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P fimbriae of extraintestinal pathogenic Escherichia coli mediate digalactoside-specific adherence via the tip
adhesin molecule PapG, which occurs in three known variants (I to III), which are encoded by the correspond-
ing three alleles of papG. In the present study, newly discovered variants of papG allele I and the respective
wild-type source strains were characterized. One of the new papG allele I variants conferred a unique
agglutination phenotype that combined the phenotypes associated with papG alleles I, II, and III. Comparative
hydrophilicity analysis of predicted PapG peptides revealed regions that might explain the observed phenotypic
similarities and differences between the PapG variants. The new papG allele I variants occurred either as the
sole papG allele or together with both papG alleles II and III, rather than with only papG allele III, as in
archetypal strains J96 and CP9. They also occurred in the absence of the usual F13 papA allele. One of the new
papG allele I variants occurred in a serogroup O6 strain that, according to random amplified polymorphic
DNA analysis, was phylogenetically distant from the “J96-like” clonal group of E. coli O4:H5, which includes
all previously identified examples of papG allele I. Cluster analysis of nucleotide and predicted peptide
sequences suggested that papG allele I represents the earliest evolutionary branch from a common papG
ancestor. These results demonstrate unexpected diversity within papG allele I and, together with previous
findings, suggest that the J96-like clonal group of E. coli O4:H5 may represent the original source of papG
within the species.

P fimbriae of extraintestinal pathogenic Escherichia coli (Ex-
PEC) are heteropolymeric proteinaceous fibers that mediate
adherence to Gal(a1-4)Gal-containing isoreceptors on host
cell surfaces (13). PapG, the P fimbrial tip adhesin molecule, is
responsible for digalactoside-specific receptor recognition and
binding (10, 13, 38). A thin, flexible fibrillum connects PapG to
the main fimbrial shaft (13). The fimbrial shaft in turn is com-
posed of hundreds to thousands of identical PapA structural
subunits, linked end-to-end by “donor strand exchange” to
form a rigid alpha-helix which is attached to an anchor protein
in the outer membrane (13, 48). Adherence mediated by P
fimbriae contributes to the pathogenesis of extraintestinal in-
fections such as pyelonephritis (17, 46) and may promote in-
testinal colonization of the host (59, 60).

PapG occurs in three known molecular variants (I to III),
which are encoded by the three alleles of the corresponding
gene, papG (32, 40). The three PapG variants exhibit subtly
different receptor binding preferences (15, 19, 32–34, 36, 37,
40, 50, 52–55). They also exhibit divergent associations with
clinical syndromes, with specific antigenic variants of the major
structural subunit PapA, and with phylogenetic groups. PapG
variant III (PapG III) requires for binding terminal substitu-
tions on the Gal(a1-4)Gal consensus receptor (34, 36, 50, 53,
54). Thus, it mediates agglutination of sheep erythrocytes,
which contain Forssman glycolipid [with its extended Gal(a1-

4)Gal-containing oligosaccharide chain] and human erythro-
cytes (which contain the extended digalactoside-containing gly-
colipid sialosyl-Gal-globoside), but not Gal(a1-4)Gal-coated
latex beads (P beads) or neuraminidase-treated human type O
erythrocytes (25, 34, 36, 50, 53). Clinically, PapG III is associ-
ated with cystitis in humans and with genitourinary infections
in dogs and cats (16, 25, 26). PapG III typically occurs in
conjunction with the F12, F13, and F14 PapA variants (22, 31)
and is concentrated within E. coli phylogenetic group B2 (22,
40).

PapG variant II (PapG II) binds well to both terminally
substituted and nonsubstituted Gal(a1-4)Gal-containing isore-
ceptors and hence mediates agglutination of sheep erythro-
cytes, human erythrocytes (irrespective of neuraminidase treat-
ment), and P beads (25, 34, 36, 50, 53). Clinically, it is
associated with pyelonephritis and bacteremia in humans (16,
18, 21, 43). It often occurs in conjunction with the F7-2, F10,
and F11 PapA variants (22, 31). It is distributed across E. coli
phylogenetic groups B2 and D and occurs sporadically in other
phylogenetic groups (22, 40).

PapG variant I (PapG I), although able to bind both substi-
tuted and nonsubstituted Gal(a1-4)Gal-containing isorecep-
tors, agglutinates sheep erythrocytes poorly but agglutinates
human erythrocytes and P beads well (25, 36, 39, 40, 53, 54).
Until recently, PapG I had been encountered only in pyelone-
phritis isolate J96 (O4:K2:H5) (27), which has two pap oper-
ons, one with papG allele I and the other with papG allele III
(33, 39); both operons contain the F13 papA allele (31, 39).
Recently, however, a disseminated clonal group of “J96-like”
strains of E. coli O4:H5 was discovered that includes arche-
typal extraintestinal pathogenic strains J96 and CP9 (27, 29).
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The members of this clonal group, like J96 and CP9, typically
contain papG alleles I and III plus the F13 papA allele, with or
without another papA allele (27, 29). These findings suggested
that although papG allele I is not unique to strain J96, it
nonetheless may be restricted to the J96-like clonal group and
may occur only in conjunction with the F13 papA allele; hence,
it may represent a comparatively recent evolutionary develop-
ment within (or acquisition by) E. coli.

