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Escherichia coli is a diverse bacterial species that comprises commen-
sal nonpathogenic strains such as E. coli K-12 and pathogenic strains
that cause a variety of diseases in different host species. Avian
pathogenic E. coli strain �7122 (O78:K80:H9) was used in a chicken
infection model to identify bacterial genes that are expressed in
infected tissues. By using the cDNA selection method of selective
capture of transcribed sequences and enrichment for the isolation
of pathogen-specific (non-E. coli K-12) transcripts, pathogen-specific
cDNAs were identified. Pathogen-specific transcripts corresponded to
putative adhesins, lipopolysaccharide core synthesis, iron-responsive,
plasmid- and phage-encoded genes, and genes of unknown function.
Specific deletion of the aerobactin siderophore system and E. coli iro
locus, which were identified by selective capture of transcribed
sequences, demonstrated that these pathogen-specific systems con-
tribute to the virulence of strain �7122. Consecutive blocking to enrich
for selection of pathogen-specific genes did not completely eliminate
the presence of transcripts that corresponded to sequences also
present in E. coli K-12. These E. coli conserved genes are likely to be
highly expressed in vivo and contribute to growth or virulence.
Overall, the approach we have used simultaneously provided a means
to identify novel pathogen-specific genes expressed in vivo and
insight regarding the global gene expression and physiology of a
pathogenic E. coli strain in a natural animal host during the infectious
process.

E scherichia coli is an adaptive bacterial species that is both a
commensal resident of the intestine and a versatile pathogen of

humans and other animals. Diseases associated with pathogenic E.
coli include enteric infections caused by diarrheagenic E. coli and
extraintestinal infections, such as urinary tract infections, menin-
gitis, and septicemia caused by extraintestinal pathogenic E. coli
(ExPEC) (1, 2). Specific E. coli pathotypes cause particular pathol-
ogies in different animal species. This host adaptation and virulence
capacity are attributed to the horizontal acquisition of specific genes
that are generally absent from the genomes of nonpathogenic E. coli
strains, such as the laboratory strain E. coli K-12. Pathogen-specific
genes are located on plasmids, bacteriophages, or discrete regions
of DNA that have been termed pathogenicity islands (3, 4). Regions
absent from E. coli K-12 that have not been confirmed to contribute
to virulence have been termed unique sequence islands (3). Com-
parison of the complete genomes of E. coli K-12 strain MG1655 and
enterohemorrhagic O157:H7 strain EDL933 demonstrate that both
strains have genomes containing distinct genetic regions (4–6). The
capacity of bacteria such as E. coli to acquire and delete DNA
regions has permitted adaptation to new niches and the evolution
of diverse virulence mechanisms (4, 7). The genomes of pathogenic
E. coli are typically larger than those of K-12 strains (8), and
pathogen-specific regions have been shown to contribute directly to
virulence (9–11).

Although the presence of pathogen-specific genes may dictate
the pathogenic lifestyle and virulence of particular bacteria, prod-
ucts encoded by conserved or ‘‘core’’ genes undoubtedly contribute
to metabolism, physiology, and adaptation to environmental
changes. In E. coli, �75–90% of the genome is conserved, as
demonstrated by comparison of E. coli strains MG1655 (K-12) and

EDL933 (O157:H7) (6). Some conserved gene products are essen-
tial for cell physiology or survival under conditions of stress that
may include adaptation to host environments or resistance to host
defenses. In other cases, conserved genes may encode regulators
that control the expression of pathogen-specific virulence-
associated genes. Examples of such include RpoS (12), Dam
methylase in Salmonella and pathogenic E. coli (13, 14), and LuxS
in enterohemorrhagic E. coli (15).

Avian pathogenic E. coli (APEC) cause extraintestinal infections,
including respiratory infection (airsacculitis and pneumonia), peri-
carditis, perihepatitis, and septicemia of poultry (16). Predominant
serotypes of E. coli associated with these infections are O1:K1,
O2:K1, and O78:K80. APEC most likely enter and colonize the air
sacs through inhalation of feces-contaminated dust (17). In certain
cases, the bacteria spread systemically and cause fatal septicemia.
Certain factors have been associated with the virulence of APEC,
including the aerobactin iron-sequestering system, temperature-
sensitive hemagglutinin (Tsh), Type 1 and P fimbriae, and Coli-
cin-V plasmids (16, 18). Brown and Curtiss (11) used subtractive
DNA hybridization to identify regions in the genome of APEC
strain �7122 (O78:H7:K80) that are absent from E. coli K-12.
Twelve unique sequence islands (USIs) were identified in strain
�7122. By using P1 bacteriophage-mediated transduction, four of
these USIs were replaced with the corresponding region of E. coli
K-12. Two of these USIs, the 45.0-min region encoding the O78
antigen and an uncharacterized region located at 0 min, contributed
to the virulence of APEC �7122.

