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Epidemiologically related, non-lactose-fermenting (NLF) Escherichia coli strains of serotype O4 have been
isolated at a high frequency from children with diarrhea in Somalia (M. Nicoletti, F. Superti, C. Conti, A.
Calconi, and C. Zagaglia, J. Clin. Microbiol. 26:524-529, 1988). In order to define the virulence potential of
these strains, we characterized the replication properties of their high-molecular-weight plasmids and studied
the genetic locations and organization of the aerobactin (aer) and hemolysin (hly) determinants encoded by 23
NLF O4 E. coli strains. Southern blot hybridizations, mobilization assays of nonconjugative plasmids, and
incompatibility-exclusion experiments conducted with a conjugative incompatibility group FI (IncFI) plasmid
showed that (i) 20 out of the 23 strains examined harbor a 160- to 180-kb IncFI plasmid that shares homology
with the basic replicons RepFIA, RepFIB, and (except for the plasmid of one strain) RepFIC, and 22 strains
also contain a 40- to 140-kb IncFII plasmid sharing homology with the RepFIIA replicon; (ii) the IncFI plasmid
is nonconjugative and carries antibiotic resistance genes; (iii) the aer system is located on the IncFI plasmids
and/or the chromosomes in the three strains not harboring IncFI, and it is found in an inverted orientation; (iv)
the hly determinants are located on the chromosome, and their genetic organization is well conserved and
closely resembles that of the reference hemolytic plasmid pHlyl52; and (v) Hly~ mutants obtained by
transposon insertion mutagenesis are not cytotoxic to HeLa cell monolayers, indicating that hemolysin is
responsible for the high cytotoxic activity we have previously reported for these strains. The structural
organization of the plasmid-encoded aer operon, together with the finding that those plasmids also carry
antibiotic resistance genes, indicates that the IncFI plasmid of the NLF O4 E. coli strains studied more closely
resembles aer-encoding virulence IncFI Salmonella R plasmids than E. coli ColV plasmids. The data presented
here cannot rule out whether the strains examined are potentially intestinal or extraintestinal pathogens.
Nevertheless, the genetic organization of the virulence genes, together with the epidemiological behavior and
the wide spectrum of antibiotic resistance of the NLF O4 E. coli strains, indicates that these strains are
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structured as typical E. coli pathogenic isolates of human origin.

Escherichia coli is a normal inhabitant of the human large
bowel, but under certain conditions it can also cause a
variety of diseases. Upon its acquisition of specific virulence
determinants, E. coli may be the causative agent of diarrhea,
sepsis, or urinary tract infections. Four major categories of
E. coli are now recognized as causing diarrheal diseases.
They include enteropathogenic, enterotoxigenic, enteroinva-
sive, and enterohemorrhagic strains (21). However, sporadic
cases of diarrheal diseases caused by other E. coli strains
(atypical) have also been described previously (19). With
typical and atypical diarrheagenic E. coli strains, little atten-
tion has been focused on non-lactose-fermenting (NLF)
isolates (with the exception of those of enteroinvasive E.
coli), probably because diarrheagenic E. coli strains are
usually screened with strains which produce typically lac-
tose-positive colonies when stool specimens are plated on
primary enteric media.

During a 2-year study of diarrheal diseases in children in
Somalia, we reported the isolation of NLF E. coli strains at
a rather high frequency (6). Twenty-three out of 64 NLF
strains examined represented a very homogeneous and epi-

* Corresponding author.

5224

demiologically interesting group. They (i) had an O4 sero-
type, (ii) produced mannose-resistant hemagglutination with
human, chicken, and monkey erythrocytes, (iii) adhered to
HeLa and HEp-2 cells grown in culture, and (iv) were
hemolytic and produced hydroxamate-type siderophores.
Also, intact bacteria were able to destroy HeLa cell mono-
layers very rapidly (27). None of them contained heat-labile
or heat-stable enterotoxin genes or had enterotoxic effects in
rabbit ileal loop assays. Bacterial cell extracts or culture
supernatants did not produce high-level cytotoxic effects on
HeLa cells. Moreover, these strains were multiply antibiotic
resistant, and the identity of the plasmid profile in strains
isolated over a period of years led us to postulate the
epidemiological importance of these strains and propose a
possible clonal origin (27).

