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Infections with avian pathogenic Escherichia coli (APEC) cause colibacillosis, an acute and largely systemic
disease resulting in significant economic losses in poultry industry worldwide. Although various virulence-
associated genes have been identified in APEC, their actual role in pathogenesis is still not fully understood,
and, furthermore, certain steps of the infection process have not been related to previously identified factors.
Here we describe the application of a signature-tagged transposon mutagenesis (STM) approach to identify
critical genes required for APEC infections in vivo. Twenty pools of about 1,800 IMT5155 (O2:H5) mutants
were screened in an infection model using 5-week-old chickens, and potentially attenuated mutants were
subjected to a secondary screen and in vivo competition assays to confirm their attenuation. A total of 28 genes
required for E. coli septicemia in chickens were identified as candidates for further characterization. Among
these disrupted genes, six encode proteins involved in biosynthesis of extracellular polysaccharides and
lipopolysaccharides; two encode iron transporters that have not been previously characterized in APEC in in
vivo studies, and four showed similarity to membrane or periplasmic proteins. In addition, several metabolic
enzymes, putative proteins with unknown function, and open reading frames with no similarity to other
database entries were identified. This genome-wide analysis has identified both novel and previously known
factors potentially involved in pathogenesis of APEC infection.

Escherichia coli typically colonizes the avian gastrointestinal
tract and other mucosal surfaces. While most strains are com-
mensal, certain strains designated avian pathogenic E. coli
(APEC) have the ability to cause severe disease. Predominant
serotypes of APEC are O1:K1, O2:K1, and O78:K80 (7, 13, 18,
26). APECs most likely enter and colonize the avian respira-
tory tract by inhalation of fecal dust, leading to localized in-
fections such as airsacculitis and pneumonia. In certain cases,
they spread into various internal organs and typically cause
pericarditis, perihepatitis, peritonitis, salpingitis, and other ex-
traintestinal diseases. Colibacillosis of poultry is characterized
in its acute form by septicemia, commonly resulting in sudden
death (6).

Several bacterial factors have been associated with the vir-
ulence of APEC, including adhesins, toxins, iron acquisition
systems, colicin V plasmid, serum resistance proteins, and cap-
sule as well as lipopolysaccharide complexes (15, 21, 37). How-
ever, the mechanisms underlying pathogenicity are still not
fully understood, and only certain steps of the infection process
can be accounted for by these known virulence factors. In
recent years, genome-wide analyses have led to a better un-
derstanding of the molecular mechanisms of pathogenicity.
New molecular approaches have also aided in the identifica-
tion of genes involved in pathogenesis, including in vivo ex-
pression technology, selective capture of transcribed sequences
(SCOTS), differential fluorescence induction, and signature-
tagged transposon mutagenesis (STM) (27, 33, 42, 64). Re-
cently, suppression subtractive hybridization has been used

successfully to identify genes present in the genome of two
APEC strains but which are absent in E. coli K-12 MG1655.
Dozois et al. (16) applied SCOTS to identify conserved genes
in APEC strain �7122 that are expressed in infected chicken
tissues. More recently, a genomic subtraction was performed
between the APEC strain MT512 and the nonpathogenic E.
coli strain EC79 (58). Pathogen-specific DNA or cDNA such as
putative adhesin, lipopolysaccharide core synthesis, iron-re-
sponsive metabolic enzymes, plasmid- and phage-encoded
genes, and genes of unknown function were successfully en-
riched and isolated by these authors. However, neither
genomic subtraction nor SCOTS gives direct information
about the significance of the isolated genes in virulence. Here
we report the application of STM in a chicken infection model
using APEC wild-type strain IMT5155 (O2:H5), which was
responsible for a severe outbreak of avian colisepticemia in
Germany. We report the identification of both known and
novel APEC genes involved in pathogenesis.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. E. coli strain IMT5155
(O2:H5) was used for infection studies, mutant construction and STM analyses.
The strain was isolated from the internal organs of a 4-month-old laying hen in
Germany with clinical symptoms of colisepticemia. Preliminary infection studies
confirmed the virulence of the strain that caused severe symptoms of colibacil-
losis and high mortality rates in 6-month-old chickens (data not shown). Fur-
thermore, IMT5155 has been included in large-scale phylogenetic analysis of 150
APEC strains and was grouped into one of the most representative clonal
lineages in Germany. The strain harbors the virulence-associated genes fyuA,
irp2, cva/cvi, tsh, fimC, iss, ompA, traT, vat, and iucD but is negative for papC, pic,
sat, and hlyA, as shown by hybridization and PCR experiments (20).

A spontaneous nalidixic acid-resistant mutant was generated by growing
IMT5155 in the presence of the antibiotic and plating 109 CFU to solid medium
containing nalidixic acid and confirmed to retain full pathogenicity in the chicken
model (data not shown). E. coli CC118 �pir was used for maintaining the tagged
pUTmini-Tn5km2 plasmids, and E. coli S17-1 �pir was used as the donor strain
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for conjugation. Bacterial strains were routinely cultured at 37°C in Luria-Ber-
tani (LB) broth or on LB agar plates containing the appropriate antibiotics at the
following concentrations: ampicillin (Amp), 50 �g/ml; kanamycin (Kan), 50
�g/ml; nalidixic acid (Nal), 30 �g/ml. Strain IMT5104 (O8:H�) served as a
negative control during animal tests. This strain was isolated from the feces of a
healthy laying hen and harbors none of the previously identified virulence-
associated genes common to APEC strains.