In this report we describe wild-type strains and variants of
PapG I that contradict conventional assumptions regarding
PapG I. The new findings include molecular variants of PapG
I that differ both structurally and functionally from PapG I of
strain J96, that occur either together with PapG II and PapG
III or alone, that occur in the absence of the F13 papA allele,
and that appear in lineages distant from the J96-like clonal
group. Evidence also is presented that the PapG I line may
actually represent the earliest evolutionary branch from a com-
mon PapG ancestor and that the J96-like clonal group may
represent the original source of papG within E. coli.

MATERIALS AND METHODS

Strains. Canine urinary tract infection (UTI) isolates 7U and L31 and canine
rectal isolate 7R, which was from the same host as strain 7U (original designa-
tions 5557 [7U], 5808 [L31], and 5565 [7R]), were obtained from Gerald Ling.
The collection from which 7U and 7R were derived comprised paired pap-
positive urine and rectal isolates from eight dogs with UTI, representing sero-
types O4, O6, O120, and O149 (25). Isolate L31 was from an unpublished
collection of paired urine and rectal isolates from 60 dogs with UTI, representing
serotypes O1, O2, O4, O6, O7, O8, and O25, plus 10 other non-UTI-associated
O antigens. Strain C367-82, an O4 urine isolate from a human with UTI, was
provided by Flemming Scheutz. C367-82 was derived from an unpublished col-
lection comprising approximately 328 isolates of serogroup O4. Archetypal Ex-

PEC strains J96 and CP9 (O4:H5), members of the J96-like clonal group, were
used as controls for papG alleles I and III (25, 27). Strain IA2, a non-J96-like O4
isolate, was used as a control for papG allele II (5, 29). Other wild-type com-
parator strains included BOS080 and BOS060 (papG allele III) (21), CL021
(papG alleles II and III) (23), HU968-298 (sfa: S fimbriae) (25), COR149 (O4,
papG allele II; provided by Jorge Blanco), 536 (O6, papG allele III) (9), BOS050
(O6, papG allele III) (21, 41), and R61 (O6, papG allele III). Recombinant
comparator strains included P678-54/pRHU845 (papG allele I) (33), HB101/
pDC1 (papG allele II) (5), and HB101/pJFK102 (papG allele III) (33).

Detection of pap elements and other putative E. coli virulence genes. The three
papG alleles were detected both by PCR using allele-specific internal primers
(Fig. 1) and by dot blot hybridization in which the allele-specific PCR products
were digoxigenin labeled and used as probes, as previously described (20, 26).
papG also was detected by using flanking primers, as previously described,
including a consensus forward primer that detects all three papG alleles and two
reverse primers, one specific for the region downstream from papG allele I in J96
and one specific for the consensus region downstream from papG alleles II and
III in strains IA2 and J96, respectively (Fig. 1) (25, 30). Other pap regions
(papAH, papC, and papEG) were detected by PCR, as previously described (Fig.
1) (30).

The forward primers for papA, papC, and papE also were used in combination
with reverse (internal or flanking) allele-specific papG primers to generate long
pap amplicons, as a way to assess the integrity and extent of the pap operons in
which specific papG copies were situated (Fig. 1). Long-product PCR was done
using the LA PCR kit, version 2.1 (Takara Shuzo Biomedical Group, Otsu,
Shiga, Japan) as specified by the manufacturer, with annealing temperatures
adjusted empirically to achieve optimal amplification.

papA alleles corresponding to the 11 serologically defined P fimbrial F types
and the recently described F48 PapA variant were detected by PCR, as previ-
ously described (Fig. 1) (31). Twenty-five non-pap putative virulence factor (VF)
genes of ExPEC were detected by a combination of PCR and dot blot hybrid-
ization, as previously described (28, 30). Throughout, boiled lysates were used as
template DNA and PCR products were resolved by size in agarose gels. All
assays were done at least in duplicate, with additional determinations used as
needed to resolve discrepancies. Appropriate positive and negative controls were
included in all assays.

FIG. 1. Map positions of pap primers and corresponding PCR products. Open boxes represent genes within the pap operon. Forward and
reverse primers (right-pointing and left-pointing black triangles, respectively, above and below the pap operon) are used in combinations as shown
to yield the indicated PCR products (thin rectangles below the pap operon). Heavily striped rectangles indicate papA and papG allele PCR
products; solid black rectangles indicate pap gene PCR products; finely striped rectangles indicate long PCR operon fragments (as generated using
either flanking or internal allele-specific papG reverse primers, as illustrated for allele I-I9). Adapted from Fig. 1 of reference 25.
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Nucleotide sequencing and sequence analysis. After column purification, se-
lected full-length papG amplicons underwent direct sequencing of both strands
by using a dye terminator method and an automated DNA sequencer, as previ-
ously described (25, 31). Newly determined papG sequences were compared with
all available papG sequences from the databanks, as previously described (25)
and, to provide an outgroup, with the fimH sequence from strain J96 (GenBank
accession no. AF089840) and the sfaS sequence from strain 536 (GenBank
accession no. X16664). Sequences were edited and assembled, and alignments of
predicted mature PapG, FimH, or SfaS peptides (and of the corresponding
nucleotide sequences) were made using CLUSTAL-W (57). From these align-
ments, trees were inferred by the neighbor-joining (NJ) method (47) and the
unweighted paired group method with averaging (UPGMA) (51) by using the
application MEGA (S. Kumar, K. Tamura, and M. Nei, MEGA: Molecular
Evolutionary Genetics Analysis, version 1.01, 1993). Hydrophilicity plots were
generated by the method of Kyte and Doolittle (35) for a representative of each
of the three allele-specific variants (classes) of PapG and for the newly identified
PapG I9 variant from strain 7U.

