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Virulent and nonvirulent isolates of avian Escherichia coli were tested for the presence of aerobactin genes
by colony hybridization with a specific gene probe constructed from plasmid pABN1 (A. Bindereif and J. B.
Neilands, J. Bacteriol. 153:1111-1113, 1983). Positive hybridization with the gene probe was highly correlated
with virulence, as measured by the 50% lethal dose of the strains for chicks. Evidence for the expression of
aerobactin genes in the virulent strains was obtained by demonstrating their susceptibility to cloacin DF13,
which binds to the same receptor that binds aerobactin, and their ability to produce aerobactin, as revealed by
cross-feeding the E. coli mutant W0987 (aroBfepA iuc iut+), which is unable to synthesize but capable of taking
up aerobactin. We suggest that the production of aerobactin is involved in the virulence of avian septicemic E.
coli.

In domestic avian species, colibacillosis begins with a
respiratory disease, which is followed by an invasive phase
characterized by lesions of the internal organs: airsacculitis,
pericarditis, perihepatitis, and septicemia (21). The determi-
nants of virulence have been much less extensively studied
in avian strains than in mammalian strains of Escherichia
coli. Adhesiveness to the epithelial respiratory cells of
chickens and turkeys is probably involved in the virulence of
avian isolates (1, 2, 15, 16, 27, 28). The ability to grow under
iron-limiting conditions is another frequent property of vir-
ulent microorganisms that provokes systemic infections (9,
17, 36). We have found that this physiological trait is highly
correlated with virulence, as measured by the lethality for
1-day-old chicks, in avian strains of E. coli (16). High-affinity
systems of iron acquisition can compete with transferrins,
the physiological carriers of the cation in animals, and allow
microorganisms to overcome growth limitation caused by
insufficient amounts of free iron in the body fluids (36). Two
such systems are known in E. coli. Both involve the produc-
tion and excretion of a high-affinity iron ligand, or
siderophore, and the synthesis of a specific membrane
protein that acts as a receptor for the siderophore-iron
complexes. The regulation and physiology of these systems
have recently been reviewed (7, 12, 29).
The enterochelin system is chromosomally encoded and,

although very efficient in vitro, seems less able to compete
with transferrin in vivo (18, 22).
The aerobactin system is encoded by either plasmids or

chromosomes in several species of enteric organisms (5, 11,
24, 26, 33, 35, 37, 38). It comprises genes responsible for the
synthesis of the hydroxamate siderophore aerobactin (iuc)
and for ferric aerobactin uptake (iut) (4, 10, 20). It can be
considered to act efficiently in vivo and is involved in the
invasive properties of human enteroinvasive E. coli and
Shigella species (19, 24). The aerobactin genes have been
cloned (4, 10, 20, 23, 30). By combining physiological
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experiments and colony hybridization with a specific gene
probe, we demonstrated that this system is present and
expressed in virulent avian isolates of E. coli and absent
from most nonvirulent avian isolates.

MATERIALS AND METHODS

Bacterial strains. Sixty-four virulent and nonvirulent avian
strains of E. coli were studied. They had been isolated from
pathological products, from the internal organs of cull
poults, and from the intestinal contents of healthy chickens
(16). Their virulence was measured by a lethality test in
1-day-old chicks (16); the 50% lethal dose (LD50) was as-
sessed (13) after subcutaneous challenge. Their ability to
grow in vitro under conditions of iron deprivation by trans-
ferrin had been previously investigated (16). Other E. coli
derivatives used in various tests described below are listed in
Table 1. The strains were stored as cell suspensions in fresh
nutrient broth containing 20% glycerol (vol/vol) and frozen
at -76°C. All cultures used in the present work were started
from stock cultures on nutrient agar slopes covered with
sterile liquid paraffin and held at 4°C.
DNA hybridization. Plasmid pABN1 DNA (4) was purified