Selection of the tags and construction of the APEC mutant library. A pool of
tagged pUTmini-Tn5km2 plasmids (Ampr, Kmr) was kindly provided by David
Holden (Imperial College, London, UK). Briefly, each tag contains a 40-bp
random sequence flanked by two 20-bp invariable sequences. The invariable
sequences serve as primers for amplification of the tags (33). E. coli CC118 �pir
was transformed with pUTmini-Tn5km2 containing signature tags, and a total of
384 transformants were isolated for further screening by hybridization with their
cognate labeled tags. After extensive cross-hybridization experiments, 90 clones
that showed the strongest hybridization signals with single-labeled tags and that
did not cross-react with each other were collected for further investigations (23).
Finally, plasmids containing specific tags were purified from the clones and
individually transformed into donor strain E. coli S17-1 �pir. Independent mat-
ings were set up by growing each E. coli S17-1 �pir (with tag) clone and the
IMT5155 Nalr to late log phase. To construct tagged transposon mutants of
APEC, 400 �l donor and 400 �l recipient cells were mixed and centrifuged. After
discarding the supernatant the cells were resuspended in 10 �l of a 10 mM
MgSO4 solution and plated onto LB agar plates and incubated at 37°C for 8 h.
Colonies were collected and resuspended in phosphate-buffered saline (PBS)
and plated onto LB agar containing kanamycin and nalidixic acid. Following
selective overnight growth, single colonies were resuspended in 300 �l LB sup-
plemented with nalidixic acid and kanamycin. After an overnight incubation, 53
�l glycerol (15%) was added and a total of 1,827 mutants were stored at �80°C
in microtiter plates.

Animal model, screening of the STM transposon mutant library, and in vitro
and in vivo competition assay. A newly established chicken infection model for
E. coli septicemia was used to perform STM analyses. Five-week-old SPF white
leghorn specific pathogen-free chickens (Lohmann Selected Leghorn; Lohmann
Tierzucht GmbH, Cuxhaven, Germany) were inoculated into the trachea with a
0.5 ml suspension containing 108 CFU of strain IMT5155 for preliminary studies.
For preparation of mutant inoculants, frozen plates of pooled APEC mutants
were taken out of �80°C storage and subcultured by transferring 10 �l from each
well to a new 96 well round bottom plate containing 300 �l LB with kanamycin
and nalidixic acid. Following overnight culture, each plate was pooled and 10 ml
of pooled bacteria was added to 90 ml LB and then incubated at 37°C with
aeration to an optical density at 600 nm of approximately 1. Cultures were
diluted in PBS to approximately 2 � 108 bacteria per ml. A total of 0.5 ml of each
mutant pool was used to infect at least four 5-week-old SPF chickens per mutant
pool via intratracheal application. After 48 h and 72 h of infection, chickens were
killed and bacteria were reisolated from spleens. The organs from at least two
chickens were homogenized in sterile PBS and then plated onto LB agar sup-
plemented with kanamycin and nalidixic acid. Following overnight incubation, at
least 10,000 colonies (5,000 colonies from each chicken) were pooled in 10 ml
PBS to form the “output pool.” A 5 ml aliquot of this pool was used to prepare
genomic DNA. Mutants with reduced output hybridization signals were subse-
quently used individually to quantify their relative growth rates.

For both in vitro and in vivo competition assays, cultures of mutant and
wild-type strain were mixed at a ratio of 1:1. For in vitro competition, the bacteria
were incubated in LB broth for 4 h at 37°C and then plated onto media with or
without kanamycin. For in vivo competition, four chickens were infected with 108

CFU of this mixture. After 48 h of infection, spleen, heart, liver, lung, and kidney
were collected, weighed, and homogenized, and the dilutions were plated on
media with or without kanamycin for selection of mutants or total bacteria,
respectively. A competitive index (CI) was calculated for each mutant by dividing
the output ratio (mutant/wild type) by the input ratio (mutant/wild type). Due to
this CI, mutants outcompeted up to 10-fold were evaluated as slightly, up to
100-fold as moderately, and more than 100-fold as highly attenuated.

DNA manipulations and sequence analysis. DNA manipulations and trans-
formations were performed using standard methods (4). Restriction and DNA-
modifying enzymes were obtained from Roche Molecular Biochemicals (Mann-
heim, Germany). Hybridization was performed with digoxigenin (DIG)-labeled
probes using a Roche labeling and detection kit (Roche, Mannheim, Germany).
A total of 500 to 1,000 ng of DNA was used for hybridization experiments.
Blotting onto positively charged nylon membranes (Roche, Mannheim, Ger-
many) was performed as recommended by the manufacturer.

Probe labeling and hybridizations for identification of mutants disappeared

from recovered pools. We modified the strategy described by Fuller et al. (23). To
significantly reduce background of hybridization, PCR generated tag sequences
were used as the target DNA for dot blots rather than using the entire plasmid
containing the tagged transposon. In addition, we tested lower concentrations of
DIG-dUTP to ensure more complete digestion by HindIII and removed the
conserved sequences of tags by gel electrophoresis (data not shown).

For amplification of DNA tags, either 5 ng of plasmid DNA or 5 �g of genomic
DNA from input and recovered pools was used as a template in first round PCRs
using the conditions described by Hensel et al. (33). The amplified tags from both
the inoculum and the recovered pools were compared by labeling with digoxi-
genin (DIG)-dUTP using a PCR DIG probe synthesis kit (Roche Molecular
Biochemicals, Mannheim, Germany) according to the manufacturer’s instruc-
tions. After purification, the PCR products were labeled in a volume of 50 �l
using 50 pmol of each primer P2 and P4 (Table 1) and a 1:1 mix of DIG-dUTP
and 2.5 mM deoxynucleoside triphosphate stock solution with the same cycle
conditions as for the first round PCR (23). The labeled PCR products were
digested with HindIII in a total volume of 400 �l, ethanol precipitated, and
isolated from a 4% 3:1 NuSieve GTG:agarose gel (Cambrex Corporation, New
Jersey). The region containing the labeled tag was excised, and the entire gel slice
was directly used as probe in hybridizations. Plasmids containing the cognate tags
from the original plate were used as templates for the amplification of these tags
with primer pair P2 and P4 (Table 1). Identical dot blots were prepared by
transferring these amplicons onto positively charged nylon membranes followed
by hybridization. Mutants that showed hybridization signals with the probe from
the input pool but not with that from the recovered pool were selected for further
analysis.

