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Phenotypic characterization of aggregation phenotypes of Lactobacillus coryniformis revealed that strain
DSM 20001T coaggregated with Escherichia coli K88, Campylobacter coli, and Campylobacter jejuni but not with
other human pathogens. In addition, cells of these pathogens aggregated in the presence of the spent culture
supernatant (SCS) of strain DSM 20001T. Cells of E. coli K88 remained viable in the coaggregates and
aggregates for up to 24 h. Both coaggregation and aggregation (co/aggregation) occurred at pH 3.5 to 7.5 and
was sensitive to heat (85°C for 15 min) and proteinase K. The co/aggregation-promoting factor (Cpf) was
purified, and the gene was identified by PCR with degenerate primers derived from internal amino acid
sequences. The cpf gene encoded a 19.9-kDa preprotein with a sec-dependent leader and an isoelectric point of
4.4. The amino acid sequence had no significant similarity to proteins with known functions. Northern analysis
revealed not only major transcription from the promoter of cpf but also major transcription from the promoter
of the preceding insertion element, ISLco1 belonging to the IS3 family. Recombinant Cpf produced in E. coli
mediated aggregation of pathogens comparable to the aggregation obtained with purified Cpf or SCS of strain
DSM 20001T. Cpf could be removed from cells of strain DSM 20001T by treatment with 5 M LiCl and could
be subsequently reattached to the cell surface by using SCS or recombinant Cpf, which resulted in restoration
of the co/aggregation property. These results together with those of the amino acid sequence analysis suggest
that Cpf is a novel surface protein of L. coryniformis that mediates co/aggregation of some pathogens.

Lactic acid bacteria (LAB) grow in a variety of habitats, such
as the mucosa and intestines of humans and animals, as well as
fermenting foods and feed (13). Their ability to form multicel-
lular aggregates has been shown to play an important role in
colonization of the oral cavity (23) and the urogenital tract (27,
36), as well as in genetic exchange via conjugation (e.g., in
Enterococcus faecalis [2] and Lactococcus lactis [11]). The ag-
gregation ability comprises autoaggregation, characterized by
clumping of cells of the same strain, and coaggregation, in
which genetically distinct cells are involved (22, 38). Both types
of aggregation have been described previously for lactobacilli,
including Lactobacillus crispatus, Lactobacillus gasseri, and
Lactobacillus reuteri (4, 8, 20, 37, 47).

Studies on the mechanism of autoaggregation in lactobacilli
showed that proteins present in the culture supernatant (20,
37, 38) and proteins or lipoproteins located on the cell surface
(5, 24) are involved in the cell aggregation. Furthermore, it was
observed that spent culture supernatants (SCS) of autoaggre-
gating lactobacilli mediate not only the aggregation of cells of
the producer strain but also aggregation of other LAB (4, 37)
and even Escherichia coli cells (20, 21). Thus, cell aggregation
mediated by the SCS of a genetically distinct organism can be
considered a third aggregation type (simply referred to as
aggregation in this paper). In L. gasseri and Lactobacillus
johnsonii the genes which encode an extracellular aggregation-
promoting factor (Apf) involved in autoaggregation, as well as
aggregation of other LAB (37), have been characterized. The

Apf proteins have recently been described as novel surface
proteins (48). In L. gasseri the Apf is involved in the mainte-
nance of the cell shape (19). On the other hand, little data are
available about the coaggregation of lactobacilli and its mech-
anism. Intestinal and vaginal lactobacilli have been found to
coaggregate with each other (47) or with E. coli (20, 21, 35) and
to aggregate E. coli cells in the presence of their SCS (6, 21).

Regarding the importance of the various aggregation types
in lactobacilli, it was shown for L. crispatus that its aggregating
phenotype enhances the gastrointestinal persistence of the or-
ganism in vivo, as well as its adhesion to epithelial cells in vitro
(8). Furthermore, the ability of lactic acid bacteria to coaggre-
gate with intestinal pathogens and uropathogenic bacteria in
vitro (5, 35) and in vivo (36) is of special interest, as this feature
may constitute a protective mechanism against infection (18).
Remarkably, the previous descriptions of coaggregation phe-
nomena have been limited to lactobacilli of human or animal
origin (5, 37), and so far there are no data about coaggregation
of food- or feed-associated bacteria with pathogens.

