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The location of the aerobactin gene complex on either the chromosome or plasmid was determined in eight
aerobactin-positive clinical isolates of Escherichia coli by Southern hybridization analysis, using as probes the
cloned aerobactin genes from the ColV-K30 plasmid. The aerobactin genes were in two cases detected on large
plasmids, whereas in the other strains the aerobactin genes are most likely located on the chromosome.
Restriction mapping revealed only slight variations in the structural genes and an at least 3.4-kilobase-long
upstream region conserved in all three plasmid-coded systems. A 7.7-kilobase Hindlll fragment upstream and
adjacent to the 16.3-kilobase HindlIl fragment carrying the complete aerobactin system was cloned from the
ColV-K30 plasmid. Fine-structure restriction mapping identified the left insertion sequence in the upstream
region as IS], in inverted orientation to the IS] element downstream from the aerobactin operon. The upstream
and downstream sequences of IS] appear to have perfect homology, as indicated by S1 nuclease resistance of
a 760-base-pair DNA duplex formed by both IS) elements.

A wide range of plasmid-determined phenotypes are asso-

ciated with virulence of pathogenic strains of Escherichia
coli (10, 15). The factors include multiple drug resistances,
enterotoxin formation, and production of colonization anti-
gen and hemolysin.

Colicin V was described some six decades ago by Gratia
(17) as "principle V" in a cell-free filtrate of E. coli V which
killed the sensitive E. coli strain 4. Large, conjugative,
F-like ColV plasmids were observed by Smith (43) and
Smith and Huggins (44) to be present in a high proportion of
invasive E. coli strains. In one animal model, Quackenbush
and Falkow (39) showed that virulence is not dependent on

the presence of colicin V activity.
The role of iron as a virulence factor has long been

recognized (51), but an understanding of the molecular basis
of this phenomenon has lagged behind that of other virulence
phenotypes. Iron, although an indispensable nutrient for
microbial growth, is not freely available in mammals (9).
Therefore, the ability of microbial pathogens to compete
successfully with the host for this vital element is considered
to be a prerequisite to infection (51).
The discovery (52, 53) of a novel iron assimilation system

coded on E. coli CoIV plasmids combined these two lines of
research and provided for the first time an experimental
basis to define the role of iron as a virulence factor in
molecular biological terms. A mutational analysis proved
that not the ColV phenotype but, rather, the plasmid-coded
iron assimilation system is responsible for the virulence
character (54). Subsequently, the siderophore component of
this system was identified as aerobactin (50), a hydroxam-
ate-type siderophore originally isolated from Aerobacter
aerogenes 62-I (16). A specific component of the uptake
system was determined to be the outer-membrane receptor
protein, a 74-kilodalton polypeptide (3). It became clear
around that time that aerobactin is a siderophore widespread
among enteric bacteria. Aerobactin was isolated from Shi-
gella flexneri (35, 36) and from Salmonella and Arizona
isolates (28). Iron-suppressible hydroxamate material was

also found to be widely distributed among natural E. coli
isolates (48).
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Recently we reported a survey of a large number of E. coli
clinical isolates for aerobactin synthesis (J. Z. Montgomerie,
A. Bindereif, J. B. Neilands, G. Kalmanson, and L. B.
Guze, submitted for publication). A high incidence of aero-

bactin-positive strains (39%) was found. In this paper we

determined the genetic location, viz., whether plasmid coded
or chromosomal, of the aerobactin biosynthesis and trans-
port determinants in eight aerobactin-positive clinical iso-
lates of E. coli and compare the particular organization of
the aerobactin gene complex in these strains.

MATERIALS AND METHODS

Clinical isolates of E. coli. A collection of 54 clinical iso-
lates of E. coli was obtained from J. Z. Montgomerie, Ran-
cho Los Amigos Hospital, Downey, Calif. In addition, the
survey included E. coli 0111, a clinical isolate from the
Centers for Disease Control, Atlanta, Ga.
Recombinant DNA. Restriction enzymes, SI nuclease,

