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A DNA probe derived from the subunit gene of a cloned 987P determinant was used to characterize the
locations of the 987P genes in several Escherichia coli strains. We examined E. coli 987, a nonpiliated mutant
of strain 987 (136) that does not express 987P in vitro, and a variant of 36 that expressed 987P following growth
in vivo. We found that plasmid and chromosomal copies of the 987P subunit gene could be differentiated in
strain 987 by restriction endonuclease analysis and Southern blot hybridization. The nonpiliated mutant 136
had lost the plasmid copy but retained the chromosomal copy of the 987P gene. A 987P-piliated variant of 136,
which did not contain the 987P plasmid, colonized and caused diarrhea in neonatal pigs similarly to wild-type
987. The plasmid that hybridized with the 987P probe was transferred from strain 987 to an E. coli K-12 strain
by conjugation. We were unable to demonstrate expression of 987P by these transconjugants. The data suggest
that the chromosomal and plasmid copies of the 987P genes may interact to influence 987P expression.

Enterotoxigenic Escherichia coli causes diarrhea by ad-
hering, colonizing, and producing enterotoxins in the small
intestine. The filamentous surface structures which mediate
adherence of enterotoxigenic E. coli in the intestine are
called fimbriae, pili, or adhesins. Enterotoxigenic E. coli
strains that express 987P pili frequently cause diarrhea in
neonatal swine. Expression of 987P pili is subject to spon-
taneous, rapid, and reversible on-and-off switching called
phase variation. Phase variation of 987P has been reported to
occur in response to growth under specific environmental
conditions (13, 14).

The genes required for 987P expression have been cloned
and characterized by several groups by using total bacterial
DNA from 987P* strains, but the location of the 987P genes
is controversial (3, 4, 6, 7, 12, 15-17). Klaasen et al. (7)
reported that the 987P genes are chromosomally encoded in
a number of 987P* isolates because plasmid DNA from
these strains did not hybridize with a DNA probe for the
987P subunit gene. In contrast, Schifferli et al. (15) reported
that the genes for 987P are located on a plasmid in strain 987
and several other 987P* strains.

In this study, we used a probe derived from the 987P
subunit gene and found both plasmid and chromosomal
copies of the 987P subunit gene in strain 987. Furthermore,
we identified a mutant of strain 987 that lacked the plasmid
987P genes but expressed 987P pili, colonized, and caused
diarrhea in neonatal pigs.

A 540-bp Hpal-Bglll fragment from pPM200, which en-
codes expression of 987P pili (12), was subcloned and used
as a subunit probe for 987P. The DNA sequence of this
fragment was determined (not shown) and found to be
identical to the sequence of an Hpal-BgllI fragment from the
987P subunit gene sequence reported by de Graaf and
Klaasen (4). By colony blot hybridizations as previously
described (8), the 987P subunit probe hybridized with strain
987 and strain 136, a spontaneous mutant of strain 987 which
is stably nonpiliated in vitro (5).

Although strain 136 does not express 987P pili in vitro,
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even under growth conditions that promote piliation (5),
piliated phase variants of strain I36 have been isolated
following growth in vivo (10). We isolated a piliated 136
variant (I36P*) from a neonatal pig orally inoculated with
nonpiliated strain 136. A colony immunoblot assay and slide
agglutination with 987P-specific antiserum were used to
differentiate piliated and nonpiliated bacterial cultures (2, 13,
14). We confirmed that the piliated variant, I36P*, was
identical to the nonpiliated parental strain, 136, by compar-
ison of total cellular DNA restriction enzyme digestion
patterns for seven different enzymes (data not shown).
Plasmid DNA from strain I36P* was isolated by the alkaline
lysis method (1) and compared with nonpiliated strain 136
and with wild-type piliated and nonpiliated strain 987. Plas-
mid DNA was separated by agarose gel electrophoresis,
blotted, and hybridized with the 987P subunit probe by
standard methods (9). Strain 987 contained four large plas-
mids ranging from 50 to 150 kb in size (Fig. 1A). In strain
987, the 50-kb plasmid hybridized with the 987P subunit
probe (Fig. 1B, lanes 1 and 2). This plasmid was missing in
strain I36 (Fig. 1B, lanes 3 and 4), indicating that 136 was a