In this study we investigated the aggregation capability of
Lactobacillus coryniformis. Strains of this species are commonly
found in agricultural habitats, such as silage, cow dung, dairy
barn air (1), and various food products, including cheese (15),
salami (40), and Turkish boza (14). Two strains coaggregated
with E. coli K88 and Campylobacter spp. Additionally, the SCS
of strain DSM 20001T mediated aggregation of these patho-
gens. We characterized the coaggregation- and aggregation
(co/aggregation)-promoting factor (Cpf) of strain DSM 20001T

at the genotypic and phenotypic level and observed that Cpf is
a novel surface protein of lactobacilli.
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MATERIALS AND METHODS

Bacterial strains and culture conditions. Strains used in this study are listed in
Table 1. E. coli and salmonella were grown in Luria-Bertani (LB) medium (39)
at 37°C, lactobacilli were grown in MRS medium (Difco Laboratories) at 30°C,
listeria was grown in brain heart infusion (Merck) at 37°C, Campylobacter spp.
were grown in Preston medium (Oxoid) under microaerophilic conditions
(Anaerocult C; Merck) at 42°C, and clostridia were grown in reinforced clos-
tridial medium (Merck) under anaerobic conditions (Anaerocult A; Merck) at
37°C. For protein isolation, L. coryniformis DSM 20001T was grown in MRS
medium without Tween 80. When required, ampicillin and kanamycin were
added to the culture media at concentrations of 100 and 30 �g/ml, respectively.

Aggregation assays. Autoaggregation was determined as described by Reniero
et al. (37). Briefly, cells of overnight cultures were harvested by centrifugation at
5,000 �g and 4°C for 20 min, washed three times with sterile distilled water, and
suspended in the initial volume of phosphate-buffered saline (PBS) (39). Then
10% (vol/vol) of the culture’s own filter-sterilized SCS was added, and the
mixture was incubated at 20°C for 2 h. Coaggregation was determined as de-
scribed by Reid et al. (35). Briefly, cells were prepared as described above and
washed twice. Equal volumes of cells of the different strains were mixed and
incubated at 20°C for 2 h without agitation. Aggregation of cells in the presence
of the purified Cpf of L. coryniformis DSM 20001T or the SCS of another
Lactobacillus strain was determined as described by Kmet and Lucchini (21).
Briefly, cells were prepared as described above for the autoaggregation assay,
mixed with 10% SCS or purified Cpf (added to a final concentration of 5 �g/ml),
and incubated at 20°C for 2 h. For quantification of co/aggregation, the optical
densities (OD600) of the mixtures described above were monitored during 4 h of
incubation at the ambient temperature. The standard deviations derived from
the co/aggregation values of three independent experiments did not exceed 10%
of the mean value.

For characterization of coaggregation, cell suspensions of lactobacilli in PBS
were treated with proteinase K (final concentration, 1 mg/ml) for 30 min or with

heat (85°C) for 15 min. The enzyme was then removed by washing the prepara-
tion once with PBS. The cells were employed in the coaggregation assay by using
both E. coli K88 strains as target strains (Table 1). To characterize aggregation,
the SCS of L. coryniformis DSM 20001T was neutralized (pH 7.0), treated with
proteinase K (final concentration, 1 mg/ml) at 37°C for 30 min or with heat
(85°C) for 15 min and subjected to the aggregation assay with both E. coli K88
strains (Table 1). Proteinase K was inactivated by using Pefabloc SC (Roche
Diagnostics). The survival of pathogens which had aggregated or which were
included in coaggregates was investigated by determination of viable cell counts
on LB agar after vortexing to break apart coaggregates.

Purification and characterization of Cpf. A 1-liter culture of L. coryniformis
DSM 20001T (late log phase) was centrifuged (10,000 �g, 4°C, 30 min), and the
proteins were precipitated from filter-sterilized SCS by addition of solid ammo-
nium sulfate to 70% saturation. The precipitate was collected by centrifugation
(10,000 �g, 4°C, 30 min), dissolved in 10 mM Tris-HCl (pH 6.5), and dialyzed
overnight at 4°C by using the same buffer. The proteins were separated by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (25) by
using a 12% acrylamide gel. Following electrophoresis, the gel was sliced into
four pieces containing proteins having molecular masses of �45, 45 to 25, 25 to
15, and �15 kDa. The proteins in each slice were eluted by using a Bio-Rad 422
Electro-Eluter. After dialysis, the aggregation-promoting fraction was applied to
a Mono Q HR column (0.5 by 5 cm; Amersham Biosciences) which had been
previously equilibrated with 20 mM ethanolamine (pH 8.5). The protein was
eluted at a flow rate of 0.5 ml/min with a linear gradient of 0 to 1 M sodium
chloride in the same buffer.

The molecular weight of Cpf was determined by gel filtration by using a High
Prep 10/30 Superose 200 column (Amersham Biosciences). The column was
preequilibrated with 50 mM sodium phosphate containing 150 mM sodium
chloride (pH 7.4). Purified Cpf was applied to the column and eluted with the
same buffer at a flow rate of 1 ml/min. Isoelectric focusing was performed by the
method of O’Farrell (33) by using a precast vertical Novex isoelectric focusing gel

