Applied and Environmental
Microbiology

SUPPLEMENTAL MATERIAL

REFERENCES

CONTENT ALERTS

The Highly Autoaggregative and Adhesive
Phenotype of the Vaginal Lactobacillus
plantarum Strain CMPG5300 Is Sortase
Dependent

Shweta Malik, Mariya I. Petrova, Ingmar J. J. Claes, Tine L.
A. Verhoeven, Pieter Busschaert, Mario Vaneechoutte, Bart
Lievens, Ivo Lambrichts, Roland J. Siezen, Jan Balzarini,
Jos Vanderleyden and Sarah Lebeer

Appl. Environ. Microbiol. 2013, 79(15):4576. DOI:
10.1128/AEM.00926-13.

Published Ahead of Print 24 May 2013.

Updated information and services can be found at:
http://aem.asm.org/content/79/15/4576

These include:

Supplemental material

This article cites 60 articles, 32 of which can be accessed free
at: http://aem.asm.org/content/79/15/4576#ref-list-1

Receive: RSS Feeds, eTOCs, free email alerts (when new
articles cite this article), more»

Information about commercial reprint orders: http://journals.asm.org/site/misc/reprints.xhtml
To subscribe to to another ASM Journal go to: http://journals.asm.org/site/subscriptions/

Journals. ASM.org

1sanb Agq #T0Z ‘6 AInc uo /Bio wse war//:dny wol) papeojumoq


http://aem.asm.org/content/79/15/4576
http://aem.asm.org/aem/suppl/2013/07/03/AEM.00926-13.DCSupplemental.html
http://aem.asm.org/content/79/15/4576#ref-list-1
http://aem.asm.org/cgi/alerts
http://journals.asm.org/site/misc/reprints.xhtml
http://journals.asm.org/site/subscriptions/
http://aem.asm.org/
http://aem.asm.org/

AEM

Journals.ASM.org

The Highly Autoaggregative and Adhesive Phenotype of the Vaginal
Lactobacillus plantarum Strain CMPG5300 Is Sortase Dependent

Shweta Malik,>® Mariya I. Petrova,>® Ingmar J. J. Claes,®® Tine L. A. Verhoeven,? Pieter Busschaert,“® Mario Vaneechoutte,®

Bart Lievens,“? Ivo Lambrichts,’ Roland J. Siezen,? Jan Balzarini," Jos Vanderleyden,® Sarah Lebeer®?

KU Leuven, Centre of Microbial and Plant Genetics, Leuven, Belgium?; University of Antwerp, Department of Bioscience Engineering, Antwerp, Belgium®; KU Leuven
Association, Laboratory for Process Microbial Ecology and Bioinspirational Management, Campus De Nayer, Department of Microbial and Molecular Systems (M2S), Sint-
Katelijne-Waver, Belgium¢; Scientia Terrae Research Institute, Sint-Katelijne-Waver, Belgium®; Ghent University, Laboratory of Bacteriology Research, Ghent, Belgium;
University Hasselt, Laboratory of Histology, Biomed Research Institute, Diepenbeek, Belgium'; Radboud University Nijmegen Medical Centre, Centre for Molecular and
Biomolecular Informatics (CMBI), Nijmegen, The Netherlands?; KU Leuven, Rega Institute for Medical Research, Leuven, Belgium”

Lactobacilli are important for the maintenance of a healthy ecosystem in the human vagina. Various mechanisms are postulated
but so far are poorly substantiated by molecular studies, such as mutant analysis. Bacterial autoaggregation is an interesting
phenomenon that can promote adhesion to host cells and displacement of pathogens. In this study, we report on the identifica-
tion of a human vaginal isolate, Lactobacillus plantarum strain CMPG5300, which shows high autoaggregative and adhesive ca-
pacity. To investigate the importance of sortase-dependent proteins (SDPs) in these phenotypes, a gene deletion mutant was
constructed for srtA, the gene encoding the housekeeping sortase that covalently anchors these SDPs to the cell surface. This mu-
tant lost the capacity to autoaggregate, showed a decrease in adhesion to vaginal epithelial cells, and lost biofilm-forming capac-
ity under the conditions tested. These results indicate that the housekeeping sortase SrtA of CMPG5300 is a key determinant of
the peculiar surface properties of this vaginal Lactobacillus strain.

