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The distribution of the gene cluster encoding type 3 fimbriae among various isolates of the family
Enterobacteriaceae was investigated by using 112 clinical and nonclinical isolates. Closely related DNA
sequences were detected in all KlebsieUla strains, in most Enterobacter isolates, in a smaller number of
Escherichia coli and Salmonella spp., and in a single isolate each of Yersinia enterocolitica and Serratia
liquefaciens but not in isolates of Morganella or Providencia species or Serratia marcescens. Except for E. coli
and Salmonella strains, the presence of gene sequences was correlated with the phenotypic expression of either
the MR/K hemagglutinin or fimbriae that reacted with specific antibodies. In one isolate of Y. enterocolitica the
expression of type 3 fimbriae was plasmid determined. The polyamine spermidine was identified as an inhibitor
of MR/K hemagglutinating activity, exhibiting an MIC of 1.2 mM. Spermidine inhibited the hemagglutination
of 37 MR/K-positive clinical isolates from various genera. However, one clinical isolate of Enterobacter cloacae
and most (four of five) nonclinical Kiebsiella isolates were not completely inhibited.

Type 3 fimbriae are thin, filamenteous appendages medi-
ating the agglutination of tannic acid-treated erythrocytes
from a wide variety of species in the presence and absence of
D-mannose (7). These fimbriae were originally described in
Klebsiella species and were shown to mediate the mannose-
resistant Klebsiella (MR/K) hemagglutination phenotype (7).
Type 3 fimbriae are produced by most Klebsiella isolates (26,
28, 29) and represent, within this genus, an antigenically
homogeneous group (22, 24, 26). Serologically related fim-
briae are also found on Enterobacter, Serratia, Salmonella,
and Yersinia strains (24). Morphologically indistinguishable
but serologically distinct filaments have been described in
Morganella, Proteus, Providencia, and Serratia species (23,
25). It has been suggested that the type 3 fimbriae of
nonclinical strains of Klebsiella pneumoniae facilitate adher-
ence to plant roots (16), whereas the MR/K adhesion of
clinical isolates of Providencia stuartii has been implicated
in mediating adherence to urinary catheters (19). Using DNA
probes derived from a recombinant molecule encoding the
K. pneumoniae type 3 fimbriae (12), we found gene se-
quences that encode these fimbriae among isolates of enteric
bacteria. In addition, using both monoclonal and polyclonal
antibodies, we examine the serologic specificity of type 3
fimbrial antigens among the family Enterobacteriaceae. Fi-
nally, we present data demonstrating the ability of the
polyamine spermidine to specifically inhibit the hemagglu-
tinating activity of type 3 fimbriae in clinical isolates.

MATERIALS AND METHODS
Bacterial strains, plasmids, and media. All clinical isolates

except Yersinia species were obtained from the Special
Microbiology Laboratory of the University of Iowa Hospi-
tals and Clinics, Iowa City. Nonclinical Klebsiella isolates
and all Yersinia strains were obtained from the State Hy-
gienic Laboratory of the University of Iowa. The isolates
used in these studies are shown in Table 1. Isolates were
maintained on blood agar, and Escherichia coli HB101
possessing recombinant plasmids was grown on Luria agar
supplemented with the appropriate antibiotics (18). The
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recombinant plasmid pFK12, encoding the expression of K.
pneumoniae type 3 fimbriae, has been described elsewhere
(12). The construction of recombinant molecules encoding
the expression of K. pneumoniae type 1 fimbriae (13) and the
P pili of uropathogenic E. coli has been previously described
(4).
DNA colony blot. Bacterial isolates were subcultured and

grown overnight on L-agar plates covered with a nitrocellu-
lose disk (Schleicher & Schuell, Inc., Keene, N.H.). The
bacteria were lysed and the DNA colony blot was performed
by standard procedures (18). DNA probes derived from
different regions of the type 3 fimbrial gene cluster (Fig. 1)
were radiolabeled by random priming (9). Hybridization
washes were performed in 6x SSC (lx SSC is 0.15 M NaCl
plus 0.015 M sodium citrate)- 0.05% sodium pyrophosphate-
0.1% sodium dodecyl sulfate at 65°C, and then the mem-
branes were exposed to X-ray film for 2 to 12 h.
DNA dot blot and Southern hybridization. Genomic DNA