TABLE 1. Bacterial strains used in this study

Strain Characteristicsa Source or referenceb

Lactobacillus bifermentans DSM 20003T Isolated from spoiled cheese DSMZ
Lactobacillus coryniformis subsp. coryniformis DSM 20001T Cpf-positive strain, isolated from silage DSMZ
Lactobacillus coryniformis LTH 1750 Isolated from sauerkraut This study
Lactobacillus coryniformis subsp. torquens DSM 20004T Isolated from air, of cow shed DSMZ
Lactobacillus curvatus LTH 684 Isolated from Hungarian salami This study
Lactobacillus gasseri 4B2 Apf positive 37
Lactobacillus johnsonii La1 Apf positive 48
Lactobacillus plantarum LTH 1389 Isolated from fermented sausage This study
Escherichia coli LTH 1577 ETEC, O149:K88, canine isolate H. Karch
E. coli LTH 4781 ETEC, O147:H19:K88, porcine isolate H. Karch
E. coli 4140–86 EAEC, O44:H18, human isolate RKI
E. coli 10281/98 EIEC, O144; human isolate RKI
E. coli 10282/98 EIEC, O152:H, human isolate RKI
E. coli 789/01 EPEC, O125:H6, human isolate RKI
E. coli 9899/00 EPEC, O157:H45, human isolate RKI
E. coli 117/86 ETEC, O6:H16, human isolate RKI
E. coli 147/1 ETEC, O28:H, human isolate RKI
E. coli 97-14606 EHEC, O30:H, human isolate RKI
E. coli 97-10085 EHEC, O157:H7, human isolate RKI
E. coli 97-16152 EHEC, O103:H2, human isolate RKI
E. coli BL21(DE3) Expression host, T7 DNA polymerase Novagen
Clostridium perfringens LTH 934 Human isolate This study
C. perfringens LTH 5226 Spoiled preserve This study
C. perfringens LTH 5228 Spoiled preserve This study
Listeria monocytogenes LTH 4592 Serotype 1, minced meat Matforsk
L. monocytogenes LTH 4593 Serotype 4, minced meat Matforsk
L. monocytogenes LTH 4594 Serotype 4b, minced meat Matforsk
Salmonella enterica serovar Typhimurium LTH 790 Food isolate This study
S. enterica serovar Typhimurium LTH 1578 Food isolate This study
S. enterica serovar Typhimurium LTH 2750 Food isolate This study
Campylobacter coli DSM 4689T Penner serovar 4; pig isolate DSMZ
Campylobacter jejuni DSM 4688T Penner serovar 23, bovine isolate DSMZ

a ETEC, enterotoxigenic E. coli; EAEC, enteroaggregative E. coli; EIEC, enteroinvasive E. coli; EPEC, enteropathogenic E. coli; EHEC, enterohemorrhagic E. coli.
b DSMZ, Deutsche Sammlung von Mikroorganismen und Zellkulturen, Braunschweig; Germany; RKI, Robert Koch Institute, Wernigerode, Germany; Matforsk,

Norwegian Food Research Institute, Ås, Norway; H. Karch, Department of Hygiene, University of Münster, Münster, Germany.
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for pH 3 to 10 (Invitrogen), which was stained with Coomassie blue R250. The
presence of carbohydrate side chains in Cpf was determined by staining the
SDS-PAGE gel with periodic acid-Schiff (41) by using 2.5 to 7.5 �g of purified
Cpf and a GelCode glycoprotein staining kit (Pierce Perbio Science). For visu-
alization of total protein the gel was stained with GelCode blue stain reagent
(Pierce Perbio Science).

Determination of amino acid sequences. Cpf was digested with endoproteinase
Lys-C in a Coomassie blue R250-stained gel and separated on a capillary high-
performance liquid chromatography column (0.3 by 150 mm). The N-terminal
amino acid sequences of two peptides were determined by automated Edman
degradation with a Procise 492A sequencer (Applied Biosystems) equipped with
an online model 140C PTH amino acid analyzer.

Genetic techniques. DNA manipulations and electrotransformation of E. coli
were performed by using standard protocols described by Sambrook et al. (39).
Plasmid DNA from E. coli was extracted with a QIAprep Miniprep kit
(QIAGEN). Chromosomal DNA of lactobacilli was isolated by using a High
Pure PCR template preparation kit (Roche Diagnostics). Lysozyme (7,500 U/ml)
and mutanolysin (250 U/ml) were used as the lysing enzymes, and the mixture
was incubated at 37°C for 60 min. Southern hybridization was performed as
described previously (7). DNA was digested with KpnI or HpaII. A 365-bp
fragment of cpf was used as the DNA probe. This probe was amplified by PCR
(95°C for 2 min, followed by 35 cycles of 95°C for 30 s, 45°C for 30 s, and 72°C
for 45 s and then 72°C for 2 min) by using primers Vec494G (5�-GCACCTAC
ACCACTACCAGCTGCA-3�) and Vec494J (5�-GCTACGGCTGAAATAA
CCTGG-3�) and chromosomal DNA of L. coryniformis DSM 20001T as the
template. The probe was labeled by using the Alkaphos Direct labeling reagents
(Amersham Biosciences). Hybridization was performed according to the manu-
facturer’s instructions. Stringency washes corresponding to 70% stringency were
carried out at 64°C. Detection was performed with the CDP-Star reagent (Am-
ersham Biosciences).

