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Lactobacillus plantarum is a frequently encountered inhabitant of the human intestinal tract, and some
strains are marketed as probiotics. Their ability to adhere to mannose residues is a potentially interesting
characteristic with regard to proposed probiotic features such as colonization of the intestinal surface and
competitive exclusion of pathogens. In this study, the variable capacity of 14 L. plantarum strains to agglutinate
Saccharomyces cerevisiae in a mannose-specific manner was determined and subsequently correlated with an L.
plantarum WCFS1-based genome-wide genotype database. This led to the identification of four candidate
mannose adhesin-encoding genes. Two genes primarily predicted to code for sortase-dependent cell surface
proteins displayed a complete gene-trait match. Their involvement in mannose adhesion was corroborated by
the finding that a sortase (srz4) mutant of L. plantarum WCFS1 lost the capacity to agglutinate S. cerevisiae. The
postulated role of these two candidate genes was investigated by gene-specific deletion and overexpression in
L. plantarum WCFS1. Subsequent evaluation of the mannose adhesion capacity of the resulting mutant strains
showed that inactivation of one candidate gene (Ip_0373) did not affect mannose adhesion properties. In
contrast, deletion of the other gene (Ip_1229) resulted in a complete loss of yeast agglutination ability, while
its overexpression quantitatively enhanced this phenotype. Therefore, this gene was designated to encode the
mannose-specific adhesin (Msa; gene name, msa) of L. plantarum. Domain homology analysis of the predicted
1,000-residue Msa protein identified known carbohydrate-binding domains, further supporting its role as a
mannose adhesin that is likely to be involved in the interaction of L. plantarum with its host in the intestinal

tract.

The human intestinal microbiota consists of a wide variety of
bacterial species, including Lactobacillus plantarum as one of
the most predominant Lactobacillus species (2, 35). This ver-
satile species has the capacity to adapt to a variety of environ-
mental conditions. In addition, L. plantarum strains have been
shown to effectively survive gastrointestinal passage after oral
administration and persist in the intestine of healthy volunteers
for up to 11 days after cessation (17, 24, 56). These findings
have led to the selection of L. plantarum strains that are cur-
rently marketed as probiotics, claimed to be functional food
components that provide beneficial effects to the consumer’s
health (25, 34, 42). Recently, the whole genome of L. planta-
rum WCEFSI has been sequenced and annotated, generating a
major advantage for molecular investigation of this bacterium’s
behavior in the gastrointestinal tract and its potential probiotic
features (14, 27). For example, a recent study revealed genes
that are induced in L. plantarum WCFS1 during gastrointesti-
nal passage (9).

Among the most prominent probiotic functions proposed
for lactic acid bacteria is the inhibition of intestinal infections
by enterotoxigenic Escherichia coli (ETEC), which causes trav-
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elers’ diarrhea (19, 21, 43). A possible mechanism leading to
inhibition could be the competitive exclusion of ETEC by
recognition of the same adherence sites on the intestinal epi-
thelial surface (39, 43). Pathogens such as ETEC express type
1 fimbriae that are involved in mannose-specific adhesion to
epithelial cells (28, 58). In addition, host cell surface mannose-
containing glycoconjugates also play a role as targets for the
binding of many other pathogens such as Salmonella enterica
serovar Enteritidis, Vibrio cholerae, and Pseudomonas aerugi-
nosa (3, 5, 22). In analogy to its proposed probiotic effect,
certain L. plantarum strains have also been shown to adhere
specifically to mannose-containing sugar moieties and to hu-
man intestinal cell lines (1). This characteristic may potentially
be involved in the ability of this bacterium to colonize the
intestine and could possibly be relevant for competitive exclu-
sion of pathogens at mannose-containing receptors on the ep-
ithelial surface. Recently, probiotic lactobacilli have been
found to bind to mannose on the surface of the human immu-
nodeficiency virus type 1 and were therefore proposed to pos-
sibly interfere with human immunodeficiency virus infection
(L. Tao, S. I. Pavlova, S. J. Carlson, J. J. Anzinger, A. Jacobs,
M. S. Caffrey, and G. T. Spear, Abstr. 104th Gen. Meet. Am.
Soc. Microbiol., abstr. T-031, 2004). This concept could also be
applicable for other pathogens displaying mannose residues
bound to cell surface proteins such as Candida albicans (10).
Therefore, the mannose-binding capacity of probiotic lactoba-
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TABLE 1. Lactobacillus plantarum strains used in this study
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L. plantarum

Original designation

NIZO culture

Origin and/or source (reference)®

collection
WCEFS1 B1836 Sequenced wild-type strain; single colony isolate of NCIMB 8826 from human saliva (27)
ATCC 8014 B1843 Maize ensilage, ATCC (32)
ATCC 14917 B1317 Pickled cabbage, ATCC (32)
299 B1837 Human colon (35)
299v B2260 Human intestine (24)
NCIMB 12120 B1840 Ogi, Nigeria; NCIMB (7)
CIP 104440 B1838 Human stool (16)
CIP 104441 B2256 Human stool (16)
CIP 104450 B2257 Human stool (16)
CIP 104451 B2258 Human urine (16)
CIP 104452 B2259 Human tooth abscess (7)
NC8 B2261 Silage (13)
LM3 B2262 Silage (37)
LP 80 B2263 Silage (7)
NZ7104 Cm"; WCFS1 derivative; srt::cat (this work)
NZ7510 Cm'; WCFS1 derivative; Ip_0373::cat (this work)
NZ7511 Cm"; WCFS1 derivative; msa::cat (this work)

WCFS1 + pNZ7515
WCFS1 + pNZ7516

Cm"; WCFS1 overexpression of Ip_0373 (this work)
Cm"; WCFS1 overexpression of msa (this work)

“ ATCC, American Type Culture Collection, Manassas, Va.; Aberdeen, Scotland; NCIMB, National Collections of Industrial, Food and Marine Bacteria; Cm",

chloramphenicol resistant.

cilli may be interesting in various perspectives. However, so-
called “probiotic genes” involved in proposed probiotic fea-
tures have not been the subject of detailed molecular
investigations so far (29, 54).

