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Autotransporters are secreted bacterial proteins exhibiting diverse virulence functions. Various autotrans-
porters have been identified among Escherichia coli associated with intestinal or extraintestinal infections;
however, the specific distribution of autotransporter sequences among a diversity of E. coli strains has not been
investigated. We have validated the use of a multiplex PCR assay to screen for the presence of autotransporter
sequences. Herein, we determined the presence of 13 autotransporter sequences and five allelic variants of
antigen 43 (Ag43) among 491 E. coli isolates from human urinary tract infections, diarrheagenic E. coli, and
avian pathogenic E. coli (APEC) and E. coli reference strains belonging to the ECOR collection. Clinical
isolates were also classified into established phylogenetic groups. The results indicated that Ag43 alleles were
significantly associated with clinical isolates (93%) compared to commensal isolates (56%) and that agn43K12
was the most common and widely distributed allele. agn43 allelic variants were also phylogenetically distrib-
uted. Sequences encoding espC, espP, and sepA and agn43 alleles EDL933 and RS218 were significantly
associated with diarrheagenic E. coli strains compared to other groups. tsh was highly associated with APEC
strains, whereas saf was absent from APEC. vat, sat, and pic were associated with urinary tract isolates and were
identified predominantly in isolates belonging to either group B2 or D of the phylogenetic groups based on the
ECOR strain collection. Overall, the results indicate that specific autotransporter sequences are associated
with the source and/or phylogenetic background of strains and suggest that, in some cases, autotransporter
gene profiles may be useful for comparative analysis of E. coli strains from clinical, food, and environmental

sources.

Escherichia coli is a commensal resident of the intestine as
well as a pathogen causing various diseases of humans and
animals (7, 28). E. coli strains can be grouped into three major
categories: diarrheagenic E. coli, commensal E. coli, and ex-
traintestinal pathogenic E. coli (EXPEC) (28, 54). Diarrhea-
genic E. coli strains cause different types of diarrheal diseases
and are among the most important enteric bacterial pathogens
(34). Commensal E. coli strains are members of the normal
intestinal flora of humans, other mammals, and birds (7, 54).
Certain commensal intestinal isolates are capable of causing
infections in extraintestinal tissues, and these pathogenic
strains have been collectively termed ExPEC (55). Among
ExPEC, uropathogenic E. coli (UPEC) is the most common
cause of human urinary tract infections (UTIs) (32, 54). Avian
pathogenic E. coli (APEC) strains share some virulence traits
with EXPEC strains from human infections and are associated
with extraintestinal infections of poultry, such as airsacculitis,
pericarditis, cellulitis, and septicemia (7, 51, 52). The ECOR
collection comprises 72 E. coli strains isolated from humans
and other mammals from diverse geographic areas, and rep-
resents some of the clonal diversity of E. coli (39). Phylogenetic
analyses based on the ECOR collection have classified E. coli
into four major clonal groups: A, B1, B2, and D (22, 39).
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ExPEC strains commonly belong to phylogenetic group B2 and
contain numerous virulence determinants implicated in ex-
traintestinal infections (12, 47). In addition, some ExPEC
strains belong to phylogenetic group D and generally contain
less of the characteristic virulence factors associated with
ExPEC strains belonging to group B2 (12, 47). Strains from
groups Bl and A are rarely associated with extraintestinal
infections, and these groups commonly contain commensal
strains (12, 47). Although certain diarrheagenic E. coli patho-
types belong to restricted clonal groups, globally, in contrast to
ExPEC, diarrheagenic E. coli strains are more phylogenetically
dispersed and can belong to any of the E. coli phylogenetic
groups (12).

Autotransporters are a family of secreted proteins from
gram-negative bacteria that direct their own secretion across
the outer membrane (this secretion mechanism has also been
described as type V secretion) (11, 20). Autotransporters all
possess the same general structure, comprised of three do-
mains: an amino-terminal leader peptide (which initiates trans-
port of the precursor across the inner membrane), an «a or
passenger domain (which confers the function of the secreted
protein) and a carboxy-terminal domain (the f domain) that
mediates secretion through the outer membrane (20). The
passenger domain can either be released at the surface of the
outer membrane or remain associated with the bacterial cell
surface (20). The autotransporter family comprises a number
of putative virulence factors that function as cytotoxins, entero-
toxins, immunoglobin proteases, mucinases, heme binding pro-
teins, and adhesins in E. coli and other gram-negative bacteria
(11, 20). The serine protease autotransporters of Enterobacte-
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riaceae (SPATEs) include adhesins, toxins, and proteases that
can contribute to the virulence of different E. coli pathotypes
(42). No SPATEs are present in E. coli K-12 strains, and with
the exception of the nearly identical eaaA and eaaC genes
(hereafter described as eaa) (56), SPATE-encoding genes have
not been specifically identified in nonpathogenic E. coli (20).
Currently, with the exception of vat and pic (41, 42), the spe-
cific distribution of SPATE-encoding genes among a diversity
of E. coli isolates has not been investigated.

In addition to SPATESs, other autotransporters identified in
E. coli include AIDA-I and antigen 43 (Ag43). AIDA-I and
Ag43 are autotransporters that undergo glycosylation by hep-
tosyl transferases, and this glycosylation affects the capacity of
these autotransporters to mediate adherence to eukaryotic
cells (59, 60). In addition, both AIDA-I and Ag43 contribute to
bacterial intercellular aggregation and biofilm formation (6,
57, 60). AIDA-I was originally identified in diffusely adhering
diarrheagenic E. coli strains and is also produced by some E.
coli strains associated with edema disease and diarrhea in pigs
(2, 36). Ag43 is a common phase-variable surface protein on
many E. coli strains, and it is encoded by the flu (agn43) gene
in E. coli K-12 (6, 8, 21). Ag43 is a highly expressed protein and
can be present in numerous chromosomal copies in certain
strains, and at least five allelic variants have been identified
among E. coli strains (29, 50).