Identification of the transposon insertion sites and sequence analyses. All of
transposon insertion sites were amplified by arbitrary PCR (48). For the first
round, the arbitrary primers Arbi1, Arbi3, Arbi4, and Arbi5 were used in com-
bination with transposon-specific primer P9 (Table 1). Subsequently, 1 �l of each
PCR product was used in a second round of nested PCR with primers Arbi2 and
P6 (Table 1). Arbi2 is homologous to the 5� sequences of the above-mentioned
arbitrary primers, and P6 is a transposon I terminus-specific primer. Genomic
DNA from the wild-type strain served as negative control in all reactions. The
second round PCR products were purified and sequenced. DNA sequencing was

TABLE 1. Oligonucleotide primers used in this study and results of
PCRs to detect genes of pathogenicity island

Primer Sequence (5�-3�) Presence
of genea

P2 TACCTACAACCTCAAGCT
P4 TACCCATTCTAACCAAGC
P6 CCTAGGCGGCCAGATCTGAT
P7 GCACTTGTGTATAAGAGTCAG
P9 CGCAGGGCTTTATTGATTC
Arbi1 GGCCACGCGTCGACTAGTAC(N)10

GATAT
Arbi2 GGCCACGCGTCGACTAGTAC
Arbi3 GGCCACGCGTCGACTAGTAC(N)10

TGACG
Arbi4 GGCCACGCGTCGACTAGTAC(N)10

ACGCC
Arbi5 GGCCACGCGTCGACTAGTAC(N)10

TACNG
P19 ATTCAACGGGAAACGTCTTG
P20 ACTGAATCCGGTGAGAATGG
PapG-F TTTGCGAGTGGAGTGTATTT
PapG-R TACCTAACCCAACCGAAAAT
PapC-F TGATATCACGCAGTCAGTAGC
PapC-R CCGGCCATATTCACATAA
R14-15-F GCCAGTGACACATACTGAGAGC �
R14-15-R CAGATGTACAGTGGCGCG
R2 plus R3-F GCTGTCAGAATATTTCGCTCG �
R2 plus R3-R AGTCCTGTCACGCTGAACG
R1 plus R2-F AGCCTTTCTGTTTTGAGCAT �
R1 plus R2-R TCGCTACTATTGATTCTTGC
R1 plus f447-F CCGCAAGAATCAATAGTAGC �
R1 plus f447-R CTGGCGAGAAGGGGATAATG

a PCR elaborated for detection of metV genomic island.
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performed commercially (AGOWA GmbH, Berlin, Germany). Data analysis was
done using public DNA and protein databases (http://www.ncbi.nlm.nih.gov/
BLAST) and employing the BLASTX and BLASTN algorithms (1). All DNA
sequences were compared with sequences in the TIGR comprehensive microbial
resource.

Analysis of LPS expression. Lipopolysaccharide (LPS) was obtained by pro-
teinase K digestion of whole cells as previously described (34). LPS samples were
separated on 15% sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) gel according to standard methods (4) and silver staining as de-
scribed by Tsai and Frasch (63a).

RESULTS AND DISCUSSION

Construction of a signature-tagged transposon mutant li-
brary of avian pathogenic E. coli. A library of 1,827 signature-
tagged mini-Tn5km2 mutants of strain IMT5155 was con-
structed according to the methods of Hensel et al. (33) using 90
prescreened non-cross-reactive tags that could be amplified
and labeled efficiently as described in Materials and Methods.
Nineteen of the mutants (about 1%) were ampicillin resistant,
indicating the presence of the suicide plasmid containing the
transposon within the cytoplasm or integrated into the chro-
mosome. Eight mutants lost kanamycin resistance spontane-
ously and were eliminated from the library. To determine
whether the transposon had any insertional hot spots, South-
ern blotting analysis was performed on 18 randomly chosen
mutants, digested with PstI and probed with a fragment of the
kanamycin resistance gene amplified from the pUT-mini-
Tn5km2 by primer pair P19 and P20 (Table 1). The hybridiza-
tion patterns from each PstI-restricted mutant differed from
one another, and each mutant showed only one positive band
(data not shown). Overall, these tests indicated a broad distri-
bution of transposon insertion sites among the mutants and
only one insertion in each mutant. Following this procedure
the mutants were stored in 96 well microtiter plates at �80°C
for further in vivo testing in a chicken infection model.

Screening of the APEC mutant library in a chicken model.
Preliminary experiments were performed to obtain an optimal
protocol for screening in vivo attenuation of STM mutants.
Critical parameters for STM studies are the selection of a
highly pathogenic strain, determination of an optimal 50%
infective dose value with regard to the complexity of tagged
pools, appropriate infection duration, and determination of
the optimal time for reisolation of bacteria from different in-
ternal organs. A range of experimental factors, including the
infectious dose and the method of recovery, were investigated
before we could reproducibly recover the majority of individ-
ual mutants. Using intratracheal challenge doses of 105, 106,
and 107 CFU of strain IMT5155 Nalr, only a low percentage of
animals developed typical signs of colibacillosis. In contrast,
the use of 109 CFU for intratracheal inoculation resulted in the
sudden death of several chickens before reisolation of bacteria
took place. An inoculation dose of 108 CFU showed reproduc-
ible disease progression, and bacteria could be reisolated from
about 85% of infected chickens. Irrespective of the bacterial
concentration used for inoculation, the control strain,
IMT5104, was not recovered from any internal organ and in-
fected animals showed no clinical signs of colibacillosis or of
macroscopic lesions typical of the disease, as shown by nec-
ropsy.