RAPD analysis. To assess the phylogenetic context within which the various
papG variants occurred, selected wild-type strains were subjected to random
amplified polymorphic DNA (RAPD) analysis with (separately) arbitrary
decamer primers 1247, 1254, and 1281, as previously described (2, 58), and
commercial PCR beads (24, 25). Single-primer RAPD fingerprints were digitally
combined head-to-tail to create a “virtual” composite fingerprint for each strain
by using a computerized image analysis system (Molecular Analyst; Bio-Rad,
Hercules, Calif.). (24, 25). Composite fingerprints were then compared in a
pairwise fashion by using Pearson’s correlation coefficient to assess similarities
between analog densitometric scans of each gel track. From the resulting simi-
larity matrix, a dendrogram was inferred by using UPGMA (24, 25).

Hemagglutination phenotypes. Strains were tested for mannose-resistant hem-
agglutination (MRHA) of diverse erythrocyte types, with or without neuramin-
idase pretreatment of the erythrocytes, in the presence or absence of pigeon egg
white (an inhibitor of P fimbriae) or fetuin (an inhibitor of S fimbriae), by using
microscope slide assays as previously described (25, 45). MRHA inhibition and
neuraminidase sensitivity were defined as a two-level decrease in the intensity of
MRHA in the presence of inhibitor or following neuraminidase treatment of
erythrocytes, respectively. P-pattern MRHA was defined as MRHA inhibition by
pigeon egg white, and S-pattern MRHA was defined as inhibition by fetuin. P
beads were from Chembiomed (Alberta, Canada; now defunct). Human A1P1

and OP1 erythrocytes were from the investigators (J.R.J. and T.T.O., respective-
ly). Human Pk

2 erythrocytes were provided by Jane Swanson.
Nucleotide sequences accession numbers. Newly determined papG allele I

sequences were deposited in GenBank under accession numbers AF237471
(strain 7U), AF247505 (strain L31), AF237476 (strain C367-82), and AF237473
(CP9).

RESULTS

Discovery of a molecular variant of papG allele I. Strains 7U
and 7R, which are matching urine and rectal E. coli isolates
from an individual canine host, were previously shown by al-
lele-specific internal primer PCR to contain papG alleles II
and III but not papG allele I (25). However, when amplified
using a universal papG forward primer in combination with
flanking reverse primers specific for papG alleles II and III
versus papG allele I, respectively (Fig. 1), these strains yielded
not only the expected ;1,100-bp PCR product with the papG
allele II- and III-specific reverse primer but also (like strains
J96 and CP9) a ;1,200-bp PCR product with the papG allele
I-specific reverse primer. The possibility of a chimeric papG
region consisting of papG allele II or III recombined with allele
I-specific 39 flanking sequence, although consistent with the
initial PCR results, was excluded by reassortment experiments
in which each of three individual papG allele-specific internal
forward primers was combined (separately) in PCR with the
papG allele I-specific flanking reverse primer without produc-
ing an amplicon (data not shown).

Direct nucleotide sequencing of the putative papG allele I
PCR product from strain 7U yielded a sequence 90.9% iden-

tical to papG from J96, the only version of papG allele I for
which the sequence was available prior to the present study,
and the closest match in the sequence databases to the new
papG sequence (Fig. 2). Polymorphisms in this new papG vari-
ant at the predicted binding sites for both the published for-
ward and reverse papG allele I-specific internal primers (20),
in comparison with papG allele I from J96 (five and two nu-
cleotides, respectively) (40), were sufficient to explain the fail-
ure of the published allele I primers to react with the new papG
variant (data not shown). The new papG allele I variant from
strains 7U and 7R was designated papG allele I9. Dot blot
hybridization using allele-specific papG probes (26) showed
that strains 7U and 7R hybridized with all three probes, con-
sistent with presence of all three papG alleles, as suggested by
the PCR results (data not shown).

Alternative primers were designed to recognize approxi-
mately the same sites in the new papG variant as recognized by
the published allele I-specific primers in papG allele I from
J96. When substituted for the published papG allele I-specific
internal primers, the new primers (AlleleI9-f: 59-CTACTATA
GTTCATGCTCAGGTC-39, bases 183 to 205; AlleleI9-r: 59-C
TGACATCCTCCAACATTATCGA-39, bases 657 to 635)
yielded the predicted ;470-bp PCR product with strains 7U
and 7R but not with strain J96 or any of the papG allele I-, II-,
or III-containing positive control strains tested (data not
shown). When the new primers were added to the allele-spe-
cific multiplex papG PCR primer pool along with the three
published allele-specific primer pairs (20), control strains for
papG alleles I, II, and III, as well as strain 7U and 7R, yielded
combinations of PCR products of the sizes expected for each
strain’s known papG allele content, with no spurious products
(data not shown).