FIG. 1. Plasmid DNA isolated from strains 987 and 136 in the
piliated and nonpiliated phases. (A) Agarose gel (1%) electrophore-
sis of intact plasmid DNA; (B) Southern blot of this gel hybridized
with the 540-bp Hpal-Bglll fragment used as a 987P subunit probe.
Lanes: 1, piliated strain 987; 2, nonpiliated strain 987; 3, nonpiliated
strain I36; 4, piliated strain 136.
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FIG. 2. Differentiation of the plasmid and chromosomal 987P
genes by Southern blotting of plasmid and total cellular DNAs
isolated from strains 987 and 136, separated by agarose gel electro-
phoresis, and hybridized with the 987P subunit probe. Lanes: 1,
undigested plasmid DNA from strain 987; 2, plasmid DNA from
strain 987 digested with Clal; 3, total cellular DNA from strain 987
digested with Clal; 4, undigested plasmid DNA from strain 136; 5,
plasmid DNA from strain 136 digested with Clal; 6, total cellular
DNA from strain 136 digested with Clal.

spontaneously plasmid-cured mutant of strain 987. There
were no differences between plasmids from strain 987 in the
piliated or nonpiliated phase (Fig. 1A, lanes 1 and 2) and no
difference in plasmid content between piliated and nonpili-
ated strain I36 (Fig. 1A, lanes 3 and 4). We also examined
plasmid DNA isolated from I35, an independent spontane-
ous mutant of strain 987 which, like 136, is nonpiliated in
vitro (5). We found that strain I35 did not contain the 50-kb
plasmid that hybridized with the 987P probe (data not
shown).

INFECT. IMMUN.

To further characterize the location of the 987P subunit
genes in strains 987 and 136, restriction endonuclease diges-
tions of plasmid and total cellular DNAs isolated from these
two strains were compared by Southern blot hybridization
using the 987P subunit probe. The 987P subunit probe
hybridized with a 5.4-kb Clal fragment present in plasmid
DNA from strain 987 and with an 11-kb Clal fragment in
total DNA from 136 (Fig. 2). Both of these fragments are
present in total DNA isolated from strain 987. In similar
experiments, the plasmid and chromosomal 987P genes
could also be differentiated with EcoRI, BamH]I, Sphl, or
Smal. In each case, one band in plasmid DNA from strain
987 and a distinct band in total cellular DNA from I36
hybridized with the 987P subunit probe. Both of these bands
were present in total cellular DNA from strain 987 (data not
shown). Restriction endonucleases that did not differentiate
the plasmid and chromosomal 987P genes were used to
construct a restriction map of the common fragments that
hybridized with the 987P subunit probe in plasmid DNA
from strain 987 and total cellular DNA from strain 136 (Fig.
3A). Restriction sites for the enzymes we used, distal to
those shown in Fig. 3A, diverged between plasmid and
chromosomal fragments that hybridized with the 987P sub-
unit probe. This map is compared with the restriction map of
a cloned 987P determinant and the position of the 987P genes
reported by Schifferli et al. (16, 17) (Fig. 3B). Although there
are small differences in sizes of some of the fragments, all of
the sites are in the same relative positions. The similarity of
these restriction maps suggests that all genes associated with
expression of 987P are present in both the plasmid and the
chromosome of strain 987.

The piliated I36P* variant was compared with nonpiliated
strain I36 and piliated wild-type strain 987 for the ability to
adhere and cause diarrhea. Neonatal pigs were inoculated
intragastrically as previously described (11, 13, 14). Table 1
shows that I36P™ colonized and caused diarrhea with weight
loss similar to that caused by the wild-type parent. In
addition, strains 987 and I36P* caused a fatal infection in
some animals because of dehydration and weight loss of
more than 20%. The difference in weight loss between
animals inoculated with strains 987 and I36P* was not
significant, while the difference in weight loss between pigs
inoculated with nonpiliated 136 and either 136P* or 987 was
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FIG. 3. Restriction endonuclease maps of the 987P genes. (A) Map of the common restriction fragments from plasmid and total cellular
DNAs that hybridized with the 987P subunit probe. The positions of other restriction endonuclease sites on either side of those shown were
distinct for plasmid and chromosomal fragments that hybridized with the 987P subunit gene. (B) Restriction map redrawn from the map of
the cloned 987P determinant reported by Schifferli et al. (16, 17), showing the 987P gene products determined by these authors. The position

of the 987P subunit probe used in this study is also shown.
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TABLE 1. Experimental inoculation of neonatal pigs

Strai No. of pigs % Wt Colonization®
ram

Total® With diarrhea Dead change® Log CFU (n)* Adherence®
136 4 0 0 -10.8 £ 4.0 5.8 +0.9(4) 0/4
136P* 15 15 6 =225+ 2.7 8.4 + —-0.7 (11) 8/11
987 4 4 2 —-24.8 £ 2.7 9.7 £ 0.3 (3) 3/3

@ Number of pigs inoculated, via gavage, with 10'° bacteria of the indicated strain.