Direct screening of bacterial genes expressed during infection of
the host is limited, because isolation of bacterial transcripts from
host tissues necessitates separation from the abundance of host
RNA. Recently, selective capture of transcribed sequences
(SCOTS) has been used to identify bacterial genes expressed within
macrophages (19–22). SCOTS allows the selective capture of
bacterial cDNA derived from infected cells or tissues using hybrid-
ization to biotinylated bacterial genomic DNA. In this report, we
have used SCOTS to preferentially isolate pathogen-specific
(non-E. coli K-12) cDNAs representing APEC genes that are
expressed within the tissues of experimentally infected poultry.
Consecutive blocking to enrich for selection of APEC-specific
genes did not completely eliminate the presence of transcripts that
correspond to sequences also present in E. coli K-12. These E. coli
conserved genes are likely to be highly expressed in host tissues and
contribute to bacterial growth or virulence.
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hemagglutinin.
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Materials and Methods
Bacterial Strains, Plasmids, and Culture Conditions. Bacterial strains
and plasmids are presented in Table 1. The virulent APEC strain
�7122 (O78:H9:K80) (23) was used for determination of in vivo
expressed genes, infection studies, and mutant construction. Cells
were routinely grown in Lennox broth (26) at 37°C. Solid medium
contained 1.5% agar. For infection experiments, strains were grown
for 24 h in beef heart infusion broth (Difco) at 37°C. Antibiotics,
when required, were used at the following final concentrations
(�g�ml): 10 tetracycline, 30 chloramphenicol, 25 kanamycin, and
12.5 nalidixic acid.

General Molecular Techniques. Bacterial genomic DNA was pre-
pared by using a small-scale method (27). Restriction endonucle-
ases and DNA-modifying and ligase enzymes (New England Bio-
labs; Promega) were used according to the manufacturers’
guidelines. Standard techniques were used for bacterial conjugation
and transformation (28).

Experimental Infection, RNA Isolation, cDNA Synthesis, and Amplifi-
cation. Three-week-old white leghorn specific-pathogen-free chick-
ens (Charles River Breeding Laboratories) were inoculated into the
right thoracic air sac with a 0.1-ml suspension containing 1 � 108

colony-forming units of strain �7122. Total RNA was isolated from
infected tissues (pericardium and air sacs) 6 or 24 h postinfection
by using TRIzol reagent (Invitrogen). RNA samples were treated
with RNase-free DNase I (Ambion, Austin, TX). RNA concen-
trations and integrity were determined by A260�A280 spectropho-
tometer readings and agarose gel electrophoresis, respectively. Five
1-�g samples of total RNA obtained from tissues of five individual
chickens were pooled and converted to first-strand cDNAs by
random priming with Superscript II reverse transcriptase (Invitro-
gen). Random priming was performed as described (29) by using
oligonucleotides containing terminal sequences at the 5� end (5�-
CGGGATCCAGCTTCTGACGCA-3� for cDNAs from the air
sacs and 5�-GTGGTACCGCTCTCCGTCCGA-3� for cDNAs
from the pericardium) and a random nonamer at the 3� end (PCR
primer-dN9). cDNAs were made double-stranded with Klenow
fragment (NEB, Beverly, MA) as described (29). cDNA was then
amplified by PCR by using the defined primers for each set of
cDNA for 25 cycles.

SCOTS. Bacterial cDNA capture was done as described previously
(19, 20). Briefly, denatured, biotinylated, and sonicated E. coli
(�7122) genomic DNA fragments (0.3 �g) were mixed with soni-
cated rrnB DNA (pC6) (5 �g) to preblock ribosomal RNA-
encoding regions of the genomic DNA. After hybridization at 67°C
for 30 min, denatured amplified cDNA (3 �g) from infected tissues
was added, and hybridized for 18 h at 67°C. Bacterial cDNAs that
hybridized to biotinylated genomic DNA were retained by binding
hybrids to streptavidin-coated M280 magnetic beads (Dynal, Be-
thlehem, PA). Captured cDNA was then eluted, precipitated, and
amplified by PCR. In the first round of SCOTS, five separate
samples of cDNA were captured by hybridization to biotinylated
rDNA-blocked chromosomal DNA in parallel reactions. This was
done to enhance the likelihood of recovering cDNA molecules
corresponding to a more complete diversity of bacterial transcripts
present in host tissues. After the first round of SCOTS, the five
amplified cDNA preparations for each type of tissue sampled were
combined, denatured, and again hybridized to rDNA-blocked
biotinylated chromosomal DNA for two successive rounds of
SCOTS. The mixtures were then used to verify successful capture
of E. coli sequences by cloning and for competitive hybridization
enrichment as described below.