E. coli strains of serotype O4 have been included in the
family of facultative enteropathogenic E. coli strains, i.e.,
strains that have been associated with sporadic cases of
diarrhea as well as extraintestinal infections such as menin-
gitis, urinary tract infections, and bacteremia (11, 13). In
order to better understand the role, if any, of NLF O4 E. coli
strains as the causative agents of diarrheal diseases, we have
further characterized the high-molecular-weight plasmids
harbored by these strains for replication properties as well as
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TABLE 1. Antibiotic resistance patterns and relevant characteristics of plasmids harbored by the
NLF O4 E. coli strains used in this study
] Characteristics of plasmids®
Strain Resistance pattern R;gg{;?B + RepFIIA Other
HN1, HN2, HN5, HN7, HN32, HN33, HN69, Tc Cn Km Ap Su Sm Hg 160 kb, Aer* 40 kb
HN?73, HN96, HN107, HN162, HN168,
HN175
HN18, HN87 Tec Km Ap Su Sm Hg 160 kb, Aer* 40 kb
HN100 Cn Km Su Hg Tp 160 kb, Aer™* 40 kb
HN117 - Tc Cm Km Ap Su Sm Hp Tp Sp 180 kb, Aer* NP
HN202 Tc Su 160 kb, Aer* 40 kb
HN48 Tc 160 kb, Aer™* 40 kb 100 kb
HN166 Tc 160 kb, Aer™* 40 kb
HN15 Tec NP 120 kb
HN119 Tc Cm Km Ap Su Sm Hg NP 40 kb 100 kb
HN126 NP 140 kb

< In addition to the plasmids listed, bacterial strains also contained small plasmids ranging from 3 to 8 kb. All strains were hemolytic. The hly operon is located

on the chromosome.

® Molecular sizes were estimated by comparison with known reference plasmids. Rep, basic replicons of plasmids; Aer*, production of aerobactin and ferric

aerobactin receptor; NP, not present.

for the presence of antibiotic resistance genes and we have
studied the genetic locations and organization of the hemo-
lysin (hly) and aerobactin (aer) operons. Moreover, to ascer-
tain whether factors other than hemolysin were responsible
for the cytotoxic effect that we previously reported for these
strains (27), we isolated Hly-negative mutant strains by
transposon insertion mutagenesis and tested them for cyto-
toxicity with HeLa cell monolayers.

MATERIALS AND METHODS

Bacterial strains. A total of 23 NLF E. coli strains of
serotype O4:K—:HS8 isolated from patients with diarrhea in
Somalia were studied (Table 1) (6, 27). ZM87, a nalidixic
acid-resistant mutant of E. coli K-12 strain 803 (7), was used
as the recipient in mobilization experiments with nonconju-
gative plasmids and as the indicator strain in colicin assays.
Strain ZM111 (ZM87 carrying the conjugative IncFI plasmid
pZM111 [8]) was used as the donor in incompatibility exper-
iments. Strains ZM3 (ZM87 carrying the IncFI plasmid
pZM3 [8]), ZM111, and JSR100 (J5 carrying the IncFII
plasmid R100 [36]) were used in hybridization experiments.
E. coli LG1315 (F~ ara entA lac leu mtl proC rpsL supE thi
tonA trpE xyl) (35) carrying the pColV-K30 plasmid and E.
coli 1LG1522 (F~ ara fepA lac leu mtl proC rpsL supE thi
tonA trpE xyl) carrying pColV-K30 iuc (4) were kindly
supplied by P. H. Williams.

Media and chemicals. Enriched and minimal growth media
were LB medium (30), M9 minimal salt medium (30), and
Mueller-Hinton agar medium (BBL Microbiology Systems,
Cockeysville, Md.). The following antibiotics in the follow-
ing concentrations were used: ampicillin (Ap), 30 pg/ml;
chloramphenicol (Cm), 25 pg/ml; gentamicin (Gm), 10 ng/
ml; kanamycin (Km), 25 pg/ml; nalidixic acid, 40 pg/ml;
spectinomycin (Sp), 10 ng/ml; sulfonamide (Su), 600 pg/ml

in minimal medium; trimethoprim (Tp), 10 ng/ml; and tetra-
cycline (Tc), 5 pg/ml. When required, a,a’-dipyridyl (150
wM) was added in M9 minimal medium to reduce iron
availability.

Genetic procedures. The techniques for conjugation, in-
compatibility testing, mobilization of nonconjugative plas-
mids, transformation, and Pl vir transduction have been
described previously (5, 32, 37). Selection of Tc-sensitive
mutants of Tc-resistant O4 E. coli strains was accomplished
by growing bacterial strains in LB broth supplemented with
fusaric acid (12 pg/ml), chlortetracycline hydrochloride (50
pg/ml), and ZnCl, (0.1 mM) as described previously (23).