was prepared as previously described (32). Plasmid DNA
was prepared by cesium chloride-ethidium bromide density
gradient centrifugation (14). For the DNA dot blot assay,
approximately 3 ,ug of DNA was applied directly onto
GeneScreen Plus membranes (Dupont, NEN Research Prod-
ucts, Boston, Mass.); in the Southern hybridization analy-
ses, 3 ,ug of EcoRI-restricted genomic DNA or 1 ptg of
plasmid DNA was used. The EcoRI restriction enzyme was
used because we have previously shown that two enzyme
sites are located within but close to the boundaries of the K.
pneumoniae type 3 fimbrial gene cluster (Fig. 1) (11). After
electrophoresis through agarose, the DNA was denatured
with 1 M NaOH and transferred to GeneScreen membranes
by capillary action. Hybridization to radiolabeled DNA
probes under high-stringency conditions was performed ac-
cording to the manufacturer's instructions.

Immunological assays. The immunoblots were performed
with fimbria-specific monoclonal antibodies as previously
described (11). Also, a competitive enzyme-linked immuno-
sorbent assay was used to detect type 3 fimbrial antigens on
the bacterial surface (13). The bacterial suspensions to be
tested (109 organisms per ml) were preincubated with appro-
priate dilutions of antiserum and subsequently added to
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TABLE 1. Genetic, serologic, and functional relatedness of type 3 fimbriae among members of the family Enterobacteriaceae

No. of isolates exhibiting:

IsolateadsourceNo. of RatvtIsolate and source isolates MR/K HA+ MR/P HA+ Hybridization Reactivity HAI by
toPI'DNA MAbb spermidinec

Klebsiella pneumoniae
Respiratory tract 6 6 0 6 6 6
Blood 3 3 0 3 3 3
Tissue 3 2 0 3 1 2
Urine 4 3 0 4 3 3
Water 4 2 0 4 2 0

Klebsiella oxytoca
Respiratory tract 5 4 0 5 4 4
Water 6 3 0 6 6 1

Enterobacter cloacae
Respiratory tract 10 7 3d 7 3 2

Escherichia coli
Respiratory tract 9 0 0 3 0 _e
Blood 5 2 0fO 0
Tissue 5 1 1 0 0
Skin 1 1 1 0 0

Salmonella typhimurium
Blood 4 0 0 0 0
Feces 5 0 0 2 0

Serratia marcescens
Respiratory tract 9 3 0 0 0 3

Serratia liquefaciens
Respiratory tract 2 1 0 1 1 1

Morganella morganii
Respiratory tract 2 2 0 0 0 2
Blood 4 3 0 0 0 3
Tissue 5 5 0 0 0 5

Proteus rettgeri
Tissue 2 0 0 0 0
Urine 4 0 0 0 0

Proteus stuartii
Wound 1 1 0 0 0 1
Urine 3 3 0 0 0 3

Yersinia spp.*
Feces 10 1 0 1 1 1

a PI, DNA probe shown in Fig. 1.
b MAb, Monoclonal antibody.
c Spermidine was used at a final concentration of 40 mM.
d MR/P HA' strains cannot be differentiated from MR/K HA' strains by hemagglutination.
e-, Not tested.
f E. coli strains possessing P pili.
g Eight strains of Y. enterocolitica and one each of Y. intermedia and Y. frederiksenii.

microdilution wells coated with purified type 3 fimbriae as
the solid-phase antigen.

Hemagglutination assays. Bacteria were grown overnight
on L agar or for 72 h in Luria broth at 37°C. The hemagglu-
tinating activity (HA' phenotype) was determined by using
fresh guinea pig and human erythrocytes in the presence and
absence of D-mannose. In addition, tanned human and
guinea pig erythrocytes were used to detect type 3 fimbrial
adhesins. Bacteria exhibiting the MR/K HA' phenotype
were subsequently used to detect inhibitory compounds.
The hemagglutination inhibition assay was performed as
previously described (5), except the reaction mixtures were
simultaneously mixed and shaken at ambient temperature in
the depression of a porcelain tile. The MIC was defined as
the lowest concentration of reagent that completely inhibited
the MR/K hemagglutinating activity.