Enrichment for Pathogen-Specific Bacterial cDNAs. To enrich the
bacterial cDNA populations for APEC-specific (non-E. coli K-12)
sequences, E. coli �7122 biotinylated genomic DNA (0.3 �g) was
first preblocked with an excess of denatured sheared genomic DNA
(10 �g) from E. coli K-12 strain �289. Bacterial cDNAs that
hybridized to biotinylated genomic cDNA were retained by binding
to streptavidin-coated magnetic beads (Dynal). Bacterial cDNAs
were eluted, precipitated, and PCR amplified by using specific
terminal sequences. After three rounds of competitive hybridiza-
tion, bacterial cDNAs were cloned by using the Original TA
Cloning kit (Invitrogen). Cloned inserts were sequenced by using
the ABI Prism Big Dye primer cycle sequencing kit (PE Applied
Biosystems). Sequences were compared with the complete genome
of E. coli K-12 (5), and database comparisons were carried out with
the BLAST algorithm (30).

Construction of Defined Mutations in Pathogen-Specific Genes of
APEC Strain �7122. Mutants of strain �7122 were generated by
deletion of pathogen-specific genes that were identified by SCOTS.
Generation of strain �7273 by inactivation of tsh, which encodes
the Tsh�hemoglobin protease is described elsewhere (18). A sui-
cide vector for deletion of the aerobactin encoding gene cluster
(iucABCDiutA) was constructed as follows. A 833-bp fragment of
the 5� end of iucA was generated by PCR by using primers aero1
(5�-gctctagattatgatcctgccctctg-3�; added XbaI site underlined) and
aero2 (5�-ttgcggccgctggtagcacagtagagg-3�; added NotI site under-
lined), and a 1,200-bp fragment of the 3� end of iutA was generated
by PCR by using primers aero3 (5�-ttgcggccgcactgacgggcatttga-3�;
added NotI site underlined) and aero4 (5�- atgcatgctgaagctgagtg-
tacc-3�; added SphI site underlined). These two fragments and a
NotI-NotI xylE gene cassette from pMEG685 were cloned into the
XbaI and SphI sites of pMEG-375. A resultant suicide vector
containing the iucA�-xylE-�iutA fragment was named pYA3662. A
suicide vector for deletion of the iroBCDEN genes was constructed
as follows. A 663-bp fragment of the 5� end of iroB was generated
by PCR by using primers iroBKO1 (5�-aggcgcgcctctctatgggc-3�;
added AscI site underlined) and iroBKO2 (5�-ctctagatcaaggccgt-
caacc-3�; added XbaI site underlined), and a 609-bp fragment of the
5� end of iroN was generated by PCR by using primers iroNKO1 (5�-
aagcatgctcctggttgggttgaata-3�; added SphI site underlined) and
iroNKO2 (5�-ctctagagcattaccagccagagg-3�; added XbaI site under-
lined). These two fragments and a XbaI-XbaI npt II gene cassette
from pBSL86 were cloned into the AscI and SphI sites of pMEG-
375. A resultant suicide vector containing the iroB�-npt II-iroN�

Table 1. E. coli strains and plasmids

Strain or
plasmid Genotype and phenotype Source

Strains
�289 E. coli K-12 W1485 ��, F� glnV44 Ref. 11
�7122 Avian pathogenic, O78:K80:H9, gyrA, NalR Ref. 23
�7273 tsh�tetAR(B), TcR (Tsh�) �7122; ref. 18
�7301 �iucABCD iutA�xylE tsh�tetAR(B) TcR

(Aerobactin�, Tsh�)
�7273

�7303 �iroBCDEN�nptII, KmR (Iro�) �7122
�7306 �iroBCDEN�nptII tsh�tetAR(B)

�iucABCDiutA�xylE TcR,
KmR (Tsh�, Iro�, Aerobactin�)

�7301

Plasmids
pACYC184 p15A replicon, TcR, CmR Ref. 24
pBSL86 nptII cassette vector. KmR, ApR Ref. 25
pC6 E. coli rrnB in pBR322, ApR C. Squires
pMEG-375 sacRB mobRP4 oriR6K. CmR, ApR Megan Health

(St. Louis, MO)
pMEG-685 xylE cassette vector, ApR Megan Health
pYA3661 pACYC184�iroBCDEN, CmR This work
pYA3662 pMEG-375��iucABCDiutA�xylE. CmR, ApR This work
pYA3663 pMEG-375��iroBCDEN�nptII. CmR, ApR, KmR This work

Ap, ampicillin; Cm, chloramphenicol; Km, kanamycin; Nal, nalidixic acid; Tc,
tetracycline.
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fragment was named pYA3663. Allelic replacements were obtained
as described elsewhere (18).