Most of the characterized autotransporters were initially
identified in pathogenic E. coli strains, and with the exception
of antigen 43, autotransporters are absent from E. coli K-12
strains. Despite being associated with certain pathotypes of E.
coli, the presence of specific autotransporter sequences has not
been extensively investigated among E. coli strains belonging
to different phylogenetic groups or pathotypes. The major ob-
jectives of this study were to (i) establish a multiplex PCR assay
specific for different autotransporter sequences, including 11
different SPATEs and 2 other autotransporters, Ag43 (includ-
ing five allelic variants) and AIDA-1; (ii) evaluate the presence
of these autotransporter sequences among E. coli strains from
different sources or categories, including the ECOR collection,
diarrheagenic E. coli, EXPEC, and APEC; and (iii) determine
if there were differences in the incidence of autotransporter
genes among E. coli strains based on the origins of the isolates
and/or phylogenetic relationships.

MATERIALS AND METHODS

Bacterial strains and sample preparation. The ECOR collection comprises 72
strains, including 61 fecal isolates from mammals, 10 UTT isolates, and 1 asymp-
tomatic bacteriuria isolate (39). The E. coli clinical isolates examined included 73
ExPEC isolates from urinary tract infections or urosepsis cases (kindly provided
by James R. Johnson, Veterans Administration Medical Center, Minneapolis,
MN) (24, 25). Twenty-three diarrheagenic E. coli strains belonging to various
pathotypes (12 enterotoxigenic E. coli [ETEC], 6 enteropathogenic E. coli
[EPEC], and 5 enterohemorrhagic E. coli [EHEC] pathotypes) were kindly
provided by J. M. Fairbrother (Faculty of Veterinary Medicine, University of
Montreal, Canada). The 323 APEC strains included 295 isolates from France
and Canada (10) and 28 isolates from Italy (15) that were provided by M.
Moulin-Schouleur (INRA, Tours, France) and L. Sperati Ruffoni (Laboratorio
Tre Valli, Verona, Italy), respectively. The 295 APEC strains were previously
classified into three virulence groups based on a lethality assay in 1-day-old
chicks (10). Strains were stored at —80°C in 20% glycerol following overnight
culture in tryptic soy broth. Strains were cultured on Luria-Bertani (LB) agar
plates to isolate colonies. Overnight cultures grown at 37°C in LB broth were
then used to obtain DNA samples for PCR assays. Bacterial DNA samples were
obtained by alkaline lysis. Briefly, 125 ul of an overnight culture was centrifuged
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and the medium was removed from the pellet. The cells were suspended in 25 pl
of 0.5 N NaOH and incubated at room temperature for 5 min. A 25-pl volume
of 1 M Tris buffer (pH 7.5) was added to neutralize the pH, and 450 ul of water
was then added to each sample. All lysates were conserved at —20°C.

The phylogenetic group (A, B1, B2, and D) of the strains was either previously
known by multilocus enzyme electrophoresis (39) or determined by a triplex
PCR method which uses phylogenetic group-specific primers for two genes
(chuA and yjaA) and an anonymous DNA fragment (tspE4C2) coupled with a
dichotomous decision tree (5). Samples that were positive for chuA and yjaA
were classed as group B2. Samples testing positive for chuA and negative for yjad
were classed as group D. Samples testing negative for chuAd and positive for
tspE4C2 were classed as group B1, whereas samples testing negative for chuA
and tspE4C2 were classed as group A.

Primer and assay design. Primers for detecting the presence of sequences
encoding 11 SPATEs (Tsh, Vat, Sat, Pic [PicU], SigA, SepA, EspP [PssA], EspC,
Pet, Eaa, and EatA) and 2 other E. coli autotransporters (Ag43 and AIDA-I)
were designed and validated. In addition, we also determined the presence of
sequences encoding five known variants of Ag43: K12 (flu), RS218, EDL933
(also called Cah [63]), CFT073a, and CFT073b. The primers, the sequences they
were derived from, and positive control strains used for PCRs are presented in
Table 1. Primers were designed and verified for specificity by comparative se-
quence analysis using sequence databases, including GenBank (http://www.ncbi
.nlm.nih.gov/) and coliBASE, an online database for comparative genomics of E.
coli and related enterobacteria (http:/colibase.bham.ac.uk/) (4). The specificity
of each of the primers and their predicted amplification products was also
verified by comparative genomics/bioinformatics analysis against nucleotide se-
quence databases to confirm that each primer set was specific only for the given
autotransporter sequence and exhibited low identity to any other autotransporter
sequences. The primers were designed to have similar melting temperatures (60
to 64°C) and to amplify products of various sizes to permit the use of mixtures of
primer pairs and simultaneous detection of different PCR products in multiplex
reactions. A number of different alleles encoding variants of Ag43 have been
described among E. coli strains (29). For analysis of sequences encoding five
different variants of agn43, primer pairs specific to five distinct alleles were
developed. agn43 allele-specific primers targeted distinct sequences in the vari-
able 5’ region of the five different alleles, whereas the generic primers for agn43
targeted a 3’ region which is conserved among all allelic variants. The positive
controls were as follows: agn43K12 (E. coli MG1655), agn43RS218 (E. coli
RS218), agn43aCFT073 and agn43bCFT073 (E. coli CFT073), and agn43EDL933
(E. coli EDL933). The specificity of each of these primer pairs was confirmed by
its failure to amplify products from control strains known to possess the other
agn43 allelic variants. In addition, the strains used for detection of the five
specific agn43 alleles were used as positive controls for testing a conserved agn43
primer pair designed to amplify all known copies of agn43 alleles. For all primer
sets, with the exception of agn43 and agn43K12, E. coli K-12 strain MG1655 was
used as the negative control. For the multiplex PCR assays, six sets of
multiplex reactions using three different primer pairs each were used to
screen samples. Specific multiplex sets targeting the different autotransporter
sequences were as follows: M1 comprised sk, vat, and sat; M2 comprised
espP, sigA, and sepA; M3 comprised espC, agn43, and eatA; M4 comprised pet,
aida-I, and eaa; M5 comprised agn43K12, pic, and agn43EDL933; and M6
comprised agn43RS218, agn43aCFT073, and agn43bCFT073. Each multiplex
set was then tested, and the PCR conditions were adjusted to yield optimal
simultaneous amplification of each of the target products.