Detection of siderophores. Hydroxamates were assayed by
the method of Csaky (10). Aerobactin production was mon-
itored by a cross-feeding bioassay with L.G1522 as the
indicator strain on M9 minimal medium containing 150 pM
a,a’-dipyridyl (4). Synthesis of the ferric aerobactin receptor
was assayed by measuring the sensitivity to cloacin DF13 as
described previously (8).

Hemolysin production and isolation of Hly-negative strains.
Hemolysin production was determined on 5% sheep blood
agar plates, and hemolytic activity was assayed as described
previously (27). Hly-negative mutants were constructed, by
transposon insertion mutagenesis, by introducing pCHR84
(31) into representative O4 E. coli strains. pCHR84 is a
thermosensitive replication mutant of the conjugative plas-
mid R388 which codes for resistance to Tp, Su, and Gm. The
Gm resistance gene is contained within a functional Tn5
element in which the gene coding for Km resistance has been
replaced by the gene coding for Gm resistance (Tn5-GM).
pCHRB84 was introduced by filter mating at 30°C separately
into HN1 and HN119 strains. Three independent Gm-, Tp-,
and Cm-resistant transconjugants from each mating, all Hly
positive, were purified, and independent colonies were
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grown overnight in LB broth at 30°C and then plated at 42°C
on prewarmed LB agar plates supplemented with Gm. Hly™,
Gm-resistant, Tp-sensitive clones resulting from the loss of
the plasmid pCHR84 and the transposition of Tn5-GM were
selected by replica plating on blood agar plates. The
hly::Tn5-GM mutations were transduced by P1 vir into
isogenic wild-type O4 E. coli HN1 and HN119, which were
then used for further studies.

Colicin assay. The capacities of O4 E. coli strains to
produce colicin were determined by the agar overlay method
(22). ZM87, the indicator strain, was sensitive to colicin V
produced by L.G1315 (pColV-K30) (35).

Molecular procedures and DNA probes. Plasmid DNA
extractions were performed by the method of Kado and Liu
(18) or by the method of Birnboim and Doly (30). The
molecular lengths of plasmids were estimated by comparing
the plasmids’ electrophoretic mobilities with those of known
reference plasmids. Chromosomal DNA was prepared ac-
cording to the method of Silhavy et al. (32). Restriction
digestions and electrophoresis were performed as previously
described (37). Plasmid DNAs and restriction DNA frag-
ments from agarose gels were denatured and transferred to
nitrocellulose filters by the method of Southern (30). Restric-
tion DNA fragments used as DNA probes were obtained
from low-melting-point agarose gels labelled with
[->2P]dATP by the random-priming method (30), and unin-
corporated nucleotides were removed by passage through a
Sephadex G-50 column. Labelled DNA fragments showing
specific activities in the range of 2 x 108 to 5 x 10% cpm/pg
of DNA were used in hybridization experiments. Filters
were hybridized in a solution buffer containing 6x SSC (1x
SSC is 0.15 M NaCl plus 0.015 M sodium citrate [pH 8.0]),
0.01 M EDTA, 0.5% sodium dodecyl sulfate (SDS), 0.1%
polyvinylpyrrolidone, 0.1% Ficoll, and 0.1% bovine serum
albumin at 68°C for 18 h. Filters were washed in 2X
SSC-0.5% SDS for 5 min, 2x SSC-0.1% SDS for 15 min,
and 0.1x SSC-0.5% SDS for 2 h at 68°C (high stringency).
The DNA probes used for the identification of replication
origins were a 917-bp EcoRI fragment isolated from plasmid
pULB2154 and containing part of the RepFIA replicon of the
IncFI F plasmid (RepFIA probe) (9); a 1.2-kb PstI fragment
isolated from plasmid pULB2404 and containing part of the
RepFIB replicon of the IncFI P307 plasmid (RepFIB probe)
(9); and a 543-bp PstI fragment isolated from plasmid
pULB2401 and containing an internal sequence of the Rep-
FIIA replicon of the IncFII Rldrd-19 plasmid (RepFIIA
probe) that also shows homology with the RepFIC replicon
of IncFI plasmids (9, 29). The DNA probes specific for
antibiotic resistance genes were a 750-bp EcoRI-Pstl frag-
ment isolated from plasmid pBR322 that contains part of the
TEM-type B B-lactamase gene (Ap probe) (30) and a 1.8-kb
Sall fragment isolated from plasmid pZM1033 that contains
part of the type I APH(3') gene (Km probe) (7). The DNA
probes for hemolysin were a 3-kb HindIII fragment isolated
from plasmid pANN215 containing part of the hly4 gene, a
1.2-kb HindIII-Smal fragment from plasmid pANN202 con-
taining hlyC and part of hlyA, and a 3.2-kb EcoRI fragment
from pANN250 containing part of the hlyB gene of plasmid
pHly152 (hemolysin probe) (16). The DNA probe for aero-
bactin was a 2.8-kb Aval fragment isolated from recombi-
nant plasmid pZM1301 that contains part of the aer operon
of the Salmonella wien plasmid pZM61 (aerobactin probe)
(8).

