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Aggregation-promoting factors (Apf) are secreted proteins that have been associated with a diverse number
of functional roles in lactobacilli, including self-aggregation, the bridging of conjugal pairs, coaggregation with
other commensal or pathogenic bacteria, and maintenance of cell shape. In silico genome analysis of Lacto-
bacillus acidophilus NCFM identified LBA0493 as a 696-bp apf gene that encodes a putative 21-kDa Apf protein.
Transcriptional studies of NCFM during growth in milk showed apf to be one of the most highly upregulated
genes in the genome. In the present study, reverse transcriptase-quantitative PCR (RT-QPCR) analysis
revealed that the apf gene was highly induced during the stationary phase compared to that during the
logarithmic phase. To investigate the functional role of Apf in NCFM, an �apf deletion mutant was con-
structed. The resulting �apf mutant, NCK2033, did not show a significant difference in cell morphology or
growth compared to that of the NCFM�upp reference strain, NCK1909. The autoaggregation phenotype of
NCK2033 in planktonic culture was unaffected. Additional phenotypic assays revealed that NCK2033 was more
susceptible to treatments with oxgall bile and sodium dodecyl sulfate (SDS). Survival rates of NCK2033
decreased when stationary-phase cells were exposed to simulated small-intestinal and gastric juices. Further-
more, NCK2033 in the stationary phase showed a reduction of in vitro adherence to Caco-2 intestinal epithelial
cells, mucin glycoproteins, and fibronectin. The data suggest that the Apf-like proteins may contribute to the
survival of L. acidophilus during transit through the digestive tract and, potentially, participate in the inter-
actions with the host intestinal mucosa.

Lactobacillus species are phylogenetically diverse and are
found naturally in milk, plants, meats, and the mucosal sur-
faces (oral, intestinal, and reproductive tracts) of humans and
animals. They also represent one of the most prominent
groups of microorganisms, having been used for centuries in
the bioprocessing of foods, notably in fermented dairy prod-
ucts, vegetables and meats and in sourdough. Due to their
explored gastrointestinal (GI) health-promoting properties,
certain strains of lactobacilli, mostly of human origin, have
been used as probiotic adjuncts in cultured dairy and func-
tional food products. Lactobacillus acidophilus is among the
most widely used probiotic species in yogurt and fermented
milks. The probiotic functionality of L. acidophilus has been
well documented both in vitro and in vivo, and it includes the
alleviation of lactose intolerance, maintenance of the GI mi-
croflora balance, immunomodulation via stimulation of host
cytokine expression and serum immunoglobulin A (IgA), ex-
clusion of pathogenic microorganisms, and alleviation of cold-
like symptoms in children (16, 18, 20, 27, 32, 36).

The ability of probiotic bacteria to form cellular aggregates
is considered a desirable characteristic, as they can potentially
inhibit adherence of pathogenic bacteria to intestinal mucosa
either by forming a barrier via self-aggregation or coaggrega-

tion with commensal organisms on the intestinal mucosa or by
direct coaggregation with the pathogens to facilitate clearance
(12, 41). In addition, studies have suggested aggregation as an
important mechanism for genetic exchange, adhesion, and col-
onization in the host environments, as well as immunomodu-
lation of colonic mucosa (13, 39, 46, 48). In general, the mech-
anism of cellular aggregation in probiotic lactobacilli remains
unclear, although it appears that the aggregation phenomenon
is a result of complex interactions among components on the
cell surface, such as proteins, glycoproteins, techoic or lipote-
choic acids (LTA), and secreted factors. Enzymes such as gly-
cosyltransferases and a putative DEAD-box helicase from Lac-
tobacillus reuteri have also been implicated as mediators of cell
aggregation (35, 40, 47).

Aggregation-promoting factors (Apf) and the genes encod-
ing them have previously been characterized for several Lac-
tobacillus species, including Lactobacillus crispatus, Lactobacil-
lus johnsonii, Lactobacillus gasseri, Lactobacillus paracasei, and
Lactobacillus coryniformis. Some of these Apf proteins serve as
major factors in aggregation, whereas others do not appear to
be directly involved in aggregation. L. gasseri 2459, a vaginal
isolate, produced a 2-kDa pheromone-like, hydrophilic peptide
that mediates autoaggregation and induces aggregation of spe-
cific strains of Lactobacillus plantarum and Enterococcus fae-
calis (10). A surface coaggregation-promoting factor (Cpf) was
identified in a silage strain, L. coryniformis DSM 20001T, which
mediates coaggregation with specific pathogenic strains of
Escherichia coli and campylobacter (41). An earlier study by
Reniero et al. (39) showed that a putative 32-kDa Apf protein
from L. gasseri 4B2 contributes to cell aggregation and enhanced
conjugation efficiency. Subsequent studies, however, failed to
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functionally correlate this Apf protein with aggregation pheno-
type (26, 45). The authors demonstrated that the Apf proteins in
4B2, encoded by apf1 and apf2, had characteristics of S-layer
proteins and contributed to the maintenance of cell shape in L.
gasseri. Similarly, the Apf proteins from L. crispatus M247 and L.
paracasei BGSJ2-8 did not restore the aggregation phenotype of
their respective nonaggregative mutants (33, 34).