Multiplex PCR conditions. Amplification reactions were done in a 50-pl vol-
ume. PCR assays were done using either 1-ul samples of purified genomic DNA
resuspended in 9 pl of Tris buffer (pH 7.4) or 10-pl samples from crude bacterial
cell lysates as the template DNA, 0.2 mM of deoxynucleoside triphosphates
(dNTPs) (Invitrogen), various concentrations of each primer set (Table 1), and
1 U of Tag DNA polymerase (New England Biolabs) in 1X Thermopol reaction
buffer (NEB). Reactions were performed in an automated thermal cycler (Master-
Cycler; Eppendorf). The reaction mixture was heated to 95°C for 1 min as a
hot start. This was followed by 30 cycles of denaturing (95°C for 1 min), anneal-
ing (58°C for 1 min), and extension (72°C for 1 min, 20 s) and a final extension
(72°C for 10 min). The samples were then electrophoresed in 1% agarose gels,
stained with ethidium bromide, and visualized with a UV transilluminator and a
Chemigenius® bioimaging system (Syngene).

Southern blot. Probes were synthesized with the PCR digoxigenin-labeling mix
(Roche, Mannheim, Germany) in a 100-pl reaction mixture containing 1 pl of
template DNA, 0.12 mM of dNTP PCR digoxigenin-labeling mix, 0.08 mM of
dNTPs (Invitrogen), 0.25 uM of each primer, and 2 units of Tag DNA polymer-
ase (NEB) in 1X Thermopol reaction buffer (NEB). The reactions were per-
formed as described for the multiplex PCR conditions. Total bacterial genomic
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TABLE 1. Primers for multiplex PCR and DNA probe synthesis
Primer Length of PCR
Gene or probe concn Primer sequence (5'-3") product (CDS)  Accession no.” Control strain Reference(s)
(M) in base pairs®
Autotransporter gene
tsh 0.25 CCGTACACAAATACGACGG 304 (4,134) AF218073 E. coli x7122 10
GGATGCCCCTGCAGCGT
vat 0.25 AACGGTTGGTGGCAACAATCC 420 (4,134) AY151282 E. coli CFT073 44
AGCCCTGTAGAATGGCGAGTA
sat 0.5 GGTATTGATATCTCCGGTGAAC 779 (3,900) AE014075 E. coli CFT073 63
ATAGCCGCCTGACATCAGTAAT
espP 0.125 GTCCATGCAGGGACATGCCA 547 (3,903) NC_002128  E. coli EDL933 31
TCACATCAGCACCGTTCTCTAT
sigA 0.125 ACAGGGGTTACGGAGAGTGC 674 (3,858) NC_004337  S. flexneri 2a 23
TCCGGCAACGCCCTTAACATT
sepA 0.125 GCAGTGGAAATATGATGCGGC 794 (4,101) 748219 S. flexneri 2a 3
TTGTTCAGATCGGAGAAGAACG
espC 0.75 TAGTGCAGTGCAGAAAGCAGTT 301 (3,918) AF297061 E. coli E2348/69 33
AGTTTTCCTGTTGCTGTATGCC
eatA 0.75 CAGGAGTGGGAACATTAAGTCA 743 (4,095) AY163491 E. coli H844-7056 45
CGTACGCCTTTGATTTCAGGAT
pet 0.125 GGCACAGAATAAAGGGGTGTTT 302 (3,888) AF056581 E. coli 042 13
CCTCTTGTTTCCACGACATAC
eaaA/eaaC 0.875 ATCCGGTGTTTTATCGTATGGG 830 (4,008) AF151091 E. coli ECOR-9 56
TACGGACTTCACTGAATGCCC AF151674
pic 0.25 ACTGGATCTTAAGGCTCAGGAT 572 (4,119) AF097644 E. coli CFT073 19
GACTTAATGTCACTGTTCAGCG
aida-1 0.5 ACAGTATCATATGGAGCCACTC® 587 (4,080) X65022 E. coli 2787 2
TGTGCGCCAGAACTATTAATGG
agn43 0.06 CTGGAAACCGGTCTGCCCTT 433 (3,120) U24429 E. coli MG1655 21,29
CCTGAACGCCCAGGGTGATA
agn43K12 (flu) 0.25 CCGGCGGGCAATGGGTACA 386 (3,120) U24429 E. coli MG1655 21
CAGCTCTCACAATCTGGCGAC
agn43 EDL933 (cah) 0.5 CGTATCGCTGTGCCCGATAAC 707 (3,018) AE005174 E. coli EDL933 46
CCGTATACGAGTTGTCAGAATCA
agn43 RS218 0375 CGGATTTCACCACCGTTAACC 240 (2,847) AJ617685 E. coli RS218 58
CATCCACCAGTGTTTTCCAGG
agn43aCFT073 0.25 AGGCAGGAGGAACTGCCAGT 340 (3,120) AE014075 E. coli CFT073 63
TAAATGAGGGTGTCCCGTGCC
agn43 bCFT073 0.25 CAGCCGGATCTGCGGCACT 440 (3,276) AE014075 E. coli CFT073 63
ACTCTGGTGTTTCTGGCTGTT
DNA probe
tsh GAAGTCTTGCGGGAACGGTCAATA 406 (4,134) AF218073 E. coli x7122 10
TTATCCAGATATGCGCCAGCCACT
vat AACGGTTGGTGGCAACAATCC 420 (4,134) AY151282 E. coli CFT073 44
AGCCCTGTAGAATGGCGAGTA
¢ CDS, full-length coding sequence.
® GenBank database accession number.
¢ Primers are modified from Ngeleka et al. (35).
DNA was prepared using a standard protocol (1). Restriction enzymes (HindIII RESULTS

and BamHI from Promega) were used according to the manufacturer’s guide-
lines. Digested genomic DNA was electrophoresed in a 0.7% agarose gel. Native
plasmids were isolated as described by Kado and Liu (27) and separated by
pulsed-field gel electrophoresis. After electrophoresis, digested genomic DNA
and plasmids were transferred to positively charged nylon membranes (Roche,
Mannheim, Germany) by capillary transfer and probes were hybridized accord-
ing to the Roche Applied Science DIG Application Manual for Filter Hybrid-
ization (50a). Chemiluminescent detection was performed using CDP-Star re-
agent (Roche, Mannheim, Germany) according to the manufacturer’s guidelines.
The light emission signal was captured and analyzed with a Chemigenius? bio-
imaging system (Syngene).