by cesium chloride-ethidium bromide ultracentrifugation,
and a 6.8-kilobase-pair fragment was digested with restric-
tion endonucleases Hindlll and EcoRI (Genofit, Geneva,
Switzerland) used in accordance with the recommendations
of the manufacturer. The fragment was purified by electro-
phoresis in 0.7% low-melting-point agarose (Bethesda Re-
search Laboratories, Inc., Gaithersburg, Md.) by the
method of Boileau et al. (6) and labeled by nick translation
with [32P]CTP (Amersham Corp., Arlington Heights, Ill.) as
described by Rigby et al. (31). The specific activity of the
labeled probe was 6 x 106 cpm/,Lg of DNA. Bacteria were
grown overnight at 37°C in tryptic soy broth (Difco Labora-
tories, Detroit, Mich.), and drops of cultures were spotted
on the surfaces of nitrocellulose filters (BA85; Schleicher &
Schuell, Inc., Keene, NH) deposited on Drigalski agar plates
(Institut Pasteur Production, Paris, France). After 4 h of

193



194 LAFONT ET AL.

TABLE 1. Reference strains used

Strain Genotype Relevant characteristics Source or reference

E. coli N3024 thr leu tonA lacY thi minA minB gal Resistant to cloacin DF13 Collection of the Free
phX gyrA rpsL xyl mtl mal lam University of

Amsterdam (Arnold
J. Van Putten)

E. coli N5160 N3024(pJN60) pCloDF13 cop-3::Tn9OJ: 34
Production of cloacin DF13

E. coli KH576 rpsL gyrA(pColV-K30) pColV +: Production of 37
aerobactin; susceptible to
cloacin DF13

E. coli W0987 araD lac aroB fepA rpsL thi iuc iut+ Deficient in enterochelin fepA Derivative of
(pColV-EN41::TnlO) synthesis and uptake, deficient strain EN41 (8, 31)

in aerobactin synthesis but
proficient in aerobactin uptake

E. coli BM21 gyrA Prototrophic K-12 strain P. Courvalin, Institut
Pasteur, Paris,
France

Klebsiella edwardsii N4018 bla Susceptible to cloacin DF13 Former S15 strain (14)

incubation at 37°C, the colonies were lysed, and the filters
were dried, baked, and hybridized with the radioactive
probe as described previously (6). Strains KH576 and BM21
were used as positive and negative controls, respectively
(see Fig. 1).
Aerobactin production. The production of the iron

hydroxamate chelator aerobactin was demonstrated by a
cross-feeding method derived from Braun et al. (8) and
Schoch and Lebek (32). Calf serum (GIBCO Laboratories,
Grand Island, NY) was mixed in a ratio of 1/1 (vol/vol) with
a sterile 3% solution of Noble agar (Difco). Aliquots (15 ml)
of the solid mnedium thus obtained were kept at 50°C and
added to 5 p.1 of an overnight broth culture of strain W0987
(unable to synthesize but fully capable of taking up
aerobactin) (Table 1), and the mixture was poured into petri
plates. After setting of the medium at room temperature,
paper disks of 6-mm diameter were soaked with 20 p.l of
overnight cultures of the field strains in M9 medium (37)
containing a 200 p.M concentration of the iron chelator
2,2'-dipyridyl (Sigma Chemical Co., St. Louis, Mo.) and
deposited on the agar surface. The plates were incubated for
24 h at 37°C, and satellite growth of the indicator strain
W0987 around the disks was noted. Positive and negative
controls were E. coli KH576 and BM21, respectively (Table
1).

Susceptibility to cloacin DF13. Cloacin DF13 is a bacteri-
ocin that attaches to the same outer membrane protein that
is involved in the transport of aerobactin, and cloacin
sensitivity is indicative of the presence of a functional
aerobactin transport system (3, 23). The method used to
examine susceptibility to cloacin DF13 was derived from De
Graaf et al. (14). Mitomycin C (Sigma) was added at 1 jig/ml
to an exponentially growing culture of E. coli N5160 (Table
1) in brain heart infusion broth (Difco) incubated under
aerated conditions for 10 min at 37°C. The cells were
harvested by centrifugation, resuspended in half the original
volume of pre-heated brain heart infusion broth, and incu-
bated for 3 h at 37°C under static conditions. The superna-
tant was then collected by centrifugation, filtered on 0.22-
p.m-pore nitrocellulose membranes (Millipore Corp.,
Bedford, Mass.), and used as a cloacin DF13 preparation.
Dried plates of L agar (25) containing 200 ,ug of 2,2'-dipyridyl
(Sigma) per ml were seeded with approximately 105 cells of
the field isolates grown overnight in M9 medium. The plates
were dried for 15 min at 40°C, and 20 ,u1 of the cloacin DF13