L. acidophilus NCFM (6) exhibits a strong autoaggregation
phenotype and has previously been demonstrated to efficiently
coaggregate with pathogenic strains of Clostridium histolyticum
and Staphylococcus aureus in vitro (15). In silico analysis of the
NCFM genome sequence revealed the presence of a putative
apf gene (LBA0493). Previous microarray gene expression
studies have also showed that apf was consistently expressed at
high levels when NCFM was grown on different carbohydrate
sources, and notably during growth in milk, suggesting some
physiological importance of the encoded protein (5, 8). The
objective of the present study was to investigate the functional
roles of the apf gene in L. acidophilus NCFM. Mutational
analysis demonstrated that the apf gene potentially plays im-
portant roles in the probiotic functionality of L. acidophilus
NCFM, specifically, in bile and acid tolerance and in adher-
ence to the intestinal mucosa.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The bacterial strains and plasmids
used in this study are summarized in Table 1. L. acidophilus strains were prop-
agated in de Man-Rogosa-Sharpe (MRS) broth (Difco Laboratories, Inc., De-

troit, MI) statically under aerobic conditions or on MRS agar (1.5% [wt/vol];
Difco) under anaerobic conditions at 37°C or 42°C, as indicated below. Recom-
binant strains were selected in the presence of 2 �g/ml of erythromycin (Em)
(Sigma-Aldrich, St. Louis, MO) and/or 2 to 5 �g/ml of chloramphenicol (Cm)
(Sigma) when appropriate. For upp-based counterselectable gene replacement
procedures (23), plasmid-free double recombinants were selected on a semide-
fined agar medium containing 2% (wt/vol) glucose (GSDM) (28) and 100 �g/ml
of 5-fluorouracil (5-FU) (Sigma) as described previously (23). Escherichia coli
strains were grown in brain heart infusion (BHI) (Difco) medium at 37°C with
aeration. E. coli EC101 (31) was propagated in the presence of 40 �g/ml of
kanamycin (Kn). When necessary, Em was added at a final concentration of
150 �g/ml.

DNA manipulation and transformation. Genomic and plasmid DNA isolation,
standard DNA techniques, and transformation were performed as described
previously (23). PCR primers (Table 1) were synthesized by Integrated DNA
Technologies (Coralville, IA). For cloning purposes, PCR amplicons were gen-
erated using PfuUltra II Fusion HS DNA polymerase (Stratagene Corp., La
Jolla, CA) based on the manufacturer’s instructions.

Sequence analysis. Deduced protein sequences were compared against the
nonredundant protein database using BlastP (http://blast.ncbi.nlm.nih.gov/Blast
.cgi). Theoretical physical and chemical properties of the deduced proteins were
assessed using the ProtParam tool (http://au.expasy.org/tools/protparam.html).
The signal peptide and transmembrane domain were predicted using SignalP 3.0
(http://www.cbs.dtu.dk/services/SignalP/) (9) and TMHMM 2.0 (http://www.cbs
.dtu.dk/services/TMHMM/), respectively. Multiple alignments of protein se-
quences were carried out in ClustalX v2.0.12 with the BLOSUM series protein
weight matrix, and clustering was performed by the neighbor-joining method
(30). An unrooted phylogenetic tree was constructed with ClustalX v2.0.12 and
visualized using the MEGA 4.0.2 software package (43).

RT-QPCR. L. acidophilus NCFM was propagated in MRS broth using a 2%
inoculum from an overnight culture. Cells were collected during the log phase
(optical density at 600 nm [OD600] of 0.6 to 0.8) and stationary phase (16 h of
growth) by centrifugation at 1,717 � g for 5 min at room temperature. Cell

TABLE 1. Bacterial strains, plasmids, and PCR primers used in this study

Strain, plasmid,
or primer Genotype or characteristicsa Source or

reference

Strains
L. acidophilus

NCFM Human intestinal isolate 6
NCK1909 NCFM carrying a 315-bp in-frame deletion within the upp gene 23
NCK1910 NCK1909 harboring pTRK669; host for pORI-based counterselective integration vector 23
NCK2033 NCK1909 carrying a 606-bp in-frame deletion within the apf gene This study

E. coli
EC101 RepA� JM101; Kmr; repA from pWV01 integrated in chromosome; host for pORI-based

plasmids
31

Plasmids
pTRK935 3.0 kb; pORI28 with a upp expression cassette and the lacZ� from pUC19 cloned into