DNA polymerase I, and T4 DNA ligase were purchased
from Bethesda Research Laboratories (Bethesda, Md.). The
large fragment ofDNA polymerase I was from New England
Biolabs (Beverly, Mass.) The conditions recommended by
the supplier were used for restriction enzyme digestions and
ligations. The protocols given by Maniatis et al. (26) were

followed for most standard recombinant DNA procedures.
The cloning vector for the construction of pABN20 was

pUC8, 2.7 kilobases (kb) (49). E. coli JM83 [ara A(lac-pro)
thi rpsL 4)80dlacZzAM15I was the host for pUC8-derived
recombinant plasmids. E. coli JM83 was screened for plas-
mids by a quick minilysate procedure, which was also used
for large-scale isolations of small plasmids (20). For large-
scale isolations of large plasmids (pColV-K30 and total
plasmid DNA from E. coli isolates) the Portnoy procedure
was employed (38). Cells from 11 cultures were harvested
after 2 to 3 days of growth in Tris-buffered medium (41) with
sodium succinate (30 mM). For total genomic DNA isola-
tions from E. coli strains, a combination of two procedures
(2, 14) was used: 100 ml of L-broth cultures were grown to
stationary phase (8 h), cells were harvested and resuspended
in 4 ml of TE buffer (50 mM Tris-hydrochloride [pH 8.0], 25
mM EDTA), lysozyme was added to 1 mg/ml, and the cell
suspension was left on ice for 20 min. RNase was added to
100 ,ug/ml, N-laurylsarcosine (Na salt) to 1%, and proteinase
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K to 0.5 mg/ml, and incubation was continued for 2 h at 37°C
and then overnight at room temperature. The viscous lysate
was next passed 10 times through a 23-gauge needle to shear
chromosomal DNA, extracted with 3% NaCI-saturated phe-
nol-chloroform, and dialyzed against TE buffer (10 mM
Tris-hydrochloride [pH 8.0], 1 mM EDTA). This procedure
routinely gave yields of 3 to 10 mg of DNA per 100 ml of
culture.
Recombinant plasmids were mapped by single and double

digestions with restriction enzymes, followed by agarose gel
electrophoresis. Fine-structure mapping was done by the
method of Smith and Birnstiel (42) with DNA fragments
which had been end labeled by the large fragment of DNA
polymerase I and [a-32P]dinucleosidetriphosphate (Amer-
sham Corp., Arlington Heights, Ill., and ICN Radiochemi-
cals, Irvine, Calif.) and gel purified by the DEAE-cellulose
paper method of Dretzen et al. (13). DNA elution was
achieved by two incubations of the paper at 65°C for 10 min
each. Purified DNA fragments were nicktranslated to spe-
cific activities greater than 107 cpm/,lg (26), and at least 106
cpm was used per Southern hybridization. Washing of the
blots was carried out under high stringency conditions.
Marker fragments were a Sall digest of pABN1 DNA (4)
(12.4 and 5.9 kb), a BglII digest (7.7 and 1.0 kb), an AvaI
digest (1.8, 2.9, and 4.0 kb), and an EcoRI digest (8.7 kb) of
pABN5 DNA (4) and were run on both sides of the gel. As
supercoiled size markers, the following plasmid DNAs were
used: pABN1 (18.3 kb) (4), pABN5 (8.7 kb) (4), pABN15 (4.0
kb) (A. Bindereif and J. B. Neilands, submitted for publica-
tion), and pPlac (2.0 kb) (4).

Isolation of insertion sequence. The procedure for isolating
the inverted repeat sequence basically followed the protocol
of Ohtsubo and Ohtsubo (33). An amount of 10 Fg of
pABN20-6 DNA, linearized by HindIll, was denatured by
the addition of 200 ,il of 0.15 M NaOH and kept for 20 min
at room temperature; after neutralization with 0.15 M CHI
the solution was chilled on ice, and the NaCl concentration
was adjusted to 0.24 M in a total volume of 600 RIl.
Renaturation of inverted repeat sequences was performed at
68°C for 45 s. S1 nuclease buffer (to a final concentration of
30 mM NaAc [pH 4.6], 1 mM ZnSO4) was added. The
solution was then divided into aliquots and exposed to
various amounts of S1 nuclease (0.13 U/,ug in a 200-pA
reaction with 2.5 p.g of DNA; 1 U as defined by the
manufacturer solubilizes 1 ,ug of denatured DNA in 1 min at
37°C) for 30 min at 37°C. The DNA fragments were ethanol
precipitated and analyzed on a 1.5% agarose gel.

RESULTS AND DISCUSSION
Plasmid versus chromosome location of aerobactin genes.