preparation was deposited on each plate. Growth in the
cloacin DF13 spot was noted after 18 h at 37°C. Strains
KH576, W0987, and N4018 (Table 1) were used as cloacin
DF13-susceptible controls, and strain N3024 (Table 1) was
used as a cloacin DF13-resistant control.

RESULTS
The molecular aerobactin probe hybridized with 44 of the

colonies studied (Fig. 1). The presence of the aerobactin
genes was highly correlated with virulence, as evidenced by
positive hybridization of all of the 12 highly virulent strains
(LD50s, 103 to 106 organisms) and of only 1 of the 12
nonvirulent strains (Table 2). Among the isolates endowed
with intermediate virulence properties, 19 of 20 of the strains
with LD50s of between 106 and 108 organisms hybridized
with the probe, as did 11 of 19 of those with very high LD50s
(>108 organisms). The ability to provide exogenous aero-
bactin to strain W0987 was demonstrated by satellite growth
of the indicator strain in a zone extending from 2 to 6 mm
beyond the limits of the paper disk supporting the positive
cross-feeding culture, whereas no growth appeared around
the strains considered to be negative or around the negative
controls (Table 3).

Several degrees of cloacin DF13 susceptibility were re-
corded, from a complete absence of growth in the cloacin
DF13 spot to normal growth in the spot. Strains exhibiting
any discernible reduction of growth in the cloacin DF13 spot
were reported to be susceptible (Table 3).

Syntrophism of W0987 and susceptibility to cloacin DF13
were general properties of the isolates which hybridized with
the aerobactin probe: 89% (39 strains) were positive for both
these properties (Table 3). However, 5 (11%) of the hybrid-

TABLE 2. Hybridization with the aerobactin gene probe and
virulence of the strainsa

No. of strains with LD50 of: No. of
Hybridization 103 to 106 106 to 108 108 to 10o° nonlethal

organisms organisms organisms strains

Yes 12 19 11 1
No 0 1 8 11

aSignificant differences were determined by the chi-square test (P = 3 x
10-v). The LD50 was determined after challenge of 1-day-old chicks by the
subcutaneous route (16).
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FIG. 1. Autoradiogram of the M4 avian strains studied after
hybridization with the aerobactin gene probe. (A) Positive control
strain KH576; (B) negative control strain BM21. Numbers 1 to 64
refer to the natural isolates (see also Table 3).
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TABLE 3. Experimental results

Strain Sytrh Growth
designation LD50 of stran Susceptibility inhibition
(same as in classa to cloacin6 by

Fig. 1) W0987 transferrinc

1 1 + S NI
2 NL - R I
3 1 + S NI
4 1 + S NI
5 1 + S NI
6 NL - R I
7 NL + S NI
8 NL - R I
9 1 + S NI
10 1 + S NI
11 NL - R I
12 2 + S NI
13 2 + S NI
14 2 + S I
15 2 + S NI
16 2 + S NI
17 2 + S NI
18 3 - R I
19 3 - R I
20 2 + R I
21 2 + R NI
22 3 + S NI
23 NL + R I
24 1 + R NI
25 3 + S NI
26 3 - R I
27 1 + S NI
28 2 + S NI
29 3 + S NI
30 NL - R I
31 2 + S NI
32 2 + S NI
33 3 + S NI
34 2 + S I
35 2 + S I
36 NL - R I
37 NL - R I
38 3 + S NI
39 3 - R I
40 2 + R NI
41 3 - R I
42 2 + S NI
43 2 + S NI
44 3 + R NI
45 3 - R I
46 3 + S I
47 3 - R I
48 2 + S NI
49 1 + S NI
50 3 + S I
51 1 + R NI
52 3 - R I
53 NL - R I
54 NL - R I
55 NL - R I
56 1 + S NI
57 2 + S NI
58 2 + S NI
59 3 + S I
60 3 + S NI
61 3 + S I
62 1 + S I
63 2 + S I
64 NTd + S NT

a 1, 103 to 106 organisms; 2, 106 to 108 organisms; 3, 108 to 1010 organisms;
NL, nonlethal.