Virulence Studies. Three-week-old white leghorn specific-pathogen-
free chickens were inoculated into the right thoracic air sac with a
0.1-ml suspension containing 1 � 107 colony-forming units of strain
�7122 or mutant derivatives. Birds were euthanized 48 h post-
infection, and bacterial quantification in tissues was performed as
described previously (18).

Results
Selective Capture of APEC Transcripts Expressed in Tissues of Infected
Chickens. After infection, pericardial and air sac tissues were used
to isolate RNA and to quantitate bacteria. Bacterial counts varied
from 104 to 107 colony-forming units�gram of tissue 6 or 24 h
postinfection. We first isolated total E. coli transcripts from infected
tissues of chickens by using SCOTS. This sampling of bacterial
cDNAs represented total transcripts produced by bacteria within
the tissues of infected chickens. Initial screening of some of the
cDNA sequences isolated from these pools demonstrated that the
majority represented sequences present in E. coli K-12. Identified
sequences corresponded to fhuF, ompX, mdh, ybiL ( fiu), yegE,
yhdG, yfhA, yghU, and the IS2 transposase gene. We therefore did

not pursue further identification of sequences from these cDNA
pools. These results confirmed, however, that by using SCOTS,
E. coli-specific transcripts were successfully isolated from tissues of
infected chickens.

Enrichment for Identification of Pathogen-Specific Sequences Ex-
pressed in Vivo. To identify transcripts that were specific to APEC
strain �7122, we subjected the total bacterial cDNA pools to three
further rounds of SCOTS in the presence of a �33-fold excess of
unlabeled E. coli K-12 DNA. An abundance of unlabeled E. coli
K-12 DNA was expected to reduce the capture of sequences
common to APEC �7122 and E. coli K-12 and promote the capture
of APEC �7122-specific transcripts. After this blocking step,
cDNAs were cloned. Randomly chosen cDNA clones derived from
transcripts in the air sacs or pericardium were selected and se-
quenced. The clones, termed E. coli captured sequences (ecs),
contained numerous APEC-specific sequences (Table 2). Despite
three rounds of blocking to reduce the presence of sequences
common to E. coli K-12 and APEC strain �7122, one-third of the
ecs clones contained fragments of genes corresponding to E. coli
K-12 sequences (Table 3). Among the 66 distinct ecs clones, only
one clone was identified twice from sequenced samples. Forty-four
of the 66 distinct clones were APEC-specific. Pathogen-specific

Table 2. E. coli pathogen-specific ecs clones identified by SCOTS

Functional group
and locus

Homolog, source*†

(% identity�% similarity)
Accession no. of

ecs homolog Function Tissue‡

Adherence
ecs-1 pilN, R721 (96) AP002527 R721 pilus assembly A
ecs-2 pilQ, R721 (98) AP002527 R721 pilus assembly A
ecs-3 Z5222, EcO157 (66�81) AAG58927 Putative fimbrial usher P
ecs-4 TcfD, St (52�67) CAB51577 Putative fimbrial subunit P
ecs-5 tsh, pAPEC-1 (99) AF218073 Hemagglutinin A

hbp, ColV (99) AJ223631 Hemoglobin protease
LPS synthesis

ecs-6 waaO, EcF470 (96) AF019746 LPS core biosynthesis A
ecs-7 waaY, EcF470 (94) AF019746 LPS core biosynthesis A

Iron-responsive
ecs-8 iutA ColV (96) X05874 Aerobactin�cloacin P
ecs-9 iutA ColV (93) DF13 receptor
ecs-10 iucA ColV (98) X76100 Aerobactin synthesis P
ecs-11 iucD ColV (92) U90207 Aerobactin synthesis A
ecs-12 iroC Ec536 (97) X16664 Putative ABC transporter A

Plasmid function
ecs-13 to ecs-28 ColE2-type plasmids (87–98) D30059 Replication, relaxation A, P
ecs-29 traK F (92) U01159 F-plasmid transfer A
ecs-30 traG F (90) U01159 F-plasmid transfer A
ecs-31 traT F (97) U01159 Exclusion, serum resistance A
ecs-32 SopA F (78�81) P08866 F-plasmid partitioning A
ecs-33 psiA pO157 (90) AF074613 Inhibition of SOS response A