Sequence analysis. Degenerate primers PrimF494Inosin (5�-ACIGTIACIGT
IGCIGCIWSICC-3�) and PrimR494Inosin (5�-TTRTTRTTIARIATIARYTGI
GC-3�) were used to PCR amplify an internal region of cpf (95°C for 2 min,
followed by 35 cycles of 95°C for 20 s, 45°C for 30 s, and 72°C for 30 s and then
72°C for 2 min). The amplified fragment was inserted into pGEM-T (Promega),
and the resulting plasmid was introduced into E. coli JM109. Sequencing was
performed with the IRD800-labeled T7 primer by using a SequiTherm EXEL II
DNA sequencing kit LC (EPICENTRE) in combination with a LI-COR auto-
mated sequencing system (Li-Cor). To determine flanking DNA sequences, the
Vectorette system (Sigma Genosys) was used. Amplified fragments were se-
quenced by using IRD800-labeled primer VecSeq (5�-CATGGGGTTCTCCTG-
3�). Homology searches were performed against the GenBank database by using
the BLASTX and BLASTP algorithms (http://www.ncbi.nlm.nih.gov/BLAST).
The putative cleavage site of the leader sequence of Cpf was determined by using
the TMHMM 2.0 program (31).

RNA techniques. Total RNA of L. coryniformis DSM 20001T grown in MRS
medium to an OD600 of 0.8 was isolated by the hot phenol-chloroform procedure
described by Obst et al. (32). Northern hybridization analyses were performed as
described previously (16), with the following modifications. Blotting was per-
formed with the VacuGene XL vacuum blotting system (Amersham Bio-
sciences). Digoxigenin-labeled probes were generated by PCR (95°C for 2 min,
followed by 35 cycles of 95°C for 30 s, 65°C for 30 s, and 72°C for 60 s and then
72°C for 3 min) by using primers Vec494G and Vec494J for the cpf-specific probe
or primers Transp-F (5�-GCGGAATTTAAGCAGCGATAC-3�) and Transp-R
(5�-CCTGGAAAGCATTAAATCAGG-3�) for the ISLco1 gene-specific probe,
as well as digoxigenin-labeled dUTP (Roche Diagnostics).

The transcription start site was determined by primer extension analysis by
using Moloney murine leukemia virus reverse transcriptase (Amersham Bio-
science). The reaction was performed under the conditions for the first-strand
reaction by using 6 pM specific IRD800-labeled primer Ex1-seq (5�-TGTTGTT
GGTGTCGTTGGTTC-3�).

Expression of Cpf in E. coli. The pET-30 Xa/LIC system (Novagen) was used
according to the manufacturer’s instructions. Briefly, primers XaLIC-F (5�-GG
TATTGAGGGTCGCGCAACGACACCAGAACCAACG-3�) and XaLIC-R
(5�-AGAGGAGAGTTAGAGCCTGCAACAATTAAGTTACAAG-3�) contained
vector-compatible overhangs (underlined) and were designed according to the
coding sequence of cpf without a leader peptide. Amplification (95°C for 2 min,
followed by 37 cycles of 95°C for 45 s, 66°C for 45 s, and 72°C for 90 s and then
72°C for 3 min) was carried out by using Pwo polymerase (Roche Diagnostics).
The amplified fragment was introduced into pET-30 Xa/LIC, and the resulting
plasmid, pMS110, was transferred into the expression host E. coli BL21(DE3).
The recombinant strain was grown in 250 ml of LB broth containing 30 �g of
kanamycin per ml under noninducing conditions at 37°C to an OD600 of 0.6.

Isopropyl-�-D-thiogalactopyranoside (IPTG) was added to a final concentration
of 1 mM, and the cells were incubated for 1 h. Cytoplasmic proteins were isolated
and purified with a His � Bind resin column (Novagen).

Removal of Cpf from the cell surface and its reattachment. Surface proteins of
L. coryniformis DSM 20001T cells were extracted with 5 M LiCl by the method
of Lortal et al. (26). One aliquot of the cells was suspended in PBS. To investi-
gate the reattachment of Cpf, another aliquot was suspended in SCS or PBS
containing recombinant Cpf (200 �g/ml) and incubated at 20°C for 1 h. After
this, the cells were washed once with distilled water to remove residual Cpf.
LiCl-treated cells, as well as reattached cells, were subjected to the quantitative
coaggregation assay. In the control experiment cells were treated with water at
each step. For investigation of heterologous attachment of Cpf, cells of lactoba-
cilli were washed twice with distilled water, resuspended in SCS, and incubated
at 20°C for 30 min. After this, the cells were washed once with distilled water and
subjected to the quantitative coaggregation assay.

Nucleotide sequence accession number. The DNA sequence of cpf has been
deposited in the EMBL database under accession no. AJ605769.