BglII/XbaI sites; serves as counterselective integration vector
23

pTRK977 4.4 kb; pTRK935 with a mutated copy of apf cloned into BamHI/SacI sites This study

Primers
Construction of �apf deletion

mutant
apf-1 GTATTAGGATCCGCAGGAGCAGACGTGATTTT This study
apf-2 AGCAGCTACTGCAATTGACTT This study
apf-3 AGTCAATTGCAGTAGCTGCTTGGACTGCTGCTAAGGCATT This study
apf-4 TTATGTAGAGCTCCTTTCCCCTTTAGCAACACG This study

PCR analysis and DNA
sequencing of deletion
targets

apf-5 GGAAGCGGCGTAACAAATAA This study
apf-6 AAGGATGCAAACCAAGTTGC This study

RT-QPCR analysis of apf gene
apf-F TGATGCTAGCGTAGTTACAG This study
apf-R CATTGGTTCTTGCCTAAGTC This study
383-F GCAAATCCTATCAGGTAATC 37
383-R ACCGTCTACTACTTTCAAC 37

a For primers, the 5�-to-3� sequences are given and restriction enzyme sites are underlined.
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pellets were flash-frozen in an ethanol-dry ice bath and stored at �80°C. Total
RNA was extracted, treated with DNase, and purified as described previously
(24). Samples were collected from two independent experimental replicates
(representing two biological replicates). The absence of genomic DNA in puri-
fied RNA samples was verified by PCR using NCFM gene-specific primers.
Reverse transcriptase-quantitative PCR (RT-QPCR) was performed using an
iScript one-step RT-PCR kit with SYBR green (Bio-Rad Laboratories, Hercules,
CA) according to the manufacturer’s suggestions, with each reaction scaled down
to a total volume of 25 �l containing 50 ng of RNA template and a 300 nM final
concentration of each primer. Primer pairs apf-F/apf-R (Table 1) and 383-F/
383-R (37) were used for transcript amplification of apf and LBA0383 (DNA
polymerase III, delta subunit), respectively. RT-QPCR was performed with an
iCycler MyiQ single-color detection system (Bio-Rad). Data were analyzed using
iCycler MyiQ software v1.0 (Bio-Rad). The number of threshold cycle per well
was determined using the auto-calculated “threshold cycle calculation” and
“PCR baseline subtracted curve fit” analysis mode. Transcript copy numbers of
apf and LBA0383 were then quantified from the apf and LBA0383 standard
curves, respectively, generated from known concentrations of PCR products. The
correlation coefficients for the standard curves and PCR efficiencies for apf and
LBA0383 were 0.999 and 1.000, and 82.1% and 88.0%, respectively. The tran-
script copy number of apf was normalized to the mRNA copy number of
LBA0383 (38).

Deletion of the apf gene. The apf gene from L. acidophilus NCFM was deleted
using a upp-based counterselectable gene replacement system (23). Briefly, a
606-bp in-frame deletion within the apf gene was constructed by first amplifying
a 703-bp and a 675-bp DNA segment flanking the region upstream and down-
stream of the deletion target, respectively, using apf-1/apf-2 and apf-3/apf-4
primer pairs (Table 1). Both purified PCR products were fused and amplified to
generate copies of the �apf allele via splicing by overlap extension PCR (SOE-
PCR) (25), using 10 ng of each PCR product as amplification templates in a
50-�l PCR with the apf-1/apf-4 primer pair. All PCRs were performed with 25 to
30 amplification cycles. The purified SOE-PCR product was digested with
BamHI and SacI and ligated into the pTRK935 counterselectable integration
vector. The ligation mixture was transformed into E. coli EC101 with selection on
BHI agar containing Kn, Em, 5-bromo-4-chloro-3-indolyl-�-D-galactopyranoside
(X-Gal), and isopropyl-�-D-thiogalactopyranoside (IPTG). The resulting recom-
binant plasmid carrying the �apf allele, pTRK977, was electroporated into the L.
acidophilus �upp host strain harboring pTRK669, NCK1910 (Table 1). One Emr

Cmr transformant carrying both plasmids was grown overnight in MRS broth
containing 2 �g/ml each of Em and Cm and transferred three times (1% inoc-
ulum) in MRS broth with Em (ca. 30 generations) in a 42°C water bath. Chro-
mosomal integrants were selected by replica plating onto MRS agar supple-
mented with Em or 5 �g/ml Cm. One Emr Cms pTRK977 integrant was selected
and propagated in MRS broth with Em at 37°C overnight, followed by 1 transfer
(1% inoculum) in MRS broth without Em (ca. 10 generations). To recover
plasmid-free recombinants, the culture was plated at a 10�3 dilution on GSDM
supplemented with 5-FU and incubated at 37°C anaerobically for 48 to 72 h until
colonies were visible. Double recombinants with �apf allele were screened by
colony PCR using the apf-5/apf-6 primer pair (Table 1) that specifically anneals
to the flanking region of the apf gene. In-frame deletion and sequence integrity
were confirmed by DNA sequencing using the apf-5/apf-6 primer pair.