Phage-related
ecs-34 hkaG (96), �HK620 AF335538 Unknown function P
ecs-35 hkbV (97), �HK620 AF335538 DNA stabilization A
ecs-36 HkbQ (43�63), �HK620 AAK28892 Portal protein A
ecs-37 HkbQ (61�74), �HK620 AAK28892 Portal protein A
ecs-38 Z3370(51�56), �CP-933V AAG57253 Unknown function P
ecs-39 Int (46�57), �P2 P36932 Integrase P

Other
ecs-40 CC0532 Cc (62�77) AAK22519 Putative mandelate racemase A
ecs-41 TM0427 Tm (41�58) C72379 Putative oxidoreductase P
ecs-42 YPO3000 Yp (39�62) CAC92244 Putative ABC transporter A
ecs-43 rhsH Ec45 (97) AF044501 Rearrangement hot spot element P
ecs-44 RSp0733 Rs (46�52) NP�522294 Hypothetical protein A

Details regarding ecs homologs are published as supporting information on the PNAS web site.
*% nucleic acid identity for gene homologs (italicized); % identity�similarity for translated products (raw type).
†Bacterial species: Cc, Caulobacter crescentus; Ec, E. coli strains EDL933:EcO157, F470:Ec470, 536:Ec536, and ec45:Ec45; Rs, Ralstonia
solanacearum; St, Salmonella enterica serovar Typhi; Tm, Thermotoga maritima; Yp, Yersinia pestis. Plasmids: R721, pAPEC-1, ColV-K30,
F, pO157. Enterobacterial bacteriophages (�): HK620, CP-933V, and P2.

‡Clone derived from RNA isolated in air sacs (A) or pericardium (P).
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clones contained sequences homologous to known and novel
putative bacterial gene products involved in adherence, iron trans-
port, lipopolysaccharide (LPS) synthesis, plasmid replication and
conjugation, putative phage encoded products, and gene products
of unknown function (Table 2). More detailed information regard-
ing homologs of the pathogen-specific ecs clones and ecs clones
corresponding to E. coli conserved genes is published as supporting
information on the PNAS web site (www.pnas.org).

Role of Pathogen-Specific Genes Encoded by Virulence Plasmid
pAPEC-1. Plasmid pAPEC-1, a Colicin V-type plasmid, is required
for the virulence of strain �7122 in chickens (18). Genomic analyses
demonstrated that the genes encoding Tsh, aerobactin, and the Iro
system, which were all identified by SCOTS, are encoded by plasmid
pAPEC-1. These three systems may contribute to acquisition of
iron by APEC strain �7122, because aerobactin is a pathogen-
associated iron sequestering system, Tsh is a hemoglobin protease,
and the uncharacterized Iro system encodes a putative siderophore
receptor. To examine the role of these in vivo expressed pathogen-
specific systems, mutant derivatives of strain �7122 were generated

and tested in the avian infection model. The iro locus was cloned
from HindIII-digested fragments of plasmid pAPEC-1 and was
sequenced (GenBank accession no. AF449498). The aerobactin,
Iro, and�or Tsh encoding genes were deleted or inactivated in
derivatives of pathogenic strain �7122 and were tested for virulence
in chickens. The iro mutant was tested to determine the individual
role of this system for virulence and persistence in chickens
compared with a mutant lacking Tsh and aerobactin, the other two
known pathogen-specific systems implicated in APEC virulence,
and a triple mutant (Iro�, Tsh�, Aerobactin�) lacking all three
systems. Bacterial numbers were significantly reduced in the lungs,
livers, and spleens of chickens infected with either the Aerobactin�,
Tsh� mutant (�7301) or the Iro� mutant (�7303) compared with
the wild-type parent strain (�7122) 48 h after infection (Fig. 1). In
addition, strains �7301 and �7303 exhibited reduced lesions of
airsacculitis and only mild pericarditis and perihepatitis compared
with the wild-type parent. Although �7301 is also Tsh�, Tsh alone
is not required for persistence of strain �7122 in deeper tissues of
chickens (18). As well, an Aerobactin� derivative of �7122 persists
in deeper tissues at a level similar to that of the Tsh� Aerobactin�

strain �7301 (C.M.D. and R.C., unpublished data). The Tsh�, Iro�,
and Aerobactin� mutant (�7306) did not survive in extraintestinal
tissues 48 h postinfection (Fig. 1) and caused minor lesions that were
limited to the air sac site of inoculation. To confirm the role of the
iro locus for APEC virulence, plasmid pYA3661 containing the
iroBCDEN genes was introduced into strains �7303 (Iro�) and
�7306 (Iro�, Tsh�, Aerobactin�). Strains �7303 and �7306 con-
taining pYA3661 persisted in the liver (Fig. 1C) and caused lesions
of pericarditis and perihepatitis to the same extent as the wild-type
APEC strain �7122.