The aim of the present study was to identify and characterize
the genes involved in mannose-specific adhesion of L. planta-
rum. The phenotypic trait of mannose adhesion was assessed
using an agglutination assay that is based on the presence of
mannose-containing polysaccharides in the cell wall of Saccha-
romyces cerevisiae (1). The addition of mannose-adhering bac-
teria to these yeast cells leads to the formation of yeast cell
agglutinates that are microscopically visible. This assay also has
been used to determine mannose-binding properties mediated
by type 1 fimbriae of E. coli and other pathogens (3, 33, 49).
Therefore, its results are relevant for the assessment of the
capacity of probiotic and pathogenic bacterial strains to bind to
mannose receptors. Mannose adhesion was chosen as one pos-
sible example of the various bacterium-host interactions in the
intestine and to discover the genetic background of this fea-
ture.

In this study, the capacity to agglutinate yeast cells in a
mannose-specific manner was found to be variable among
strains of L. plantarum. This phenotypic variability among the
L. plantarum strains tested was correlated with a genotype
diversity database for this species that was constructed on the
basis of genome-wide genotyping using L. plantarum WCFS1-
based DNA microarrays (33a). In silico matching of genotypic
and phenotypic characteristics led to the identification of two
candidate L. plantarum genes that could possibly function as
mannose-specific adhesins. Gene-specific deletion and overex-
pression of the candidate genes and subsequent evaluation of
the mutant strains in the agglutination assay indicate that the
typical multidomain cell surface protein encoded by Ip_1229
represents the mannose-specific adhesin (Msa) of L. planta-
rum.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The Lactobacillus plantarum strains
used in this study are listed in Table 1. They were grown at 37°C on Man-Rogosa-
Sharp (MRS) medium (Merck, Amsterdam, The Netherlands) without aeration.
E. coli MC1061 was used as an intermediate cloning host for plasmid construc-
tions and was grown aerobically at 37°C in TY medium (Difco, Surrey, United
Kingdom). Saccharomyces cerevisiae was grown overnight in malt extract medium
(Oxoid, Haarlem, The Netherlands) under aerobic conditions at 37°C. Yeast
cells were harvested by centrifugation, washed with phosphate-buffered saline
(PBS) (pH 7.4), weighed, and used in the agglutination assay (see below). When
appropriate in cloning procedures, the antibiotics chloramphenicol (Cm) and
erythromycin (Em) were added to the culture media (Cm at 7 and 10 pg/ml for
L. plantarum gene replacement and overexpression transformants, respectively,
as well as for gene replacement and overexpression of E. coli plasmid transfor-
mants; Em at 25 pwg/ml during the direct L. plantarum double-crossover mutant
selection procedure).

Agglutination assay. The capacity of 14 L. plantarum strains to adhere man-
nose specifically was determined as described previously (1), with slight modifi-
cations. In brief, bacterial strains were grown overnight, washed, and suspended
in 0.1 culture volume of PBS (pH 7.4). The number of CFU per ml was deter-
mined by plating of serial dilutions of the bacterial suspensions on MRS agar
plates. Fifty microliters of a fourfold dilution of the initial bacterial suspensions
in PBS was transferred to microtiter plates (96-well U-shaped; Greiner bio-one,
Alphen a/d Rijn, The Netherlands). To each well, 50 pl PBS or PBS with
methyl-a-pD-mannopyranoside (final concentration, 25 mM; Sigma-Aldrich Che-
mie BV, Zwijndrecht, The Netherlands) was added as well as 100 pl of 1%
(wt/vol) Saccharomyces cerevisiae suspended in PBS. The microtiter plates were
shaken for 10 min at room temperature, and samples of 50 pl were taken from
each well to examine agglutination by bright-light microscopy (200-fold magni-
fication; Nikon Eclipse TS100 inverted microscope). The ability of each strain to
induce visible yeast cell agglutination was determined in three independent
experiments.

For the exemplary strain L. plantarum WCFS]1, besides methyl-a-p-mannopy-
ranoside the following inhibitory substances were tested: (+)-mannose, methyl-
a-D-glucopyranoside, D(+)-glucose, methyl-a-p-galactopyranoside, p(+)-galac-
tose, L(+)-fucose, N-acetylglucosamine, and N-acetylgalactosamine (final
concentration, 25 mM; Sigma-Aldrich Chemie BV, Zwijndrecht, The Nether-
lands).

‘When testing the mutant strains of L. plantarum WCFSI (see below), the assay
was changed in the way that a range of twofold dilutions of the bacterial sus-
pensions of each mutant derivative was tested and for each of the dilutions
agglutination capacity was examined. The agglutination titer was determined as
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the (log,) reciprocal of the highest dilution that still resulted in visible aggluti-
nation. Mean agglutination titers and corresponding standard deviations were
calculated from three independent assays. When appropriate, the significance of
the difference between the agglutination titer of the mutant strains in comparison
with that of the wild-type strain was calculated using Student’s ¢ test (two sided;
considered statistically significant when P is <0.05).