Tests for cytotoxicity. The cytotoxicity of O4 E. coli strains
and that of their Hly-negative isogenic mutants were evalu-
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ated by using HeLa cell monolayers as previously described
27).

RESULTS

Aerobactin production. Since all of the 23 NLF O4 E. coli
strains examined produce hydroxamate-type siderophores
(27), we performed cross-feeding experiments with LG1522.
Under iron-deprived conditions of growth, all 04 E. coli
strains were able to cross-feed LG1522 and were sensitive to
cloacin DF13. This indicated that functional aerobactin
molecules as well as the specific ferric aerobactin receptors
were synthesized by all of the strains tested.

Characterization of plasmids. The 23 NLF 04 E. coli
strains showed a highly uniform plasmid profile which con-
sisted mainly of one large plasmid ranging from about 100 to
180 kb, one plasmid of about 40 kb (Table 1), and small
plasmids ranging from 3 to 8 kb.

Since the NLF O4 E. coli strains were all shown to
produce aerobactin and all harbored large plasmids (27),
features often associated with the presence of plasmids in
the FI incompatibility group (IncFI) (8, 34), we analyzed the
plasmids for the presence of sequences homologous to
RepFIA, RepFIB, and RepFIIA in Southern blot experi-
ments. RepFIA and RepFIB are two basic replicons present
in IncFI plasmids, while RepFIIA is the basic replicon in
IncFII plasmids (9). Figure 1 shows agarose gel electropho-
resis of plasmid DNA contents (Fig. 1A) and the correspond-
ing Southern hybridizations with the RepFIA (Fig. 1B) and
RepFIIA (Fig. 1C) probes of 10 out of the 23 NLF O4 E. coli
strains examined, which were chosen as representative of
each plasmid or antibiotic resistance pattern variant (Table
1). The RepFIA probe hybridized with the high-molecular-
weight plasmids, with the exceptions of those present in
strains HN15, HN119, and HN126 (Fig. 1B, lanes a, h, and
i). The hybridization pattern of the RepFIB probe was
identical to that of the RepFIA probe (data not shown),
indicating that those high-molecular-weight plasmids belong
to the IncFI group (9). On the other hand, the RepFIIA
probe hybridized strongly with all of the 40-kb plasmids
present in the strains tested, as well as with the 120- and the
140-kb plasmids of strains HN15 and HN126 (Fig. 1C),
showing that they belong to the IncFII group (9). The weak
hybridization of the putative and reference IncFI plasmids
(defined as those which hybridized with both RepFIA and
RepFIB probes) with the RepFIIA probe (Fig. 1C, lanes b
through f, j, and k) reflected the presence of the RepFIC
replicon, which is known to share partial homology with
RepFIIA sequences (29). This indicates that these plasmids
contain at least parts of the three basic replicons of IncFI
plasmids (1, 9). Interestingly, the putative IncFI plasmid
harbored by strain HN117 did not hybridize with the Rep-
FIIA probe, thus indicating that the RepFIC region is
probably deleted in this plasmid. The high-molecular-weight
plasmid present in strain HN119 (Fig. 1C, lane h) and that
with a similar size (about 100 kb) in strain HN48 (Fig. 1C,
lane ¢) did not hybridize with the RepFIA, RepFIB, or
RepFIIA probe. Southern blot experiments with the three
Rep probes were also performed with the strains not in-
cluded in Fig. 1, and they produced identical hybridization
profiles among strains grouped together in Table 1 (data not
shown).