Identification of in Vivo Expressed E. coli Genes Common to APEC and
K-12 Strains. Twenty-two of the ecs clones identified after enrich-
ment for isolation of pathogen-specific sequences represented
transcripts that correspond to genes present in both APEC strain
�7122 and E. coli K-12 (Table 3). These ecs clones corresponded to
genes required for metabolism, cell growth, stress response, or
regulation, and genes of unknown function. Because these con-
served transcripts remained after pathogen-specific cDNA enrich-
ment, it is likely that they are abundantly expressed in infected
tissues and were therefore not as effectively eliminated from the
cDNA pools. This indicates that in addition to identifying patho-
genic E. coli-specific sequences, the enrichment procedure favored
the isolation of E. coli conserved genes that are likely to be highly
expressed in vivo. Therefore, it is likely that the E. coli conserved
genes identified by SCOTS after enrichment for pathogen-specific
E. coli genes represent important metabolic or regulatory systems
expressed in vivo, and many of these genes are also likely to be
essential for bacterial growth or for full virulence.

Discussion
Determination of bacterial genes that are expressed during infec-
tion or that are essential or required for virulence in the host may
provide valuable information to prevent and control infectious
diseases. In recent years, identification of in vivo expressed or in vivo
required bacterial genes has been achieved by using a number of
different approaches. The most commonly used methods have
included signature-tagged mutagenesis (STM), a negative-selection
method that involves comparative isolation of individual specifically
tagged transposon-generated mutants from pools of mutants prop-
agated in vitro and in vivo (32), and promoter fusion methods such
as in vivo expression technology (IVET) (33). IVET positively
selects for in vivo promoter activity that provides transcription of a
gene product required for survival in vivo. In addition, differential
fluorescence induction (DFI), a promoter trap-gfp (green fluores-
cent protein) fusion-based differential selection method, identifies
bacterial genes induced within host cells by determining compar-
ative levels of fluorescence by flow cytometry (34). Recently, a

Table 3. E. coli conserved genes expressed in vivo identified
by SCOTS

Functional
group
and locus

Gene
(% identity:
E. coli K-12
MG1655) Function Tissue*

Metabolism
ecs-45 aceF† (96) Pyruvate dehydrogenase

component
P

Acetate requirement
ecs-46 folP* (90) Dihydopteroate synthase A, P
ecs-47 folP* (96) Folic acid, vitamin auxotroph
ecs-48 alaS‡ (97) Alanyl-tRNA synthetase P
ecs-49 purA* (97) Adenylosuccinate synthetase

required for nucleic
acid synthesis

A

ecs-50 pyrG* (97) CTP synthetase; cytidine
auxotroph

A

ecs-51 pyrG* (100)
ecs-52 kdsA (93) KDO synthesis, LPS structure A
ecs-53 thrA (97) Amino acid synthesis A
ecs-54 napC-ccmA (100) Cytochrome c maturation P
ecs-55 eno* (97) Enolase A

Cell growth
ecs-56 ecfE (yaeL) (95) �H and �E specific protease A
ecs-57 yhhP (sirA) (92) Normal cell growth, �s stability A
ecs-58 ftsI (100) Cell division P
ecs-59 ftsN (97) Cell division A

Regulation and
response

ecs-60 phoB (92) Phosphate response regulator P
ecs-61 topA (99) DNA topoisomerase I A
ecs-62 uspB (98) Stringent response, ethanol

resistance
A

Unknown�
putative

ecs-63 ydgD (95) Putative protease P
ecs-64 yeaN (99) Putative transporter A
ecs-65 yfiO (98) Putative lipoprotein A
ecs-66 ynfK (98) Putative dethiobiotin synthase A

Details regarding these E. coli genes are published as supporting information
on the PNAS web site. KDO, 3-deoxy-D-manno-octulosonic acid.
*Clone derived from RNA isolated in air sacs (A) or pericardium (P).
†Asterisks indicate genes in which null mutations result in auxotrophies in
E. coli K-12. See ref. 31 and supporting information on the PNAS web site for
details.

‡Genes (indicated in bold type) are essential for normal cell growth and
viability.
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bacterial transcript analysis method termed SCOTS has been used
to identify genes expressed by Mycobacterium spp. (19, 22) and
S. enterica in phagocytes (20, 21). In this report, we have extended
the use of SCOTS to determine in vivo expressed bacterial genes of
a pathogenic E. coli strain within a natural host experimental
animal model. With the aim of discovering pathogen-specific genes
that are expressed in vivo, we directly enriched the pool of in vivo
expressed genes to contain pathogen-specific (non-E. coli K-12)
gene transcripts and demonstrated by generation of defined-
deletion mutants that the pathogen-specific aerobactin-encoding
and iro gene clusters were required for full virulence. Notably, many
of the APEC-specific and conserved E. coli genes or their homologs
that were identified by SCOTS were identified by STM, in vivo
expression technology, and�or DFI in different bacterial pathogens
(see supporting information on the PNAS web site).