Discovery of additional examples of papG allele I*. The
modified allele-specific papG primer pool, now containing the
new allele I9-specific primers, was used to screen a collection of
approximately 60 canine UTI isolates of diverse serotypes and
a collection of approximately 300 clinical isolates of serogroup
O4 from animals and humans. Strains that were positive for an
allele I-specific product were tested with the allele I and allele
I9 primers separately. Within each collection, a single strain
was identified that yielded an appropriately sized PCR product
(;470 bp) with the new allele I9 primers but not the standard
allele I primers (Table 1).

One of the two newly detected putative allele I9-positive
strains, C367–82, was a human UTI isolates of serotype O4:H5,
which, like canine isolates 7U and 7R, also contained papG
alleles II and III and the F10 papA allele. When amplified with
papG-flanking primers, this strain yielded both the ;1,200-bp
papG allele I-I9 PCR product and the ;1,100-bp papG allele
II-III product. Like strains 7U and 7R, this strain also hybrid-
ized with all three allele-specific papG probes (data not
shown).

The other putative new papG allele I9-positive strain, canine
UTI isolate L31, was of serogroup O6, which was surprising
since papG allele I had previously been described only in
strains of serogroup O4. Although strain L31 was positive for
the F12 and F15 papA alleles, which suggested the presence of
two copies of the pap operon, unlike strains 7U, 7R, and
C367-82, it was negative by internal primer PCR for both papG
alleles II and III; i.e., it had allele I9 as its only papG allele. This
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was confirmed by papG-flanking primer PCR, which yielded
only the ;1,200-bp putative allele I-I9-specific product, and by
dot blot hybridization of genomic DNA using allele-specific
probes for all three papG alleles (data not shown). These
findings also were surprising, since papG allele I previously had
been encountered only in combination with papG allele III and
in conjunction with the F13 papA allele (27, 29, 31).

Analysis of predicted PapG peptides. The papG allele I
sequence was determined for putative allele I9-containing
strains L31 and C367–82 and for strain CP9, which was used as
a second example (in addition to papG from J96) of the “or-
thodox” version of papG allele I (27). The four corresponding
predicted PapG I peptides, and PapG I from strain 7U, were
compared with all other available versions of PapG from the
databases (25). In a similarity dendrogram that was rooted by
using the type I fimbrial adhesin molecule FimH as an out-
group, the five predicted PapG I (I9) peptides formed a cluster
that was quite distant from the cluster containing representa-
tives of PapG II and PapG III (Fig. 3). In both the NJ den-
drogram (Fig. 3) and an UPGMA dendrogram (not shown),
the PapG I (I9) group was the first to branch off from an

ancestral PapG trunk, suggesting that it represented the most
basal or primitive version of PapG. Similar conformation trees
were obtained when SfaS was used as the outgroup and when
nucleotide data were used instead of peptide data (results not
shown).

In these dendrograms, the PapG I cluster was split into two
subclusters, one of which contained the PapG variants from
(canine) isolates 7U and L31 and one of which contained the
PapG variants from (human) isolates J96, CP9, and C367-82
(Fig. 3). Thus, although papG from strain C367-82 was recog-
nized only by the allele I9 internal primers, the gene and the
corresponding PapG peptide (Fig. 2) actually represented vari-
ant I rather than variant I9. As with strain 7U, nucleotide
sequence polymorphisms were identified within papG from
strains C367-82 and L31 that predictably would interfere with
binding of both the forward and reverse standard allele I in-
ternal primers (data not shown).

A comparison of peptide sequences between the I and I9
PapA variants (Fig. 2) showed that PapA I from strains CP9
and C367-82 were highly similar to PapA I from strain J96
throughout the amino-terminal half of the peptide, which pu-

FIG. 2. Sequence comparisons of five papG allele I or I9 variants and corresponding predicted PapG peptides, identified as to strain name and
allele. Alignments were by CLUSTAL-W (57). Positions in the gene, as numbered from the putative start codon, or in predicted mature peptides,
as numbered from the putative amino-terminal residue (31), are shown above polymorphisms. Only positions at which at least one variant differs
from strain J96 are included. Dashes indicate identity to J96; asterisks indicate a gap. In the peptide alignment, symbols below the polymorphism
data signify the folowing: colon, highly similar amino acids; period, somewhat similar amino acids; blank, different amino acids. The single-letter
amino acid code is used.
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tatively contains the receptor binding region (12). Polymor-
phisms were largely confined to the carboxy-terminal portion
of the molecule, which putatively is responsible for subunit-
subunit interactions (12). In contrast, PapA I9 peptides from
L31 and 7U, which were highly similar to one another, differed
from PapA I from J96 primarily within the amino-terminal
(receptor binding) half of the molecule. However, they were no
more divergent from PapA from J96 within the carboxy-termi-
nal (subunit-subunit interactions) half of the molecule than
were the PapA I variants from CP9 and C367-82 (Fig. 2).