he human vaginal microbiota is commonly inhabited by lac-

tic-acid-producing bacteria (LAB), with Lactobacillus spp.
constituting around 70% of the microbial population (1, 2). They
appear to protect the urogenital tract from pathogen invasion and
prevent urogenital and sexually transmitted diseases (3, 4). Postu-
lated antipathogenic mechanisms include (i) production of lactic
acid, hydrogen peroxide (H,0,), bacteriocins, and biosurfactants
that directly kill or inhibit bacterial and viral pathogens (5); (ii)
stimulation of host defense mechanisms against pathogens (6);
and (iii) formation of microcolonies that adhere to the epithelial
cell receptors and form a physical barrier to pathogen adhesion (7;
M. Petrova, M. van den Broek, J. Balzarini, J. Vanderleyden, and S.
Lebeer, unpublished data). The last can occur by virtue of ad-
hesins on the bacterial surface that compete for receptor sites in
the presence of pathogens. Although the health benefits of vaginal
lactobacilli are widely recognized, the underlying molecular
mechanisms, such as vaginal adaptation factors that allow optimal
adaptation of lactobacilli to the niche (8), are not yet well under-
stood. For instance, while the genome sequences of various gas-
trointestinal Lactobacillus strains, such as Lactobacillus plantarum
WCEFS1 (9), Lactobacillus acidophilus NCEM (10), Lactobacillus
salivarius subsp. salivarius strain UCC118 (11), Lactobacillus gas-
seri ATCC 33323 (12), and Lactobacillus rhamnosus GG (13), have
been published since 2004, the vaginal strains have lagged behind,
with the genome sequence of Lactobacillus iners AB-1 being an
important breakthrough (14), followed by the recently sequenced
Lactobacillus pentosus KCA1 (15).

Various lactobacilli, including some vaginal strains, such as L.
gasseri 2459 and Lactobacillus johnsonii CRL 1294, have been
shown to form large aggregates among themselves, a phenome-
non called autoaggregation (16, 17). Some studies also reveal the
nature of the molecules involved in autoaggregation, yet they are
restricted to strains isolated from the gastrointestinal tract, such as
aggregation-promoting factors in L. acidophilus NCFM (18). In
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addition, a correlation between autoaggregation in LAB and ad-
hesion to host cells has been suggested for the adhesion of intesti-
nal isolates, such as L. acidophilus M92 (19) and Lactobacillus
crispatus M247 (20), to a human colonic cell line (Caco-2). Inter-
estingly, Boris et al. (21) also suggest a correlation between auto-
aggregation and adhesion of some selected strains of L. gasseri, L.
acidophilus, and Lactobacillus jensenii isolated from the vagina to
vaginal epithelial cells, but without further documentation of the
molecules involved.

An important class of cell wall proteins in lactobacilli is formed
by the sortase-dependent proteins (SDPs) (8). These surface pro-
teins possess a conserved carboxy-terminal sorting motif, gener-
ally LPXTG, that is recognized by the sortase enzyme, which
cleaves between the threonine and the glycine residues and cova-
lently links the C-terminally truncated protein to the peptidogly-
can layer. Sortases are composed of different classes of enzymes,
with srtA encoding the prototype housekeeping enzyme, sortase
A (22). In this study, we report on the highly autoaggregative and
adhesive capacity of a human vaginal L. plantarum strain,
CMPG5300, a single-colony isolate of L. plantarum LAB 129 iso-
lated from a healthy volunteer. Genetic and functional analyses
were undertaken to understand the molecular mechanisms of this
behavior in relation to the srtA gene.
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TABLE 1 Bacterial strains and plasmids used