To determine the location of the aerobactin determinants, a
group of 15 isolates found positive for the synthesis of the
siderophore, comprising 7 isolates from blood, 5 from asci-
tes, and 3 from urine, were screened for their plasmid
profile. The survey also included E. coli 0111, a clinical
isolate from the Centers for Disease Control, Atlanta, Ga.,
which we reported to form aerobactin (32). In four isolates
(JM1195, JM1264, JM1389, and JM1559) no plasmid DNA
could be detected, whereas four other strains (JM605,
JM2309, JM2310, and JM1304) gave insufficient amounts of
large plasmid DNA for mapping experiments. The remaining
eight isolates (five from blood [JM616, JM1363, JM1358,
JM1372, and JM1403], one from ascites [JM1205], one from
urine [JM901], and E. coli 0111) yielded sufficient total
plasmid DNA and were chosen for further characterization.
Purified ColV-K30 DNA was included as a well-character-

ized reference DNA in all the following screening and
mapping experiments. Plasmid DNA was analyzed on 0.7%
agarose gels by ethidium bromide staining and Southern
hybridization by using cloned aerobactin genes from plasmid
ColV-K30 as a DNA probe. Fig. 1A shows that the aerobac-
tin-positive isolates contained a variety of small and large
plasmids: JM1205 contained only one large plasmid; E. coli
0111, JM616, and JM901 contained all small plasmids (2.8,
9.0, 5.4, and ca. 27 kb, respectively) in addition to a large
plasmid; JM1372 and JM1403 had two large plasmids; JM1358
had three large plasmids in addition to a small plasmid (5.8
kb); JM1304 contained three small plasmids (5.6, 6.7, and ca.
17 kb) and traces of a large plasmid; and JM1363 contained
only a ca. 30-kb plasmid. The different staining intensities
probably do not reflect copy numbers, since the recoveries
of small and large plasmids may differ. Several bands in a
particular lane may represent different forms of the same
plasmids. All large plasmids, like pColV-K30, were ca. 100
kb in size.
To detect plasmid-coded aerobactin genes Southern hy-

bridizations were performed with purified plasmid DNA and
the 6.8-kb HindIII-EcoRI probe (see Fig. 6). Only large
plasmid DNA from JM616 (blood) and JM1205 (ascites)
showed stringent homology to the cloned aerobactin se-
quences (Fig. 1B), indicating that at least in these two
isolates the aerobactin genes, and most likely the entire gene
complex, are located on large plasmids. Southern hybridiza-
tions were also done with AvaI-digested plasmid DNA and
the 1.7-kb HindIII-HpaI probe, which covers most of the
first biosynthetic gene (see Fig. 6). The result confirmed that
JM616 and JM1205 plasmid DNA have the first biosynthetic
gene in common with the cloned aerobactin system (Fig.
1C). Furthermore, the size of this AvaI fragment (5.6 kb) is
the same in all three plasmid systems (ColV-K30, JM616,
and JM1205), indicating that the AvaI site (3.5 kb upstream
from the left HindIII site) is conserved in these three cases
(see Fig. 6).
Because of the fragility of large plasmids, it is impossible

to isolate chromosomal DNA without contaminating nicked
circular or linear DNA. Therefore, total genomic DNA was
prepared from the same eight clinical isolates, digested with
restriction enzymes, separated on agarose gels, and sub-
jected to Southern hybridization by using as probes aerobac-
tin sequences cloned from the ColV-K30 plasmid. Digested
ColV-K30 plasmid DNA was always used for comparison.
Positive hybridization to total DNA, but negative hybridiza-
tion to purified plasmid DNA, was considered strongly
suggestive of a chromosomal location for the genes.
We cannot rule out the possibility that the lack of detect-

able high-molecular-weight plasmid DNA reflects a technical
problem of the isolation procedure, rather than the absence
of plasmid DNA, but considering the successful isolation of
large plasmids in most cases (Fig. 1), this possibility seems
unlikely.

Positive hybridization of the cloned aerobactin genes to
total DNA from all eight clinical isolates (Fig. 2, 3, and 4)
and positive hybridization to two plasmid DNAs (Fig. 1)
strongly indicate that the aerobactin genes map either on
large plasmids (ColV-K30, JM616, and JM1205) or on the
chromosome (JM1363, JM1358, JM1372, JM1403, JM901,
and E. coli 0111).