Statistical analyses. Statistical analyses were performed with the Prism version
4.0 software package (GraphPad Software, Inc) using a two-tailed Fisher’s exact
test. A cluster analysis of the isolates was performed using the between-groups
linkage method (version 12.0; SPSS, Inc.).

Validation of multiplex PCR assays. The validation of the
primer sets and optimization of the primer concentrations used
for the assays were done using positive and negative amplifi-
cation controls (presented in Table 1). Following optimization
of the conditions for the assay, all primers used in the six
different multiplex reaction sets amplified specific products of
the expected sizes (Fig. 1). Each of the amplified products was
sequenced, and each corresponded to the expected product. In
addition, no nonspecific bands were visualized with any of the
control strains used.

Distribution of autotransporters among the ECOR collec-
tion. To investigate whether the distribution of specific auto-
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FIG. 1. Validation of PCR assay sets. Agarose gel showing PCR products amplified simultaneously from multiplex PCR assays in six separate
reactions using primer pools M1 to M6, described in Materials and Methods. MW, molecular weight standard; kb, kilobases; +, positive control

DNA; —, negative control DNA.

transporter sequences was associated with certain phylogenetic
groups, we screened strains belonging to the ECOR collection
(Fig. 2). The results indicated that certain autotransporter
sequences were more common among particular clonal groups
than among others. Most notably, vat sequences were present
in all of the B2 group strains, with the exception of strain
ECOR-65, and were found in only two non-B2 strains
(ECOR-13 and ECOR-40). In addition, sat sequences were
present in one cluster of the D group strains and in one cluster
of the B2 group strains, but were found in only two other
strains, belonging to phylogenetic group A (ECOR-11 and
ECOR-24). pic sequences were also present mostly among one
cluster of six strains belonging to phylogenetic group B2. The
only other SPATE-encoding sequence that was phylogeneti-
cally distributed was eaaA (eaaC), which was limited to four
strains belonging to a cluster in phylogenetic group A. None of
the strains in the ECOR collection was positive for amplifica-
tion of pet- or aida-I-specific sequences. All other SPATE-
encoding sequences identified were absent from phylogenetic
groups B2 and D, but were identified in at least one of the
ECOR strains.

Ag43-encoding sequences represented the most common
autotransporter sequences identified among the ECOR collec-
tion. Forty-four of the ECOR strains (61.1%) contained agn43
sequences, as assessed by using the Ag43 primer set that am-
plifies all five allelic variants of agn43. The absence of agn43
alleles was mostly among clusters of strains belonging to phy-
logenetic group A or B1 (Fig. 2). In addition, a cluster of four
D group strains (ECOR-38 to ECOR-41) were agn43 negative.
The agn43K12 (flu) allele was the most common agn43 allele
among the ECOR strains and was present in 37 strains
dispersed among the different phylogenetic groups. The
agn43aCFT073 allele was identified in 12 strains, most of which
belonged to phylogenetic group B2. The agn43bCFT073 allele
was identified in only eight strains, which all belonged to phy-
logenetic group B2. The agn43RS218 allele was identified in
nine strains dispersed among phylogenetic groups but was ab-
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FIG. 2. Distribution of SPATEs and agn43 and allelic variants
among the ECOR collection. T, tsh; V, vat; S, sat; P, pic; Ep, espP; Si,
sigA; Se, sepA; Ec, espC; Ea, eaa; Et, eatA; 43, agn43; K12, agn43K12;
RS, agn43RS218; CFTa, agn43aCFT073; CFTb, agn43bCFT073; EDL,
agn43EDL933. Framed strains were isolated from human urinary tract
infections (ECOR-71 is from an asymptomatic bacteriuria case). Fig-
ure adapted from Herzer et al., with permission from the author (22).
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TABLE 2. Distribution of most common SPATE autotransporter sequences and agn43 allelic variants among commensal, urinary tract and
avian pathogenic E. coli isolates categorized by phylogenetic group”

S i No. of No. (%) of strains positive for presence of autotransporter sequence:
ource group and strains in
phylogenetic group group tsh® vat® sat? pic® agn43’  agn43K12' agn43RS218 agn43aCFT073¢ agn43bCFT073" agn43EDL933
ECOR commensal
strains

A 23 0 1(4) 1(4) 1(4) 9(39) 6 (26) 2(9) 3(13) 0 0

B1 14 2(14) 0 0 1(4) 7 (50) 7 (50) 2 (14) 0 0 0

B2 11 0 1091 3(27)  6(55* 11(100)* 7 (64) 2 (18) 4(36) 6 (55)" 0

D 9 0 0 5(6) 0 5(56) 5(56) 0 2(22) 0 0

E (non) 4 125 0 0 0 2 (50) 2(50) 1(25) 0 0 1(25)
Total 61 3(5) 11(18) 9(15) 8(13) 34(56) 27 (44) 7 (11) 9 (15) 6 (10)° 1(2)
UTI isolates

A 8 2(25) 0 1(13) 0 5(63) 5(63) 0 0 0 0

B1 3 0 0 1(333) 1(33) 3 (100) 2(67) 1(33) 1(33) 0 0

B2 37 1(3) 34(97)° 16(43) 16(43)* 37(100) 29 (78) 7(19) 22 (60)* 16 (43)* 0

D 36 0 13) 29@D* 1(3) 34 (94) 34 (94) 1(3) 1(3) 0 0
Total 84 3(4) 35(42) 47(56) 18(21) 79 (94) 70 (83)° 9(11) 24 (29Y 16 (19) 0
APEC isolates