In a following experiment, three randomly selected pools of
90 mutants each were used to infect chickens with 108 CFU of

IMT5155 Nalr and bacteria were recovered from spleens at 48
and 72 h after infection. Similar hybridization results were
obtained when blots were probed with tags from bacteria re-
covered from at least two chickens after 48 h of infection. In
most cases, three or four mutants were absent from each out-
put pool (Fig. 1). In contrast, unusually high numbers of mu-
tants were absent in the recovered pools when bacteria were
reisolated after 72 h, suggesting that many mutants were simply
outgrown by others. As these results were reproducible in
several experiments, we therefore decided to test pools of 90
mutants with an inoculating dose of 108 CFU and recovered
bacteria from spleens after 48 h of infection. A total of 1,800
mutants from 20 pools were used for screening, and 65 mutants
absent from the recovered pools were selected for further
studies. These 65 mutants were subjected to a second screen as
described above, and each pool was tested twice to verify the
results. After the second round of STM screening, 30 mutants
showed a reproducible loss in hybridization signals. Of these
mutants, 19 were used for in vivo competition assay based on
their belonging to one of the eight classes listed in Table 2.

Identification and characterization of the interrupted genes.
The insertion sites of mini-Tn5km2 in the selected 30 mutants
were determined by amplifying their flanking DNA regions by
arbitrarily primed PCR followed by sequencing of the ampli-
fied DNA products which ranged between 150 and 750 bp. For
sequence analyses, BLASTX or BLASTN hits with the highest
score and lowest e values were recorded. Of the 30 mutants, 28

FIG. 1. Example of STM results from a representative pool. Most
mutants grew as well in vivo as in vitro. (a) Dot blot of input pool 16.
(b) Dot blot of recovered pool 16. Signals of mutants A3, B2, B11, and
G11 were absent and selected for further study.
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were found to have transposon insertions in different genes
(Table 2).

Quantification of virulence defects of selected mutants by in
vivo competition assays. In vivo competition assays were per-
formed to validate the results of our STM screen and to quan-
tify the degree of virulence attenuation of individual mutants.
A total of 19 of the 30 mutants were selected, based on their
belonging to one of the 8 classes listed in Table 2. These 19
mutants were mixed with the parental strain at a 1:1 ratio and
inoculated into four chickens by intratracheal application. To-
tal bacteria were recovered from lung, liver, heart, spleen, and
kidney after 48 h, and CFU were enumerated on selective
medium. A competitive index (CI) was calculated as described
in Materials and Methods. Of the 19 mutants tested, 14
(73.7%) were outcompeted by the wild-type strain in all five
internal organs examined, while the other five mutants (26.3%)
showed reduced recovery only in certain organs. Furthermore,
15 (78.9%) of the mutants were outcompeted in certain organs
more than 10-fold, and of these 6 (31.6%) were outcompeted

more than 100-fold in certain organs, confirming the attenua-
tion of the 19 selected mutants. The results of in vivo compe-
tition assays are shown in Table 3. These results suggested that
most of the 30 mutants identified by the two rounds of STM
screening were reproducibly attenuated.

Synthesis of different types of exopolysaccharides (EPS) is
necessary for APEC virulence. Several of the attenuated mu-
tants had insertions in genes involved in the synthesis of ex-
tracellular polysaccharides. Two separate mutants were shown
to have an insertion in the kpsM locus (M03A03, M03E05),
while another was disrupted in the kpsS locus (M18H02). Both
kpsM and kpsS encode proteins required for translocation of E.
coli group II capsular polysaccharide across the inner mem-
brane (11). The degree of attenuation for the mutants was high
(more than 100-fold reduction in certain organs), but differed
for both the mutant and target organs, with the most severe
attenuation observed in liver and heart (Table 3). Previous
epidemiological studies noted that the K1 (group II) antigen is
frequently associated with APEC, particularly serotype O1 and

TABLE 2. Genetic loci disrupted in mutants of APEC strain IMT5155 Nalr identified by STM

In vivo-identified mutant class Mutant name
Similar E. coli genes (GenBank)

Genea Accession no. % identitya Putative function

Capsule M03A03 kpsM ECU59301 97 Polysaccharide transport
M03E05 kpsM ECU59301 Polysaccharide transport
M18H02 kpsS AAN82139 99 Polysaccharide transport

Colanic acid M03G02 wcaE AF320069 97 Putative glycosyltransferase

LPS M13F03 waaW AAN82886 99 LPS R1 core biosynthesis region
M12D10 waaW AAN82886 98 LPS R1 core biosynthesis region
M03D10 waaL NP_756310 97 Polymer ligase
M00G10 None None 0 O-antigen synthesisb

Iron uptake system M04E08 sitB AAN80284 98 Iron transporter
M11B04 chuA AAN82744 Heme utilization/transport protein

Membrane and periplasmic
proteins

M17F12 mppA ECU88242 97 Periplasmic murein peptide-
binding protein precursor

M19A01 narK AAN80151 93 Nitrite extrusion
M19B12 None AAN80227 100 Transport, drug/analog sensitivity
M08E08 sbmA AAN78960 96 Putative membrane, drug/analog

sensitivity, possible envelope

Metabolic enzymes M00C03 R3 AAN81852 98 Beta-cystathionase
M04C10 tktA AAN81968 91 Transketolase 1 enzyme, central

intermediary metabolism

Regulators M14G11 carP CAA60164 91 Pyrimidine regulation
M18E10 yjjQ NP_757290 98 Putative regulator