Stress challenge assays. Strains were grown in MRS broth to an OD600 of 0.25
to 0.3 (early log phase) before being subjected to a stress challenge (4). The
cultures were divided into equal-volume portions and harvested at room tem-
perature. Cells were resuspended in equal volume of (i) MRS broth with 2.5%
(wt/vol) oxgall bile (Difco), (ii) MRS broth with 10% (wt/vol) NaCl, or (iii)
acidified MRS broth at pH 3.5 (adjusted with lactic acid) or at pH 2.0 (adjusted
with HCl). Viable cell counts were determined after a 1- or 2-h incubation at
37°C by diluting and plating onto MRS agar. For sodium dodecyl sulfate (SDS)
and Triton X-100 treatment assays, early-log-phase cultures were inoculated at
1% into MRS broth containing 0.01% or 0.02% (wt/vol) of SDS, or 0.25% or
0.50% (vol/vol) of Triton X-100. Growth was monitored by OD600 after a 24-h
incubation at 37°C.

Survival in acidified milk. The assay was performed essentially as described
previously (5). Briefly, MRS-grown overnight cultures were pelleted, washed
twice with phosphate-buffered saline (PBS; Invitrogen, Carlsbad, CA), pH 7.4,
and resuspended in the same buffer. Approximately 5 � 108 to 8 � 108 CFU of
each culture was inoculated into 50-ml aliquots of 11% skim milk (SM) acidified
to pH 4.5 with lactic acid. The samples were stored at 4°C for 2 weeks. Viable
cells were determined every 48 h during the 2-week period by diluting 1-ml
aliquots and plating them on MRS agar.

Exposure to simulated gastric and small-intestinal juices. Simulated gastric
and small-intestinal juices were prepared essentially as described previously (14,

21). Briefly, overnight cultures were pelleted, washed twice, and resuspended in
sterile distilled water. The cell suspension (0.2 ml) was mixed with 1 ml of freshly
prepared simulated gastric juice (0.5% [wt/vol] NaCl solution containing 3 g/liter
pepsin [Fisher Scientific, Pittsburg, PA], pH 2.0) or small-intestinal juice (0.5%
NaCl solution containing 1 g/liter pancreatin [Sigma] and 3 g/liter oxgall [Difco],
pH 8.0) and incubated at 37°C. The viable cell count was determined by plating
onto MRS agar at 30-min or 1-h intervals.

Adherence assays. Caco-2 (ATCC HTB-37) epithelial cell adherence assays
were performed as described previously (23) using MRS medium-grown station-
ary-phase cells (16 h of growth). Washed cells were resuspended in PBS and
adjusted to an OD600 equivalent to �1 � 108 CFU/ml prior to adding them into
each well containing a Caco-2 cell monolayer. For adherence to extracellular
matrix (ECM) components, collagen (type IV from human cell culture; Sigma),
laminin (from Engelbreth-Holm-Swarm murine sarcoma/basement membrane;
Sigma), or fibronectin (from human plasma; Sigma) was diluted in 50 mM
carbonate-bicarbonate buffer, pH 9.6 (Sigma), to a final concentration of 10
�g/ml. Mucin (type III from porcine stomach; Sigma) was dissolved in PBS at 10
mg/ml. Nunc Maxisorp 96-well microplate wells were coated with the protein
solutions (100 �l/well) by incubation at 4°C overnight. After two washes with PBS
to remove excess protein substrates, the wells were blocked with 2% bovine
serum albumin (BSA) solution (Invitrogen) for 2 h at 37°C, followed by two
additional washes with PBS to remove excess BSA. To prepare bacterial cells for
the adherence assay, MRS medium-grown stationary-phase cultures were pel-
leted, washed once with PBS (pH 5.0), and resuspended in the same PBS buffer
in order to mimic the pH condition of the culture supernatant during stationary
phase (pH �4.0 to 4.5) when cells were harvested. The cell density was adjusted
to an OD600 equivalent to �1 � 108 CFU/ml, and 100 �l of the cell suspension
was added to each protein-coated well. After 1-h incubation at 37°C, the wells
were washed five times with PBS (pH 6.0; 200 �l/well). Adhered cells were
recovered by treating each well with 100 �l of 0.05% Triton X-100 solution for
15 min with agitation. Cell suspensions were diluted and plated on MRS agar to
enumerate adhered cells (expressed as the percent relative adherence of mutant
in CFU/parent in CFU). All adherence experiments were performed with at least
four independent cultures, each with quadruplicate wells containing individual
substrate layers.