Restriction mapping of aerobactin genes and flanking re-
gions in chromosomal and plasmid-coded systems. To charac-
terize and compare chromosomal and plasmid-coded
aerobactin systems, restriction sites forBamHl, SalI, EcoRI,
and AvaI were mapped on the ColV-K30 plasmid upstream
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FIG. 1. Plasmid-coded aerobactin gene complexes in E. coli. (A) ColV-K30 plasmid DNA and total plasmid DNA from E. coli clinical
strains as isolated and analyzed by agarose (0.7%) gel electrophoresis in Loen buffer (36 mM Tris base, 30 mM NaH2PO4, 1 mM EDTA). (B)
After transfer to nitrocellulose (46), Southern hybridization analysis was performed by using as DNA probe the 6.8-kb HindIII-EcoRI
fragment after it had been gel purified 32P-nick translated (26). (C) ColV-K30 plasmid DNA and total plasmid DNA from E. coli clinical
isolates were cut with AvaI, fractionated by agarose (1%) gel electrophoresis, transferred to nitrocellulose (46), and analyzed by Southern
hybridization (26) by using the gel-purified and 32P-nick translated 1.7-kb HindIII-HpaI fragment as DNA probe.

from the cloned 16.3-kb HindIII fragment by Southern
hybridization, with the 6.8-kb HindIII-EcoRI DNA fragment
as a probe. Plasmid pABN1 digests and the known restric-
tion map of pABN1 (4) allowed the identification of overlap-
ping fragments and mapping of the upstream sites. The
results are shown in Fig. 5. The large fragments in the AvaI
A and B lanes are not identical; their apparent size similarity
is purely fortuitous. A comparative analysis of chromosomal
and plasmid-coded systems was then carried out by mapping
restriction sites for EcoRI, AvaI, and BamHI in the aerobac-
tin structural genes and flanking regions by using Southern
hybridization and three different DNA probes (Fig. 6): the
6.8-kb HindIII-EcoRI probe represents the entire biosyn-
thetic gene region and part of the transport genes, the 1.7-kb
HindIII-HpaI probe covers most of the first biosynthetic
gene, and the 2.1-kb KpnI-EcoRI probe includes part of the
transport genes. This analysis enabled us to answer these
questions. (i) Are the various aerobactin systems all organ-
ized in the same way? (ii) Are there characteristic differ-
ences between chromosome and plasmid-coded systems?
(iii) Is the map position of the aerobactin gene complex on
the plasmid or chromosome in different isolates identical?
The Southern blots used for mapping are shown on Fig. 2
through 4 and are summarized in Fig. 6. Three assumptions
were made for the interpretation of the Southern hybridiza-
tions. (i) The map position of the 1.8-kb AvaI fragment
covering the iucB gene and part of the iucC gene is the same

in the ColV plasmid and in the other systems, except in
JM1403. This is very likely the case, since the 1.8-kb AvaI
fragment is conserved in all systems except JM1403 (Fig.

3A) and hybridizes only to the 6.8-kb HindIII-EcoRI probe,
but not to probes to the left (Fig. 3B) or to the right (Fig. 3C)
of the 1.8-kb AvaI fragment. (ii) The 0.3-kb BamHI fragment
in the iucC gene is conserved. (iii) The map position of the
central EcoRI site in the iutB gene is conserved.
The mapping results for the plasmid-coded systems (pColV-

K30, large plasmids from JM616 and JM1205) may be
summarized as follows. The structural genes appear to be
conserved based on common AvaI fragments (0.75, 1.8, and
2.9 kb). There is a conserved region in all three systems at
least 3.4 kb long and upstream from the aerobactin getie
complex, based on identical EcoRI, AvaI, and BamHI
restriction sites in this region. The three plasmids, however,
are different from each other, as demonstrated by different
positions of the downstream BamHI site (Fig. 6).