Mutant Vaginal Lactobacillus Sortase-Dependent Phenotype

Species or Reference and/or
plasmid Strain/host Relevant genotype or description” source
Bacterial strains
L. plantarum ~ CMPG5300 Wild type; human vaginal isolate Mario Vaneechoutte
CMPG5376 srtA mutant of CMPG5300 This study
CMPG5378 CMPG5376 complemented with srtA on plasmid pCMPG5378 This study
LAB135 Human vaginal isolate Mario Vaneechoutte
L. jensenii 25258 Wild type; human vaginal isolate (Gasser, Mandel, and Rogosa 1970) LMG/BCCM”
L. rhamnosus ~ PRB016 Human vaginal isolate Mario Vaneechoutte

GR-1 (ATCC 55826) Human vaginal isolate

58; Chr. Hansen

L. reuteri RC-14 (ATCC 55845)  Human vaginal isolate 58; Chr. Hansen
L. casei/L. PRB005 Human vaginal isolate Mario Vaneechoutte
paracasei PRBO15 Human vaginal isolate Mario Vaneechoutte
L. crispatus NCIMB 4505 Wild type; human vaginal isolate (Moore and Holdeman 1970) LMG/BCCM
E. coli TOP10F F' (lacl4 Tn") mcrA_(mrr hsdRMS-mcrBC) 80LacZ_lacX74 deoR recAl araD139_(ara leu)  Invitrogen
Plasmids
pNZ5319 E. coli pNZ5318 derivative for multiple gene replacements in Gram-positive bacteria; Cm" Ery" 37
pNZ5348 E. coli pGIDO023 derivative containing cre under the control of the Ip_1144 promoter; Ery" 37
pLAB1301 E. coli E. coli-Lactobacillus shuttle vector; Ap" Ery" 36
pCMPG5376  E. coli PNZ5319 derivative containing homologous regions up- and downstream of CMPG5300  This study
srtA; Cm" Ery”
pCMPG5378  E. coli pLAB1301 containing the srtA gene of CMPG5300; Ap" Ery" This study

“ Cm", chloramphenicol resistance; Ery", erythromycin resistance; Ap’, ampicillin resistance.

¥ LMG/BCCM, Laboratory for Microbiology of the Faculty of Sciences of Ghent University/Belgian Co-ordinated Collections of Micro-organisms.

MATERIALS AND METHODS

Bacterial strains and culture conditions. All Lactobacillus strains used in
this study, including L. plantarum strain CMPG5300 and its mutant de-
rivatives (Table 1), were grown at 37°C without agitation in Man-Rogosa-
Sharpe (MRS) medium (Difco). Escherichia coli TOP10, used for cloning,
was grown with shaking at 37°C in Luria Bertani (LB) medium. When
required, antibiotics were added at the following final concentrations:
chloramphenicol, 20 pg/ml for L. plantarum and 10 pg/ml for E. coli;
erythromycin, 10 pg/ml for L. plantarum and 250 pg/ml for E. coli; and
100 pg/ml ampicillin for E. coli.

Analysis of autoaggregation. Analysis of the autoaggregation proper-
ties of various vaginal strains was performed as previously reported by Kos
etal. (19). Briefly, bacteria were grown at 37°C for 18 h in MRS. The cells
were washed twice with phosphate-buffered saline (PBS) (pH 7.2) and
suspended in the same buffer to an optical density at 600 nm (ODy,) of
0.5. After incubation at room temperature for 5 h, 0.1 ml of the upper
suspension was transferred to a new tube, diluted 10 times, and then
measured for the absorbance at 600 nm. The autoaggregation percentage
is expressed as follows: 1 — (A,/A,) X 100, where A, represents the absor-
bance at the 5-h time point (¢t = 5 h) and A, the absorbance at t = 0.

Autoaggregation was also investigated by microscopy. The strains
were cultured overnight in MRS medium and subsequently visualized
with the naked eye and/or viewed under a Zeiss Axio Imager Z1 X40
phase-contrast microscope equipped with an AxioCam MRm Rev. 3
monochrome digital camera.