Long-product PCR. We next sought to determine whether
the newly identified papG allele I variants were integrated into
intact pap operons, which should allow for expression, or in-
stead occurred as isolated operon fragments, in which case
expression would not be expected. Long-product PCR “operon
walking” was done by using (flanking or internal) papG allele
I- and I9-specific reverse primers, in combination (individually)
with forward primers for papA, papC, and papE (Fig. 1). From
each of the controls strains (J96 and CP9) and from strains 7U,
C367-82, and L31, suboperonic amplicons representing papEFG,
papCDJKEFG, and papAHCDJKEFG were obtained, in each
instance only with the reverse primers corresponding to the
variant of papG allele I known to be present in the particular
strain (Fig. 4). This demonstrated that each of the papG allele
I variants was contiguous with a seemingly intact pap operon.
However, whereas strains C367-82 and L31 yielded papAHC
DJKEFG amplicons of approximately the same size as that
obtained from strain J96, strain 7U yielded an amplicon that
was approximately 1.4 kb longer than those obtained from
strains J96 and CP9 (Fig. 4). This suggested the possibility of
an insertion or partial duplication within the allele I9 pap

FIG. 3. Dendrogram of predicted PapG and FimH peptides. Align-
ment of predicted mature peptides was done by CLUSTAL-W (57).
Tree construction was done by the NJ method (47). PapG variants are
identified as to class (brackets: I, I9, II, or III) and individually accord-
ing to strain name. FimH from strain J96 (shown) and SfaS (data not
shown) were used to provide outgroups to root the tree. Similar tree
conformations were obtained by UPGMA and the NJ method, whether
nucleotide or peptide sequences were analyzed (data not shown). Num-
bers (in percentages) indicate reproducibility of nodes in bootstrap anal-
ysis.

TABLE 1. Characteristics of E. coli isolates containing new variants of papG allele I (i.e., I9) versus comparator strains

Serogroup and
strain(s)a

This
study Hostb Serotypec

Presence of d:

pap sfa/
foc sfaS focG iha fim hly cnf1 cdt fyuA iroN iutA

kpsMT
rfc traT malX

F type A C EF allele II III

Serogroup O4
J96 H O4:K-:H5 13 1 1 1 I, III 1 2 1 2 1 1 1 2 1 1 2 2 1 1 1 1
CP9 H O4:54:H5e 13, 14 1 1 1 I, III 1 2 1 2 1 1 1 2 1 1 2 2 1 1 2 1
C367-82 1 H O4:H5 7–2, 10 1 1 1 I, II, III 1 2 1 2 1 1 1 2 1 1 2 2 1 1 1 1
7U and 7R 1 D O4:H5 10 1 1 1 I9, II, III 1 2 2 2 1 1 1 2 1 1 2 1 2 1 2 1
IA2 H O4:K12:H2 11, 16 1 1 1 II 1 2 2 2 1 1 2 2 1 2 1 1 2 1 1 1
COR149 H O4:H5 10, 15 1 1 1 II 1 2 1 1 1 1 2 2 1 1 2 1 2 2 2 1

Serogroup O6
536 H O6:K15:H31 “536” 1 1 1 III 1 1 2 2 1 1 1 2 1 1 2 2 2 2 2 1
BOS050 H O6:HU 48 1 1 1 III 1 1 2 2 1 1 1 2 1 1 2 1 2 2 1 1
L31 1 D O6 12, 15 1 1 1 I9 1 1 2 2 1 1 1 2 1 1 2 1 2 2 1 1
R61 H O6:H31 12 1 1 1 III 1 1 2 2 1 1 1 2 1 2 2 1 2 2 2 1

a Strains C367-82, 7U and 7R, and L31 (“This study”) contained variants of papG allele I that were not detected by published primers based on papG allele I from
J96. Reference strains J96 and CP9, which are archetypal members of the J96-like clonal group of serogroup O4, and strain IA2, which is an archetypal non-J96-like
O4 strain, were included for comparison with O4 isolates C367-82 and 7U-7R. Reference strain COR149 was included for comparison with strain L31 because of its
F15 papA allele content and O4 antigen status (unpublished data). Reference strains 536, BOS050, and R61 were included since they resembled strain L31 with respect
to virulence gene profile and O6 antigen expression.

b H, human; D, dog.
c Serotypes shown include only antigens for which the particular strains were tested. Hu, H untypeable.
d F type, papA allele (as determined by PCR). Allele, papG allele. (All strains also were positive for papG per se with flanking primers.) sfa/foc, central consensus

regions of S fimbrial and F1C fimbrial operons; sfaS, S fimbrial adhesin; focG, F1C fimbrial adhesin; iha, novel putative adhesin-siderophore gene; fim, type 1 fimbriae;
hly, hemolysin; cnf1, cytotoxic necrotizing factor; fyuA, yersiniabactin (siderophore); iroN, novel putative siderophore; iutA, aerobactin receptor; kpsMT, capsule
synthesis (group II or III); rfc, O4 lipopolysaccharide synthesis; traT, serum resistance-associated gene; malX, marker for pathogenicity-associated island from strain
CFT073 (28, 30). All strains were negative for afa/dra (Dr-binding adhesins), bmaE (M adhesins), gafD (G fimbriae), nfaE (nonfimbrial adhesins), cdtB (cytolethal
distending toxin), the K1 variant of kpsMT II, and ibeA (invasion of brain endothelium) (30).

e Strain CP9 is serologically positive for K10, K54, and K96 antigens.
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operon of strains 7U that might account for the previously
noted MRHA negativity of 7U (25). As predicted, long PCR
products (i.e., papAHCDJKEFG and/or papCDJKEFG) also
were obtained with the reverse papG allele II and III primers
with strains 7U, 7R, and C367-82 but not with strain L31 (data
not shown).