RESULTS

In silico analysis of apf. Analysis of the genome sequence of
L. acidophilus NCFM (1) identified the presence of a gene,
designated apf (LBA0493), that encodes an Apf ortholog
(GenBank accession no. YP_193409) with 231 amino acids in
length. The apf gene is flanked by two terminators, indicating
its transcription as a monocistronic mRNA. Its proximal region
shares conserved gene order with the corresponding apf
loci in L. acidophilus ATCC 4796 (GenBank accession no.
HMPREF0492_0847), Lactobacillus ultunensis (GenBank ac-
cession no. HMPREF0548_0528), and L. crispatus (GenBank
accession no. HMPREF0506_0073). An N-terminal signal pep-
tide cleavage site is predicted at position 34 and 35 (AQA-AT)
of the putative Apf precursor. The resulted mature Apf has a
predicted size of 21 kDa and a basic isoelectric point (pI �9)
and is constituted of 46.1% hydrophobic residues. No trans-
membrane domain was found in the deduced Apf protein
sequence.

BlastP analysis showed that the Apf protein from L. aci-
dophilus shared a high level of sequence homology to
the corresponding proteins from Lactobacillus helveticus
(76% identity; GenBank accession no. ZP_05753058 and
YP_001577001), L. ultunensis (75% identity; GenBank acces-
sion no. ZP_04010810), and strains of L. crispatus (62 to 70%
identity) and had moderate sequence homology (40% to 55%
identity) to the Apf proteins from L. gasseri (Apf1), L. johnso-
nii (Apf1), Lactobacillus jensenii, and Lactobacillus iners. Se-
quence conservation among the Apf orthologs was confined
mostly to the C-terminal regions of the proteins, with a mod-
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erate degree of similarity at the N-terminal region. As reported
earlier (26, 34, 44), the C-terminal region of the Apf proteins
also shared significant sequence homology with the LysM do-
main-containing proteins from other mostly heterofermenta-
tive Lactobacillus species, as well as species of enterococci,
listeria, and streptococci. An unrooted phylogenetic tree con-
structed with proteins exhibiting sequence similarity to the Apf
of L. acidophilus shows defined grouping between proteins
with and without LysM domain, with the latter group of pro-
teins found only in Lactobacillus species (Fig. 1). Among the
non-LysM domain-containing proteins, the Apf proteins
formed a distinct cluster, with divergence appearing between
the Apfs from group B members of the L. acidophilus complex
(L. gasseri and L. johnsonii) and the Apfs from L. acidophilus,
L. helveticus, L. ultunensis, and L. crispatus. It is noteworthy
that a small lipoprotein (120 amino acid residues) from NCFM

of unknown function, encoded by LBA1850, is the only protein
encoded in the NCFM genome that shared C-terminal se-
quence conservation with the Apf of NCFM. Orthologs of this
lipoprotein are found exclusively in the closely related species
of L. helveticus, L. ultunensis, and L. crispatus and form a tight
cluster. Meanwhile, the LysM domain proteins are mostly pu-
tative peptidoglycan-binding proteins (Pbp) from lactobacilli
and other Gram-positive species and formed separate clusters
from the Apf proteins. Subclusters within this group appeared
to be genus dependent. Overall, Apf, Pbp, and the putative
lipoproteins have a conserved YG motif (22) at their C-termi-
nal region, which was proposed to be likely involved in non-
covalent anchoring of these proteins onto the cell surface (44).

Transcription of the apf gene was induced during the sta-
tionary-growth phase. To investigate whether the expression
pattern of the apf gene in L. acidophilus NCFM is growth

FIG. 1. Unrooted phylogenetic tree of proteins with sequence similarity to the Apf of L. acidophilus NCFM. BlastP hits on L. acidophilus
NCFM Apf protein sequence were aligned, and the phylogenetic tree was constructed using ClustalX v2.0.12 as described in Materials and
Methods. The phylogenetic tree was presented using MEGA 4.0.2 software. (For the GenBank accession numbers of all proteins included in the
analysis, see Table S1 in the supplemental material.) PG, peptidoglycan, Pbp, peptidoglycan-binding protein.
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phase dependent, the transcriptional level of the apf gene was
compared during log and stationary growth phases using RT-
QPCR analysis. Results from two independent biological rep-
licate samples showed that at the log phase, the transcript level
of the apf gene was approximately 23-fold lower than that of
the LBA0383 reference gene, whereas during the stationary
phase, the apf transcript level was 3-fold higher than that of
LBA0383. Overall, the apf gene was induced 20-fold during the
stationary phase compared to the log growth phase.