Identification of candidate genes involved in mannose adherence by gene-trait
matching. Candidate genes potentially involved in mannose-specific adhesion of
L. plantarum were identified by in silico gene-trait matching in which results from
the agglutination assay were correlated with genotypic information of the same
L. plantarum strains, as previously assessed by DNA microarray-based strain-
specific genotyping (33a). In these genotyping experiments, for each L. planta-
rum WCFS1 gene the level of confidence that this gene was present in the
genome of the other L. plantarum strain was calculated (P value score per gene).
In contrast to the procedure described by Molenaar et al., in the present study
these P value scores were calculated using two weighting methods regarding the
overlap of a gene with the clones represented on the array. In the linear method,
the weight of the P value of a clone in the P value score was equal to the ratio
of the overlap of clone and gene relative to the size of the clone, whereas it was
equal to the square of this fraction in the quadratic method. The latter method
puts an additional penalty on clones that do not completely overlap with a gene,
as these may also pick up signals from other genes. Using either of these
methods, gene occurrence can be predicted using a suitable P value score thresh-
old, below which it is assumed that the gene is absent in the strain. Nevertheless,
due to the complexity of the P value score calculation, it is not obvious how this
P value threshold should be determined. Therefore, selection of candidate man-
nose adhesin-encoding genes was evaluated at different threshold values (P value
score range).

The resulting data about the absence or presence of L. plantarum WCFS1
genes in other L. plantarum strains were directly correlated to the mannose
adherence phenotype. The significance of the observed correlation of gene oc-
currence and phenotypic trait was assessed by assuming a hypergeometric dis-
tribution for the probability of the co-occurrence of genes and traits under the
null hypothesis that the observed co-occurrence is caused by random processes
alone, as was previously described (23).

All L. plantarum WCFS1 genes (>3,000 genes) were tested for the significance
of positive correlation of gene and trait. Several hundreds of false positives may
be expected when testing the null hypotheses for each gene at the same rejection
level of, for example, P < 0.05. To reduce this number, the Bonferroni correction
was applied to the individual hypothesis rejection level by Jim et al. (23). How-
ever, this correction is very conservative, and the probability of rejecting true
positives becomes large. A higher rate of false discovery is acceptable when the
decision to start experimental verification of the result is not only based on a
possibly weak gene-trait correlation but also on other properties of a gene.
Therefore, predicted annotation of candidate genes might be used to apply
additional rational criteria to pinpoint the primary selection toward the most
likely candidate genes.

DNA manipulations. Plasmid constructions were performed with E. coli as an
intermediate cloning host. Plasmids constructed in this host were eventually
introduced into L. plantarum WCFS1 by electroporation (26). Molecular biology
techniques such as DNA manipulations and transformation of E. coli were
essentially performed according to standard procedures (48). Plasmid DNA was
isolated from E. coli by using Jetstar columns, following the manufacturer’s
instructions (Genomed GmbH, Bad Oeynhausen, Germany). L. plantarum DNA
isolation and manipulation were basically performed as described previously (4,
15). At relevant time points, the position and sequence of the genes cloned were
confirmed by sequence analysis (BaseClear, Leiden, The Netherlands). Primers
used in this study are listed in Table 2 and were purchased from Proligo France
SAS (Paris, France). Restriction endonucleases, Tag and Pfx polymerase, and T4
DNA ligase were used as recommended by the manufacturer (Gibco BRL Life
Technologies, Gaithersburg, MD; Invitrogen, Breda, The Netherlands; and New
England BioLabs, Beverly, MA). The plasmids used in this study are listed in
Table 3.

cat replacement of srtA and adhesin candidate genes. For the construction of
gene replacement mutants of the sortase-encoding gene srtA4 as well as the
adhesin candidate genes Ip_0373 and lp_1229, the mutagenesis vector pNZ7101
was used, which had been constructed previously in our laboratory for single-step
selection of cat replacement mutants in L. plantarum (8). This vector contains a
pACYC184-derived origin of replication, which is a functional replicon in E. coli
but does not support replication in L. plantarum (47). In addition, this vector
harbors two resistance marker genes: a Cm resistance cassette consisting of
cat-194 (20) under control of the strong lactococcal P32 promoter (52) and an
Em resistance gene, ery, under control of its own promoter (53). Both of these
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TABLE 2. Primers used in this study

Sequence”

Primer

Ip_0372F .

.5'-AAGGAACTTCTGATTGGGCC-3'

Ip_0372R. .5'-CCATTACGATGATGTTTCCC-3’

Ip_0374F .... 5'-AATTACGGCGTCTCACTGTAGCG
ATTACGATG-3'

Ip_0374R ..o 5'-CGTGTTTCTTGGAAGACTTC-3'

Ip_O0S13F .o 5'-GGGGTACCCCCAATGCTTCTGTCA
GG-3'

Ip_O0SI3R o 5'-CGGGATCCTTGCTTGGACTTCATT
AATCC-3'

Ip_0515F ... 5'-CGGGATCCCATTTTAATAACAAAT
ATTAAC-3'

Ip_O515R o 5'-ATGCTCTAGAACGTGTGCCGCTTG
TTGC-3'

Ip_1227F oo 5'-TATGCAGAACTCCATGACTG-3'

Ip_1227R.... 5'-TAGTGTGTTTTATGCTCTCC-3’

Ip_1230F .... 5"-ATTTATGGCGTCGTCTCCTTGGTA
TGGCTAAG-3'

Ip_1230R.... 5'-CATCACTCGACATGTCTTGC-3'

Ip_0373F ... 5'-AAGGACAGAAGCGGCCGCGTTAG
ATAAAAGGGGTTAAAC-3’

Ip_0373R ..o 5'-ACGGGCCTCGAGATATTAGTCAC
GCCCTCGT-3'

Ip_1229F ..o 5'-AAGGACAGAAGCGGCCGCCGTGC
GAAAGGATAGATT-3'

Ip_1229R...oviiiiiinne 5'-ACGGGCCTCGAGGCCCTACTCTTT
GTGCT-3'

1144_BamHISallF ............ 5'-GGATCCGTCGACCGCGATTTTTGT
ATGAGATG-3'

1144_BamHIR .................. 5'-GGATCCGCTGTTCGCCACCCTTTC
TA-3’

“ Underlined sequences indicate restriction sites subsequently used in cloning
procedures.

markers can be selected after a single-copy insertion in the L. plantarum chro-
mosome (8).