A 138 65(47) 8(6) 0 0 86 (62) 77 (56)  15(11) 0 0 0

B1 30 9(30) 0 0 1(3) 18 (60) 12 (40) 6 (20) 0 0 1(3)

B2 83 46 (55) 71(86)% 0 12 (14)  61(73) 54 (65) 15(18) 3(4) 2(2) 0

D 72 40 (56) 28(39) 0 17 (24) 49 (68) 44 (61) 7 (10) 2(3) 2(3) 0
Total 323 160 (50) 107(33) 0 30(9) 214 (66) 187(58)  43(13) 5(2) 4(1) 1(0)

“ For each of the source groups, association of a sequence with a single phylogenetic group compared to each of the other phylogenetic groups is indicated as follows:
*, P < 0.05; 1, P < 0.005; and §, P < 0.0005. The number of strains containing sequences encoding other autotransporters was too low to perform statistical analyses.

b tsh was associated with APEC isolates compared to UTI, commensal, or diarrheagenic E. coli strains (P < 0.0001).

¢ vat was associated with UTI isolates (P < 0.004) and APEC strains (P < 0.03) compared to commensal or diarrheagenic E. coli strains.

@ sat was associated with UTT isolates compared to APEC, commensal, or diarrheagenic E. coli strains (P < 0.0001).

¢ pic was associated with UTTI isolates compared to diarrheagenic E. coli strains (P < 0.01).

T agn43 and agn43K12 were associated with UTI isolates compared to APEC or commensal E. coli strains (P < 0.0001).

& agn43aCFT073 was associated with UTT isolates compared to APEC or diarrheagenic E. coli strains (P < 0.002).

" agn43bCFT073 was associated with UTI and commensal strains compared to APEC strains (P < 0.002).

sent from strains belonging to phylogenetic group D. The
agn43EDL933 allele was present only in strain ECOR-37. In
addition, three strains, all of which belong to phylogenetic
group A, were positive for the presence of agn43 sequences by
amplification using the Ag43 “universal” primers, but were
negative for amplification using any of the allelic-variant-spe-
cific primers. Two or more agn43 allelic variants were present
in 20 ECOR strains (Fig. 2), and the presence of multiple
agn43 alleles was significantly associated with strains belonging
to phylogenetic group B2 when compared to strains that be-
longed to other phylogenetic groups (P = 0.0034).

Within the ECOR collection, 11 strains are urinary tract
isolates, and the remaining 61 strains are commensal fecal
isolates from humans (29 strains) and other mammals (32
strains). When the distribution of different autotransporter
sequences among the UTI isolates and human fecal isolates of
the ECOR collection was examined, the only autotransporter
sequence that was significantly associated with the UTT isolates
compared to the human fecal isolates was agn43KI12 (P <
0.01). Specifically, 10 of 11 (91%) of the urinary tract isolates
contained agn43KI12 sequences, whereas only 11 of the 29
(45%) human fecal isolates contained agn43KI2 sequences.

Distribution of autotransporter sequences among E. coli
isolates from commensal and clinical sources. To more exten-
sively investigate the specific presence of autotransporter
genes among a diversity of E. coli isolates, the distributions of
autotransporter sequences among commensal isolates from
the ECOR collection, clinical isolates from human urinary
tract infections or urosepsis cases, diarrheagenic E. coli strains,
and APEC strains were assessed and compared. The distribu-
tion of autotransporter genes by source indicated the associa-
tion of particular autotransporter genes with certain groups of
clinical isolates, and none of the autotransporter sequences
tested were specifically associated with commensal strains
when compared to the clinical source groups comprised of
clinical isolates (Tables 2 and 3).

In UTTI isolates, the SPATE sequences vat, sat, and pic and the
agn43 sequences agn43 (generic), agn43K12, agn43aCFT073, and
agn43bCFT073 were significantly associated (Table 2). Specif-
ically, vat was associated with UTI isolates compared to com-
mensal or diarrheagenic E. coli strains (P < 0.004), sat was
associated with UTT isolates compared to all other groups (P <
0.001), and pic was associated with UTI isolates compared to
diarrheagenic E. coli strains (P < 0.01). The most common
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TABLE 3. Distribution of most common SPATE autotransporter sequences and agn43 allelic variants among diarrheagenic E. coli strains
categorized by pathotypes and phylogenetic group”

Pathotype and No. of No. (%) of strains positive for presence of autotransporter sequence:
phylogenetic strains in
group group tsh sepA espC espP eatA agn43 agn43K12  agn43RS218  agn43bCFT073  agn43EDL933

ETEC

A 11 2(18)  6(55) 0 0 1(9) 10091 9(82) 5(45) 0 2 (18)

B1 1 0 0 0 0 0 1 (100) 1 (100) 0 0 0
Total 12 2(17)  6(50) 0 0 18) 11(92) 10 (83) 5(42) 0 2(17)
EPEC

A 1 0 0 1(100) 0 0 0 0 0 0 0

B1 4 1(25) 1(295) 0 0 0 4 (100) 4 (100) 3(75) 0 1(25)

B2 1 0 0 1(100) 0 0 1 (100) 1 (100) 0 0 0
Total 6 117y 117 2(33) 0 0 5(83) 5(83) 3(50) 0 1(17)
EHEC

B1 3 0 0 0 1(33) 0 3 (100) 3 (100) 1(33) 1(33) 2(67)

D 2 0 0 0 2(100) 0 2 (100) 0 0 0 2 (100)
Total 5 0 0 0 3 (60) 0 5 (100) 3 (60) 1(20) 1(20) 4 (80)
Overall total 23 3(13) 7 (30)b 2 (9)° 3 (13) 14) 21 (91)d 18 (78) 9 (39)b 1(4) 7 (30)b

“ Diarrheagenic isolates were negative for vat, sat, pic, sigA, pet, aida-1, eaa, and agn43aCFT073 sequences. The number of strains tested was too low for statistical
analyses between pathotypes or phylogenetic groups among diarrheagenic strains.