In the chromosomal systems, in contrast, the organization
of the aerobactin genes and the upstream region is more
varigated. Generally the conserved upstream region of the
plasmid systems was absent. A group of three isolates
(JM1363, JM1358, and JM901) were identical as far as
restriction sites were mapped, suggesting that the aerobactin
system may be integrated at the same chromosomal location
in these three cases. Furthermore, in this group in E. coli
0111, there is an additional AvaI site 0.8 kb to the left of the
EcoRI site. The AvaI site 0.9 kb to the left of the HindIll site
is common to JM1303, JM1358, JM901, JM1372, and E. coli
0111. JM1403 turned out to be unusual in that no AvaI sites
could be mapped within an 8.9-kb AvaI fragment. Both
flanking BamHI sites, as well as the upstream EcoRI site,
however, mapped as in JM1363, JM1358, and JM901.
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Cloning of upstream sequences and identification of the
upstream insertion sequence. The entire aerobactin biosyn-
thesis and transport gene complex with its promoter-opera-
tor region is contained within the cloned 16.3-kb HindIII
fragment. The apparent conservation of at least 3.4 kb of
DNA upstream from the left HindIII site, however, raised
the question of its significance and possible function. Re-
cently, the insertion sequence IS1 was identified and mapped
downstream from the last gene of the operon, ihtB (28). A
similar or identical element was found within a 3.2-kb
HindIII-BamHI fragment, at least 4.9 kb upstream from the
left HindIlI site (28). To search for a function of these
upstream sequences, to map accurately, and to identify the
upstream repeated element, we cloned the adjacent up-
stream HindIII fragment from the ColV-K30 plasmid. In the
ColV-K311 plasmid, the restriction pattern of which corre-
sponds closely to that of the ColV-K30 plasmid in the
aerobactin region, this HindIII fragment is 8A4 kb long (8).
The only ColV-K30 HindIII fragment in this size range was
the 7.7-kb fragment HindIII-E (data not shown). Therefore,
a complete HindIII digest of pColV-K30 was ligated in
several-fold molar excess into the insertional inactivation
vector pUC8 linearized with HindlIl. After transformation
of JM83, ampicillip-resistant clones with inserts were iden-
tified by their white color on 5-bromo-4-chloro-3-indolyl-,B-
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FIG. 2. Mapping of aerobactin genes and flanking regions in
chromosomal and plasmid-coded systems with restriction enzyme
EcoKRI, EcoRI digests of total genomic DNA (5 ag per lane) from
E. coli clincial isolates were fractionated by agarose (0.7%) gel
electrophoresis, transferred to nitrocellulose (46), and analyzed by
Southern hybridization (26). The Dna probe was the gel-purified and
32P-nick-translated 1.7-kb HindIII-HpaI gragment. Size markers are
described in the text.

B

o CO N to r_
= CD CD tO N- 0 0 O
a q3 n ) N "- or

kb

0 c
rn
y
I 0 N tC) n -
>=D C U) - o0 0

o a z-r_ ) r-) Co N It O
0o -

kb

7.7 -

5.9- _-

1 12.4---

co 1 7.7--

4. . 5.9- 9

4.0 -04.0 -

11

12.4

7.7 -

4.0-

2.9-_n 64

2.9 -- _ _ _4

1.8-- a-'--

go 4__P

4-

1.0 -

1.0 --

FIG. 3. Mapping of aerobactin genes and flanking regions in chromosomal and plasmid-coded systems with restriction enzyme AvaI. AvaI

digests of total genomic DNA (5 ,ug per lane) from E. coli clinical isolates were fractionated by agarose (1%) gel electrophoresis, transferred
to nitrocellulose (46), and analyzed by Southern hybridization (26). The DNA probes used were the 6.8-kb HindIII-EcoRI fragment (A), the

1.7-kb HindIII-HpaI fragment (B), and the 2.1-kb KpnI-EcoRI fragment (C), all gel purified and 32P-nick translated.
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FIG. 4. Mapping of aerobactin genes and flanking regions in chromosomal and plasmid-coded systems with restriction enzyme BamHI.
BamHI digests of total genomic DNA (5 ,ug per lane) from E. coli clinical isolates were fractionated by agarose (0.7%) gel electrophoresis,
transferred to nitrocellulose (46), and analyzed by Southern hybridization (26). The DNA probes used were the 6.8-kb HindIII-EcoRI
fragment (A), the 1.7-kb HindIII-HpaI fragment (B), and the 2.1-kb Kpn-EcoRI fragment (C), all gel purified and 32P-nick translated.
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D-galactoside indicator plates (39%) and screened for a
7.7-kb HindIII insert. Among 30 clones, 1 was found which,
upon HindIII digestion, gave the expected fragment of 7.7
kb and the 2.7-kb vector fragment. This recombinant plasmid
of 10.4 kb was designated pABN20; its restriction map is
shown in Fig. 7. The agreement of the upstream BamHI,
AvaI, and EcoRI sites with the corresponding sites mapped
on the intact ColV-K30 plasmid by Southern hybridization
further confirmed the location of the cloned fragment up-
stream and adjacent to the 16.3-kb fragment HindIII-C.
To map precisely and to identify the upstream insertion

