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TABLE 2. Hemagglutination activity of and fibronectin binding
and curli production by X7122 and X7137a

Strain Hemagglutination Fibronectin Curlititer binding" production

HB101(pCRL20) 32 14 + 1.7 Yesc
HB101(pYA3037) 0 < 10 NDd
X7122 64 89 ± 0.3 Yes
X7137 64 89 ± 0.7 Yes

a Bacteria were grown on CFA agar at 26°C for 48 h and tested for
hemagglutination of chicken erythrocytes, fibronectin binding, and curli
production as described in Materials and Methods.

b Reported as the mean + standard deviation percentage of fibronectin
bound in triplicate assays.

I Determined by Olsen et al. (22).
d ND, not determined.

the crl gene in X7122 and X7137 also indicated that X7137
contained a single copy of crl that had increased in size by
the molecular size of the Kmr cassette (data not shown).

Phenotypes of X7122 and x7137. The effect of the crl
mutation in X7137 on hemagglutination activity, fibronectin
binding, and curli production was determined. Inactivation
of crl by allele replacement had no effect on any of the three
phenotypes (Table 2).

DISCUSSION
The crl gene product, curlin, has been hypothesized to be

the structural monomer of curli and to bind fibronectin (22).
When crl is present in HB101, curli is produced and fi-
bronectin is bound, and when crl is mutagenized or not
present, HB101 no longer produces curli or binds fibronectin
(22; Tables 1 and 2). The evidence that curlin binds fibronec-
tin consists of a Western blot probed with iodinated fi-
bronectin (22). HB101(pCRL20), grown to maximize curli
production and fibronectin binding, bound the labeled fi-
bronectin, while HB101 containing truncated crl did not. The
fibronectin was localized to a single band that migrated at 17
kDa. The relative molecular mass of curlin is 17 kDa (22).
Our data show that crl also causes HB101 to hemagglutinate.
This hemagglutination activity is coexpressed with curli
production and fibronectin binding in HB101 and X7122
(Table 1), and different environmental conditions affect the
expression of hemagglutination activity, fibronectin binding,
and curli production in the same way.
The experiments described above constitute the first for-

mal analysis of the structural role of the crl gene product in
curli production. We believe that our data are incompatible
with the hypothesis that the crl gene product is the structural
monomer of curli and that it binds fibronectin. Curli produc-
tion by, hemagglutination activity of, and fibronectin binding
by X7122 and by HB101(pCRL20) were expressed during
growth on CFA agar and repressed during growth in the
presence of high temperature, high osmolarity, and low
oxygen tension (23; Table 1). The similar effects of these
environmental conditions on the expression of curli produc-
tion by, hemagglutination activity of, and fibronectin binding
by X7122 and HB101(pCRL20) had originally suggested to us
that the crl gene product was the curli structural monomer,
hemagglutinated erythrocytes, and bound fibronectin in both

X7122 and HB101(pCRL20). Mutagenesis of crl caused
HB101 to no longer hemagglutinate or bind fibronectin (22;
Table 2). Allele replacement of the wild-type crl in X7122
with a mutagenized allele of crl had no effect on curli
production, hemagglutination activity, or fibronectin bind-
ing. Southern blot and polymerase chain reaction analysis
did not indicate the presence of a second copy of crl in X7122
(Fig. 3).
The finding that crl mutant strain X7137 still produces

curli, hemagglutinates, and binds fibronectin suggests that
the crl mutation in X7137 may be complemented by another
chromosomal gene(s). This possibility is unlikely, since a
complementing gene would be expected to have some ho-
mology to crl. Our data indicate that there is no other gene in
X7122 with homology to crl. The data presented above do not
rule out the possibility that X7122 produces more than one
type of structure that is morphologically similar to curli or
that Xy7122 is able to hemagglutinate or bind fibronectin via
other genetically distinct means. Also, it should be noted
that the crl gene used to replace crl in X7122 was from a
different isolate, A012. Since the DNA flanking crl in A012
may be different from the DNA flanking crl in Xy7122, X7122
and X7137 are not, strictly speaking, isogenic.
An alternative explanation for the continued expression of