Incompatibility exclusion experiments introducing the
IncFI conjugative plasmid pZM111 (Cm, Km, Ap, Hg, and
Gm) (8) into 15 representative IncFI-harboring O4 NLF E.
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FIG. 1. Characterization of plasmids carrying aerobactin genes.
Electrophoretic separation on a 0.8% agarose gel of plasmids
prepared from 10 representative NLF O4 E. coli strains and 2
control strains (ZM3 and J5R100) (the control strains are described
in Materials and Methods, and the electrophoresed plasmids were
blotted onto nitrocellulose filters and hybridized with labelled
probes as described in Materials and Methods) (A); autoradiograms
of hybridization with the 917-bp EcoRI fragment of plasmid
pULB2154 (RepFIA) (B), the 543-bp Pstl fragment of plasmid
pULB2401 (RepFIIA) (C), and the 2,800-bp Aval fragment of
plasmid pZM1301 (aerobactin) (D). Molecular sizes are on the right.

coli strains confirmed the presence of a functional IncFI
system in all of the plasmids (data not shown).

Genetic locations of antibiotic resistance genes. Since the
NLF O4 E. coli strains studied showed multiple drug resis-
tance, with the exceptions of HN126, which was sensitive to
all of the antibiotics used, and HN15, HN48, and HN166,
which were resistant only to Tc (Table 1), and since we could
not transfer the antibiotic resistance markers to strain ZM87
either in liquid or in filter-mating experiments, we performed
mobilization experiments using the conjugative plasmid
pCHRS84 (31). Plasmid pCHR84 was introduced by conjuga-
tion into three representative NLF O4 E. coli strains with
different and broad antibiotic resistance patterns (HN1,
HN100, and HN117; Table 1). Purified transconjugants were
then individually filter mated with the E. coli K-12 strain
ZM8T7 at 30°C. Since we isolated ZM87 transconjugants with
the same antibiotic resistance profile as that of the donor
strains, we concluded that the antibiotic resistance genes in
strains HN1, HN100, and HN117 formed a linkage group
which was located on defective conjugative plasmids. Aga-
rose gel electrophoresis of plasmid DNA from independent
ZM87 transconjugants revealed the presence of only two
plasmids: a plasmid with a size corresponding to that of
pCHR84 and a plasmid with the size of the corresponding
IncFI plasmid. To provide further evidence of localization of
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the antibiotic resistance genes on IncFI plasmids, we hybrid-
ized plasmid DNA from all multiply drug-resistant strains
with Km and Ap probes. The two probes hybridized only
with the high-molecular-weight IncFI plasmids and the
100-kb uncharacterized plasmid of strain HN119 (data not
shown).

Tc-sensitive mutants of strains HN202, HN48, HN166,
and HN15 were obtained by plating bacteria in the presence
of 12 pg of fusaric acid per ml (23). Agarose gel electropho-
resis of plasmid DNA preparations of Tc-resistant and
Tc-sensitive derivative strains allowed us to establish that
the Tc determinant (in strain HN202, together with Su) is
located on the high-molecular-weight IncFI plasmid. Since
all of the HN15 Tc-sensitive derivatives isolated from inde-
pendent experiments showed plasmid contents identical to
those of the parental strains, we concluded that in HN15 the
Tc-resistant gene might be located on the chromosome.
Moreover, with the exception of HN15, which produced a
colicin that was active both on ZM87 (ColV sensitive) and
LG1315 (ColV resistant), the remaining 22 O4 E. coli strains
examined did not produce colicins.