® Significantly associated with diarrheagenic E. coli compared to APEC, UPEC, or commensal strains (P < 0.005).
¢ Significantly associated with diarrheagenic E. coli compared to APEC or UPEC strains (P < 0.05).
4 Significantly associated with diarrheagenic E. coli compared to APEC or commensal strains (P < 0.02).

SPATE-encoding sequence identified among the UTT isolates
was sat, which was present in 56% of UTI isolates tested.
Sequences specific to vat and pic were present in 42% and 21%
of UTI isolates, respectively. agn43 and agn43KI12 sequences
were associated with UTT isolates compared to APEC or com-
mensal E. coli strains (P < 0.0001). agn43aCFT073 was asso-
ciated with UTT isolates compared to APEC or diarrheagenic
E. coli strains (P < 0.002), and agn43bCFT073 was associated

espC and espP were associated with diarrheagenic E. coli
strains compared to APEC or UTTI isolates (P < 0.05), whereas
sepA was associated with diarrheagenic E. coli strains com-
pared to all other source groups (P < 0.005) (Table 3). agn43
generic sequences were associated with diarrheagenic E. coli
strains compared to APEC or commensal strains (P < 0.02),

100% -

with UTI compared to APEC strains (P < 0.002) (Table 2). i RERSae
In APEC isolates, the SPATE sequences tsh and vat were 90% - Nea

significantly associated. The tsh-specific sequence was signifi- 20% 4

cantly associated with APEC strains (P < 0.0001) compared to 20% 4

all other groups, and was present in 50% of APEC isolates g gow | ***

(Table 2). vat sequences were also associated with APEC com- g

pared to commensal or diarrheagenic E. coli strains (P < 0.03). & *° | e

Notably, compared to UTI isolates, which commonly con- s, 4095

tained sar sequences, none of the APEC isolates were positive 30% -

for sat (Table 2). Among the APEC strains tested, 295 isolates 20%

were previously classed for virulence based on lethality for 10% -

1-day-old chickens (10). The presence of autotransporter 0% - :

genes among APEC strains belonging to different lethality & & 5 o &
. N 3 A"
classes demonstrated that zsh and vat sequences were highly &® » }5‘23'-‘
. . . . . . Wl >
associated with high-virulence lethality class 1 (LC1) isolates. : &

In addition, agn43 and the specific agn43K12 allele were asso-
ciated with LC1 and moderately virulent LC2 APEC strains
compared to isolates of low virulence (LC3) (Fig. 3).

In diarrheagenic E. coli, the SPATE sequences sepA, espC,
and espP, generic agn43 sequences, and the agn43RS218 and
agn43EDL933 alleles were associated (Table 3). Specifically,

FIG. 3. Prevalence of autotransporters in 295 APEC strains previ-
ously classified for virulence based on lethality for 1-day-old chickens
(10). Lethality classes are defined as follows: LC1, 50% lethal dose <
108 CFU; LC2, 50% lethal dose = 10® CFU; LC3, not lethal at =108
CFU. The sequences encoding autotransporters were detected by mul-
tiplex PCR. Prevalence is indicated as the percentage of the 295 APEC
strains associated with each LC. ##*x, P < 0.0005; **, P < 0.005.
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whereas agn43RS218 and agn43EDL933 sequences were asso-
ciated with diarrheagenic E. coli strains compared to all other
source groups (P < 0.005). (Table 3). Among diarrheagenic E.
coli strains, the agn43EDL933 allele was mostly present in
EHEC strains (Table 3) and was almost exclusive to diarrhea-
genic isolates.

Among all clinical isolates, Ag43-encoding sequences repre-
sented the most common autotransporter sequence identified.
The presence of agn43 sequences was most common among
UTI isolates (94%), high among diarrheagenic E. coli strains
(91%), and less common among APEC isolates (66%) (Tables
2 and 3). By contrast, 56% of the commensal fecal isolates
contained agn43 sequences (Table 2). The agn43K12 (flu) al-
lele was the most common allelic variant among isolates for
each of the different groups of E. coli strains tested (Tables 2
and 3). Among clinical isolates, 25 strains, most of them
classed in phylogenetic group A or Bl, were positive for the
presence of agn43 sequences by amplification using the Ag43
“universal” primers but were negative for amplification using
any of the allelic-variant-specific primers.

In the results for all clinical isolates tested, in addition to
data presented in Tables 2 and 3, four APEC isolates were sig4
positive, one APEC isolate was positive for the presence of
aida-I, one diarrheagenic strain was positive for eat4, and no
clinical isolates were positive for amplification of pet- or eaaA-
specific sequences.

Phylogenetic associations of autotransporter sequences
among E. coli strains from different sources. The analysis of
strains belonging to the ECOR collection for the distribution
of autotransporter sequences suggested a possible association
of certain autotransporters with particular phylogenetic groups
(Fig. 2). The analysis of commensal, urinary tract, and APEC
isolates classified by phylogenetic group further illustrated the
phylogenetic associations of some autotransporter sequences
in E. coli isolates (Table 2). Among commensal, APEC, and
UTT isolates, vat sequences were always highly associated with
strains belonging to phylogenetic group B2. In contrast to the
results for commensal and urinary tract isolates, vat sequences
were also identified in 39% of APEC isolates that were classed
as phylogenetic group D (Table 2). For the commensal strains
and urinary tract isolates, pic sequences were more prevalent
among phylogenetic group B2 (Table 2). For both commensal
strains and urinary tract isolates, sat sequences were associated
with phylogenetic group B2. By contrast, the #sh sequences
were dispersed among different phylogenetic groups of APEC
strains (Table 2). Among commensal strains, the agn43 allele
in general was associated with strains belonging to phyloge-
netic group B2 (Table 2). However, agn43 was not specifi-
cally associated with a particular phylogenetic group among
urinary tract or APEC isolates. The agn43 allelic variants
agn43bCFT073 and agn43aCFT073 were more prevalent among
commensal strains and urinary tract isolates from phylogenetic
group B2 (Table 2). Among APEC strains, no specific agn43
allelic variants were associated with strains belonging to par-
ticular phylogenetic groups.