Phenotype of the �apf mutant (NCK2033). A mutant carry-
ing an in-frame deletion within the apf gene was constructed
and isolated using the upp-based counterselective gene re-
placement system. One �apf deletion mutant, designated
NCK2033, was selected for further analysis.

(i) General characteristics. When cultured in MRS medium,
NCK2033 did not show a significant difference in growth or cell
morphology compared to that of the NCK1909 wild-type ref-
erence strain (data not shown). The mutant cells appeared to
settle to the bottom of the test tube during growth in MRS
liquid medium in a manner similar to that seen with the
NCK1909 culture. Thus, deletion of the apf gene did not affect
the ability of the mutant to autoaggregate in planktonic cul-
ture.

(ii) Stress tolerance. Stress challenge assays were performed
with early-log-phase cultures to screen for any stress-sensitive
phenotype of the �apf mutant compared to the NCK1909
reference. No significant difference in the survival rate was
observed when both strains were exposed to MRS broth con-
taining 10% NaCl for 2 h at 37°C. In contrast, a nearly 3-log
reduction of the NCK2033 cells was observed compared to a
	2-log reduction of the NCK1909 after exposure to 2.5%
oxgall bile (Fig. 2). When exposed to MRS broth at pH 3.5 in
the presence of lactic acid, no difference in survival rates was
observed between NCK2033 and the control strain, even after
2-h incubation (data not shown). However, an approximately
40% decrease in survival of NCK2033 was observed compared
to NCK1909 after a 1-h exposure to MRS broth adjusted to pH
2.0 with HCl (Fig. 2), an acidic pH condition that mimics the
gastric environment.

In addition, NCK2033 showed a higher susceptibility to SDS
treatment at 0.02%, whereas no growth inhibition was ob-
served in the presence of Triton X-100 (Fig. 3A). Interestingly,
microscopic examination of the cellular morphology after 24 h

of growth in MRS broth containing 0.02% SDS revealed that
while the NCK1909 reference appeared as curly rods (Fig. 3B),
the NCK2033 cells were less curly and tended to form longer
rods (Fig. 3C).

(iii) Stability in acidified 11% skim milk. Previous gene
expression studies of L. acidophilus NCFM grown in milk re-
vealed the apf gene to be one of the most significantly upregu-
lated genes (5). During the present study, we observed no
significant difference in the growth or acidification rate of
NCK2033 compared to that of the reference strain during
growth in 11% SM (data not shown). To further assess whether
Apf potentially contributes to survival during yogurt storage,
the survival of NCK2033 was evaluated in SM acidified to pH
4.5 with lactic acid for 2 weeks at 4°C, simulating conditions
during the storage of yogurt. Overall, the viability of both the
Apf� and Apf� cultures was relatively stable over the 2-week
experimental period, with less than a 10% decrease in survivors
at the end of the storage period (data not shown).

(iv) Survival in simulated gastric and small-intestinal
juices. The ability of NCK2033 to survive GI transit was as-
sessed in vitro by exposure to simulated gastric and small-
intestinal juices. Remarkably, NCK2033 showed a significant
decrease in survival (4-log reduction) after 3 h of exposure to
the simulated small-intestinal fluid compared to that of the
NCK1909 reference strain (Fig. 4A). In addition, NCK2033
exhibited a 2-log reduction after a 1-h exposure to simulated
gastric juice, compared to a 1-log reduction from the reference
strain (Fig. 4B). Significant cell death from both strains oc-
curred beyond 60 min of exposure. Thus, inactivation of the apf
locus rendered NCK2033 significantly more susceptible to GI
environments.

FIG. 2. Survival of NCK2033 (�apf mutant; dark gray bars) and
NCK1909 (reference strain; light gray bars) early-log-phase cells
(OD600 of 0.25 to 0.3) after exposure to MRS broth supplemented with
2.5% oxgall bile for 2 h at 37°C or exposure to MRS broth at pH 2.0
(adjusted with HCl) for 1 h at 37°C. The data are the means 

standard errors of the means for three independent replicates.

FIG. 3. Survival of NCK2033 and NCK1909 in the presence of
surfactants SDS and Triton X-100. (A) Early-log-phase cultures of
NCK1909 (white bars) and NCK2033 (striped bars) were inoculated
(1% inoculum) into MRS broth supplemented with the indicated con-
centrations of SDS or Triton X-100 (TX-100), and cell density was
measured after 24 h of incubation at 37°C. The data are the means 

standard errors of the means for two independent replicates. The
morphologies of NCK1909 (B) and NCK2033 (C) cells were examined
with phase-contrast microscopy after the 24 h of incubation in MRS
broth with 0.02% SDS.
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Adherence ability of NCK2033. To examine the effect of apf
deletion on the adherence ability to Caco-2 epithelial cells in
vitro, a stationary-phase culture of NCK2033 was exposed to
Caco-2 monolayers for 1 h at 37°C under ambient atmospheric
conditions. An approximately 30% reduction of adherence was
observed for the NCK2033 cells compared to that of the
NCK1909 cells (Fig. 5). Whether the Apf proteins are involved
in the adherence to mucin and major ECM components, such
as collagen type IV, laminin, and fibronectin, was also deter-
mined. The NCK2033 cells showed an approximately 40%
decrease in adherence to fibronectin compared to that of
NCK1909. In addition, the ability of NCK2033 to adhere to
mucin in vitro was reduced to an average of 63.5% of that of
the parental reference strain. The adherence to both type IV
collagen and laminin was unaffected.