Unknown M03C05 ykgC NP_752357 100 Putative oxidoreductase
M11E02 malX NP_755283 98 Phosphotransferase system
M17E09 ygcW AAC75816 100 Hypothetical oxidoreductase
M00C03 ycjM NP_753684 98 Putative polysaccharide hydrolase
M13H03 None AAN81851 96 Phosphosugar isomerase
M18E07 ychF NP_753566 100 GTP-binding proteins
M18B06 None AAB40738 99 Inserted sequence
M16D12 yahA AAC73418 100 Unknown
M00B02 yagM AAC73382 96 Unknown
M02E05 None NP_755082 98 Unknown, hypothetical protein
M00F07 None None 0 Unknown
M18D02 None None 0 Unknown

a Genetic locus with the closest match to the sequence interrupted by the transposon in each mutant.
b As determined in this study.
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O2 (29). More recently, a spontaneous K1 mutant of the
APEC strain MT78 was found to show a decreased coloniza-
tion potential in infected chickens and contributed to increased
resistance to the bactericidal effects of chicken serum and
phagocytosis by interaction with complement system (46, 47).
The isolation of three independent attenuated mutants by
STM in this study therefore provides further evidence for the
importance of K1 capsule biosynthesis in APEC pathogenicity.

An additional STM mutant (M03G02) was found to harbor
a disruption in a sequence related to wcaE, a putative colanic
acid (CA) glycosyl transferase. This CA mutant was attenuated
for survival in different organs, with the most severe defect in
heart tissue (Table 3). Besides capsule biosynthesis, E. coli
produces a variety of exopolysaccharides (EPS), e.g., colanic
acid (CA). CA contains L-fucose, D-glucuronic acid, D-galac-
tose, D-glucose, and pyruvate and forms a thick, mucoid matrix
on the cell surface. Similar to the group IA capsular polysac-
charides, CA is characterized by high molecular weight, spe-
cific sugar composition, and a chromosomal location near the
his operon of the responsible biosynthetic genes (60). Hanna et
al. (31) found that the capsular polysaccharide colanic acid of
an uropathogenic E. coli did not contribute to bacterial adhe-
sion to bladder epithelium as had been previously suggested
but rather blocked the establishment of specific binding as well
as time-dependent interactions between the uropathogenic
strain and inert substrates. A CA-deficient mutant of E. coli
O157:H7 demonstrated a reduction in heat and acid tolerance
(43), suggesting that this exopolysaccharide confers a protec-
tive effect against host environmental stresses, such as body
temperature and acid environment in macrophages (10). This
might be advantageous for APEC which survive and replicate
in an environment of 42°C, the normal body temperature of
birds. APEC have also been demonstrated in macrophages in
the air sac of chickens 24 h after infection, where they appear
to be resistant to the acidic intracellular environment (53).

Thus, for the first time, we provide direct evidence for an
association of colanic acid with virulence and fitness of this
pathogen. Furthermore, we established that mutants with in-
sertions in genes involved in the synthesis of several distinct
extracellular polysaccharide structures including group II cap-
sule are attenuated in the ability to cause septicemia in a
chicken model.

Lipopolysaccharide (LPS) contributes to viability of APEC
in chickens. LPS is one of the major components of the bac-
terial outer membrane. This amphipathic molecule is com-
posed of lipid A, a core oligosaccharide, and a polysaccharide
chain termed O-specific antigen. Four of the isolated STM
mutants were shown to have transpositional insertions in genes
involved in biosynthesis of LPS. M03D10 had a disruption in a
gene encoding a surface polymer ligase termed waaL which
joins newly synthesized O-polysaccharide to the lipid A core
(14). In addition, two independent mutants (M13F03 and
M12D10) had different transposon insertion sites in the same
gene which showed similarity to waaW. This gene is involved in
LPS R1 core biosynthesis and functions as a (galactosyl) LPS
alpha-1,2 galactosyltransferase (32). The R1 core structure is
the most prevalent among clinical isolates of E. coli (2, 25).
The in vivo tested mutant M12D10 showed moderate attenu-
ation in heart and slight attenuation in lung, spleen, and kidney
but not in the liver. Clones corresponding to genes involved in
the synthesis of the R1-type core LPS have recently been
identified by selective capture of transcribed sequences
(SCOTS) analysis (16). The O78-antigen of the APEC strain
�7122 used in this prior study was previously shown to be
required for virulence by increasing the bacterial resistance to
serum (9). We identified another mutant, M00G10, with a
disruption in a gene locus of unknown function which does not
share similarity with E. coli K12, CFT073, or EDL933 strains.
Immediately downstream of this gene, there is a locus encod-
ing a putative protein similar to glucose-1-phosphate thymidy-

TABLE 3. Results of in vivo competition assay between IMT5155 NalR and its mutants

Mutant Gene/
homologue CIa in vitro CI of lung CI of liver CI of heart CI of spleen CI of kidney

