cyclic salmochelins and
enterobactin into trimers, dimers, and monomers, favoring its
role in cytoplasmic release of iron (36). The lack of IroE in the
iro gene cluster of K pneumoniae strain CG3, a bacteremia
isolate that is highly virulent in mice (7), further supports that
iroE may be of minimal importance for a fully functional sal-
mochelin system. Although the importance of salmochelins for
virulence of K. pneumoniae remains to be established, iroE may
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have been lost by attrition, at least in this K. pneumoniae strain,
if it provided no selective advantage. However, since iro gene
clusters have been shown to be present in multiple copies in
certain E. coli strains, the possibility that there are additional
copies of iro genes, including an iroE ortholog, within certain
K. pneumoniae strains cannot be excluded.

The importance of salmochelins as newly discovered sid-
erophores that are able to evade the mammalian innate im-
mune response protein NGAL (lipocalin 2 and siderocalin) has
been revelatory for furthering our understanding of the role of
the enterobactin pathway as a precursor required for the gen-
eration of these glucosylated virulence factors (18, 27) and the
importance of NGAL as a host response protein that plays a
critical role in host protection from certain bacterial infections
and possibly detection of enterobactin (19, 22, 40). In the avian
host, it is clear from our study that the enterobactin system
alone is insufficient for APEC virulence, and it is thus probable
that an avian host defense protein akin to NGAL plays a
similar role in protection against enterobactin-mediated iron
acquisition. A number of different chicken lipocalins which
have been shown to be upregulated during inflammation or in
response to bacterial signaling molecules have been identified
(41), and one of these may have a protective role against
enterobactin-mediated bacterial iron acquisition. However,
as demonstrated in the present work, the salmochelin-sid-
erophore system, comprised of functional synthesis, export,
import, and processing components encoded on the iro gene
cluster, is efficient at circumventing any avian innate host
defenses that may respond to or sequester enterobactin.
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