As a first step, the chromosomal 5’- and 3'-flanking regions of the target genes
were amplified by PCR using Pfx polymerase in order to clone them in the
mutagenesis vector. In this PCR, L. plantarum WCFS1 chromosomal DNA was
used as a template with the locus-specific primer combinations lp_0513F/
Ip_0513R and Ip_0515F/Ip_0515R for srtA::cat replacement, Ip_0372F/lp_0372R
and Ip_0374F/lp_0374R for lp_0373::cat replacement, and Ip_1227F/lp_1227R
and Ip_1230F/Ip_1230R for Ip_1229::cat replacement, respectively. For srt4 re-
placement, the 0.7-kb 5’-PCR product was subsequently ligated into a pCR-
Blunt vector (Invitrogen, Breda, The Netherlands); the 0.7-kb 3’-PCR product
was digested with Xbal and BamHI (sites introduced into primers) and ligated
into similarly digested pUCI8 (59), yielding the plasmids pNZ7105 and
pNZ7106, respectively. The 3'-flanking region was then retrieved as a Pvull
fragment from pNZ7106 and the 5’-flanking region as an Ecl136II-EcoRV frag-
ment from pNZ7105. The 3’-flanking region was then cloned into Smal-digested
pNZ7101 before the 5'-flanking region was ligated into the Pvull site of the
resulting plasmid. For replacement of the adhesin candidate genes, first the
~0.8-kb PCR products representing the 5’-flanking regions were cloned into
Smal-digested pNZ7101. Subsequently, the ~0.8-kb PCR products representing
the 3'-flanking regions were digested with BsaHI (sites introduced in forward
primers). The pNZ7101 derivatives already containing the 5'-flanking regions of
the same target locus were digested with Pvull and BsaHI and ligated with the
corresponding 3’-flanking regions. Proper ligation of all fragments in the desired
orientation—the 5’-flanking regions upstream of P32-cat and the 3’-flanking
regions between cat and ery—was confirmed by PCR, restriction, and sequence
analyses (data not shown). The resulting srt4, Ip_0373, and Ip_1229 knockout
plasmids were designated pNZ7104, pNZ7510, and pNZ7511, respectively, har-
boring the chloramphenicol resistance cassette flanked by the 5'- and 3’-flanking
regions of the L. plantarum WCFS1 target genes.

These vectors were used for stable double-crossover cat replacement of the
target genes in the chromosome of L. plantarum WCFSL1. For this purpose, they
were introduced into competent cells of L. plantarum WCFS1 by electroporation
and primary integrants were selected on MRS agar containing 7 pg/ml Cm.
Candidate double-crossover colonies were selected by replica plating to MRS
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TABLE 3. Plasmids used in this study

Plasmids Relevant characteristics® Source or reference
pCR-Blunt Km", cloning vector Invitrogen
pUCIS8 Ap', cloning vector 59
pNZ7101 Cm" Em’, vector for construction of L. plantarum gene replacement mutants 8
pNZ7105 Km", pCR-Blunt derivative containing 5’'-flanking region of srt4 This work
pNZ7106 Ap*, pUCIS derivative containing 3’-flanking region of srt4 This work
pNZ7104 Cm" Em’, pNZ7101 derivative containing pNZ7105- and pNZ7106-derived flanking regions of srt4 This work
pNZ7510 Cm" Em', pNZ7101 derivative containing flanking regions of L. plantarum WCFS1 lp_0373 This work
pNZ7511 Cm" Em', pNZ7101 derivative containing flanking regions of L. plantarum WCFS1 Ip_1229 (msa) This work
pNZ7512 Km', pCR-Blunt derivative containing L. plantarum WCFS1 lp_0373 This work
pNZ7513 Km', pCR-Blunt derivative containing L. plantarum WCFS1 lp_1229 (msa) This work
pNZ273 Cm', vector containing gusA4 reporter gene 40
pNZ7514 Cm", pNZ273 derivative containing constitutive promoter upstream of gusA reporter gene This work
pNZ7515 Cm', pNZ7514 derivative containing L. plantarum WCFS1 Ip_0373 This work
pNZ7516 Cm', pNZ7514 derivative containing L. plantarum WCFS1 Ip_1229 (msa) This work

“ Ap', ampicillin resistant; Cm", chloramphenicol resistant; Em’, erythromycin resistant; Km', kanamycin resistant.

agar containing 25 pg/ml Em, respectively, selecting for those colonies that
displayed Cm resistance and Em sensitivity. The anticipated chromosomal or-
ganization in the mutant strains was confirmed by PCR and Southern blot
analysis following standard procedures (data not shown). Finally, mutants with
the correct double-crossover gene replacement genotype were selected and des-
ignated L. plantarum strains NZ7104 (srtA::cat), NZ7510 (Ip_0373::cat), and
NZ7511 (Ip_1229::cat), respectively.