RESULTS

Distribution of type 3 fimbrial gene sequences. Table 1
indicates the bacteria possessing nucleotide sequences sim-
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FIG. 1. Physical maps of recombinant plasmid pFK12. The
genes that have been shown to be necessary for phenotypic expres-
sion of type 3 fimbriae are designated mrA, B, C, and D, and the
locations of these genes are indicated by the solid boxes. The sizes
(kilodaltons) of the gene products are as illustrated, and a complete
description of the gene cluster can be found in reference 11. The
dotted lines indicate the positions of the DNA fragments used as
probes (PI, PlI, and Plll) for the colony blot assay.
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FIG. 2. DNA dot blot analysis of clinical isolates. For individual
DNA preparations, when hybridization was observed, hybridization
to all three probes occurred. Hybridization of genomic DNA from
representative strains to the DNA probes PI, PII, and PIII is shown.
Key: Al and A2, S. typhimurium; A3 through A5, E. coli A6 through
A12, E. cloacae; Bi through B5, K. pneumoniae; B6, E. coli HB101;
B7 through B10, K. oxytoca; Bli, Y. enterocolitica; B12, S.
liquefaciens; Cl, K. pneumoniae IA565; C2, E. coli ORN103; C3
through C12, K. pneumoniae. Genomic DNA from two isolates of
K. pneumoniae (ClO and C12) exhibited weak hybridization to the
DNA probes. K. pneumoniae IA565 (Cl) is the isolate from which
the type 3 fimbrial gene cluster was cloned. Genomic DNA from the
laboratory-derived strains E. coli HB101 (B6), ORN103 (C2), and an
Enterobacter isolate (AlO) were used as negative controls.

ilar to those of the DNA probes used in the colony blot
assay. Hybridization to DNA probe PI was associated with
hybridization to the other two probes (Fig. 2). Therefore all
31 Klebsiella strains and most (7 of 10) Enterobacter strains,
1 Serratia isolate, and 1 Yersinia strain possessed similar
sequences to all three DNA probes used. A weak hybridiza-
tion signal was seen with three E. coli and two Salmonella
strains. The hybridization of the genomic DNA from repre-
sentative strains with the three DNA is shown in Fig. 2.
Southern hybridization profiles. EcoRI-restricted genomic

DNA from representative strains is shown in Fig. 3. The
probe used in these analyses was composed of nucleotides
from the gene (mrkA) encoding the major fimbrial subunit (PI
in Fig. 1). Ten isolates of K. pneumoniae (Fig. 3, lanes 1, 3
through 7, 10 through 12, and 28), one isolate of Enterobac-
ter cloacae (lane 17), and a single strain of Yersinia entero-
colitica (lane 16) possessed the fimbrial subunit gene on a

6-kilobase-pair (kb) EcoRI DNA fragment. In addition, two
K. pneumoniae isolates (Fig. 3, lanes 5 and 28) possessed an

additional 5.5-kb EcoRI DNA fragment that hybridized to
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FIG. 3. Southern hybridization analysis of total cellular DNA
from clinical isolates. The genomic DNA was restricted with EcoRI,
and the probe PI was used in all assays. Genomic DNA was
prepared from the following strains (lanes): 1 through 13, K.
pneumoniae; 14, recombinant plasmid pFK12; 15, S. liquefaciens;
16, Y. enterocolitica; 17 through 19, E. cloacae; 20 through 24, K.
oxytoca; 25 through 26, E. coli; 27, S. typhimurium; 28, K. pneu-
moniae IA565. K. pneumoniae IA565 is the isolate from which the
type 3 fimbrial gene cluster was cloned. pFK12 is the recombinant
plasmid encoding type 3 fimbriae.

the PI DNA probe. One of these strains (Fig. 3, lane 28) is
the source of Klebsiella-derived DNA in the recombinant
molecule pFK12 (Fig. 3, lane 14). A single 5.5-kb fragment
was detected in DNA from one strain of K. pneumoniae
(lane 9), E. cloacae (lane 18), Salmonella typhimurium (lane
27), and Serratia liquefaciens (lane 15). Plasmid DNA was
prepared from various clinical isolates, but the fimbrial
subunit gene hybridized to only that from a single strain of Y.
enterocolitica (lane 16). No hybridization to total genomic
DNA was observed in the remaining nine Yersinia strains.