Assay of adhesion to VK2/E6E7 cells. The VK2/E6E7 cell line (ATCC
CRL-2616), purchased from the American Type Culture Collection
(ATCC) (Rockville, MD), was routinely grown in 75-cm? tissue culture
flasks at 37°C in a 5% CO,, 95% air atmosphere in keratinocyte serum-
free medium (Gibco-Invitrogen) supplemented with 0.1 ng/ml epithelial
growth factor and 25 pg/ml bovine pituitary extract. The cells were pas-
saged every 3 days (at 70 to 80% confluence) by reseeding with a split ratio
of 1:7 in fresh culture medium. For adhesion experiments, cells were
grown in 12-well Multiwell Plates (BD Falcon) at a density of 3 X 10°
cells/cm? per well, and 5-day-old monolayer cultures were used.

To assess the capacities of various Lactobacillus strains and the mutant
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derivatives to adhere to vaginal epithelial cells, adhesion studies were car-
ried out as described previously (23). For adhesion assays, bacterial cells at
1 X 107 CFU/ml were added to tissue culture wells containing fully dif-
ferentiated VK2/E6E7 cells and allowed to incubate at 37°C for 1 h. The
vaginal epithelial cells were then rinsed twice with 1X PBS prewarmed at
37°C. Following washing, a 0.1-ml volume of 1 X trypsin-EDTA (Invitro-
gen)/1X PBS was added to the wells, and the plate was incubated for 10
min at 37°C. Next, a 0.9-ml volume of 1 X PBS was added to each well, the
cell suspension was mixed, and a set of serial dilutions was prepared and
plated out on solid MRS medium. After incubation for 48 h at 37°C, the
bacterial colonies were counted. The adhesion ratio, expressed as a per-
centage, was calculated by comparing the total number of bacterial colo-
nies counted after adhesion to the number of cells in the bacterial suspen-
sion prior to addition to the wells. The experiment was performed three
times, with each sample tested in triplicate.

Biofilm formation assay. Biofilm formation was assessed as described
previously (24). Briefly, the biofilms were grown for 72 h in MRS medium,
and the capacity was estimated by crystal violet staining. The sterile
growth medium was also included as a negative control. The experiments
were performed three times, with eight technical repeats.

Transmission electron microscopy (TEM). Bacteria were grown
overnight in MRS medium. Uncoated copper grids were used as a probe to
adsorb bacterial cells. The grids were placed on a drop of bacterial suspen-
sion for 30s, transferred to drops of 0.25% phosphotungstenic acid (pH 7)
for 305, and washed three times, followed by draining of the excess liquid. The
bacteria were observed with a Philips EM 208S transmission electron micro-
scope at 56 kV. Images were digitalized using an SIS image analysis system.

Identification of the sortase gene (srtA) and the substrates of the
srtA-encoded protein. Genomic DNA of L. plantarum CMPG5300 was
isolated using early-exponential-phase culture grown in 200 ml of MRS
medium. The cells were pelleted down at 4,000 X g for 10 min and washed
twice with Tris-EDTA (TE) buffer. After resuspending the cells thor-
oughly in 7 ml of TE bulffer, the cell suspension was subjected to a brief
sonication step (pulse on for 30 s, pulse off for 30 s; 4 min) to break the cell
clumps. To lyse the cells, 70 wl lysozyme (final concentration, 2 mg/ml)
was added, followed by incubation at 37°C for 15 min. Cell lysis was
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followed by adding 2 ml of 5 M NaCl and 1 ml of 10% SDS and inverting
the sample very gently. RNase A (Sigma) was added at a concentration of
50 wg/ml and incubated at 55°C for 15 min. To remove proteins, 0.15
pg/ml of proteinase K (Sigma) was added, and the mixture was incubated
at 55°C for 30 min. Subsequently, 2.7 ml of 5 M Na-perchlorate was added
to this mixture. Extraction was done by adding the same volume of chlo-
roform-isoamyl alcohol (24:1) and incubating for 1 h at 4°C (with gentle
shaking). The cells were pelleted down at 15,000 X g for 10 min, and the
supernatant was collected in a fresh tube. Precipitation of DNA was done
by adding 2 volumes of 100% ethanol. The precipitated DNA was pelleted
by centrifugation at 9,300 X g for 10 min. The supernatant was discarded,
and the DNA pellet was washed twice with freshly prepared 70% etha-
nol and air dried. The final pellet obtained was dissolved in 400 pl of TE
buffer and stored at 4°C till further use.