S, Susceptible to cloacin; R, resistant to cloacin.
cI, Inhibited by transferrin in minimal medium; NI, not inhibited (16).
d NT, Not tested.
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ization-positive isolates allowed satellite growth of W0987
in iron-limited medium but appeared to be resistant to
cloacin DF13.
The 20 strains which were negative in the molecular

hybridization experiment were resistant to cloacin DF13,
and 18 (90%) were unable to complement W0987; strains 21
and 23, which were not susceptible to cloacin DF13, gave a
paradoxical positive result in the cross-feeding experiment
with W0987 (Table 3).

DISCUSSION

The presence of the genes coding for the aerobactin
system of iron acquisition were demonstrated by specific
DNA hybridization with an intragenic aerobactin probe in all
of the most virulent isolates studied (LD50, <106 organisms).
By contrast, except in one case, these genes were absent
from nonvirulent, nonlethal isolates (Fig. 1 and Table 2). A
large majority (95%) of the strains which had intermediate
virulence properties hybridized with the probe when their
LD50s were between 106 and 108 organisms, whereas the
proportion of hybridization-positive strains was less (58%)
for strains with high LD50s (>108 organisms). Only one
nonlethal isolate gave positive results in the hybridization
assay (strain 7, Fig. 1 and Table 3). This was a rough strain
isolated from the fecal flora of a healthy chicken. The iuc
genes coding for the synthesis of the aerobactin molecule
were apparently expressed in strains which harbored them,
since all of these strains were able to supply aerobactin to
strain W0987, deficient in aerobactin synthesis but able to
use exogenous aerobactin, as evidenced by the results of
syntrophism tests in iron-limited conditions (Table 3).
Moreover, the iut gene encoding the receptor for the

iron-aerobactin complex was also expressed in a majority of
the virulent strains. This receptor also functions as a recep-
tor for cloacin DF13, a bacteriocin encoded by the CloDF13
plasmid (3, 23), and susceptibility to cloacin DF13 was used
to assess the expression of iut. Most hybridization-positive
and aerobactin-producing strains were susceptible to cloacin
DF13, and all strains devoid of aerobactin genes were
resistant to the bacteriocin (Fig. 1 and Table 3). Five strains
appeared to be resistant to cloacin DF13 despite the pres-
ence of the aerobactin genes; it can be hypothesized that
they were unable to express the iut gene in these experimen-
tal conditions. However, growth inhibition obtained with the
cloacin DF13 treatment was not complete for many suscep-
tible field isolates, whereas it was always complete for the
rough K-12 control strains. We compared one apparently
cloacin DF13-resistant, aerobactin-producing strain (strain
40, Fig. 1 and Table 3) with a rough variant derived from it
(strain 64, Fig. 1 and Table 3) and observed that the rough
derivative was susceptible to the bacteriocin. Thus, the
presence of lipopolysaccharide 0 chains may impair the
susceptibility of certain smooth E. coli strains to the lethal
action of cloacin DF13.
A total of 77% (33 of 43) of the hybridization-positive

strains tested were able to grow in minimnal medium in the
presence of transferrin, whereas 95% (19 of 20) of the
hybridization-negative strains were inhibited by transferrin
in these conditions (16). These results confirm that the
method proposed by Williams (37) can be used to screen field
isolates for the in vitro expression of the aerobactin system.
Our results represent evidence for the involvement of

aerobactin production in the virulence of avian septicemic
strains of E. coli.
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