hemagglutination activity of and fibronectin binding and curli
production by X7137 is that crl does not encode the structural
subunit of curli. Two observations suggest this possible
explanation. crl does not contain a cleavable signal sequence
(22), yet a signal sequence would be expected if the crl gene
product were exported. Also, if crl represented only one
mechanism for producing curli, hemagglutinating erythro-
cytes, and binding fibronectin in X7122, then the crl mutation
would be expected to have some noticeable effect on the
presence of curli, the hemagglutination titer, and the binding
of fibronectin in x7137. However, the amounts of curli
produced, the hemagglutination titers, and the amounts of
fibronectin bound were the same for X7122 and X7137 (Table
2). A structure that is morphologically similar to curli and
that confers the ability to bind fibronectin was recently
isolated from Salmonella enteritidis and diarrheagenic E.
coli and characterized (4, 5). This structure appears to be
composed of a 17- to 18-kDa subunit (4, 5). However, a
comparison of the N-terminal sequence and total amino acid
composition of the subunit protein with the deduced N-ter-
minal sequence and total amino acid composition of curlin
indicates that these two proteins are not related (4, 5).
We recently isolated a gene from X7122 that allows HB101

to hemagglutinate and produce curli but not bind fibronectin
(24). This gene does not hybridize to the crl gene. This result
suggests that crl is not the only gene able to cause the
expression of hemagglutination activity and curli production
in HB101. Also, since curli was produced but fibronectin
binding did not occur in HB101 containing this cloned gene,
fibronectin binding may not be an intrinsic property of curli.
These results concerning the temperature regulation of

fibronectin binding are in agreement with previous work on
the binding of soluble fibronectin by avian E. coli (10).
Fibronectin binding by other pathogenic E. coli strains has
also been reported (see reference 15 for a review).

FIG. 2. Production of curli by X7122. X7122 was grown on CFA agar at 37°C (A) or 42°C (B). Cells were harvested and prepared as described
in Materials and Methods to visualize curli. When grown at 26°C on CFA agar, X7122 produces large amounts of curli that appear as a thick mat
around the cells. Cells incubated at 37C were used here to allow individual fibers to be more easily distinguished. Bars, 0.25 p,m.
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FIG. 3. Southern blot analysis of gene replacement in X7122. (A) X7122 (lane 1) and X7137 (lane 2) whole-cell genomic DNAs were isolated,
digested with SalI or SmaI, electrophoretically resolved, and transferred to nylon membranes as described in Materials and Methods. The
membranes were hybridized to a 32P-labeled crl-specific or Kmr cassette-specific DNA probe and washed at 65°C. Letters indicate the origin
of each band as indicated in panel B. (B) Schematic of double homologous recombination between pYA3040 and X7122 and the resulting
structure of the X7137 chromosome. The DNA fragments resulting from Sail or SmaI digestion of X7122 and X7137 are labeled A through E
and correspond to the labeled bands in panel A.

Hemagglutination and fibronectin binding have long been
recognized as virulence factors that may be important in the
adherence of pathogens to host surfaces. The hemagglutina-
tion activity of enterotoxigenic E. coli is caused by several
different types of fimbriae (9), and this activity is associated
with the adherence of enterotoxigenic E. coli to intestinal
epithilium, a crucial step in the pathogenesis of this organ-
ism. The expression of hemagglutination by uropathogenic
E. coli is correlated with the ability to adhere to urinary tract
epithelial cells (12, 17). A variety of pathogenic microbes are

capable of binding fibronectin, and binding to fibronectin
may be important in the adherence of bacteria to host tissues

(see reference 15 for a review). It is unclear whether hem-
agglutination and fibronectin binding play a role in the
virulence of avian pathogenic E. coli. The presence in X7122
of the chicken erythrocyte adhesin described in this report
represents a potentially relevant model of the interaction
between a pathogen and its natural host. The avian model for
colisepticemia also represents an experimental system ex-

ploiting the interaction between a pathogen and its natural
host to test the role of fibronectin binding in the pathogenesis
of this disease. Although a great deal of work has been done
regarding the interaction of microbes with fibronectin, no

experiments to conclusively evaluate the importance of
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fibronectin binding in microbial pathogenesis have been
done because of the lack of relevant animal models.
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