The genome of CMPG5300 was sequenced using the 454 GS FLX+
sequencing platform (Genomics Core, KU Leuven, Leuven, Belgium),
and the reads were assembled into contigs using Roche GS De Novo As-
sembler software (version 2.5p1). The minimum overlap length was set to
40 nucleotides, with a minimum overlap identity of 90%. Open reading
frames were extracted using the getorf program from the EMBOSS suite v.
6.3.1 (25) and manually curated by comparison to the genome of L. plan-
tarum WCEFS1 using ACT (26). Putative sortase substrates encoded by L.
plantarum CMPG5300 were identified using LocateP (27), which incor-
porates hidden Markov model model for the identification of LPXTG-
type sortase substrates. The amino acid sequences of the 27 identified
sortase-dependent substrates for L. plantarum WCFS1 were downloaded
from http://www.josboekhorst.nl/cgi-bin/sortase_substrates/index.py
(28). The sortase substrates of CMPG5300 were submitted to the SignalP
4.1 server (29) for the prediction of signal peptides (see the supplemental
material).

DNA manipulations. Standard protocols were used for all DNA
manipulations, including restriction digestion, ligation, and transfor-
mation of E. coli (30). Plasmid DNA was isolated using the QIAprep
Spin kit according to the manual (Qiagen). DNA amplification by PCR
was performed using Pfx polymerase (Roche) and Tag DNA polymer-
ase (Roche) according to the procedure recommended by the manu-
facturer. Primers for PCR (see Table S1 in the supplemental material)
were synthesized by Integrated DNA Technologies (Coralville, TA).
Restriction sites were included at the 5’ ends, when desired, to facili-
tate cloning. DNA fragments were extracted from 1.0% agarose gels
using the Qiagen gel extraction kit according to the manufacturer’s
instructions.

Optimization of electroporation to L. plantarum CMPG5300. Var-
ious protocols, listed in Table S2 in the supplemental material, were
used to obtain the optimum efficiency for electroporation of
CMPG5300. To obtain competent cells, precultures of CMPG5300 in
MRS medium were used to make serial dilutions (10%- to 10°-fold) in
MRS medium supplemented with 2% glycine. They were inoculated
overnight, and 5 ml of the culture with an OD¢, of 0.8 to 1.4 (cf., 7 X
107 CFU/ml) was used to further inoculate 100 ml of prewarmed MRS
medium containing glycine. The cultures were then grown at 37°C
with or without agitation till the ODy,, reached 0.4 to 0.6 (~3 h).
Afterward, the cells were pelleted down at 4,000 X g for 10 min and
subsequently washed with buffers (ice cold) as follows: set I, 2 washes
with distilled water, a 5-min treatment with EDTA, and 2 washes with
ice-cold 0.5 M sucrose and 10% glycerol, a combination of the proto-
cols of Berthier et al. (31) and Mason et al. (32) designed by Speer et al.
(http://openwetware.org/wiki/Lactobacillus_transformation_(Speer_
2012)); set I, 2 washes with 0.5 M sucrose, 7 mM potassium phosphate
(pH 7.4), 1 mM MgCl, (34). Finally, the cells were resuspended in a
small volume (~0.8 ml) of the electroporation buffer, and aliquots of
90 wl were prepared in ice-cold 1.5-ml Eppendorf tubes. A highly
concentrated (1 pgin 10 pl) replicating plasmid, pLAB1301 (35), was
added to each tube. This mixture was transferred into a precooled
2-mm electroporation cuvette (Eurogentec) and immediately electro-
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porated (Gene Pulser; Bio-Rad Laboratories) using the following set-
tings: peak voltage, 1.7 kV; capacitance, 25 wF; and parallel resistance,
200 /400 €. Following this, the cells were regenerated by adding 900
pl of the regeneration medium (MRS medium containing 2 mM CaCl,
and 20 mM MgCl,) and incubated (without agitation) at 37°C for 3 h,
after which they were plated out on MRS medium containing 10 pg/ml
erythromycin. They were then incubated at 37°C for ~72 h, followed
by colony counting to determine the transformation efficiency. The
colonies obtained were also subjected to screening for the presence of
the plasmid via colony PCR using the primers pseu 383 and pseu 384
(see Table S1 in the supplemental material), designed for the detection
of an ~600-bp product.