Genomic locations of vat and tsh sequences among avian
pathogenic E. coli strains. Tsh and Vat are two closely related
SPATESs that were originally identified in APEC (44, 48).
These proteins share 78% identity at the amino acid level and
have regions of high nucleotide identity. Thus far, tsh has been
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characterized as a plasmid-encoded SPATE in either APEC or
human isolates (10, 26, 40). By contrast, vat is present on
genomic islands in human UTI (9, 63) and APEC (44) isolates.
Within the ECOR collection, which contains E. coli strains
isolated from humans and other mammals, and among E. coli
urinary tract isolates, vat sequences are associated predomi-
nantly with strains belonging to phylogenetic group B2 (Fig. 2
and Table 2) (42). However, in contrast to E. coli isolates from
mammals, APEC strains classed as phylogenetic group D also
commonly contained vat sequences. The localization of both
vat- and tsh-specific sequences to either chromosomal or epi-
somal locations in APEC strains was assessed to determine if
there were any differences in the localization of these SPATE
genes in APEC strains from different phylogenetic back-
grounds. Regardless of phylogenetic group, among all APEC
strains tested, zsh-hybridizing sequences were always associ-
ated with plasmids, whereas vat-hybridizing sequences never
hybridized to plasmid DNA, but hybridized to total genomic
DNA (see the supplemental material).

DISCUSSION

The development of a multiplex PCR assay permitted us to
evaluate the presence of 13 specific autotransporter sequences
in E. coli strains. Our results demonstrate that the presence of
autotransporter sequences among E. coli strains is associated
with certain phylogenetic groups and/or pathotypes (Tables 2
and 3). The most common autotransporter sequence we iden-
tified among the strains was agn43. The presence of agn43 is
thought to be well conserved in E. coli, and various studies
have shown that some clinical isolates possess several copies of
this gene (29, 50). agn43 sequences were widely distributed
among both commensal and pathogenic strains belonging to
different phylogenetic groups. However, agn43 sequences were
present in only 56% of the commensal isolates from the ECOR
collection (Table 2). By contrast, agn43 sequences were
present in over 90% of the urinary tract isolates as well as the
diarrheagenic E. coli strains tested. These results suggest a
higher prevalence of agn43 sequences in pathogenic E. coli
strains than in commensal E. coli strains. Of further note,
pathogenic strains commonly contained multiple allelic vari-
ants of agn43 sequences. Different agn43 alleles confer distinct
surface properties to E. coli, such as increased adherence to
host cells or increased intercellular aggregation and biofilm
production (29, 59). It may therefore be beneficial for patho-
genic E. coli to express different variants of Ag43 to provide
more-adaptive advantages for colonization and survival during
infection of the host or persistence in other environments.

Since antigen 43 is present in E. coli K-12, and a number of
allelic variants encoding this surface protein have been iden-
tified among different E. coli strains (29, 50), it is not surprising
that agn43 sequences are widely distributed among a diver-
sity of E. coli strains. The agn43KI2 variant was the most
common allele and was distributed among all phylogenetic
groups. By contrast, other allelic variants were less common
and some were restricted to specific phylogenetic groups. The
agn43bCFT073 allele was identified only in phylogenetic group
B2 strains among the ECOR collection and UTT isolates (Ta-
ble 2). Further, the agn43EDL933 allele was almost exclusive
to diarrheagenic E. coli strains (Table 3) and was detected only
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in one APEC strain and one member of the ECOR collection
(ECOR-37). Interestingly, ECOR-37, a commensal O55:H7
strain, is phylogenetically related to EHEC O157:H7 strain
EDL933 (12) and it has been postulated that EHEC evolved
from an O55:H7 enteropathogenic E. coli strain (14). There-
fore, the presence of certain agn43 allelic variants, such as
agn43EDL933 and agn43bCFT073, may be phylogenetically
restricted and of epidemiological value for determining phylo-
genetic relationships among E. coli strains.

The presence of SPATE-encoding sequences in E. coli
strains was also associated with certain phylogenetic groups
and/or pathotypes. Interestingly, only vat, sat, and pic se-
quences, and none of the other SPATE-encoding sequences,
were identified among all of the strains belonging to phyloge-
netic group B2 or D of the ECOR collection. In addition, the
presence of eaaA (eaaC) sequences was specific to a cluster of
strains from phylogenetic group A. EaaA was originally iden-
tified in human commensal fecal strain ECOR-9 (56). eaaA
appears to be the only SPATE-encoding sequence identified
that is specifically associated with human commensal isolates,
as all four ECOR strains containing eaaA sequences were
human commensal fecal isolates, and none of the tested iso-
lates from clinical cases in humans or poultry contained eaaA
sequences.

Our results are globally in accordance with those of Parham
et al. (42). By using degenerate primers designed to target
conserved regions encoding the B domains from various
SPATEs, Parham et al. (42) determined that SPATE se-
quences were present mainly in strains belonging to phyloge-
netic groups B2 and D, as well as one cluster of strains from
phylogenetic group A (42). By using multiplex PCR detection
of specific SPATE genes, we have extended these studies to
determine which specific SPATE sequences are present among
strains of the ECOR collection. Some discrepancies were ob-
served between our results and those of Parham et al. (42). By
using specific primers, we identified SPATE sequences in 38 of
the 72 ECOR strains compared to 29 SPATE-positive strains
identified by Parham et al. (42). These differences may be due
to a greater specificity of detection from use of the gene-
specific primers than the degenerate primers or, in some cases,
may be the result of nucleotide differences or the presence of
partial or disrupted genes that would cause conflicting results.