Genetic locations and organization of the virulence genes.
The location of the aerobactin operon was assessed by
comparing the results of Southern blot experiments with
plasmid DNA and those of Southern blot experiments with
HindIII digests of total DNA from the 23 NLF O4 E. coli
strains. The probe used was a 2.8-kb Aval fragment isolated
from plasmid pZM1301 that contains part of the aer operon
of the IncFI plasmid pZM61 (8). The aerobactin genes were
determined to occur on the bacterial chromosome when
homology to the probe was detected only in HindIII digests
of total DNA, with a negative result occurring in plasmid
DNA Southern blot hybridizations. Figure 1D shows the
hybridization of the aer probe with plasmids from the 10 O4
E. coli strains chosen as representatives of all of the O4
strains studied. The probe hybridized only with IncFI plas-
mids (Fig. 1D, lanes b through g, j, and k). In HindIII digests
of total DNA from the three strains not containing IncFI,
HN15, HN119, and HN126 (Fig. 2A), the probe recognized
a 9.9-kb fragment (Fig. 2B, lanes a, h, and i) with HindIII-
digested total DNA, indicating that in strains that do not
contain IncFI, the aer system is located on the chromosome.
Moreover, a 9.9-kb (Fig. 2, lanes b through f) or a 13.4-kb
(Fig. 2, lane g) HindIII fragment showed up in strains
containing IncFI. Interestingly, 13.4- and 9.9-kb HindIII
fragments are recognized by the aer probe in the IncFI-
containing strain HN202 (Fig. 2, lane j). Since only the
9.9-kb fragment is present in HN2021 (Fig. 2, lane n), an
IncFI-cured derivative of HN202 obtained by selecting for
resistance to fusaric acid, we concluded that two copies of
the aer operon are present in strain HN202, with one located
on the 13.4-kb HindIII fragment of the IncFI plasmid and the
other located on a 9.9-kb HindIII fragment of the chromo-
some. Figure 2 also shows the following HindIII fragments
of known IncFI plasmids hybridizing with the aer probe: a
9.9-kb fragment of pZM3 (lane k), a 13.4-kb fragment of
pZM111 (lane 1), and a 16.3-kb fragment of pColV-K30 (2, 8,
34). Since 9.9- and 13.4-kb HindIII hybridization bands are
obtained from pZM3 and pZM111, two S. wien virulence R
plasmids which we have previously shown have the 16.7-kb
ISI composite element containing the aer operon present in
the opposite orientation (8), we concluded that the aerobac-
tin-encoding DNA region of the O4 E. coli strains is well
conserved, that it more closely resembles that of S. wien
IncFI R plasmids than that of ColV plasmids (2, 4, 34), and
that it is present in either orientation. Moreover, hybridiza-
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FIG. 2. Locations of aerobactin genes in different E. coli strains.
(A) Electrophoretic separation on a 0.8% agarose gel of HindIII-
restricted genomic DNA from 10 representative NLF O4 E. coli
strains (lanes a to j). Also shown are ZM3 and ZM111 (S. wien
aerobactin plasmids described in the text), LG1315 (aerobactin
plasmid pColV-K30), and HN2021 (a derivative of strain HN202,
shown in lane n, which has been cured of its IncFI plasmid). (B)
Autoradiogram of hybridization of the genomic blots described
above with the 2,800-bp Aval fragment of plasmid pZM1301 (aero-
bactin). Molecular sizes are on the right.

tion experiments with the aer probe of HindIII total DNA
digests of the remaining strains not shown in Fig. 2 displayed
an identical hybridization pattern among the strains grouped
together in Table 1. Table 2 summarize the results of plasmid
and/or chromosomal HindIIl fragments which hybridized
with the aer probe for each of the 23 NLF O4 E. coli strains
examined.

In a previous study, we showed that the 23 NLF O4 E. coli
strains produced hemolysin and that they were highly cyto-
toxic to HeLa cell monolayers (27). To study the genetic
organization of the Aly operon, we performed Southern blot
experiments with plasmid DNA as well as with HindIII
digests of total DNA preparations from the 23 NLF O4 E.
coli strains. We used three hemolysin probes spanning the
hlyABC genes carried by the hemolysin-encoding plasmid
pHly152 as probes (16). While the probes did not hybridize
to plasmid DNA, in all HindIII-digested total DNA prepara-
tions examined they recognized fragments with the same
sizes as those of the HindIll-digested pHly152. This indi-
cated that the hly genes are located on the chromosome, that
the hly DNA region is well conserved, and that the hly DNA
region closely resembles that of pHlyl52 (15). Figure 3
shows the results of a typical Southern blot experiment with
DNA from four representative NLF O4 E. coli strains
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TABLE 2. Localization of the aer operon in NLF O4
E. coli strains

Size (kb) of HindIII fragment

Strain or plasmid containing the aer operon on:

Chromosome IncFI plasmid

HN1, HN2, HNS, HN7, HN18, 9.9

HN32, HN33, HN48, HN69,

HN73, HN87, HN96, HN100,

HN107, HN162, HN166,

HN168, HN175
HN117 13.4
HN15, HN119, HN126 9.9
HN202 9.9 13.4
HN2021¢ 9.9
pZM3® 9.9
pZM111? 13.4
pColV-K30° 16.3

“ HN2021 is a derivative of strain HN202 cured of its IncFI plasmid.

® The location of the aer genes on a 9.9-kb HindIII fragment in plasmid
pZM3 or on a 13.4-kb HindIIl fragment in plasmid pZM111 has been
described previously (8).