Overexpression of adhesin candidate genes. Overexpression of the candidate
adhesin proteins was achieved by cloning the corresponding gene into a high-
copy vector downstream of a constitutive promoter region. First, the vector
pNZ7514 containing the promoter region was constructed. A 100-bp promoter
fragment upstream of lp_1144 of L. plantarum WCFS1, annotated as the DNA
helicase pcrA, was amplified by PCR containing BamHI sites at both ends using
L. plantarum WCFS1 genomic DNA as a template and the primers 1144 _Bam-
HISalHIF and 1144_BamHIR (sites introduced in primers). This fragment was
cloned in pCR-Blunt and recovered from the resulting vector as a BamHI
fragment, which was subcloned in the BglII-digested gusA (B-glucuronidase)
reporter vector pNZ273 (40), yielding pNZ7514. The constitutive characteristics
of the promoter present in the amplified Ip_1144 fragment could be confirmed
using gusA as a reporter (12, 40).

The two candidate genes Ip_0373 and Ip_1229 were amplified by PCR using L.
plantarum WCFS1 DNA and the primer combinations Ip_0373F/lp_0373R or
Ip_1229F/lp_1229R (NotI sites integrated in forward primers, Xhol sites in
reverse primers). The PCR products of approximately 3.7 kb (Ip_0373) and 3.1
kb (Ip_1229) were cloned into a pCR-Blunt vector, resulting in the plasmids
pNZ7512 and pNZ7513, respectively. These plasmids were subsequently di-
gested with NotI and Xhol, yielding fragments consisting of Ip_0373 and Ip_1229,
respectively. These fragments were ligated into pNZ7514 after gusA had been
removed from this plasmid by digestion with NotI and Xhol. Replacement of
gusA with 1p_0373 or Ip_1229 downstream of the constitutive promoter region
resulted in the vectors pNZ7515 and pNZ7516, respectively. These high-copy
plasmids were introduced into L. plantarum WCFS1; the presence of the antic-
ipated vector in selected Cm-resistant colonies was validated by PCR (data not
shown).

RESULTS

Mannose adhesion is a variable phenotype in L. plantarum.
Initial experiments were aimed at the determination of the
mannose-specific adherence capacity of different L. plantarum
strains. For this purpose, an in vitro agglutination assay was
used (1). Overnight cultures of L. plantarum strains were di-
luted to approximately 2.5 X 10° CFU/ml, as confirmed by
serial plating on MRS agar (data not shown), and their ability
to induce yeast cell agglutination was determined (Table 4).
The L. plantarum strains tested varied remarkably in their
mannose adhesion ability. For all but one strain that scored
positive in this test, agglutination could be inhibited by the

addition of methyl-a-D-mannopyranoside to the assay buffer,
confirming a mannose-specific mechanism (data not shown).
NCIMB 12120, the strain displaying agglutination that could
not be inhibited mannose specifically, was excluded from fur-
ther analysis. Importantly, the sequenced strain WCFS1 was
among the strains capable of inducing agglutination of S. cer-
evisiae (Fig. 1). Mannose specificity of the agglutination ob-
served was corroborated by the finding that agglutination could
only be prevented by methyl-a-pD-mannopyranoside or D(+)-
mannose, as assessed with the exemplary strain WCFS1 but not
by any of the other substances tested, which included methyl-
a-D-glucopyranoside, D(+)-glucose, methyl-a-D-galactopyr-
anoside, D(+)-galactose, L(+)-fucose, N-acetylglucosamine,
and N-acetylgalactosamine (data not shown).

Identification of candidate genes involved in mannose ad-
herence by gene-trait matching. The measured yeast aggluti-
nation capacity of the L. plantarum strains was used to identify
candidate mannose adhesin-encoding genes by correlation of
these phenotypic data to whole-genome genotyping informa-
tion of the same strains, which was determined by Molenaar et
al. (33a). Considering that the sequenced L. plantarum strain
WCEFSI1 and several of the other strains tested displayed the

TABLE 4. Agglutination of Saccharomyces cerevisiae mediated by
various L. plantarum strains®

L. plantarum strain Agglutination

NCIMB 12120 +
CIP 104440 -
CIP 104441 -
CIP 104450 -
CIP 104451 -
CIP 104452
NC8

LP80

“ Results are from cultures 4X diluted. Results from three independent ex-
periments are shown. Only agglutination induced by strain NCIMB 12120 could
not be inhibited by a-methylmannoside.
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C

FIG. 1. Agglutination of Saccharomyces cerevisiae mediated by
mannose-specific adhering lactobacilli (4X diluted), as visualized by
bright-light microscopy (magnification, X200). (A) S. cerevisiae with no
bacterial cells added did not agglutinate. (B) The wild-type strain L.
plantarum WCFS1 induced agglutination of S. cerevisiae (see arrows).
(C) L. plantarum ATCC 8014 did not cause agglutination of S. cerevi-
siae.

yeast agglutination capacity while other strains lacked this abil-
ity, the correlation applied was the logical selection of those
WCES1 genes whose presence and absence in the different
strains were significantly correlated with the presence and ab-
sence, respectively, of the agglutination phenotype observed
for the same strains. A linear weighting method and a qua-
dratic weighting method were used to calculate the P value
scores indicating the presence of WCFS1 genes in the other L.
plantarum strains tested.

Using these methods, hypothetical mannose adhesin-encod-
ing genes whose presence correlated with the agglutination
phenotype were identified. With a P value score threshold of
1.0 X 1073, the linear weighting method yielded three genes
that displayed a 100% gene-trait match (P = 0.00078). These
genes were lp_0373, annotated as a putative cell surface pro-
tein containing an LPxTG motif; Ip_0402 with unknown func-
tion; and Ip_0403, encoding PInR, which is a protein involved
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in plantaricin biosynthesis. For lp_0373, the gene-trait corre-
lation was valid over a narrow range of relatively high P value
scores (P value score range, 1.8 X 1072 to 3.0 X 10™%; see Fig.
2), indicating that for some strains it is less clear whether an
Ip_0373 homologue is present or absent. The quadratic weight-
ing method yielded with a P value score threshold of 1.0 X
10~ * gene Ip_1229 as the best candidate gene (P = 0.00078). In
fact, within a wide range of P value scores (P value score range,
32X 107*t0 3.7 X 1077, see Fig. 2) Ip_1229 was the only gene
with 100% gene-trait match out of all genes in L. plantarum.
The Ip_1229 gene is predicted to encode a putative cell surface
protein precursor with LPXTG anchor. Except for these four
primary candidate genes, no other 100% gene-trait matches
were identified.