& Mean weight change by 18 h postinoculation expressed as a percentage of initial body weight, + standard deviation.

¢ Tissues from some animals that died were unacceptable for subsequent bacteriological or microscopic examination for colonization.

4 CFU expressed as the mean total number of bacteria, + standard deviation, in a 10-cm section of ileum removed at necropsy and processed as previously

described. n, number examined.

¢ Number positive/number examined, determined by microscopic examination of hematoxylin-and-eosin-stained sections of ileum for layers of adherent

bacteria.

significant (P < 0.05 by Student’s # test). None of the animals
inoculated with nonpiliated 136 were colonized or had ad-
herent layers of bacteria in the small intestine. In contrast,
strains 987 and I36P* adhered and colonized in the small
intestines of nearly all of the animals inoculated with these
strains.

The plasmid that hybridized with the 987P subunit probe
was transferred by conjugation to a nalidixic acid-resistant
E. coli K-12 strain (strain 711). Mid-log-phase cultures of 987
and 711 were mixed, allowed to mate for 2 h at 37°C, plated
on tryptic soy agar containing nalidixic acid (20 pg/ml), and
screened for the presence of the 987P plasmid by colony blot
hybridization with the 987P subunit probe. Plasmid DNAs
isolated from representative transconjugants are shown in
Fig. 4. A single plasmid band hybridized with the 987P
subunit probe in these transconjugants (Fig. 4B). This plas-
mid was the same size as the 987P plasmid present in 987 and
missing in I36. However, none of the transconjugants ex-
pressed 987P antigen.

We have attempted to identify variants of these transcon-
jugants that express 987P by using growth conditions that
have been reported to enrich for 987P* bacteria. These
conditions included enrichment for piliated bacteria by
growth in stationary broth cultures for pellicle formation,
growth in vivo using ligated porcine intestinal loops, and
growth under anaerobic conditions (5, 13, 14). Using these
approaches, we have been unable to identify a 987P* piliated
variant of the strain 711 transconjugants.

We do not know why we were unable to demonstrate
expression of 987P in transconjugants that contain the 987P
plasmid. Comparison of the restriction endonuclease maps

FIG. 4. Plasmid DNA isolated from strain 711 transconjugants
containing the 987P plasmid. (A) Plasmids separated by agarose gel
electrophoresis. (B) Southern blot of this gel hybridized with the
987P subunit probe. Lanes 1, strain 987; 2, strain 136; 3 through 5,
independent strain 711 transconjugants containing the 987P plasmid.

for a cloned 987P determinant (3, 16, 17) and the chromo-
somal and plasmid fragments that hybridized with the 987P
subunit probe suggested that all of the genes required for
987P expression were present. In addition, it appears that
the 987P plasmid occurs frequently in 987P* strains. We
have examined plasmid DNAs from 94 wild-type 987P*
strains that were isolated from neonatal pigs with diarrhea.
All of these strains had a large plasmid which hybridized
with the 987P subunit probe (data not shown). We do not
know if all of these strains have an additional chromosomal
copy of the 987P genes.

Schifferli et al. (15) reported isolating a mutant of strain
987 which had lost the 987P plasmid and the ability to
express 987P pili. Reintroduction of the 987P plasmid into
this mutant restored 987P expression. They concluded that
this plasmid encoded 987P pili. We examined a similar
mutant, 136, a spontaneous mutant of 987 that no longer
expressed 987P pili. We found that 136 had lost the 987P
plasmid but contained chromosomal genes for 987P pili. We
isolated a piliated variant of 136 (I36P*) from a neonatal pig
inoculated with nonpiliated 136. There was no difference
between plasmids from piliated and nonpiliated 136, suggest-
ing that the chromosomal copy was expressed. We found
that I36P* expressed functional 987P pili, colonized, and
caused diarrhea in neonatal pigs similarly to wild-type strain
987. We hypothesize that the defect in 987P expression by
136 may be related to the rate of switching to the piliated
phase and not to pilus synthesis. However, it is possible that
there are point mutations in the 987P structural or regulatory
genes in 136 and that reversion to 987P expression occurred
in vivo.

The significance and pathogenic advantage of having two
copies of the 987P subunit genes are not known. Our data
indicate that the two copies may interact to affect 987P
expression. The specific interaction between the plasmid and
chromosomal 987P gene products and their role in phase
variation remain to be determined.
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