Agglutination phenotypes. Strain L31, which had PapG I9 as
its sole PapG variant and was MRHA positive, provided the
only opportunity to examine the phenotype correlates of PapG
I9 in the absence of confounding from a coexpressed alterna-
tive PapG variant. The agglutination phenotype of L31 repre-

sented a unique combination of reaction patterns that included
agglutination of P beads (characteristic of PapG I and II) and
of sheep erythrocytes (characteristic of PapG II and III), but
also NS-pattern MRHA of human OP1 but not AP1 erythro-
cytes (suggestive of PapG III only, according to previous data
[25]; specific to PapG I9 in the present study) (Table 2). Con-
founding by coexpression of S fimbriae, which was possible
given the presence of sfa/focDE and sfaS in strain L31 (Table
1), was excluded by MRHA inhibition assays that showed P-
pattern MRHA with L31 (i.e., inhibition of MRHA by pigeon
egg white but not by fetuin) and S-pattern MRHA with the S
fimbria control (i.e., inhibition of MRHA by fetuin but not by
pigeon egg white) (Table 2).

Hydrophilicity analysis. To explore the possible structural
basis for the phenotypic differences noted between PapG I9
from 7U and conventional PapG I, II, and III (Table 2), hy-
drophilicity plots for these predicted PapG peptides were gen-
erated by the method of Kyte and Doolittle (35) and were
aligned for comparative analysis (Fig. 5). The four PapG vari-
ants exhibited a consensus hydrophilicity profile characterized
by six hydrophilic maxima (peaks 1 to 6) flanked by seven
hydrophilic minima (valleys a to g), which included the amino-
and carboxy-terminal regions of the peptides (Fig. 5). The only
significant deviations from this pattern were exhibited by PapG
III, which exhibited a secondary hydrophilicity minimum (des-
ignated a9) and a secondary hydrophilicity peak (designated I9)
between minima a and b (Fig. 5). The hydrophilicity profiles of
PapG I9 and PapG I were similar, except that in PapG I9 peaks
1 and 4 were higher and peak 5 was narrower (Fig. 5). Com-
parisons according to agglutination phenotypes revealed that
the PapG I9, II, and III peptides, which were associated with
MRHA of sheep erythrocytes, exhibited higher maximal hy-
drophilicity values for peaks 1, 3, and 4 than did the PapG I
peptide, which was not associated with this phenotype. Simi-
larly, the PapG I9, I, and II peptides, which conferred aggluti-
nation of human Pk

2 erythrocytes and P beads, exhibited
higher hydrophilicity values for peak 2 than did the PapG III
peptide, which was not associated with these phenotypes.

Clonal associations. The unusual occurrence in a serogroup
O6 isolate (strain L31) of a version of papG allele I, which

FIG. 4. Long PCR products from strains containing papG allele I
or I9. Amplification was done using the universal papA forward primer
combined with the allele-specific papG reverse primer for either allele
I (left, lanes 2 to 6) or allele I9 (right, lanes 7 to 11). With the published
papG allele I reverse primer, bands of the size expected for the pap-
AHCDJKEFG amplicon from strain J96 (;7,540 bp [40]) were ob-
tained with strains J96 (lane 2, ;7,430 bp) and CP9 (lane 4, ;7,540 bp)
whereas no amplicon was obtained with strains 7U (lane 3), C367-82
(lane 5), or L31 (lane 6). In contrast, with the new papG allele I9
reverse primer, comparable bands were obtained with strains 7U (lane
8, ;8,950 bp), C367-82 (lane 10, ;7,280 bp), and L31 (lane 11, ;6,920
bp), whereas no amplicon was obtained with strains J96 (lane 7) or
CP9 (lane 10). Lanes 1 and 12, molecular weight marker (M,
HindIII-restricted lambda DNA).

TABLE 2. Agglutination phenotypes associated with PapG variants and S fimbriae

Adhesina

Agglutination intensity HA inhibition (A1P1
RBC)c Neuraminidase sensitivity of HAc

A1P1, OP1,
or pig
RBCb

Sheep RBC Pk
1 RBC P beads Pigeon egg

white Fetuin A1P1 RBC OP1 RBC Sheep RBC

PapG III 111 1111 2 2 Yes No No Var d No
PapG II 1111 111 111 111 Yes No No Var No
PapG I 1 III 1111 1111 111 1111 Yes No No Var No
PapG I 111 1 11 111 Yes No No Var NAe

PapG I9 111 1111 11 111 Yes No No Yes No
S fimbriae 111 111 11 2 No Yes Yes Nof Yes

a Strains used included BOS080, BOS060, and P678-54/pJFK102 (PapG III), IA2 and HB101/pDC1 (PapG II), J96 (PapG I 1 III), P678-54/pRHU845 (PapG I), L31
(PapG I9), and HU968-298 (S fimbriae).