APEC-specific transcripts isolated from host tissues exhibited
homologies to genes involved in adherence, iron transport, LPS
synthesis, plasmid replication and conjugation, putative phage-
encoded products, and gene products of unknown function (Table
2). Many of these genes represent newly identified sequences,
whereas others have been previously associated with virulence in
E. coli. Transcript ecs-5 isolated from the air sacs corresponded
to tsh (hbp). Tsh (Hbp), a Tsh�hemoglobin protease, was the first
enterobacterial serine-protease autotransporter to be identified
(35) and is associated with virulent avian E. coli (18) and human
ExPEC (36). Identification of the expression of tsh in the air sacs
correlates with our infection studies that demonstrated a role for
Tsh in the development of lesions in the air sacs (18).

SCOTS clones ecs-6 and ecs-7 corresponded to genes involved in
the synthesis of the R1-type core LPS, and ecs-52 corresponded to
kdsA, a conserved gene that is required for synthesis of 3-deoxy-
D-manno-octulosonic acid (KDO), an essential component of the
LPS inner core. LPS is of major importance to pathogenic bacteria,
because it can contribute to resistance to complement and phago-
cytic cells. The O-antigen of strain �7122 was previously shown to
be required for virulence (11). The identification of SCOTS clones
corresponding to iron-regulated pathogen-specific genes (ecs-8 to
ecs-12) is in line with the fact that in host tissues iron availability is
limited. Clones corresponding to genes of the aerobactin and Iro
systems were identified. Deletion of the iro gene cluster and�or
aerobactin encoding systems clearly demonstrated their importance
for persistence and generation of lesions in deeper tissues by strain
�7122 (Fig. 1). Aerobactin is a siderophore associated with ExPEC
from humans and is also associated with virulent APEC strains.
Aerobactin has also been demonstrated to contribute to the viru-

lence of extraintestinal E. coli strains in the mouse urinary tract
infection (37) and ovine oral infection models (38).

The E. coli iroBCDEN gene cluster encodes putative proteins
homologous to those encoded by the iro locus of S. enterica (39). In
S. enterica, the iro locus is derepressed under iron-limiting condi-
tions (39) and in ExPEC strain CP9, iroN expression was shown to
be repressed by iron (40). Previous to this report, a direct contri-
bution of the iro locus for virulence of E. coli has not been
demonstrated. Inactivation of the Tsh, Iro, and aerobactin systems
greatly reduced in vivo persistence (Fig. 1) and development of
lesions in respiratory and deeper tissues. Reintroduction of the iro
genes on a multicopy plasmid restored the capacity to persist in vivo
to the Aerobactin�, Iro�, Tsh� mutant to levels similar to that of
wild-type strain �7122. The increased copy number of the iro genes
from the p15A replicon is most likely responsible for an overt regain
in virulence in the Aerobactin�, Iro�, Tsh� mutant. However, these
complementation results suggest that the pAPEC-1 encoded aer-
obactin and Iro systems function in concert to increase bacterial
acquisition of iron within host extraintestinal tissues.

The most common pathogen-specific transcripts isolated were
homologous to genes associated with ColE2-related plasmids
(ecs-13 to ecs-28). ColE2-related plasmids are small (5–11 kb)
multicopy (10–20 copies per cell) plasmids (41). The higher copy
level of a ColE2-related plasmid present in �7122 would lead to
abundant levels of corresponding transcript. This is most likely why
sequences corresponding to this plasmid were frequently isolated by
SCOTS. Reduced isolation of clones corresponding to the ColE2-
related plasmid could have been obtained by including an excess of
unlabeled ColE2-related plasmid DNA along with E. coli K-12
DNA during capture rounds. Transcripts corresponding to tra genes
and other F plasmid-related genes (ecs-29 to ecs-32) were also
identified by SCOTS. F-pilus export and plasmid transfer comprise
a type IV secretion system. Many type IV secretion systems are
critical factors for the virulence of bacterial pathogens (42), al-
though a role for F-pili in the virulence of E. coli has not been
demonstrated. Bacteriophage-related genes were also identified by
SCOTS. Bacteriophage-associated genes may code for virulence
properties such as toxins and adhesins. It is currently not known
whether phage-encoded genes are associated with the virulence of
APEC strain �7122. Among the APEC-specific transcripts of
unknown function, ecs-43 is highly similar to the core gene of a
non-E. coli K-12 rearrangement hotspot element RhsH (43). Inter-
estingly, in E. coli K-12, Rhs core ORFs are not expressed to a
detectable extent during routine cultivation, and despite their