M03A03 kpsM 1.56 3.5 � 10�1 	1.0 � 10�3 	1.0 � 10�3 	1.0 � 10�3 1.5 � 10�1

M18H02 kpsS 5.1 � 10�1 4.2 � 10�2 	1.0 � 10�3 	1.0 � 10�3 1.7 � 10�1 	1.0 � 10�3

M03G02 wcaE 8.0 � 10�1 	1.0 � 10�3 —b 2.0 � 10�4 9.0 � 10�3 1.2 � 10�1

M12D10 waaW 7.0 � 10�1 2.6 � 10�1 1.0 5.1 � 10�2 2.6 � 10�1 1.5 � 10�1

M03D10 waaL 6.0 � 10�1 5.0 � 10�1 2.5 � 10�1 1.0 � 10�1 5.1 � 10�2 1.2 � 10�1

M00G10 None 1.67 1.6 � 10�2 1.0 � 10�1 6.3 � 10�3 —b 2.7 � 10�1

M04E08 sitB 3.2 � 10�1 8.3 � 10�2 2.1 � 10�1 4.8 � 10�2 1.3 � 10�2 8.8 � 10�2

M11B04 chuA 9.6 � 10�1 6.45 � 10�2 1.8 � 10�1 4.0 � 10�2 4.12 � 10�2 1.5 � 10�1

M17F12 mppA 4.6 � 10�1 6.6 � 10�1 3.3 � 10�1 1.0 2.0 � 10�1 7.0 � 10�1

M19A01 narK 1.40 3.8 � 10�1 4.7 � 10�2 3.2 � 10�2 4.0 � 10�1 4.8 � 10�1

M19B12 None 6.2 � 10�1 5.4 � 10�1 1.2 6.1 � 10�1 2.5 � 10�1 1.0
M08E08 sbmA 6.4 � 10�1 2.0 � 10�1 1.4 � 10�1 2.2 � 10�1 2.5 � 10�1 —b

M00C03 r3 5.2 � 10�1 5.4 � 10�1 6.1 � 10�1 1.3 2.8 � 10�1 1.1
M04C10 tktA 1.7 � 10�1 5.51 � 10�1 6.0 � 10�4 1.7 � 10�1 3.9 � 10�3 9.6 � 10�2

M21C03 ycjM 1.08 5.3 � 10�1 1.7 � 10�1 6.12 � 10�2 4.6 � 10�1 3.6 � 10�1

M11E02 malX 1.05 3.1 � 10�2 2.2 � 10�1 1.6 � 10�2 3.8 � 10�1 2.1 � 10�2

M13H03 None 8.0 � 10�1 2.8 � 10�2 3.1 � 10�1 —b 2.3 � 10�1 2.9 � 10�1

M18E07 ychF 5.8 � 10�1 3.1 � 10�2 1.42 � 10�2 	1.0 � 10�4 1.5 � 10�2 1.8 � 10�2

M18D02 None 2.07 9.0 � 10�2 2.9 � 10�1 2.2 � 10�1 6.4 � 10�2 8.5 � 10�1

a CI, competitive index. Values 
 1 indicate mutant outcompeted wild type, values 	1 indicate wild type outcompeted mutant; mutants being outcompeted up to
10-fold were evaluated as slightly, up to 100-fold as moderately, and more than 100- fold as highly attenuated. In vivo competitive indices (CIs) are the average of results
gained with two to four animals.

b —, not tested.
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lyltransferase (RmlA), which is involved in O-antigen biosyn-
thesis of Shigella boydii and E. coli (19, 65).

In order to confirm defects in LPS synthesis, LPS of the four
mutant and wild-type strains was isolated and subjected to
SDS-PAGE and silver staining. Compared to the parental
strain, all four mutants showed reduced LPS production. As
expected, M13F03 and M12D10, both being disrupted in
waaW, also showed altered banding patterns for the LPS core
region compared to wild-type strain. Mutant M03D10 (waaL)
had alterations in both O-antigen and core region, whereas
M00G10 (no similarity to any known gene) demonstrated al-
tered banding patterns only in the O-antigen region (Fig. 2).
These results indicated that the waa orthologues and the gene
interrupted in M00G10 most likely function in different steps
of LPS biosynthesis and are required for the expression of a
complete LPS molecule, as was also shown in a previously
STM study investigating the gastrointestinal colonization of
infant rats by an E. coli K1 strain (49). Our findings of four
attenuated LPS mutants by STM further confirm the impor-
tance of LPS, including O-antigen in the pathogenesis of
APEC.

Several iron uptake systems ensure bacterial survival in
different host environments. Two mutants with insertions in
genes likely to be involved directly or indirectly in iron
uptake were also isolated. Both mutants (sitB and chuA)
showed moderate attenuation in different tissues. Seques-
tration of iron by host compounds results in an extremely
low free iron concentration in vivo and has been suggested
to limit bacterial growth in this environment. Consistent
with this, iron acquisition systems have been associated with
bacterial virulence, especially for bacteria causing septice-
mia. chuA encodes an outer membrane protein involved in
heme uptake in enterohemorrhagic E. coli and uropatho-
genic E. coli (UPEC) strains (49, 61, 62) and has been
implicated as a determinant of virulence in E. coli (28).
chuA has previously been identified by suppression subtrac-
tive hybridization in APEC without any further functional
characterization. Thus, the isolation of a chuA mutant and

its attenuation in vivo is the most compelling evidence so
far that this gene is important for the pathogenicity of
APEC.

The second iron uptake protein identified in this study is
highly similar to Salmonella enterica serovar Typhimurium and
Shigella flexneri SitB, which is encoded in a four-member
operon that mediates manganese and iron transport (56, 67).
In Salmonella spp., the sit iron acquisition locus is encoded
within a pathogenicity island and is required for full virulence
of this pathogen (36, 67). A sitA mutant of Shigella flexneri
showed reduced in vitro growth compared to the wild type, and
sitA is likely located on a pathogenicity island in this species as
well (56). More recently, the SitABCD system has been iden-
tified in an APEC strain MT512 by genomic subtraction (58).
However, no direct evidence was shown that Sit is involved in
the virulence of APEC by these authors. Here, again we pro-
vide the first striking evidence for a role of this factor in the
pathogenesis of avian colibacillosis.

In addition to the chu and sit gene loci, IMT5155 possesses
aerobactin and yersiniabactin as iron transport systems (20).
The occurrence of multiple iron transport systems in APEC
suggests the importance of this metal ion for bacterial survival,
possibly helping the bacteria to adapt to various host environ-
ments during the infection process (63a).