RESULTS

Characterization of aggregation phenotypes. Screening of
62 strains of 20 Lactobacillus species revealed that only the
SCS of L. coryniformis subsp. coryniformis DSM 20001T and
Lactobacillus bifermentans DSM 20003T aggregated cells of E.
coli K88 (unpublished data). The potential of these strains to
exhibit various aggregation phenotypes (autoaggregation, co-
aggregation, and aggregation) was investigated by using vari-
ous aggregation assays. L. coryniformis subsp. torquens DSM
20004T and the food isolate L. coryniformis LTH 1750 were
included in this study. In addition, the Apf producers L. gasseri
4B2 and L. johnsonii La1 were used as control strains. Except
for L. gasseri 4B2, which has been described as an autoaggre-
gating strain (37), neither the lactobacilli nor the pathogens
exhibited autoaggregation. Investigation of coaggregation be-
tween lactobacilli and pathogens revealed that cells of L.
coryniformis strains DSM 20001T and LTH 1750, as well as L.
gasseri 4B2, coaggregate with cells of both strains of E. coli
K88, Campylobacter coli, and Campylobacter jejuni. Aggrega-
tion of cells of the latter organisms occurred exclusively in the
presence of the SCS of L. bifermentans DSM 20003T and L.
coryniformis DSM 20001T. No co/aggregation took place with
strains of Clostridium perfringens, Salmonella enterica serovar
Typhimurium, and Listeria monocytogenes. Figure 1 shows the
co/aggregation phenotype mediated by L. coryniformis DSM
20001T. Moreover, the aggregation of lactobacillus cells by the
SCS of other lactobacilli was investigated. It was observed that
the SCS of L. coryniformis DSM 20001T did not mediate ag-
gregation of cells of L. gasseri 4B2 and L. johnsonii La1 and
vice versa. On the other hand, cells of L. gasseri 4B2 aggregated
in the presence of the SCS of L. johnsonii La1, but cells of L.
johnsonii La1 did not aggregate in the presence of the SCS of
L. gasseri 4B2.

The co/aggregation property of L. coryniformis DSM 20001T

was further investigated by using E. coli K88 as the target.
Incubation of the lactobacillus cells and SCS at 85°C for 15 min
or with proteinase K abolished co/aggregation, revealing the
proteinaceous nature of the Cpf. Remarkably, L. gasseri 4B2
(control) exhibited a heat- and proteinase K-resistant coaggre-
gation phenotype. In addition, the co/aggregation phenotype
of L. coryniformis DSM 20001T occurred within a pH range
from 3.5 to 7.5, which coincides with the range for the coag-
gregation of L. gasseri 4B2 with E. coli K88. The E. coli K88
strains were used to investigate the survival of pathogens in-
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cluded in the co/aggregates. It was found that the cell counts of
E. coli remained at the same level for up to 24 h (data not
shown).

Identification and sequence analysis of cpf. The Cpf was
isolated from the SCS of L. coryniformis DSM 20001T and
purified. In SDS-PAGE experiments, the co/aggregation activ-
ity was found in the fraction containing proteins with molecu-
lar masses of 15 to 25 kDa. After purification by anion-ex-
change chromatography, Cpf was investigated in more detail.
Determination of the molecular mass by gel filtration revealed
a single peak at approximately 18 kDa. The isoelectric point
was determined to be 4.2, and carbohydrate residues were not
detected. Pure Cpf was digested with endoproteinase Lys-C,
and two internal amino acid sequences (TVTVAASPFTAK
and NAQLILNNK) were obtained. Degenerate primers were
deduced from these amino acid sequences and used to amplify
an internal DNA fragment of the cpf gene. To determine the
complete nucleotide sequence of cpf, flanking DNA regions
were sequenced by the genomic walking technique.

Sequence analysis revealed a 2,713-bp DNA fragment con-
taining an insertion sequence designated ISLco1, a complete
open reading frame (ORF) (603 bp) located 402 bp down-
stream, followed by an incomplete 387-bp orfX (Fig. 2). The
sequence of ISLco1 contained 37-bp imperfect terminal re-
peats. A homology search with ISLco1 revealed significant
similarity at the nucleotide sequence level to several trans-
posase genes belonging to the IS3 family of insertion elements.
ISLco1 contained two out-of-phase and overlapping ORFs,
orfA (249 bp) and orfB (952 bp), producing the putative pro-
teins OrfA (83 amino acids) and OrfB (280 amino acids), as
well as the transframe protein OrfAB (382 amino acids), which

results from a �1 translational frameshift between orfA and
orfB. The amino acid sequence of OrfA exhibited 100 and
96.4% identity to the OrfA sequences of ISLc3 of Lactobacillus
casei (accession no. AF445084) and IS153 of Lactobacillus
sanfransiscensis (accession no. CAB63122), respectively, whereas
the corresponding OrfB sequences (accession no. AF445084
and CAB63123) exhibited 100 and 66.2% identity to the OrfB
sequence of strain DSM20001T, respectively.