element, the 3.2-kb HindIII-BamHI fragment where it pre-
viously had been localized was purified and end labeled at
the HindIII site. Partial digests by PvuII, PstI, BalI, BstEII,
DdeI, AluI, HpaII, HaeII, and HaeIII were obtained and
resolved by agarose or polyacrylamide gel electrophoresis
(data not shown). These mapping results agreed with the
published DNA sequence of the insertion element IS] (34)
and are included in Fig. 6. The two IS] copies are oriented as
inverted repeats. The upstream IS] copy maps between 0.4
and 1.2 kb to the right of the upstream HindlIl site (Fig. 6).
The identity of the two insertion sequences as IS] was

further corroborated by their isolation. For this purpose the
two IS] copies which enclose in the ColV-K30 plasmid
almost 15 kb of DNA were moved closer together by
excising the 4.5-kb BamHI fragment of pABN20 to give

FIG. 5. Restriction mapping of the upstream flanking region in
the ColV-K30 plasmid. BamHI, Sall, EcoRI, and AvaI digests of
purified pABN1 (A) and pColV-K30 (B) DNA were fractionated by

agarose (0.7%) gel electrophoresis, transferred to nitrocellulose (46),
and analyzed by Southern hybridization by using the gel-purified
and 32P-nick-translated 6.8-kb HindIII-EcoRI fragment as DNA
probe.
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systems (pColV-K30, plasmids from JM616 and JM1205) and chromosomal systems (JM1363, JM1358, JM901, 0111, JM1372, and JM1403).
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the ColV-K30 map. A fine-structure restriction map of the left IS] sequence is shown on a larger scale in the upper part of the figure. The
locations of the restriction sites are abbreviated as follows: H3, HindIll; B, BamHI; A, AvaI; RI, EcoRI. Restriction sites are indicated in
the JM plasmids and in the 0111 plasmid only if they were mapped by Southern hybridization analysis.

pABN20ABamHI and inserting into the resulting single
BamHI site the 6.4-kb BamHI fragment from pABN6 (A.
Bindereif, B. H. Paw, and J. B. Neilands, submitted for
publication) carrying the transport genes iutA and iutB and
the downstream IS] element. Screening for the original
inverted-repeat orientation of the two IS] copies yielded
pABN20-6, 12.3 kb (Fig. 7). The procedure of isolating the
inverted repeat DNA involved denaturation of HindIII-line-
arized pABN20-6 DNA, followed by rapid renaturation of
the inverted-repeat sequences which resulted, following
first-order kinetics, in the formation of an intramolecular
fold-back structure. After Si nuclease treatment, Si-
resistant duplex DNA was recovered and analyzed by gel
electrophoresis. Figure 8 shows that a ca. 760-base-pair (bp)
fragment was the product and was dependent on Si nuclease
treatment. The larger fragments are probably products of the
competing intermolecular renaturation. The 760-bp hybrid
DNA fragment was cleaved by BalI into a 230- and a 520-bp
fragment. These results are as predicted by the published
IS] sequence (34). The absence of any discrete smaller
products of Si nuclease treatment, even at 400-fold excess

of Si nuclease (Fig. 8, lane D) and at Si nuclease concen-

trations sufficient to cause degradation of the duplex DNA

fragment (data not shown), suggests that the two IS] copies
are perfectly homologous at the nucleotide level (40).
Three genetic determinants for virulence have now been

identified on CoIV plasmids. First, a 5.3-kb fragment of the
ColV,I-K94 plasmid carrying the iss gene (increased survival
in serum) was cloned and mapped close to the colicin genes
(5, 6). Second, the ColV-B188 plasmid enhanced adhesion in
vitro to mouse intestinal epithelium (11). Third, certain CoIV
plasmids, but not the ColV,I-K94 plasmid, were found to
code for an iron transport system (47, 52). Aerobactin was

shown to be the siderophore component of this system (50),
and the polypeptides involved in aerobactin biosynthesis
and transport were identified and mapped by cloning (4;
Bindereif et al., submitted for publication).
ColV+ strains were found in a significantly higher propor-