DISCUSSION

The completed genome of L. acidophilus NCFM (1) has
facilitated the identification and characterization of several key
genetic determinants for successful delivery, persistence, and
activities of L. acidophilus in the GI tract. These include loci

that encode acid and bile tolerance, metabolism of prebiotic
oligosaccharides, bacteriocin production, oxalate degradation,
two-component regulatory systems for bile and acid responses,
and adherence factors that potentially mediate attachment to
gut mucosa and modulate the immune system (2–4, 7, 11, 17,
37). The present study describes the identification and func-
tional analysis of a putative Apf in L. acidophilus that likely
contributes to multiple probiotic functional roles, notably bile
and acid resistance, as well as adherence to specific host cell
components.

Based on sequence similarity searches in the current data-
base, orthologs of Apf appear to be present only in the L.
acidophilus group of lactobacilli. The phylogenetic relationship
of the Apf proteins from this group (Fig. 1) also correlates with
the phylogenetic position with respect to their 16S rRNA gene
sequences (19). The divergence between the group A and B L.
acidophilus (29) Apf proteins and their moderate sequence
homology suggested that they are only weakly related, which is
also evidenced by the lack of gene order conservation sur-
rounding the apf loci between the group A and B L. acidophilus
species. For example, both the Apf1 and Apf2 proteins from L.
gasseri and L. johnsonii exhibit only moderate sequence ho-
mology with the Apf from L. acidophilus (Fig. 1). This is in
contrast to the ApfA from L. acidophilus TMW1.988, which
clustered with L. johnsonii Apfs and is highly similar to the
Apf2 of L. johnsonii (�87% sequence identity). Thus, it ap-
pears that at least two Apf-like proteins are present in L.
acidophilus. Overall, the extensive sequence variation at the
central region of the Apf proteins from these species, mostly
due to insertions and deletions (indels) and residue substitu-
tions, resulted in subclustering of the proteins, and it likely
contributes to functionality differences. As previously men-
tioned, the Apf proteins of L. gasseri 4B2 are involved in the
maintenance of cell shape, as overproduction or downregula-
tion of the proteins resulted in morphological changes (26).
Meanwhile, deletion of the apf gene in L. acidophilus did not
cause any change in the morphotype of NCK2033, indicating
that unlike the Apf in L. gasseri, the Apf of L. acidophilus does
not play a key role in the regulation of cell shape under the
growth conditions used in this study.

In order to examine whether the apf gene was associated
with the aggregation phenotype of L. acidophilus, an apf dele-

FIG. 4. Survival of stationary-phase cells of NCK2033 (dark circles) compared to NCK1909 (open circles) in simulated small-intestinal juice at
pH 8.0 (A) and gastric juice at pH 2.0 (B). Percentage of survival represents viable cells (CFU/ml) after treatment at various time points versus
before treatment (time zero). The data are the means 
 standard errors of the means for three independent replicates.

FIG. 5. Adherence levels of NCK2033 relative to that of NCK1909
on Caco-2 epithelial cells, mucin, and major ECM components in vitro.
Adherence assays were performed with stationary-phase cultures
grown in MRS broth at 37°C in ambient atmospheric condition. Bac-
terial cells were exposed to Caco-2 monolayers, or microwells coated
with mucin, fibronectin, type IV collagen, or laminin for 1 h at 37°C,
followed by plating on MRS agar medium for enumeration of adhered
bacterial cells (see Materials and Methods). The data are the means 

standard errors of the means for four independent replicates.
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tion mutant was constructed in the NCK1909 background host
by using a upp-based counterselective allelic replacement sys-
tem (23). The resultant NCK2033 apf mutant did not exhibit
significant defects in growth or changes in cell morphology or
colony morphotype when cultured in MRS medium. Interest-
ingly, at a given cell density as measured by optical density, the
cell number of NCK2033 was approximately 1.5 times the
number of the NCK1909 cells, although no significant differ-
ences in cell morphology or degree of aggregation formation
could be observed from microscopic analysis. The apf mutant
also showed a growth rate comparable to that of the NCK1909
reference strain in milk, despite the fact that apf is one of the
most upregulated genes in NCFM during growth in 11% skim
milk (5).