The 603-bp ORF coded for the 19.9-kDa Cpf, which con-
tains 201 amino acids. Analysis of the amino acid sequence
revealed that the preprotein is preceded by a signal sequence
with the predicted cleavage site AQA-AT between amino acids
27 and 28, resulting in a mature extracellular protein with an
isoelectric point of 4.4. The amino acid sequence did not show
any significant similarity to proteins with known functions. Low
levels of similarity were found to the sequences of putative
extracellular proteins of Lactobacillus plantarum WCSF 1 (ac-
cession no. NP785062 and NP786668) (27.4 and 35.1% iden-
tity) and to the sequences of putatively secreted proteins of
Listeria innocua (accession no. NP469937) and L. monocyto-
genes (accession no. NP464113) (28.9 and 29.8% identity, re-
spectively). Comparison of these sequences with Cpf revealed
that the greatest similarity was at the C terminus having the
amino acid sequence T(L/I)TW(T/S)L.

The amino acid sequence encoded by orfX located down-
stream of cpf exhibited 38.5% identity with the sequence of an
extracellular protein of L. plantarum WCSF 1 (accession no.
NP78666).

Analysis of cpf transcription. To characterize transcription
of cpf, a primer extension reaction and Northern analysis were
carried out by using a cpf-specific primer and DNA probe,
respectively. As shown in Fig. 3, transcription of cpf started at
a G residue located 121 bases upstream of the ATG start
codon. Upstream of this transcription start site a typical �10
region (TATAAT) and a �35 region (TTGCAA) were iden-
tified in the cpf promoter region and were separated by 17 bp.
Northern analysis revealed four transcripts that were approx-
imately 2.0, 1.2, 1.0, and 0.8 kb long (Fig. 4A). The 0.8-kb RNA
fragment represented the main transcript, began at the tran-
scription start site determined, and terminated at terminator
T1 (�3.5 kcal mol�1), which was located 51 bp downstream of
cpf (Fig. 2). The 1.2- and 1.0-kb minor transcripts may have
terminated at T2 (�9.2 kcal mol�1) and T3 (�10.9 kcal mol�1)
located in the incomplete orfX sequence at 235 and 339 bp,

FIG. 1. Macro- and microscopic manifestation of the co/aggregation property of L. coryniformis DSM 20001T. Coaggregation of cells of strain
DSM 20001T with E. coli LTH 1577 resulted in the formation of coaggregates (C) which sedimented to the bottom of reaction tubes (A). Addition
of SCS of DSM 20001T to cells of E. coli LTH 1577 led to clumping of the cells (D) into sedimenting aggregates (B).

FIG. 2. Schematic representation of the cpf gene of L. coryniformis
DSM 20001T and its flanking regions. The boxes indicate the insertion
element ISLco1, the open reading frames of cpf, and incomplete orfX.
The localization of promoters (P) and transcriptional terminators
(T) is shown. Transcripts of ISLco1 and cpf identified by Northern
hybridization analysis are indicated by arrows.
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respectively, downstream of cpf. To determine the composition
of the 2.0-kb transcript, Northern analysis was repeated with a
DNA probe specific for ISLco1 (Fig. 4B). The size of the main
transcript was identical, indicating that the 2.0-kb transcript
originated from readthrough of orfA/orfB of ISLco1 (Fig. 2).
Minor 1.5- and 2.8-kb transcripts might have been caused by
readthrough of genes located upstream of ISLco1, as no cor-
responding hybridization signals were obtained with the cpf-
specific DNA probe.

Distribution of cpf among other co/aggregating lactobacilli.
As the other strains of L. coryniformis, as well as the type strain
of L. bifermentans, also showed the coaggregation and/or ag-
gregation phenotype, the presence of cpf-like genes in the
genomes of these lactobacilli was investigated by Southern
blotting and hybridization. When a 365-bp fragment of cpf was
used as the DNA probe, hybridization signals were obtained
exclusively with the chromosomal DNA of L. coryniformis
DSM 20001T at a stringency of 70% (data not shown).

Characterization of Cpf activity. To obtain pure Cpf for
further investigations, the corresponding gene was expressed in
E. coli BL21(DE3) by using the pET-30 Xa/LIC expression
system. Recombinant His-tagged fusion protein was isolated
from the cytoplasm and purified with a His � Bind resin col-
umn. The His-tagged Cpf was digested with factor Xa to obtain
recombinant Cpf without a leader sequence, starting with the
amino acid residues AT. The molecular mass of the recombi-
nant Cpf was determined by gel filtration to be 18 kDa and
agreed with that of the protein purified from the SCS. The
ability of the recombinant Cpf, as well as SCS of L. coryniformis
DSM 20001T, to aggregate cells of pathogens was quantita-
tively determined. For purposes of comparison, quantification
of the coaggregation ability of L. coryniformis DSM 20001T was

included in the experiment. As shown in Fig. 5A, similar re-
ductions in OD600 were observed for aggregation of E. coli
LTH 1577 cells in the presence of recombinant Cpf or SCS and
for coaggregation of E. coli LTH 1577 with strain DSM 20001T.
When campylobacter cells were used, the co/aggregation re-
sulted in greater and faster reduction of the OD600 compared
to that observed with E. coli LTH 1577 cells (Fig. 5B and C).
However, the recombinant Cpf showed reduced aggregation
activity with the campylobacter cells.