b RBC, erythrocytes. A1P1, OP1, and Pk
1 RBC are from human donors.

c HA, hemagglutination. Inhibition and sensitivity defined as at least a two-level decrease in agglutination intensity (strongest to weakest, 1111 to 2) in the
presence of inhibitor or after neuraminidase digestion, respectively.

d var., variable between experiments.
e NA, not applicable (no HA of sheep RBC).
f HA intensity decreased by one intensity level with neuraminidase digestion in both of two trials.
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previously had been identified only within serogroup O4, sug-
gested the possibility of horizontal transfer of O antigen de-
terminants from an O6 donor into a papG allele I9-containing
O4 recipient or, alternatively, transfer of papG allele I9 from an
O4 donor into an O6 recipient. To differentiate between these
two hypotheses, strains 7U, C367-82, and L31 were compared
with a panel of control O4 and O6 strains, which were selected
on the basis of their status as archetypal representatives of the
J96-like versus non-J96-like clonal groups within serogroup O4
(strains J96, CP9, and IA2, respectively) or their similarities to
strain L31 with respect to O antigen, VF profiles, and/or papA
allele content (Table 1). In a UPGMA-derived similarity den-
drogram based on three-primer composite RAPD fingerprints,
the papG allele I-containing O4 strains clustered closely within
the larger O4 cluster (Fig. 6). Consistent with its O6 antigen
status, strain L31 was placed among the O6 controls, well
removed from the O4 cluster and the other papG allele I-con-

taining strains, including the F15 papA allele-positive O4 strain
COR149 (Fig. 6). This supported the hypothesis of horizontal
transfer of papG allele I9 from an O4 ancestor into a recipient
within an O6 clonal group.

DISCUSSION

In the present study we used molecular and phenotypic
methods to characterize novel variants of papG allele I and the
corresponding wild-type E. coli strains. The new papG allele I
variants exhibited unconventional agglutination phenotypes,
papG and papA allele environments, and clonal associations.
Comparative sequence analysis suggested that the papG allele
I family may represent the earliest evolutionary branch from a
common papG ancestor. In conjunction with previous findings,
the data support the hypothesis that the J96-like clonal group

FIG. 5. Hydrophilicity profiles of PapG peptides I9, I, II, and III. Hydrophilicity was assessed by the method of Kyte and Doolittle (35), based
on predicted mature PapG peptides from strains 7U (PapG I9) (top), J96 (PapG I) (second from top), IA2 (PapG II) (second from bottom), and
J96 (PapG III) (bottom). The horizontal axis shows residue number in the mature peptide; the vertical axis shows the hydrophilicity index. Shaded
regions identify conserved hydrophilicity minima (a to g, present in all variants; a9, unique to PapG III); intervening regions are hydrophilicity
maxima (1 to 6, present in all variants; 19, unique to PapG III).
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of E. coli O4:H5 may represent the origin of papG within the
species.

Our serendipitous discovery of the first known molecular
variant of papG allele I led to the demonstration that genetic
diversity is actually greater among representatives of papG
allele I than among the known representatives of papG alleles
II or III. We found that the various versions of papG allele I
(or of the PapG I peptide) segregated into two clusters. One
cluster included PapG I from strains J96, CP9, and C367-82,
despite the reactivity of the latter strain with the alternate
papG allele I9 primers rather than with standard papG allele I
primers. The other cluster included PapG I from canine iso-
lates L31 and 7U. We termed this variant PapG I9 and the
corresponding gene papG allele I9. The novel agglutination
phenotype of strain L31, which expressed papG allele I9 in the
absence of another papG allele, suggested that PapG I9 confers
a combination of the agglutination phenotypes associated with
PapG I or II and those associated with PapG III. Comparison
of the distinctive hydrophilicity profile of PapG I9 with the
hydrophilicity profiles of the three traditional PapG variants
identified regions that could be responsible for the observed
phenotypic similarities and differences between these four ad-
hesin molecules. Ideally, the adherence phenotype conferred
by papG allele I9 should also be assessed using a recombinant
strain to avoid artifacts from other adhesins and surface struc-
tures expressed by wild-type strains such as L31. However,
recombinant strains may be associated with their own artifacts
(11, 19).

In each strain analyzed, each copy of papG appeared to be
part of an intact pap operon, as suggested by long-product
PCR, which was done by using reverse primers specific for each
allele of papG in combination with forward primers for up-
stream genes within the pap operon, as far back as papA. A
possible explanation for the apparent nonexpression of papG
allele I9 by strains 7U and 7R was provided by the unusually
long papAHCDJKEFG PCR products that were obtained from
these strains with the papG allele I9 reverse primer. These
extra-long amplicons suggested the presence of insertions or

partial duplications somewhere within the corresponding pap
operons in these strains compared with strains J96 or CP9 (40).