Remarkably, there were two prominent candidate genes
with a 100% gene-trait match among the four primary hypo-
thetical mannose adhesin-encoding genes resulting from the
two weighting methods: i.e., Ip_0373 and Ip_1229. Both of
these genes are annotated as putative cell surface proteins
containing an LPXTG anchor. The linear weighting method
yielded Ip_3114 as a third gene coding for a protein of this
class; however, this gene did not match 100% with either of the
P value score thresholds tested. Regarding the trait mannose
adhesion, exposure of the predicted adhesin on the cell surface
is likely, which adds a supporting rational criterion to the
primary selection of candidate genes. The LPXTG motif is
present slightly modified in 25 L. plantarum WCFS1 proteins
(27). The surface anchoring of this class of surface proteins of
many species has been shown to depend on the transpeptidase
sortase, which cleaves polypeptides with a conserved LPxTG
consensus sequence and anchors them to the cell wall (38, 50).
To validate the role of sortase target proteins for mannose
adhesion at first, a sortase-lacking mutant strain of L. planta-
rum WCFEFS1 was constructed by stable gene replacement. Im-
portantly, evaluation of this mutant strain (NZ7104) in the
agglutination assay showed that this strain, in contrast to the
wild type, was not able to agglutinate yeast cells (data not
shown). This result indicates the involvement of 1 of the 25
sortase target proteins of L. plantarum WCFS1 in mannose
adhesion and thereby consolidated the proposed role of the
candidate genes Ip_0373 and Ip_1229. Consequently, the func-
tion of these two genes was assessed by gene-specific DNA
manipulation in L. plantarum WCEFS1, followed by determina-
tion of the mutant strains’ mannose adherence capacity.

Verification of lp_1229 as the mannose-specific adhesin of
L. plantarum. To evaluate the postulated role of Ip_0373 and
Ip_1229 in the mannose-specific adhesion phenotype of L.
plantarum, derivatives of L. plantarum WCFS1 with gene-spe-
cific deletions of these genes were constructed, yielding strains
NZ7510 (Ip_0373::cat) and NZ7511 (Ip_1229::cat), respec-
tively. The mannose-specific agglutination titers of these mu-
tant strains were recorded in the yeast agglutination assay as
the (log,) reciprocal of the highest dilution of bacterial sus-
pensions that still resulted in visible agglutination. A mean
agglutination titer of 5.0 = 0.0 (log, = standard deviation) was
determined in three independent experiments for the wild-type
strain, WCFS1. Replacement of Ip_0373 (NZ7510) did not
affect the yeast agglutination capacity (agglutination titer, 5.0
+ 0.0), as compared to that of the wild-type strain, whereas
deletion of Ip_1229 (NZ7511) resulted in a complete loss of the
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FIG. 2. Data upon which the putative candidate genes were selected. For each gene in each strain, the P value scores averaged over overlapping
clones were calculated, indicating confidence in the presence of that gene in the strain. Two calculation methods were used (see text). Indicated
are the P value scores for Ip_0373 using the linear method (left panel) and for Ip_1229 (msa) using the quadratic method (right panel). Strains able
to induce agglutination of S. cerevisiae are depicted by filled bars; strains not having this ability are represented by open bars. Gray areas indicate
the P value score ranges within which perfect matches between the presence of the genes and the presence of the mannose adhesion phenotype

are found.

capacity to agglutinate S. cerevisiae (agglutination titer, 0.0 *
0.0). These results indicate a direct involvement of Ip_1229 in
mannose-specific adhesion of L. plantarum. To further validate
the role of Ip_1229 in this phenotype, overexpression of the
two candidate genes was achieved by introduction of a multi-
copy expression vector, containing the Ip_0373 (pNZ7515) or
Ip_1229 (pNZ7516) gene under control of an active L. planta-
rum promoter, into the wild-type strain L. plantarum WCFS1.
In analogy with the results obtained with the deletion deriva-
tives, overexpression of Ip_0373 did not affect the yeast agglu-
tination capacity of L. plantarum (agglutination titer, 5.0 *
0.0), confirming that this gene does not play a role in mannose
adhesion. Overexpression of Ip_1229 resulted in a slight, but
significant enhancement of agglutination capacity compared to
that of the wild-type strain (agglutination titer, 6.3 = 0.6; P =
0.016). These results confirm the observations made with the
deletion derivatives and support a direct role of Ip_1229 in the
phenotype investigated. Overall, we concluded that Ip_1229
encodes the mannose-specific adhesin of L. plantarum and
renamed the gene accordingly: msa. The trait encoded by the
msa gene may be of interest regarding adhesion of L. planta-
rum in the gastrointestinal tract.