Fig. 1. Bacterial numbers present in the lungs (A), spleens (B), and livers (C) of chickens infected with wild-type APEC strain �7122 or isogenic mutant derivatives.
Data points represent bacterial counts from tissues isolated from different chickens (n � 8–10) 48 h postinfection. Horizontal bars represent the mean bacterial
colony-forming units. Vertical bars represent the standard errors of the means. Statistical differences compared with the wild-type strain are noted: *, (P � 0.05);

**, (P � 0.01).
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presence in many E. coli strains, the function of these elements has
not been assessed.

Some representative SCOTS clones isolated after selective en-
richment for pathogen-specific genes corresponded to genes that
are also common to E. coli K-12. Importantly, among the ecs clones
that corresponded to E. coli K-12 genes, many of these genes have
been identified as preferentially expressed or required in vivo or
have been shown to be essential genes (details are published as
supporting information on the PNAS web site). Notably, purA and
pyrG are required for synthesis of purines and pyrimidines, respec-
tively, in E. coli. The importance of synthesis of nucleotide precur-
sors for the virulence of bacteria in vivo is well established. purA
(ecs-49) was selected as the initial null mutation and gene fusion to
be used for in vivo gene expression analysis by in vivo expression
technology in Salmonella typhimurium (33), because it is required
for bacterial survival and virulence in vivo. Genes implicated in
regulation and stress response were also identified by SCOTS. uspB
(ecs-62) (universal stress protein B) is a �S-dependent gene that
contributes to resistance to ethanol (44). topA (ecs-61) encodes
DNA topoisomerase I, which contributes to DNA supercoiling,
global gene transcription, bacterial survival against high osmolarity
(45), and oxidative damage (46). phoB (ecs-60) encodes the global
response regulator of the phosphate regulon. PhoB has been shown
to regulate hilA and invasion genes in S. typhimurium (47), and a
phoB mutant of V. cholorae is less able to colonize the rabbit
intestine (48). Although phoB has not been shown to contribute to
virulence in E. coli, a pathogenic E. coli strain causing septicemia
in swine that is defective for high-affinity phosphate transport was
reduced in virulence (49). Among the genes of unknown function
identified by SCOTS, ynfK (ecs-66) encodes a putative dethibiotin
synthase. Interestingly, avidin, which is a biotin-binding protein, is
induced in avian tissues after E. coli infection (50), and therefore
biotin limitation may be an innate host response against infection.

The isolation of certain E. coli K-12 genes after selective reduc-
tion of these sequences implicitly suggests these genes are highly
transcribed in vivo. Higher transcription levels would result in an
abundance of sequences in the SCOTS cDNA pool, and therefore
removal of these abundant products would be less likely even after
removal of some of these transcripts with an excess of E. coli K-12
genomic DNA. The pertinence of most of these conserved genes for
survival in vivo also supports the likelihood that a greater amount

of transcription of these genes may occur in vivo. Further experi-
ments, such as quantitative real-time PCR or microarray analyses,
will be required to confirm whether these E. coli conserved genes
are actually expressed at high levels in vivo in infected tissues or
during growth in vitro.

The current study provides only a glimpse of some of the bacterial
genes that are transcribed inside the host during E. coli infection,
because only a fraction of the clones that were isolated by SCOTS
have been analyzed so far. Moreover, because the major purpose of
this study was to identify pathogen-specific genes that were ex-
pressed in host tissues, we have not addressed whether these genes
are expressed specifically or preferentially in vivo or in a particular
tissue location. However, such analyses could readily be determined
by selective enrichment of sequences transcribed under specific
conditions, as has been the focus of other reports using SCOTS
(19–21). The approach we have presented herein could also be used
to identify pathogen-specific genes that are transcribed in vivo in
other types of pathogenic E. coli or closely related Shigella spp. in
different animal or cell culture models. In addition, for other
bacterial species, differences in gene transcription in host cells or
tissues could be established by comparative blocking between
different strains belonging to the same or similar species with high
overall DNA homology but that have different degrees of virulence
or host specificities. For instance, comparative in vivo gene expres-
sion of S. typhimurium vs. Salmonella typhi or Yersinia pseudo-
tuberculosis vs. Y. pestis in appropriate infection models. Identifi-
cation of pathogen-specific and conserved bacterial genes that are
expressed in vivo will provide further insight into the mechanisms
by which bacteria colonize host tissues, cope with, or circumvent
host defenses and adjust to the nutrient limitations and other
stresses that occur in different host environments.
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