Consistent with the absence of direct evidence correlating
apf genes with the aggregation phenotype observed for L.
crispatus, L. gasseri, and L. johnsonii, inactivation of the apf
gene in L. acidophilus did not affect the aggregation ability of
NCK2033. Clearly, any potential aggregation phenotype in-
volving Apf may be highly dependent on the environmental
conditions and likely in vivo factors. It has been proposed that
the Apf protein may not be a unique component required for
aggregation, which potentially could involve a more complex
interaction among proteins or major cell structural compo-
nents (i.e., LTA, S-layer proteins) that influence the electro-
static property of the cell surface (41, 45). In fact, it was
recently observed that an NCFM mutant carrying a deletion in
one of the lipotechoic acid biosynthetic pathway genes did not
aggregate when grown in MRS liquid medium (E. A. Pfeiler
and T. R. Klaenhammer, unpublished data), indicating a po-
tential role of LTA in the aggregation phenotype of L. aci-
dophilus. A recent proteomic study by Siciliano et al. (42) also
proposed elongation factor Tu (EF-Tu) as a potential major
contributor to cell aggregation in L. crispatus.

To further explore the phenotype of apf deletion, NCK2033
was subjected to various stress challenges. Treatment with 10%
NaCl or low pH conditions (pH 3.5) in the presence of lactic
acid did not affect the survival of the mutant. Likewise,
NCK2033 remained viable and at stable population levels com-
parable to those of the NCK1909 reference strain during re-
frigerated storage in acidified milk for 2 weeks, parameters
that simulate typical yogurt storage conditions. Nevertheless,
successful dairy delivery of probiotic bacteria also requires the
microorganisms to resist the extreme low pH and bile present
in the host’s gastric and small-intestinal environments, respec-
tively. Inactivation of apf significantly reduced the mutant’s
ability to survive in simulated gastric and small-intestinal
juices, consistent with its increased sensitivity to extreme low
pH condition (pH 2; in the presence of HCl) and bile, respec-
tively, in separate survival assays. It is also plausible that by an
unknown mechanism, the absence of Apf in NCK2033 may
increase the mutant’s susceptibility to native proteolytic activ-
ities (from pepsin and trypsin) present in the simulated gastric
or small-intestinal juice preparations. Apf proteins are basic
and may contribute to the overall positive charge on the cell
surface at physiological pH values. In the absence of Apf, the
decreased tolerance of NCK2033 against SDS, an anionic sur-
factant, and the associated morphological change, could pos-
sibly be attributed to changes in the cell surface electrostatic
charge that increase the accessibility of SDS to cell surface

molecules. Apf may also directly bind SDS and alter its dena-
turation effect on the surface proteins.

The ability of probiotic microorganisms to adhere to host
cell components is considered an important trait, as host in-
teractions mediated by adherence factors may promote muco-
sal integrity, pathogen exclusion, and host immunomodulation
via host receptor recognition. In the present study, the station-
ary-phase NCK2033 cells exhibited reduced in vitro adherence
to Caco-2 epithelial cells, mucin, and one of the major ECM
components, fibronectin, but not type IV collagen or laminin.
Hence, the putative Apf protein could potentially serve as an
adhesion factor in vivo that participates in the interaction with
the hosts’ mucus layer and intestinal epithelial cells, as well as
the fibronectin component of the ECM.

Previous transcriptional studies showed that the apf gene
was induced during log phase when NCFM was grown on
different carbohydrate sources (glucose, fructose, sucrose,
fructooligosaccharides, raffinose, lactose, galactose, and treha-
lose) (8). In the present study, when NCFM was grown in
MRS-glucose medium, RT-QPCR analysis revealed that ex-
pression of apf is growth-phase dependent, where the apf gene
was significantly upregulated during the stationary phase com-
pared to that during the log phase. Thus, Apf protein likely
contributes to more significant physiological roles when cells
enter the stationary phase. This is in agreement with the ob-
servation that the reduction in adherence to Caco-2 epithelial
cells and mucin in vitro occurred with NCK2033 stationary-
phase culture but not with log-phase culture (data not shown).
In comparison, transcription of the apf1 and apf2 genes in L.
gasseri and L. johnsonii also varies by growth phase, but with
maximum gene expression observed during log growth (45),
presumably when regulation of cell shape is critical due to
rapid turnover of the cell wall.

Overall, the mechanisms involved in the complexity of cell
aggregation remain largely hypothetical and likely species spe-
cific and environment dependent. Nevertheless, this study re-
vealed that Apf potentially confers properties that promote
bile tolerance and interaction with the host epithelium and,
hence, may contribute to the fitness and adaptation of L. aci-
dophilus in the small-intestinal ecosystem.
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