¢ The presence of the aer genes on a 16.3-kb HindIII fragment in plasmid
pColV-K30 has been previously described (34).

probed with the 3-kb HindIII fragment from the recombinant
plasmid pANN215 (kly probe) (16).

Isolation of Hly-negative strains by Tn5-GM insertion mu-
tagenesis. To ascertain whether the production of hemolysin
was responsible for the highly cytotoxic effect on HeLa cell
monolayers, we isolated Hly~ mutants of two Hly* NLF O4
E. coli strains (HN1 and HN119) by transposon-induced
mutagenesis. Plasmid pCHR84 was introduced into both

a b cde abecde

3kb

FIG. 3. Locations of hemolysin genes in NLF O4 E. coli strains.
(A) Electrophoretic separation on a 0.8% agarose gel of HindIII-
restricted genomic DNA from NLF O4 E. coli HN1, HN15, HN119,
and HN202 (lanes a to d, respectively). Lane e shows HindIII-cut
lambda DNA. (B) Autoradiogram of hybridization of the genomic
blots described above with the 3,000-bp HindIII fragment of plasmid
PANN215 (hemolysin).
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strains by filter mating at 30°C. Tn5-GM-induced Hly~
mutants were isolated by plating at 42°C (nonpermissive
temperature for pCHR84 maintenance [31]) on blood agar
plates supplemented with Gm, and Tn5-GM-induced Hly™
mutations were transferred to isogenic Hly* wild-type
strains by P1 vir transduction. Independent hly::Tn5-GM
(Hly™) mutants of strains HN1 and HN119 were then tested
for cytotoxicity with HeLa cell monolayers. Since all of the
Hly~ mutants tested were not cytotoxic to HeLa cells, we
concluded that the chromosomally encoded hemolysin was
responsible for the cytotoxic activity of the NLF O4 E. coli
strains on HeLa cells.

DISCUSSION

The 23 O4 NLF E. coli strains described in this study are
an interesting group of epidemiologically related strains that
have been isolated from children with diarrhea in Somalia
(6). In spite of being isolated in different years (1983 and
1984) and from different children, they have been shown to
be very homogeneous in several respects, such as their
hemagglutination properties, their hemolysin and hydroxa-
mate-type siderophore production, their wide spectrum of
antibiotic resistance, and their plasmid DNA profiles (27).
These strains cannot be classified in the classical major
diarrheagenic E. coli categories, because they do not pro-
duce the conventional diarrhea-associated virulence factors
(27). Since E. coli strains of serotype O4 have been de-
scribed as the causative agents of sporadic outbreaks of
enteritis or meningitis, urinary tract infections, and bacter-
emia as well as common inhabitants of the human intestine
(facultative enteropathogenic E. coli [11, 13]), we decided to
further investigate those strains with the aim of better
defining their virulence potential.

In this paper, we have shown the presence and the
expression of the aerobactin iron uptake system in all of the
23 04 NLF E. coli strains examined. The positive cross-
feeding bioassays with the E. coli K-12 strain LG1522 and its
sensitivity to cloacin DF13 indicated production of both
aerobactin and specific ferric acrobactin receptors. As was
shown from combined hybridization experiments with plas-
mid and HindIII-digested total DNA probed with the 2.8-kb
Aval fragment (aer probe), the aerobactin iron uptake sys-
tem is located on a large, 160- to 180-kb plasmid present in 20
out of the 23 strains examined (one strain carries the aer
system also on the chromosome). In the remaining three
strains, the aer system is found on the chromosome (Table
1). The plasmids carrying the aer system were shown to
belong to the IncFI incompatibility group by DNA hybrid-
ization experiments with the replicon-specific probes Rep-
FIA, RepFIB, and RepFIC and by incompatibility-exclusion
experiments with the IncFI plasmid pZM111.