Construction of a srtA mutant by double homologous recombina-
tion. To create a construct to knock out the srtA gene by double ho-
mologous recombination, PCR primers were designed to amplify two
ca. 1,000-bp-long homologous regions (HR1 and HR2) that flank the
5" and 3’ ends of the srtA gene (see Table S1 in the supplemental
material). Both the PCR fragments were subsequently ligated into the
respective multiple-cloning sites (MCSs) upstream and downstream
of the chloramphenicol resistance cassette of the pNZ5319 plasmid
(36) and transferred to competent E. coli TOP10 cells. The resulting
suicide plasmid construct was designated the pPCMPG5376 vector and
then electroporated into competent cultures of wild-type (WT)
CMPG5300. The transformants resulting from double homologous
recombination were selected for a chloramphenicol-resistant and
erythromycin-sensitive phenotype by replica plating. To excise the
chloramphenicol (cam) cassette from the genome of the srtA mutant,
the mutant was transformed with a high concentration (~4 pg) of
pNZ5348 DNA (36) using the optimized protocol mentioned above.
The Em" colonies obtained after 48 to 72 h of growth were checked for
Cre-mediated recombination using a PCR with EryintF and EryintR
primers (see Table S1 in the supplemental material), as described pre-
viously (36). These colonies were grown for six generations in MRS
medium without any antibiotic to cure the pNZ5348 vector and re-
move the cam cassette. The cells were plated out on MRS medium and
MRS medium with chloramphenicol to obtain single-colony isolates
for estimating the number of colonies on each plate. A few colonies of
the MRS plate were selected and replica plated on MRS medium with
20 pg/ml chloramphenicol to confirm curing of the Cre expression
vector. Finally, one colony showing the correct allelic replacement and
excision of the cam cassette was selected and designated CMPG5376.

Furthermore, the srtA mutant CMPG5376 was also complemented
by electroporation with pCMPG5378, resulting in strain CMPG5378.
To achieve this, the srtA gene amplified by primers pro 8177 and pro
8150 (see Table S1 in the supplemental material) was ligated in
pLAB1301 (35), resulting in pCMPG5378. Plasmid pCMPG5378 was
electroporated in CMPG5376 to yield an erythromycin-sensitive
strain, CMPG5378.

Analysis of operon structure with RT-qPCR. L. plantarum CMPG5300
and its srtA mutant derivative CMPG5376 were grown in MRS medium,
and their total RNA was isolated from exponential-phase cultures using
the commercially available Promega Benelux BV kit for total RNA isola-
tion. cDNA was made using a reverse transcription system (SuperScript
III first-strand synthesis system; Invitrogen), and real-time DNA ampli-
fication was done using SYBR green Universal PCR Master Mix (Applied
Biosystems). Primers (see Table S1 in the supplemental material) were
designed using the Primer Express software v3.0.1 and chemically synthe-
sized by IDT Technologies. Real-time quantitative PCR (RT-qPCR) and
data analysis were done using the StepOnePlus Real Time PCR system
(Applied Biosystems, Lennik, Belgium).