tion in blood than in feces (12). Considering the newly
identified virulence phenotypes associated with CoIV plas-
mids, it was important to determine the distribution of the
aerobactin-mediated iron assimilation system in pathogenic
E. coli isolates. The finding of an unusually high proportion
of aerobactin-positive strains among blood isolates (Mont-
gomerie et al., submitted for publication) led to speculations
about what the selective advantage may be in having aerobac-
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FIG. 7. Construction of plasmid pABN20-6. Plasmid maps are shown linearized at the HindIlI site of the vector DNA, pUC8 (49), which

is represented by heavy lines. The construction of plasmid pABN20-6 is described in the text. The figure shows the location of the two
ISl-containing fragments in the aerobactin region of pColV-K30. The location and orientation of the ISI copies are denoted by open boxes.
The genetic organization of the ColV-K30 aerobactin system is outlined below the map of the ColV-K30 region. Restriction sites are
abbreviated as follows: H3, HindIII; B, BamHI; A, AvaI; RI, EcoRI.

tin as a second siderophore system in addition to the
intrinsic enterobactin system, particularly in serum (23, 32).
Konopka et al. (23) found that in serum aerobactin, despite
its inferior thermodynamic affinity for iron (19), proved more
efficient than enterobactin in the transfer of transferrin-
bound iron to E. coli cells. One reason for this is that
enterobactin, but not aerobactin, forms a stable complex
with serum albumin (24). In addition, enterobactin has a
relatively low water solubility (37) and is chemically unsta-
ble, and its highly aromatic character may cause it to adhere
to proteins as a haptene, explaining the presence of specific
antibodies in human serum (30, 31). Aerobactin, however, is
a much more water-soluble, stable, and even recyclable
molecule (1, 7). In summary, the properties and the distri-
bution of aerobactin support our present view (24, 32) that
enterobactin, although having the largest known stability
constant of any iron chelate (18), is inferior to other sid-
erophores, such as aerobactin, which evolved structural and
functional qualities adapted for iron acquisition in serum.
Nonetheless, it is clear that the aerobactin-mediated iron
assimilation system is only one factor in the interaction
between host and pathogen. Bacterial virulence undoubtedly
depends on a multitude of factors, but in certain circum-
stances, such as in the strictly iron-limited environment of
serum, iron assimilation may be crucial for the proliferation
of E. coli.
The occurrence of the aerobactin genes on either large

plasmids or on the chromosome, the wide distribution of the
genes in enteric bacterial species other than E. coli, and the
two IS] sequences flanking the operon in inverted orienta-
tion make it tempting to speculate about the mobility of the

entire gene complex as a transposable element. It has been
suggested that any sequence flanked by identical insertion
elements can form a transposon (25). So et al. (45) demon-
strated for the heat-stable toxin of E. coli that flanking IS]
elements can mediate cointegrate formation in a recA-host.
Furthermore the argF gene region of the E. coli K-12
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FIG. 8. Isolation of the insertion sequence IS]. The isolation of
the insertion sequence ISI is described in the text. S1 nuclease-re-
sistant duplex DNA, after rapid renaturation of denatured pABN20-
DNA and S1 nuclease treatment, was analyzed by agarose (1.5%)
gel electrophoresis. Each reaction started with 2.25 p.g of pABN20-6
DNA. Shown are the products without S1 nuclease treatment (lane
A) and with S1 nuclease at 0.4 U/,Lg (lane B), 2.2 U/,ug (lane C), and
8.9 U /,ug (lane D) (1-min units; 30-min reaction at 37°C). Lane E
displays a Ball digest of S1 nuclease-resistant duplex DNA. Size
markers are Hinfl fragments of pBR322 DNA.
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chromosome (21, 56) and the plasmid-coded rafoperon in E.
coli (27) is IS] flanked. Several other genes involved in
virulence or substrate utilization have in the last few years
been shown to be coded within transposon-like structures,
such as the E. coli genes for citrate utilization (22), raffinose
utilization (27), heat-stable enterotoxin (45), heat-labile en-
terotoxin (55), and the Vibrio cholerae toxin genes (29). A
5-kb-long conserved region upstream from the cholera toxin
genes was proposed to function in gene amplification and
transposition (29).
Whether one or both of the IS] sequences flanking the

aerobactin operon are actually functional in promoting co-
integrate formation or transposition and the significance of
the upstream conserved region in the plasmid systems will
be the subjects of further investigation. Mobility of the
aerobactin gene complex between plasmids and chromo-
some and between bacterial species via conjugative plasmids
would explain the wide distribution of this iron assimilation
system.
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