The results globally suggest a pathotype-specific distribution
of certain SPATEs among the E. coli strains tested. Indeed,
pic, vat, and sat sequences have previously been shown to be
associated with UTI isolates compared to commensal fecal
isolates (16, 18, 42, 43). However, based on our results, the
increased presence of some SPATE sequences among human
UTI isolates may, at least in part, be attributed to the phylo-
genetic background of the strains. In general, EXPEC isolates
belong to group B2 or D (30, 47), and most (87%) of the UTI
isolates tested in our study belong to these phylogenetic groups
(Table 2). In fact, no significant differences in the presence of
sat, pic, or vat were found between UTI isolates belonging to
group B2 or D compared with commensal isolates belonging to
these same phylogenetic groups. Multivariate cluster analysis
also indicated a similar combined presence of autotransporter
genes among a subset of both clinical and commensal isolates
that were classed as phylogenetic group B2. Among the B2
isolates, 24/37 (65%) UPEC isolates and 7/11 (63%) commen-
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sal isolates were clustered into this distinct group (data not
shown). These data further support the idea that the phyloge-
netic origin of UTI isolates, the majority of which belong to
group B2, may at least in part explain a greater prevalence of
certain autotransporter genes in EXPEC isolates than in com-
mensal isolates which belong to a more phylogenetically di-
verse population. In addition to being identified among UTI
isolates, pic and sat are also present in certain diarrheagenic E.
coli pathotypes or Shigella spp. Pic is prevalent among entero-
aggregative E. coli (62) and in Shigella flexneri 2a (38). Sat, in
addition to being associated with UTTI isolates, is also present
in some Shigella spp. (37, 53) and diarrheagenic E. coli (17, 61).
Hence, sat and pic appear to be more widely distributed among
commensal E. coli strains and different pathotypes of E. coli
and Shigella than some other SPATEs. However, the presence
of sat and pic sequences among commensal fecal isolates also
suggests that these SPATESs are not likely to play a major role
in directly eliciting enteric disease by diarrheagenic patho-
types.

A probable explanation for the phylogenetic- or pathotype-
specific distribution of some of the autotransporter sequences
is the inheritance or conservation of these genes on genomic
islands, prophages, or conjugative plasmids. Most of the auto-
transporter sequences are encoded on genomic islands, includ-
ing vat (42, 44), pic (19, 63), sat (63), espC (33), and sig4 (49).
Among all of the SPATE sequences, vat was clearly phyloge-
netically distributed, as nearly all strains classed as group B2,
irrespective of their source, were vat positive. Similarly, Par-
ham et al. also observed an almost exclusive association of vat
with strains belonging to the ECOR B2 phylogenetic cluster
(42). vat genes are located on pathogenicity islands that are
adjacent to the tRNA thrl¥ gene and may have been acquired
and retained by strains that comprise phylogenetic group B2.
By contrast, other genes, such as espC, which is present on a
genomic island in a subset of EPEC (33), and eae sequences,
which are associated with some Atlas prophages (56), may
have a limited distribution, as they may have been acquired or
retained by only a limited group of strains. Other autotrans-
porters, including tsh and sepA, are encoded on large conjuga-
tive virulence plasmids (3, 10, 26, 40). Due to the increased
genetic mobility of such plasmids, such sequences may have
been more readily distributed among strains. This may explain,
for instance, the similar distribution of #s2 among APEC
strains regardless of their phylogenetic group (Table 2). How-
ever, even plasmid-encoded genes may be largely limited to
certain groups or pathotypes of strains, due to incompatability
and selective pressure for the retention of other plasmids,
which may contribute to virulence or fitness.

Both #sh and vat were found to be associated with APEC
strains of high virulence in a day-old-chicken infection model
(Fig. 3). This is in accordance with the roles of both of these
SPATE:s for virulence or the development of lesions in chick-
ens (10, 44). Unlike vat, the presence of tsh sequences was
limited in UTI isolates and the ECOR collection but was
common among APEC strains. In addition to the greater prev-
alence of tsh among APEC strains (Table 2), it is also inter-
esting to note the complete absence of sat sequences and low
prevalence of agn43CFT073 alleles among APEC strains.
Hence, despite the fact that some APEC strains share many
characteristics with EXPEC strains associated with human dis-
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ease (51, 52), our results suggest that, in general, the APEC
strains we tested also exhibit some traits that are distinct from
those of E. coli UTI isolates. Similarly, unlike some common
UTT pathotypes which contain genes coding for hemolysin
(hly) and cytotoxic necrotizing factor (cnfl) (32), APEC strains
nearly always lack these traits (51). It is important to note
that some APEC and human UTI isolates shared the same
serogroup and autotransporter gene profiles; notably, O1 or
02 strains lacked #sh but were vat™, agn43KI12", and
agn43RS218%. This is in accordance with other studies that
have demonstrated a clonal relationship between APEC and
human EXPEC strains. However, further characterization, such
as multilocus sequence typing and more-expansive virulence
gene typing, would be required to more firmly establish clonal-
ity between the APEC and UTI isolates in this study. Overall,
the possibility that APEC strains are clonally related to human
ExPEC and that APEC may be a transmissible source of
E. coli strains that could cause urinary tract infection or other
extraintestinal infections in humans is plausible in certain
cases, but is only applicable to a limited subset of strains.

In summary, a multiplex PCR assay to screen for autotrans-
porter genes in E. coli was developed and validated. With this
method, we confirmed that autotransporter genes are phylo-
genetically and pathospecifically distributed among the 491 E.
coli strains studied. These results are in accordance with the
finding that, in E. coli, the presence of certain virulence genes
is dependent on the genetic background and/or clinical origin
of the strains (12). In the current work, the analysis of strains
focused on the ECOR collection and mostly extraintestinal
isolates from human UTIs or avian extraintestinal disease. It
would be of further interest to examine a set of phylogeneti-
cally characterized E. coli isolates belonging to different patho-
types of diarrheagenic E. coli to further determine the dis-
tribution of autotransporter genes among these E. coli
pathotypes.
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