The binding of Cpf to the cell surface was investigated in
more detail by extracting the protein from the cell surface with
a 5 M LiCl solution and then reattaching it to the surface of
LiCl-treated cells. As shown in Fig. 5D, treatment of cells with
the LiCl solution abolished coaggregation of L. coryniformis
DSM 20001T with E. coli LTH 1577, indicating removal of Cpf
from the cell surface. The coaggregation phenotype was re-
stored by addition of SCS or recombinant Cpf. Cells treated in
parallel experiments with water (control) exhibited coaggrega-
tion activity similar to that of untreated cells in overnight
cultures of L. coryniformis DSM 20001T (Fig. 5D).

Finally, the possibility of heterologous attachment of Cpf to
untreated cell surfaces of four noncoaggregating lactobacilli
was investigated. Incubation of cells of Lactobacillus curvatus
LTH 684 resulted in acquisition of the coaggregation pheno-
type, and the activity was comparable to that of L. coryniformis
DSM 20001T (Fig. 5D). No attachment of Cpf was observed
for L. johnsonii La1, L. coryniformis subsp. torquens DSM
20004T, and L. plantarum LTH 1389.

FIG. 3. Mapping of the 5� end of mRNA of cpf by primer exten-
sion. Transcripts were generated from total RNA isolated from L.
coryniformis DSM 20001T (lane 1). The arrow indicates the position of
the product obtained; the asterisk indicates the transcription start site.

FIG. 4. Northern hybridization analysis of RNA isolated from L.
coryniformis DSM 20001T. The analysis was performed with a cpf-
specific probe (A) and an ISLco1-specific probe (B). The sizes of the
marker fragments are indicated on the left.
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DISCUSSION

We showed that Cpf of L. coryniformis DSM 20001T not only
is a novel surface protein of lactobacilli but also mediates
coaggregation with and aggregation among pathogenic bacte-
ria, such as E. coli K88, C. coli, and C. jejuni. Analysis of the
amino acid sequence of Cpf revealed no noticeable similarity
to known bacterial surface proteins and homology (35.1%
identity) only to extracellular proteins with unknown functions.
Cpf exhibited features such as an absence of sulfur-containing
amino acids and high contents of hydrophobic amino acids
(50%) and hydroxy amino acids (28%), which have been de-
scribed as characteristics of S-layer proteins (3, 44). This find-
ing is consistent with the observation that the overall amino
acid compositions of bacterial S-layer proteins are rather sim-
ilar, although the amino acid sequences exhibit very low levels
of similarity (44). The highest levels of similarity are restricted
mostly to C-terminal sequences containing cell wall-targeting
or sorting signals, surface layer homology domains, or cell
membrane anchors (30). Cpf also exhibited the highest levels
of similarity to the C termini of the extracellular proteins with
unknown functions containing the putative sequence motif
T(L/I)TW(T/S)L. However, this motif could not be allotted to
any known sorting signal or motif involved in cell wall target-
ing, and, in addition, no membrane-spanning segments were
identified. Moreover, Cpf is a weakly acidic protein with a pI of
4.4, which falls into the range of pIs for most bacterial S-layer
proteins (44). However, this pI is unique among the pIs de-
scribed for S-layer proteins of lactobacilli, which generally have
pIs of �9.5. The small size of Cpf (17 kDa) is also uncommon
among bacterial S-layer proteins, whose molecular masses usu-
ally range from 40 to 200 kDa, except for the 13-kDa S-layer
protein of Flexibacter polymorphus (43).

Our studies of removal from and reattachment to the cell
surface further supported the assumption that Cpf acts as a
surface protein in L. coryniformis DSM 20001T. Cpf was re-
moved from the surface by treatment with 5 M LiCl, a proce-
dure that has been used successfully to isolate S-layer or sur-
face proteins from various lactobacilli (26, 45, 48).
Furthermore, we found that large amounts of Cpf were re-

leased into the culture medium. This finding is consistent with
the observation that several bacteria produce an excess of
S-layer protein to ensure complete coverage of the surface
during cell growth (3). It has also been reported that isolated
S-layer subunits from gram-positive bacteria can be reattached
to surfaces of cell wall layers (43). In our study we showed that
Cpf can be reattached to the cell surface of L. coryniformis
DSM 20001T, resulting in restoration of the coaggregation
phenotype, and thus the reattached Cpf regained its native
function on the cell surface. Remarkably, coaggregation activ-
ity could also be achieved by reattaching recombinant Cpf
produced by E. coli (Fig. 5D). This indicated that E. coli pro-
duces the recombinant Cpf in a correctly folded conformation.
Furthermore, all attempts to inactivate cpf and heterologously
express cpf in L. reuteri or L. sakei failed (data not shown),
indicating that Cpf may play an important role in cell surface
composition, as recently demonstrated for Apf of L. gasseri
(19).