Membrane and periplasmic proteins contribute to the vir-
ulence of APEC. Several genes with high similarity (93 to
100%) to genes coding for diverse membrane and periplasmic
proteins were also identified by STM. The mutant M08E08
showed a slight 4- to 6-fold attenuation in lung, liver, heart, and
spleen and was shown to harbor a disruption in a gene similar
to sbmA. SbmA is predicted to be an inner membrane trans-
port protein and functions in the uptake of microcins B17 and
J25 and bleomycin in E. coli (39). A sbmA orthologue mutant
of Sinorhizobium (S.) meliloti exhibited increased sensitivity to
agents such as hydrophobic dyes and detergents, indicating a
role for SbmA in maintaining envelope integrity (22). In S.
meliloti and Brucella abortus, orthologues of SbmA have also

FIG. 2. SDS-PAGE analysis of LPS from IMT5155 and its mutants. The gel was loaded with whole cell lysates of strains as follows: lane 1:
ladder; lane 2, wild type; lane 3, waaW mutant (M13F03); lane 4, waaL mutant (M03D10); lane 5, mutant M00G10; lane 6, waaW mutant
(M12D10). The positions of the repeating subunits of the O-antigen and the core region are indicated. All mutants yielded lower LPS production
compared to wild type, and waaW mutants have altered LPS core structures; waaL mutant showed differences in both O-antigens and the core
region and mutant M00G10 has altered O-antigen region.
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been shown to be important for long-term survival within host
cells (40).

Mutant M17F12 was found to harbor a disruption in a gene
with sequence similarity (97%) to mppA, encoding a periplas-
mic protein essential for import of bacterial cell wall peptide
L-alanyl-�-D-glutamyl-meso-diaminopimelate (51). The mu-
tant showed a slight attenuation in lung, liver, spleen, and
kidney. During growth, E. coli breaks down over one-third of
its cell wall with each generation and reutilizes the tripeptide
for synthesis of murein for the biosynthesis of the murein
sacculus, the scaffolding structure of the bacterial cell wall.
However, the principal pathway for uptake and reutilization of
this tripeptide is indirect and the MppA pathway does not
appear to play a key role in recycling (35, 50). This might
suggest that a reduction in uptake/recycling through the MppA
pathway would not have a significant effect on murein biosyn-
thesis. However, as shown in other studies, MppA negatively
regulates the expression of marA and hence MarA-dependent
multiple antibiotic resistance genes in a signal transduction
pathway (41). For the Salmonella enterica serovar Typhi-
murium, it has been demonstrated that the mar locus plays an
important role in the interaction with porcine lung macro-
phages and is involved in adherence to human gut cells and
invasion of and persistence in internal organs of chicken (54).
Thus, presumably mppA mediates effects on APEC virulence
indirectly, through signal transduction pathways affecting other
virulence loci.

An additional STM mutant (M19A01) showed disrupted
narK, a gene encoding a membrane protein involved in nitrite
transport (12). Moderate attenuation was found in liver (�20-
fold) and heart (�30-fold). The observed attenuation could be
the result of loss of nitrate respiration and nitrate as an elec-
tron acceptor required for growth under anaerobic conditions
(55), or the defect in NarK may limit utilization of nitrate as a
nitrogen source. We also identified a gene encoding a putative
protein 100% identical to an acriflavine resistance protein
(M19B12). This mutant showed slight attenuation in lung,
heart, and spleen but not in liver and kidney.

The ability to synthesize certain metabolic enzymes may be
required for pathogenesis of colisepticemia. The ability to
adapt to the host environment is a key component of bacterial
pathogenicity. We indeed identified two genes whose products
are involved in metabolic pathways and nutrient uptake fol-
lowing our negative in vivo selection. Mutant M04C10 showed
slight to high attenuation in liver, spleen, kidney, and heart and
was slightly reduced in growth in vitro. The disrupted gene tktA
encodes a transketolase catalyzing the reversible transfer of a
ketol group between several donor and acceptor substrates.
TktA has also recently been identified in APEC strain MT512
by genomic subtraction (58). This key enzyme is a link between
glycolysis and the pentose phosphate pathway. E. coli contains
two transketolase isozymes encoded by the tktA and tktB genes,
with tktA encoding the major enzymatic activity in E. coli. Due
to its wide substrate specificity the enzyme is involved in the
catabolism of pentose sugars, in the formation of D-ribose
5-phosphate, and in the provision of D-erythrose 4-phosphate,
a precursor of aromatic amino acids, aromatic vitamins, and
pyridoxine (59). Since 4-(phosphohydroxy)-L-threonine and
1-deoxy-D-xylulose 5-phosphate are believed to be direct pre-
cursors of vitamin B6 in E. coli, and transketolase catalyses the

formation of each precursor, vitamin B6 may be important for
in vivo survival of APEC (57).

A further mutant M14G11 affecting the synthesis of pyrim-
idine and indirectly of vitamin B1 (vitamin B1 harbors a py-
rimidine ring) is interrupted in the pyrimidine regulation gene
carP (Table 2), a finding further pointing towards a crucial role
of yet another vitamin, vitamin B1, for in vivo survival of
APEC. Similar findings concerning the importance of vitamins
were found in SCOTS analyses with a highly virulent APEC
strain (16). A gene encoding a putative dethibiotin synthase
was highly expressed in vivo during APEC infection. The au-
thors suggested that biotin limitation may be an innate host
response against the bacterium, as the biotin-binding protein
avidin is generally induced in avian tissues after E. coli infec-
tion.