In silico analysis of msa and its protein product. Following
identification of the msa gene of L. plantarum, more detailed
analyses of this gene and the characteristics of its encoded
protein were performed using web-based bioinformatic tools,
aiming for structure-function insight (Fig. 3). Regarding the
genetic surroundings, the neighboring gene (Ip_1228) is lo-
cated 261 bp upstream of msa and is divergently transcribed.
This finding, combined with the identification of a 6-bp stem-
loop structure upstream of msa (AG free energy, —24.1 kcal),
indicates that msa does not form an operon structure with
upstream genes. Nevertheless, no obvious candidate promoter
sequence could be identified upstream of msa. Almost directly
downstream of msa (separated by 11 bp), a predicted transcrip-
tional regulator (Ip_1230) has been annotated that is tran-

scribed in the same direction as msa. The lp_1230 gene is
directly followed by a potential termination sequence (AG free
energy, —30.6 kcal). Moreover, the subsequent downstream
gene (Ip_1231) is convergently oriented relative to msa and
Ip_1230, indicating that no additional downstream genes be-
long to this operon. This genetic organization of msa and
Ip_1230 suggests that the two genes are transcribed as a bicis-
tronic mRNA. It is tempting to speculate that the Ip_1230 gene
product is involved in transcriptional regulation of the expres-

Ip_1228

1p_1229  Ip_1230

1010 aa
signal SasA Mub LPxTG-
sequence (S. aureus) (L. reuteri)  anchor

FIG. 3. (A) Genetic organization of the msa locus in the genome of
L. plantarum WCFS1. (B) Molecular structure of the encoded protein
Msa, implying a plausible domain organization for a bacterial adhesin.
Domains with sequence similarity to proteins possibly being informa-
tive for functional domain annotations are indicated.
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sion of the msa operon. Notably, Ip_1230 was also among the
candidate genes resulting from the gene-trait correlation based
on both the linear and the quadratic weighting methods, al-
though not with a 100% gene-trait match. This supports the
prediction that msa and lp_1230 may be organized in an
operon and form a functional unit in which the protein en-
coded by Ip_1230 possibly fulfills an autoregulatory role.

The 1,010-amino-acid protein encoded by msa, Msa, displays
the characteristic multidomain structure observed for many
cell surface proteins of L. plantarum (Fig. 3). As stated above,
it contains the typical elements associated with sortase-depen-
dent surface proteins, including an N-terminal signal peptide
and a hydrophobic C-terminal stop transfer sequence that is
preceded by the typical L. plantarum sortase target-anchoring
sequence LPQTXE (27). Moreover, straightforward sequence
alignment of Msa with known proteins, using web-based tools
like BLAST or FASTA, revealed sequence similarities to other
cell surface proteins of different gram-positive bacteria. Msa
contains perfect repeat sequences, which partly coincide with
the domains that display the highest similarity to other known
proteins. Close examination showed that the region close to
the C terminus of Msa (residues 720 to 916) encompasses two
97-residue copies of a mucus-binding domain previously iden-
tified in a cell surface protein (Mub) of L. reuteri (46) (Gen-
Bank accession no. AF120104). A domain with sequence sim-
ilarity to SasA, a ConA-like lectin, from Staphylococcus aureus
(44, 55) was identified, for which, due to analysis with hidden
Markov models from the Superfamily database, no exact bor-
ders could be determined. This domain consists of approxi-
mately 255 amino acids (in the region of residues 262 to 517)
and contains an insertion in the L. plantarum sequence of
about 42 residues. Since both the mucus-binding protein Mub
and ConA-like lectins are known to bind to carbohydrates such
as mannose (46, 57), these domains of Msa are likely to be
relevant for mannose recognition and adhesion. Close to the N
terminus, for two repeats of 35 residues no homologies to
known proteins could be identified. In conclusion, the domain
structure of Msa supports a role of this protein in carbohydrate
recognition and binding and therefore provides additional ev-
idence supporting its designation as the mannose adhesin of L.
plantarum.

DISCUSSION

In the present study, in silico phenotype-genotype matching
has been used to identify a bacterial gene responsible for a
specific phenotypic trait. For this strategy, a simple and rapid
assay was employed to screen a number of bacterial strains for
the trait of interest. In addition, whole-genome genotyping
data of the same bacterial strains were available for correlation
of the presence of genes with the presence of the phenotypic
characteristic. This study provides evidence that such a corre-
lation strategy can be applied to identify the genetic factors
involved in phenotypic traits, in order to search for “genes for
a function” rather than for “functions for genes” (6). The
example described here revealed the mannose-specific adhesin
of L. plantarum.

Other attempts have been made to correlate genomic diver-
sity to phenotypic features. Genomic comparisons of Brucella
species, Bacillus fumarioli strains, and citrus-associated bacte-
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ria, respectively, have been performed recently to identify
genes or operons relevant for bacterial adaptations to their
environment (11, 36, 41). In these studies, genomic diversity
among bacterial strains has been investigated using genomic
microarrays, comparable to the L. plantarum microarray em-
ployed in this study, and other techniques to characterize ge-
nome differences. However, the resulting data have not been
exploited to identify a gene responsible for one specific, chosen
function by correlation with phenotypic data, as in the present
study. Moreover, the biodiversity-based approach chosen here
included a gene-trait-matching method similar to that de-
scribed by Levesque et al. (30) and Jim et al. (23), who—in
contrast to the present study—used only fully sequenced bac-
terial genomes. Remarkably, in the approach described here, a
rather simple and straightforward correlation strategy was ap-
plied successfully. This method was effective despite the use of
a small sample of strains, relatively crude genotyping proce-
dures, and basic gene-trait analysis software. Additional infor-
mation on the annotation of the resulting candidate genes was
valuable to interpret the primary data and to proceed with the
most promising candidates. Still, there are some general limi-
tations of the phenotype-genotype-matching method described
here. One restriction is that genes unique to other bacterial
strains than the exemplary strain cannot be detected in this
manner. In addition, this approach cannot be successful if the
variation of the phenotypic trait of interest is based on differ-
ences in gene expression. Furthermore, a small mutation of the
gene in question for instance might cause a frameshift leading
to an entire loss of the gene’s function, even when the gene is
present. Variations in gene sequence and protein processing
among different strains might have to be considered in the
interpretation of results.