Characterization of the aggregation phenotypes revealed
that L. coryniformis DSM 20001T exhibits a phenotype which
differs from that of L. gasseri 4B2 with respect to aggregation
and autoaggregation. Using recombinant Cpf, we obtained
strong evidence that the co/aggregation phenotype of strain
DSM 20001T is mediated by Cpf. Reniero et al. (37) showed
that for L. gasseri 4B2 Apf is involved in autoaggregation, as
well as aggregation of LAB cells, and that both events are
sensitive to proteinase K. We observed that the coaggregation
of strain 4B2 with pathogens is resistant to heat and proteinase
K, showing that a nonproteinaceous surface component medi-
ates the coaggregation of L. gasseri 4B2 with pathogens. Re-
markably, both L. coryniformis DSM 20001T and L. gasseri 4B2
coaggregated exclusively with E. coli K88, C. coli, and C. jejuni.
Therefore, the proteinaceous (Cpf) and nonproteinaceous sur-
face components can specifically interact with a surface struc-
ture of these pathogens. For E. coli the K88 antigen was de-
scribed to be involved not only in coaggregation with intestinal
lactobacilli of pigs (46) but also in adhesion to porcine entero-
cytes and mucus glycoproteins of pigs (10, 28). For both E. coli

FIG. 5. Characterization of the Cpf activity of L. coryniformis DSM 20001T by quantification of co/aggregation. (A to C) Aggregation of E. coli
LTH 1577 (A), C. coli DSM 4689T (B), and C. jejuni DSM 4688T (C) in the presence of recombinant Cpf (■ ) or SCS (Œ) of L. coryniformis DSM
20001T, as well as coaggregation of L. coryniformis DSM 20001T (�) with the pathogens. The controls (F) consisted of cells of the corresponding
pathogens only. (D) Coaggregation of E. coli LTH 1577 with cells of L. coryniformis DSM 20001T extracted with 5 M LiCl (F) and subsequently
incubated in SCS (Œ) or a solution containing recombinant Cpf (■ ). Coaggregation of E. coli LTH 1577 with cells of L. curvatus LTH 684 incubated
in SCS of strain DSM 20001T (Œ) was also determined. The control (�) consisted of lactobacillus cells that were treated with only water.
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K88 and C. jejuni, the adhesion to eukaryotic cells was found to
be mannose resistant (17, 34).

There is great diversity among the surface components of
lactobacilli involved in aggregation phenomena. For example,
the DEAD box helicase AggH of L. reuteri 1063 (38), the
S-layer protein CbsA of L. crispatus JCM 5810 (42), and the
Apf of L. gasseri 4B2 involved in maintenance of the cell shape
(19) were found to mediate autoaggregation. Thus, the aggre-
gation property of lactobacilli may be a side activity of surface
components involving random interaction with another surface
component. This hypothesis is supported by our finding that
the phenotypes differ with respect to the different types of
aggregation not only among species but also among strains,
which is also consistent with the observations of Jankovic et al.
(19) and Kmet et al. (20). Furthermore, the results of hybrid-
ization with DNAs of other co/aggregating lactobacillus strains
indicate that cpf appears to be exclusively located on the chro-
mosome of strain DSM 20001T. Remarkably, the insertion
element ISLco1 is located upstream of cpf and triggers addi-
tional transcription of cpf (Fig. 4). ISLco1 belongs to the IS3
family, whose members are widely distributed among lactoba-
cilli (9). Involvement of this insertion element in horizontal
transfer of cpf, especially the search for homologues in related
lactobacilli, requires further investigation.

Cpf is the first example of a surface protein from lactobacilli
which mediates co/aggregation with the human pathogens C.
coli and C. jejuni, the major species involved in food-borne
Campylobacter infections (29). Food-associated lactobacilli
that coaggregate numerous pathogens are of special interest
with regard to potential applications, and Boris et al. (5) dis-
cussed the finding that coaggregation is a mechanism which
prevents adherence of pathogens to the host tissue. Although
the co/aggregation spectrum of Cpf is rather limited, this mol-
ecule is still a promising candidate for application due to its
ability to act in a heterologous system. We showed that Cpf
attaches to the cell surface of the food-fermenting organism L.
curvatus LTH 684, resulting in a coaggregation phenotype sim-
ilar to that of L. coryniformis DSM 20001T (Fig. 5D). Further-
more, our studies revealed that the co/aggregation activity of
Cpf is rather pH independent. Thus, coaggregates or aggre-
gates may be formed in the food matrix and have a protective
effect for their passage through the gastrointestinal tract by
preventing the entrapped pathogens from adhering to host
cells. This mechanism is assumed for the yeast Saccharomyces
boulardii, which aggregates E. coli strains expressing type 1
fimbriae (12).
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