Nucleotide sequence accession number. The complete nucleotide se-
quence of srtA (lab129_01547) and its flanking regions has been submitted
to NCBI and is available under accession number KC841273.
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FIG 1 (a) Comparison of autoaggregation abilities of nine vaginal Lactobacillus strains. Overnight cultures of nine Lactobacillus strains were washed and
suspended with PBS up to an ODy, of 0.5 and monitored for autoaggregation on the basis of the ODy, after 5 h of incubation. Autoaggregation ability is
expressed as percentages. The error bars represent standard deviations of 3 independent experiments. (b) Comparison of the capacities of vaginal lactobacilli to
adhere to vaginal epithelial cells. Overnight-grown Lactobacillus cells were coincubated with VK2/E6E7 cells for 1 h. The proportions of adherent bacteria are
expressed semiquantitatively as explained at the bottom. (c) Schematic representation of the adhesion of L. plantarum CMPG5300 to VK2/E6E7 cells. The
relatively high adhesion percentage of L. plantarum CMPG5300 is probably biased by the fact that multiple aggregates adhere to single host cells. (d) Comparison
of the biofilm formation capacities of vaginal lactobacilli. The biofilms formed on polystyrene pegs were quantified after 72 h of incubation in Lactobacillus MRS
medium by crystal violet staining. The absorbance values at ODs,,, represent the biofilm formation capacity.

RESULTS

Identification of L. plantarum CMPG5300 as a vaginal strain
with high autoaggregating, adhering, and biofilm-forming ca-
pacity. A panel of nine vaginal Lactobacillus isolates (Table 1) was
screened for the capacity to autoaggregate. It was observed that
most of the strains autoaggregated, although the exact percentages
varied a bit with each assay. L. plantarum CMPG5300 displayed
the highest percentage of autoaggregation (on average, ~67%)
(Fig. 1a), forming a precipitate and resulting in a clear solution
when a suspension of 10° CFU/ml was kept standing for 5 h. In
contrast, most of the other strains showed a relatively homoge-
neous suspension with no distinct upper layer. Subsequently, the
capacities of the vaginal strains to adhere to the vaginal epithelial
VK2/E6E7 cell line (37) were assessed. It was observed that
CMPG5300 also displayed the highest adhesion capacity of the
vaginal strains (Fig. 1b). The relatively high adhesion capacity of
CMPG5300 (up to 80%) is probably biased by its high autoaggre-
gation capacity, resulting in aggregates of multiple bacteria adher-
ing to single epithelial cells (Fig. 1c), although the bacteria were
vigorously vortexed and pipetted up and down immediately be-
fore addition to the vaginal cells. Therefore, the adherence data are
presented in a relative, semiquantitative way (0 to ++++)
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(Fig. 1b). In the next step, the abilities of these vaginal strains to
form biofilms on polystyrene were assessed. This again revealed
that L. plantarum CMPG5300 showed an exceptionally high bio-
film-forming capacity compared to other strains, which appeared
to form only microcolonies and not confluent biofilms under the
tested conditions (Fig. 1d).

Optimization of electroporation and genetic engineering of
this natural vaginal isolate. To investigate genetic determinants
of the remarkable phenotype of this natural isolate, various ge-
netic tools were optimized. Initially, the genome of a single-colony
isolate of CMPG5300 was sequenced as described in Materials and
Methods. This revealed the presence of a genome of ca. 3.5 Mbp
for CMPG5300 (S. Malik, T. L. A. Verhoeven, B. Renckens, R. J.
Siezen, M. Vaneechoutte, J. Vanderleyden, and S. Lebeer, unpub-
lished data). In addition, as CMPG5300 is a highly autoaggregat-
ing strain, conditions for making the cells electrocompetent to
increase the transformation efficiency were required. For that pur-
pose, pLAB1301 (35), which contains the replicon of a native plas-
mid isolated from Lactobacillus hilgardii, was used. The parame-
ters tested were different culture conditions, two sets of washing
buffers, and two different voltages for electric shock (see Table S2
in the supplemental material). The precultures were made in MRS
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FIG 2 (a) Genetic organization of the srtA locus in the genome of CMPG5300, along with its flanking genes and their annotations. Reverse transcriptase
PCR on isolated total RNA with the indicated primers (arrows) showed a single transcriptomic unit for the genes lab129_01547 to lab129_01549,
suggesting that the srtA gene (labl129_01547) is located in an operon with lab129_01548 and with lab129_01549. ORF, open reading frame. (b) Gene
expression analysis of the srtA gene and flanking genes in wild-type and mutant strains by qRT-PCR. The shading depicts the levels of gene expression (in
a semiquantitative way) of the srtA mutant CMPG5376 compared with the WT strain CMPG5300 as determined by qRT-PCR. More than 2-fold over- or