Various lines of evidence support the role of the Ip_1229
gene of L. plantarum as the mannose-specific adhesin (msa)
gene. The genetic organization of the region surrounding msa
indicates a genetic linkage with Ip_1230 in a bicistronic operon,
in which the latter gene might encode its transcriptional auto-
regulator. Since the presence of Ip_1230 is also, although more
weakly, correlated with the trait of yeast agglutination, the
transcription of the proposed msa operon may be autonomous,
supporting the belief that this gene is the only determinant
required for mannose adhesion capacity.

In silico sequence analysis of the mannose-specific adhesin
(Msa) revealed that this protein has a characteristic domain
organization observed for many adhesins of gram-positive bac-
teria (46). Some domains possibly create spacer regions
through the peptidoglycan structures to the cell surface. Ho-
mology searches indicated a similarity of domains from Msa to
a mucus-binding protein (Mub) from Lactobacillus reuteri (46)
and to SasA, an LPxTG-containing cell surface protein from
Staphylococcus aureus (44, 45), referred to as a ConA-like
lectin (55). One or both of these domains might be directly
involved in mannose recognition by Msa: Mub has been iden-
tified to adhere to carbohydrate structures in mucus (46), and
ConA-like lectin domains such as in SasA are also known to
bind to mannose and are often involved in the recognition and
adhesion processes of, for instance, bacterial toxins (57).
Moreover, the ConA-like domain of Msa might harbor hydro-
lase activity, since those domains can also be found in bacterial
glucanases (18). Hydrolase activity could possibly be involved
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in the release of sugar moieties from more complex carbohy-
drates, thereby releasing fermentable carbohydrates that
would be available for growth of L. plantarum. No correlation
was found for the presence of msa and the ability to metabolize
a-methylmannoside or any other mono- or disaccharide, as
indicated by API 50CH metabolic profiling of the strains tested
in this study (data not shown). Nevertheless, a role of Msa in
utilization of more complex carbohydrates (oligo- or polysac-
charides) can certainly not be excluded. BLAST analysis of the
Mub domain of Msa revealed homologies to potential adhesins
from other bacterial species: for example, a hypothetical pro-
tein from Lactococcus lactis 111403 (L39650) and Mlp, a sur-
face protein from Lactobacillus fermentum BR11 with an
LPxTG-motif (51). Furthermore, Mub-like domains can also
be identified in other L. plantarum WCFS1 genes: e.g.,
Ip_1643, Ip_3059, and Ip_3114, all annotated as cell surface
proteins with an LPXTG anchor. These findings suggest that
these binding domains might be commonly used in proteins
among different bacterial species and might be directly in-
volved in recognition of (complex) carbohydrates.

Finally, the results of this study provide insight into the
genetic background of bacterial adhesion, a potential probiotic
feature of L. plantarum. In contrast to the isogenic, gene-
specific mutant strains constructed in this study, formerly spon-
taneous mutants were studied that bear undefined genetic al-
terations, such as an uncharacterized mutant of L. plantarum
299v that lacks the ability to agglutinate S. cerevisiae (31). It
would be very interesting to analyze the msa locus of strain
299v and its agglutination-negative derivative. The importance
of Msa for intestinal colonization and its potential probiotic
effects will have to be validated in future studies. The mutant
strains of L. plantarum WCFS1 constructed in this study will be
advantageous to evaluate the potential role of Msa in this
process. So far, there are only speculations about the structure
of the mannose-containing receptors that is recognized by
ETEC and L. plantarum (1). Future experiments will have to
determine whether the mannose moieties on yeast cells are
appropriate representatives of intestinal receptors in vivo.

A primary indication of the importance of Msa in terms of
intestinal colonization could be deduced from recent mouse
passage experiments performed with the srt4 mutant of L.
plantarum WCFS1 (NZ7104) in comparison to the wild-type
strain (8). Since the proper surface exposure of the Msa pro-
tein depends on sortase activity, a similar experiment using the
msa-lacking mutant strain NZ7511 would expectedly generate
the same results. In the mouse passage experiments men-
tioned, the srt4 mutant and wild-type strains were equally and
simultaneously administered to the same BALB/c mice and
differentially enumerated in time course fecal samples by
counting CFU and using quantitative PCR detection of wild-
type and mutant chromosomal genetic loci. These experiments
revealed that srzA4 deletion does not have a significant effect on
the survival and persistence of NZ7104 in the intestinal tract of
mice; wild-type and sortase mutant strains displayed the same
characteristics in this model. These results suggest that the
sortase-dependent surface proteins, including msa, do not sig-
nificantly add to these features of L. plantarum. Nevertheless,
this mouse model is not the preferred system to study potential
functional properties of msa. For instance, the presence of
mannose receptors on the intestinal epithelium differs in var-
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ious organisms. Mannose adhesion is possibly not a relevant
mechanism in the mouse intestine, which would be in agree-
ment with the observation that there is no suitable mouse
model for E. coli diarrhea. However, the measurements of
survival and persistence are unlikely to reflect adherence prop-
erties adequately. These data do not exclude a role of the Msa
protein as an adhesin that might be of interest regarding com-
petitive exclusion of pathogens in the human intestine.

In conclusion, the identification of the mannose adhesin-
encoding gene in L. plantarum WCFS1 contributes to an im-
proved understanding of bacterial adhesion processes. Fur-
thermore, the mutant strains constructed here allow evaluation
of the importance of the mannose adherence capacity of this
species in terms of the proposed competitive exclusion of E.
coli. Future investigations will aim at further characterization
of this adhesin’s potential probiotic function and more detailed
insights into its molecular structure.
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