Immunological detection of type 3 fimbriae. As seen in
Table 1, 15 of 16 MR/K HA' strains of K. pneumoniae
(including both MR/K HA' nonclinical isolates) and all MR/
K HA' Klebsiella oxytoca isolates reacted with antifimbrial
monoclonal antibodies. In addition, three of four MR/K
HA' isolates of E. cloacae, which did not produce the
mannose-resistant and Proteus-like (MR/P) hemagglutinin,
and one isolate each of S. liquefaciens and Y. enterocolitica
reacted with the monoclonal antibody preparation. No E.
coli or S. typhimurium strain were positive in this assay; in
addition, all the MR/K HA' isolates of Morganella and
Providencia strains were negative.

Five MR/K HA' strains (four of E. cloacae, one of K.
pneumoniae) which possessed nucleotide sequences that
hybridize to the DNA probe but were not recognized by the
monoclonal antibody were tested in the competitive enzyme-
linked immunosorbent assay with a polyclonal serum. A
significant (at least 50%) inhibition was observed only with
the one K. pneumoniae isolate.
Type 3 fimbrial expression of Y. enterocolitica is plasmid

mediated. As indicated above, plasmid DNA from a single
MR/K Ha' Yersinia isolate hybridized to the fimbrial gene
probe. Therefore, E. coli HB101 was transformed with this
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FIG. 4. Electron micrograph of E. coli HB101 possessing pBR322 and the Y. enterocolitica-derived plasmid. The thin type 3 fimbriae are
indicated by arrows.

plasmid along with pBR322 by the method of Kretschmer et
al. (17) to obtain double transformants. Ampicillin-resistant
transformants were tested for type 3 fimbrial expression by
the immunoblot assay. Of 1,500 ampicillin-resistant transfor-
mants, 3 were reactive; each possessed two distinct plasmid
molecules corresponding in size to pBR322 and the Yersinia-
derived plasmid. All three double transformants expressed
type 3 fimbriae (Fig. 4) and exhibited an MR/K HA'
phenotype.

Inhibition of MR/K hemagglutination activity. The com-
pounds shown in Table 2 were tested for their ability to
inhibit the MR/K hemagglutinating activity. Spermidine,
putrescine, and agmatine sulfate inhibited hemagglutination
of E. coli possessing the plasmid pFK12 at concentrations of
1.2, 15, and 7.5 mM respectively, with tanned human eryth-
rocytes (Table 2). In addition, spermidine at concentrations
of 300 mM could partially reverse the hemagglutination
caused by MR/K HA' cultures. Furthermore, it could be
demonstrated that a 1% (40 mM) solution of spermidine

completely inhibited hemagglutinating activity of 39 MR/K
HA' MR/P HA- clinical isolates (Table 1). One clinical
isolate of Enterobacter sp. and four of five MR/K HA'
nonclinical isolates of K. pneumoniae were not completely
inhibited by the 40 mM spermidine solution. However, the
hemagglutinating activity of these strains was significantly
decreased in the presence of spermidine. The hemagglutina-
tion mediated by type 1 and P pili was not affected by
spermidine (Table 2).

DISCUSSION

The early work of Przondo-Hessek and Pulverer (29)
demonstrated that 85% of Klebsiella clinical isolates possess
the MR/K hemagglutinin, and Old and co-workers (24, 26)
showed a close serological relationship among all Klebsiella
type 3 fimbriae. The hybridization of the DNA probes under
high-stringency conditions to most type 3 fimbriate strains of
enterobacteria confirms the relatedness of type 3 fimbriae in

TABLE 2. MICs of compounds affecting the MR/K HA phenotypea

MICd (mM)
E. coli strainb RBCsourcec Spermidine Putrescine Agmatine a-Methyl-D-mannoside

sulfate

HB101(pFK12) Human 1.2 15 7.5
Guinea pig 1.2 7.5 30

HB101(pGG101) Human 0 0 0 0
Guinea pig - - - 10

HB101(pDC1) Human
Guinea pig 0 0 0 0

a Compounds tested which did not inhibit MR/K HA activity were fibronectin, chondroitin, chitin, heparin, galactose, lactose, spermine, arginine, histidine,
lysine, glutamine, putrescine dihydrochloride, spermidine trihydrochloride, and ornithine hydrochloride.