The IncFI plasmids of the NLF O4 E. coli strains studied
more closely resemble IncFI virulence R plasmids from
epidemic Salmonella strains isolated in North Africa, Eu-
rope, and the Middle East (5, 8) than E. coli ColV plasmids
(34, 35). In fact, they are nonconjugative, they do not encode
colicins, and they carry several antibiotic resistance genes.
Moreover, the aer probe specifically recognized a 9.9- or a
13.4-kb HindIII fragment, both in IncFI plasmids from NLF
04 E. coli strains (Fig. 2, lanes b to g and j) and in the IncFI
reference R plasmids pZM3 and pZM111 (Fig. 2, lanes 1 and
m) (8). The same probes hybridized with a 16.3-kb HindIII
fragment in the pColV-K30-harboring strain LG1315 (Fig. 2,
lane m) (25, 34). pZM3 and pZMI11l are two naturally
occurring, aerobactin-encoding IncFI virulence R plasmids
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originally isolated from S. wien epidemic strains (8). In a
previous study, we showed that the aer system of these
plasmids, as well as that of plasmids isolated from Salmo-
nella typhimurium strains, is part of a 16.7-kb DNA region
flanked by two inverted copies of IS/ that is present in an
opposite orientation in pZM3 and pZM111 and that, depend-
ing on the orientation, is contained entirely in a 9.9- or a
13.4-kb HindIII fragment (8). This indicates that the genetic
organization of the aer system among IncFI plasmids of
NLF O4 E. coli and Salmonella strains is highly conserved
and that inversion of the IS/-bound element may also occur
in E. coli IncFI plasmids, thus excluding the hypothesis that
inversion is mediated by a Salmonella-specific factor (34). In
ColV plasmids, the ISI-bound aer system (25, 28) is highly
homologous to those of the Salmonella R plasmids pZM3
and pZM111, but it has always been found in one orienta-
tion, with high conservation of the downstream and diver-
gence of the upstream ISI-flanking DNA regions (2, 25, 34).
For this reason, the aerobactin-containing HindIII fragments
of the characterized ColV plasmids are of different sizes,
ranging from 14.5 to 45 kb in length (34).

Interestingly, those NLF O4 E. coli strains containing a
chromosomally encoded aer system presented the aer genes
on a 9.9-kb HindIII fragment identical to that found in some
IncFI plasmids (Fig. 2, lanes a, h, and i). Since the 9.9-kb
HindIII fragment contains the aer operon, an ISI element
(6a), and a downstream DNA region outside the IS7 element
(8, 34), an apparently identical 9.9-kb HindIII fragment in
the chromosomally encoded aer system indicates that there
is also a homologous plasmid and a chromosomal DNA
region extending downstream of the IS/-bound aer system.
The ISI-flanked aerobactin-encoding DNA region has been
proposed as a genetically mobile element (12) to explain the
ubiquity of the aer genes on both plasmids and chromosomes
of E. coli and Shigella and Salmonella species (2, 3, 8, 20,
25). If the ISI-bound aer system were spread by transposi-
tion, one would expect variations in the flanking DNA
regions outside the IS/-flanked transposon. On the contrary,
the results presented here seem to indicate that the diffusion
of the ISI-bound aer system among IncFI plasmids and
chromosomes of different bacterial species might have orig-
inated from recombinational events not necessarily involv-
ing IS sequences.

A well conserved, chromosomally encoded hemolysin
genotype has been found for all of the 23 O4 NLF E. coli
strains examined. The genetic organization of the 4ly operon
has been studied by Southern hybridizations with a set of
three DNA probes encompassing the hlyABC genes. The
results confirmed a high degree of relatedness with the
previously described hly operon in the reference hemolytic
plasmid pHly152 (26). Hemolysin production by the 04 NLF
E. coli strains was found to be responsible for the cytotoxic
effect that we have previously reported for those strains (27).
In fact, Hly-negative derivative strains obtained by Tn5-GM
transposon-induced mutagenesis (31) were found to be com-
pletely noncytotoxic when challenged with cultured cells.

In conclusion, the NLF O4 E. coli strains examined in this
study all presented chromosomally encoded hemolysin de-
terminants and a plasmid- or chromosomally encoded aer
system. These features have been previously reported for
pathogenic extraintestinal E. coli isolates (14, 17, 24, 33).
The data presented here cannot rule out whether the NLF
O4 E. coli strains are intestinal pathogens. However, the
genetic organization of the virulence genes, which is typical
of that of pathogenic E. coli isolates of human origin (3, 15,
17, 26, 33), together with their epidemiological behavior and
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the wide spectrum of antibiotic resistance (27) of the NLF
O4 E. coli strains suggests that they can be viewed as
potential pathogens which under different circumstances
might induce intestinal and/or extraintestinal infections in
the colonized host. In this respect, it would be of great
importance to assess whether the occurrence of the 04 NLF
E. coli strains in the intestines of children in Somalia alone
would augment the probability of contracting specific intes-
tinal or extraintestinal infections due to this serotype.
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