Identification of a putative new pathogenicity island. One of
the selected mutants, M00C03, is disrupted in a gene with
similarity to r3 encoding a �-cystathionase. This enzyme con-
verts cystathione into homocysteine (8). In a previous study it
was reported that a cell-free �-cystathionase preparation of
Bordetella avium was highly toxic against a variety of eukaryotic
cell lines, including embryonic bovine tracheal cells and osteo-
genic cells (24). M00C03 was slightly outcompeted by its pa-
rental strain in lung, liver, and spleen but not in heart and
kidney. Another mutant, M13H03, was shown to be disrupted
in a gene encoding a putative phosphosugar isomerase. It dem-
onstrated slight attenuation in liver, spleen, and kidney and
moderate attenuation in the lung. In mutant M11E02, the
transposon inserted into a gene with significant similarity to
malX (synonym r2) which encodes the maltose- and glucose-
specific component IIa of a phosphoenolpyruvate-dependent
phosphotransferase system. This mutant was shown to be mod-
erately attenuated in lung, heart, and kidney.

These genes have so far only been found in the uropatho-
genic E. coli (UPEC) strain CFT073 (30) but not in any other
bacterial species. Interestingly, in CFT073 these genes are lo-
calized on a pathogenicity island inserted near the tRNA gene
metV. It is well known that UPEC and APEC, both causing
extraintestinal diseases, share identical virulence genes (66). In
order to identify a similar pathogenicity island as described for
CFT073, we utilized primer pairs R2 plus R3, R1 plus R2, and
R1 plus f447 (Table 1), and indeed we were able to amplify the
right junction of a metV genomic island in IMT5155 as well.
This genomic island also harbored insertion sequences r14 and
r15 identified in CFT073, and open reading frames c3406 to R3
were found in identical order as in CFT073 (Fig. 3). As all
three newly identified STM mutants M00C03, M11E02, and
M13H03 showed attenuation by in vivo competition assay, we
predict a role of this metV genomic island in APEC pathogen-
esis. However, further studies are required to characterize this
island and to determine whether the term “pathogenicity is-
land” is justified.

Other mutants. We further isolated two putative oxi-
doreductases, one GTP-binding protein, one putative polysac-
charide hydrolase, and one putative regulator. In addition,
three open reading frames are predicted to encode proteins
with a high degree of similarity to proteins of unknown func-
tion, and a further two mutants had disruptions in genes which
have no similarity to any known sequences in the databases
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(Table 2). Thus, it is a major future challenge to elucidate the
functions of such genes in APEC pathogenesis.

Conclusion. In this study, we have used STM, a large-scale
simultaneous screen (33), to identify genes required for in vivo
survival of the highly virulent APEC strain IMT5155 (O2:H5)
in the chicken, the natural host organism. To our knowledge,
this is the first time STM has been used for E. coli infections of
the respiratory tract of chicken. Prior studies with E. coli
strains have used STM analyses only for urinary tract and
gastrointestinal tract infections (5, 45).

After two rounds of screening and individual infection stud-
ies, 1.8% of our total pool of mutants was confirmed to be
attenuated for survival in internal organs. We identified 28
genes resulting in in vivo attenuation, including both previously
known and novel factors critical for E. coli infections in chick-
ens. Our results confirmed the importance of LPS, capsule,
and iron acquisition systems as colisepticemia-associated viru-
lence determinants in APEC. Two mutants were identified
with interruptions in genes directly or indirectly involved in the
synthesis of vitamins. We further identified many genes known
to be common virulence determinants for bacteria in general,
some of which are described for APEC for the first time in this
study. We did not, however, target all virulence-associated
factors described for APEC so far (15, 21, 38). One reason for
this could be that our study does not represent an exhaustive
search for virulence-associated genes in APEC.

Virulence genes critical for disease, especially toxins such as
the APEC vacuolating autotransporter toxin (52), may not
appreciably affect survival of the bacterium in the host and thus
would not be regularly selected by STM. The method may also
not identify mutants with insertions in genes encoding secreted
products such as the temperature-sensitive hemagglutinin
(Tsh) of APEC which could theoretically be trans-comple-
mented by other bacteria in the mixed population of mutant
pools (17). Perhaps not surprisingly, we did not identify genes

of the fim cluster encoding F1 fimbriae in APEC strains. It
remains controversial whether F1 fimbriae contribute to the
adhesion of APEC to epithelial cells of trachea and lung, since
fim mutants show conflicting results in in vivo tests (3, 44, 46).
Our results contrast those from an STM study of E. coli urinary
tract infections, where eight fim mutants were selected in the
UPEC strain CFT073 (5). The authors confirmed the potential
role of type 1 fimbriae for the pathogenesis of urinary infection
by isolating six different fim genes, demonstrating the attenu-
ation of these mutants in a murine infection model.

UPEC strains also express pyelonephritis-associated fim-
briae that have been shown to be critical for urinary tract
infections (66). Our strain does not possess the pap operon, as
we could not target these genes by PCR and hybridization
analyses. However, the high virulence of IMT5155 questions
an essential role for P-fimbriae in the APEC infection process.
Beyond LPS and capsule genes, we did not identify other genes
encoding serum resistance factors in APEC such as outer
membrane protein A, transfer protein T, or increased serum
survival protein, although some of these factors have recently
been shown to be expressed in vivo during APEC infection
(16). The failure to detect the above mentioned factors for
serum resistance could be due to limitations of STM described
above. Another reason could be the differing inoculation route
of bacteria in the cited work. While we used intratracheal
infections, the intra-air sac inoculation is the predominant
route of infection in experimental chicken infection studies
with APEC. This suggests an influence of the route of infection
and expression of virulence-associated genes in different host
compartments. Future studies in our laboratory should help
clarify these questions. In addition, functional analyses of the
disrupted genes are needed to elucidate the mechanisms by
which they exert their effects as well as complementation and
construction of defined deletion mutations to confirm the ob-
served attenuation. This and future studies will hopefully lead
to a more comprehensive understanding of APEC virulence in
the chicken.
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