The findings of the present study show that in contrast to
what has been thought previously on the basis of available
evidence, papG allele I (or I9) can coexist with papG allele II;
can occur alone, i.e., in the absence of another papG allele; and
can appear in evolutionary lineages distant from the J96-like
O4:H5 clonal group (21, 27, 29). Moreover, rather than being
a recent evolutionary development within (or acquisition by)
E. coli, the papG allele I family appears to represent the most
primitive branch of the papG tree. These observations present
a series of seeming paradoxes. If papG allele I (I9) is ancestral
within E. coli, is compatible with each of the other papG
alleles, and is horizontally mobile between lineages, what can
account for its comparative rarity (particularly papG allele I9)
within the E. coli population, its near-total confinement to the
J96-like clonal group, and its consistent association with papG
allele III, almost to the exclusion of papG allele II (18, 21, 26,
27, 29, 40)?

A possible scenario would be that the J96-like clonal group,
which uniquely contains representatives of all three papG al-
leles (both collectively and within individual strains, as dem-
onstrated here for the first time) (18), may be the ancestral
home of papG within E. coli. papG allele I, putatively the most
primitive form of papG, by itself may confer only a minor
fitness advantage. However, it may synergize with (presumably
later-evolving) papG allele III, but not with (presumably even
later-evolving) papG allele II, to confer a greater fitness ad-
vantage than does papG allele III alone. The presumably min-
imal selective advantage conferred by papG allele I itself thus
would limit the driving force for horizontal spread of this papG
allele. In contrast, papG allele III, which presumably confers a
greater fitness advantage than does papG allele I, has spread to
(and has been maintained within) multiple lineages within
phylogenetic group B2 (21, 30, 40). (The logistic difficulties of
coordinate horizontal transfer of both papG alleles I and III,
which occur on separate pathogenicity islands, may account for
the limited diffusion of this papG allele combination, despite

FIG. 6. Phylogenetic analysis of PapG I9-containing strains and comparator strains. Pearson correlation coefficient analysis of composite RAPD
fingerprints from primers 1281, 1247, and 1254 was used to establish pairwise similarity relationships between strains, which were then used
construct a dendrogram by UPGMA (51). Strains that contain papG allele I or I9 (asterisk) are shown in boldface. Strains of serogroups O4 (top)
and O6 (bottom) are bracketed. Note that (papG allele I-containing) strain L31, which serologically is an O6 strain, is placed with the O6
comparator strains according to RAPD analysis. Strains J96, CP9, C367-82, and 7U constitute a “J96-like” subcluster within the larger O4 cluster.
(Strains are shown in the same sequence in Table 1 as in this RAPD-based dendrogram.)
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its presumably greater selective advantage than that of either
papG allele I or III individually.) Finally, papG allele II, which
hypothetically confers an even greater fitness advantage than
does papG allele III, has been propelled by selective pressure
horizontally from the J96-like clonal group not only through-
out phylogenetic group B2 but also into phylogenetic group D
and beyond (21, 30, 40). This scenario represents a substantial
departure from the hypothesis that papG allele I is the most
recently evolved (or acquired) papG variant (21, 27, 29).

The occurrence in strain L31 of papG allele I9 by itself, and
in a lineage other than the J96-like clonal group, suggests that
this version of papG allele I may confer a greater selective
advantage than does papG allele I from strain J96. If so, the
even greater rarity of papG allele I9 than of papG allele I per
se presents another paradox to be explained.

In the present study, both examples of papG allele I9 were
from canine UTI isolates (strains 7U and L31). In contrast, a
papG allele I variant that was initially detected only by the
allele I9 primers but that according to full-length DNA se-
quence actually represented “orthodox” papG allele I was from
a human UTI isolate (strain C367-82). These data might be
interpreted as suggesting that papG allele I9 is specific to dogs.
However, the limited sample size precludes firm conclusions. It
must be remembered that for some time after its discovery,
papG allele III was presumed to be specific to dogs (3, 6, 40,
53), whereas it is now known to be common also among human
isolates from diverse clinical syndromes (1, 14, 16, 21, 26, 42).
Additional investigation is needed to define the epidemiolog-
ical associations and host range of papG allele I9.

The varied papA alleles encountered in the present study in
conjunction with papG alleles I and I9 provide additional evi-
dence that horizontal transfer and recombination involving
papA can proceed independently of papG. Thus, horizontal
transfer of virulence genes can be envisioned as involving en-
tire pathogenicity islands or large fragments thereof (i.e., of
multiple virulence operons) (7, 8, 49, 56), single operons such
as pap (4, 40, 44), or individual genes from within these oper-
ons, such as papA or papG (28, 31, 40). Possible driving forces
for reassortment of papA and papG alleles through horizontal
transfer may include the antigenic diversity provided by the
various PapA structural subunit variants (31) and the diversity
of receptor recognition capabilities provided by the various
PapG adhesion variants (15, 19, 32, 36, 37, 53, 54).

Summary. In the present study we used molecular and phe-
notypic methods to characterize novel variants of papG allele
I and the corresponding wild-type E. coli strains. The new
papG allele I variants exhibited novel agglutination pheno-
types, papG and papA allele environments, and clonal associ-
ations. Comparative sequence analysis suggested that the papG
allele I family may represent the earliest evolutionary branch
from a common papG ancestor. Together with previous find-
ings, these data support the hypothesis that the J96-like clonal
group of E. coli O4:H5 may represent the original source of
papG within the species.
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