b E. coli HB1O1(pFK12) produces type 3 fimbriae, E. coli HB101(pGG101) produces type 1 fimbriae, and E. coli HB101(pDCl) produces P pili.
c All erythrocyte (RBC) suspensions were treated with tannic acid.
d -, No inhibition; 0, no hemagglutination.
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these strains (24). Furthermore, Alecsic and Alecsic (1) and
Old and co-workers (26) have shown a close similarity in the
amino acid composition of type 3 fimbriae from Klebsiella,
Yersinia, and Salmonella isolates. Thus, the hybridization of
Klebsiella-derived DNA probes to Salmonella and Yersinia
isolates is to be expected. The reactivity of the DNA probes
with three E. coli isolates, however, is interesting because
this species has never been reported to express type 3
fimbriae. Correspondingly, we were unable to establish
conditions under which these hybridization-positive strains
produced type 3 fimbriae detectable by MR/K hemagglu-
tinating activity or serology. Therefore, it is possible that
these E. coli isolates possess regions of the type 3 fimbrial
gene cluster that may have been conserved due to selection
of essential flanking genes. This conclusion would be con-
sistent with the relatively weak hybridization between the
DNA probe and the genomic DNA of these isolates. Alter-
natively, these three E. coli isolates lack regions of DNA
necessary for type 3 fimbrial expression but retain most of
the nucleotide sequences from this system. In this case, the
reasons for maintaining the possession of these DNA se-
quences in the three E. coli isolates are unknown.
The Southern hybridization analysis confirmed the high

degree of genetic conservation among fimbriate strains.
Many strains of K. pneumoniae possess a single 6-kb EcoRI
DNA fragment carrying the fimbrial genes. Two Klebsiella
isolates were found to possess two distinct DNA fragments
carrying the mrkA gene (Fig. 3, lanes 5 and 28), and this may
represent two copies of the type 3 fimbrial subunit gene on
the chromosome of these strains. Similarly, multiple gene
copies of the P pili gene have been reported for pathogenic
E. coli (30). The mrkA gene was located on 5- to 6-kb EcoRI
DNA fragments of Enterobacter, E. coli, Salmonella, Ser-
ratia, and Yersinia isolates. In strains of K. oxytoca, the
mrkA gene was carried on EcoRI-restricted fragments of
various sizes (Fig. 3, lanes 20 to 24). In two isolates of K.
oxytoca, the mrkA gene probe hybridized to DNA fragments
that were smaller than the type 3 gene cluster contained
within pFK12 (Fig. 1). These data indicate that those strains
possess additional EcoRI restriction enzyme sites within the
gene cluster and that minor variations of DNA sequence
exist between strains.
The lack of reactivity in the immunoblot assay with a

monoclonal antibody by one MR/K HA' isolate of K.
pneumoniae and its reactivity in the competitive enzyme-
linked immunosorbent assay with a polyclonal serum indi-
cates variability in the antigenicity of type 3 fimbriae of this
strain. Similar serological differences have been observed
for the P pili of E. coli (27) and for type 1 fimbriae of E. coli
(15) and K. pneumoniae (13).
The expression by a single isolate of Y. enterocolitica of a

fimbrial appendage that was both serologically and geneti-
cally related to that of Klebsiella fimbriae is interesting since
both genera are distantly related within the family Entero-
bacteriaceae (2). The data indicate that the fimbrial gene in
this isolate is plasmid encoded. The Yersinia plasmid pos-
sessing the type 3 fimbrial gene cluster was approximately 35
kb in size as determined by gel electrophoresis and therefore
is considerably smaller than the known virulence plasmids of
this species (21). Previous reports have indicated that
expression of type 3 fimbriae among Yersinia strains occurs
at a relatively low frequency (1). However, because only one
of the isolates described in this study exhibited the MR/K
HA+ phenotype, it is not possible to state definitively that
type 3 fimbriation is invariably plasmid encoded in this

genus. Such a conclusion must await further characteriza-
tion of larger numbers of hemagglutinating Yersinia strains.
Although many Providencia and Morganella isolates pos-

sess the MR/K hemagglutinin, none of the strains tested by
us possessed nucleotide sequences similar to those of the
three DNA probes. In addition, neither polyclonal nor
monoclonal fimbria-specific antibodies prepared against the
Klebsiella fimbriae reacted with these strains. Previous
studies have indicated that the Morganella and Providencia
type 3 fimbriae comprise a serologically distinct group (24),
and our results confirm such observations. In addition, lack
of reactivity with the DNA probes suggests that the gene
cluster encoding type 3 fimbriae within these two genera
represents a more distantly related system than those
present in other members of the family Enterobacteriaceae.
However, fimbrial receptor specificity may be conserved, as
evidenced by hemagglutinating activity, indicating a strong
selection pressure to maintain adhesiveness.
Because MR/K hemagglutination occurs with tannic acid-

or heat-treated erythrocytes from a variety of animals, it is
unlikely that a membrane-bound component found in fresh
untreated erythrocytes is a receptor for the MR/K hemag-
glutinin. Therefore, among the compounds we examined for
inhibitory activity were those that may be exposed on the
hemagglutinin. Therefore, among the compounds we exam-
ined for inhibitory activity were those that may be exposed
on the cell surface after tissue damage. The polyamine
spermidine and, to a lesser degree, putrescine and the
polyamine analog agmatine sulfate were inhibitory. Further-
more, hemagglutination could be significantly reversed by
the addition of spermidine to bacterium-erythrocyte mix-
tures. Since hemagglutination by bacteria of both tanned
human and guinea pig erythrocytes was inhibited, the activ-
ity of spermidine was independent of the erythrocyte origin.
Furthermore, the mannose-sensitive hemagglutination medi-
ated by type 1 fimbriae with both tanned and untanned
guinea pig erythrocytes was not inhibited by this compound;
also, the reactivity of P pili with human erythrocytes was not
affected. These results suggest that spermidine is a compet-
itive inhibitor of the MR/K hemagglutinin. Considering that
the concentration of spermidine in erythrocytes is approxi-
mately 12 p.M in healthy individuals (31), the MIC of
spermidine (1.2 mM) in vitro is significantly higher. How-
ever, the MIC in vitro of methyl a-D-mannoside, a compet-
itive inhibitor of the type 1 fimbrial adhesin, is 0.5 to 3 mM,
which also may be considerably higher than concentrations
found in vivo (10). Therefore, it is not surprising that
relatively high concentrations of spermidine are required to
inhibit hemagglutination in vitro; these concentrations may
be higher than those affecting adherence in vivo.

Spermidine at a concentration of 40 mM (1% [wt/vol]
aqueous solution) inhibited hemagglutination by most iso-
lates exhibiting only MR/K HA' activity, including Morga-
nella and Providencia isolates, which express genetically
and serologically distinct type 3 fimbriae. It was of course
not possible to test all MR/K HA' isolates for spermidine
sensitivity, since some strains also express an MR/P hemag-
glutinating activity, binding both tanned and fresh erythro-
cytes. This adhesive activity is not blocked by spermidine;
therefore, MR/K HA' and MR/P HA' isolates will demon-
strate spermidine insensitivity due to the MR/P adhesin. The
incomplete inhibition of one isolate of E. cloacae and four
nonclinical Klebsiella isolates may indicate receptor vari-
ability among serologically and genetically related adhesins.
Receptor variability has also been observed for the type 1
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fimbria-associated mannose sensitive adhesins of different
members of the family Enterobacteriaceae (10).
The number of clinical and nonclinical isolates used in this

study is too small to make a decisive statement concerning
the significance of the differing sensitivity to spermidine in
these two groups. However, it is interesting to note that
elevated spermidine levels are found in patients suffering
from extensive tissue damage or neoplastic disease (3, 8, 20).
Likewise, these patients are among those showing an in-
creased susceptibility to enterobacterial infections. Similarly
recent reports by Mobley and co-workers (19) have sug-
gested that the MR/K adhesin of P. stuartii mediates adhe-
sion to urinary catheters. Since such catheters may be
rapidly covered by biofilms after insertion (6), it is possible
that the type 3 fimbriae are responsible for colonization by
enteric bacteria of the surfaces of indwelling devices.
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