underexpression was considered significant.

medium with glycine and ampicillin for cell wall weakening (34) and
grown without agitation, while the final cultures were grown with or
without shaking. It was observed that the efficiency was higher when
L. plantarum strain CMPG5300 was grown in flasks with shaking,
permitting better aeration. The efficiency was also enhanced when
the sucrose buffer supplemented with salts was used with a voltage of
400V in 2-mm cuvettes. The electroporation efficiency was expressed
as the number of transformants obtained per microgram of DNA (see
Table S2 in the supplemental material).

Construction of a srtA knockout mutant. To investigate
whether SDPs are involved in the autoaggregating capacity of
CMPG5300, the genome of CMPG5300 was screened for the pres-
ence of sortase genes. The genome sequence was found to contain
only the housekeeping sortase gene, srtA (lab129_01547) (Fig. 2a).
In addition, 30 candidate SDPs with an LPXTG motif (see Table
S3 in the supplemental material) were found in the draft genome
of CMPG5300 (Malik et al., unpublished data), which are putative
substrates of this sortase. Among these putative SDPs are seven
putative mucus-binding proteins, four putative collagen-binding
proteins, and one putative mannose-specific adhesin (see the sup-
plemental material). Analysis of the neighboring genes of srtA
suggests that there is no gene encoding an LPXTG motif-contain-
ing protein in the neighborhood of the srtA gene (Fig. 2a). Inter-
estingly, QRT-PCR results for the wild type suggest that srtA forms
an operon with the downstream genes lemA and htpX (Fig. 2b). To
construct a srfA deletion mutant, plasmid CMPG5376 was elec-
troporated with the optimized protocol described above, using the
Cre-loxP strategy previously described by Lambert et al. (36), re-
sulting in strain CMPG5376 showing the correct allelic replace-
ment events.

Mutant analysis revealed a key role for SrtA in autoaggrega-
tion of CMPG5300. When the srtA mutant CMPG5376 was
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grown in liquid medium, no difference in the growth rate was
observed compared to WT CMPG5300 (data not shown). How-
ever, the mutant CMPG5376 clearly did not display cell clumping,
as observed for WT CMPG5300 (Fig. 3a and b). Single cells of
CMPG5376 were also visualized under the microscope, in con-
trast to the cell aggregates of the CMPG5300 strain (Fig. 3d and e).
In addition, transmission electron microscopy also revealed single
cells for the mutant strain CMPG5376 (Fig. 3h), while wild-type
CMPG5300 showed clusters of cells through connections to the
neighboring cells via their outermost layers (Fig. 3g).

To confirm that the observed phenotype was linked to the srtA
mutation, the srtA gene was reintroduced in CMPG5376 using the
replicating vector pPCMPG5378 (derived from pLAB1301 [35]) for
complementation. The complemented strain CMPG5378 grew at
the same rate as the WT strain and also exhibited autoaggregation
(Fig. 3¢). Cell clumps were visualized via phase-contrast (Fig. 3f)
and transmission electron (Fig. 3i) microscopy, as seen for
CMPG5300. In addition, autoaggregation of CMPG5378 was also
quantitatively shown to be near the WT level (Fig. 4a), in contrast
to the srtA mutant CMPG5376, which clearly had lost this prop-
erty.

Mutant analysis showed the role of SrtA in adhesion of
CMPG5300 to vaginal epithelial cells and biofilm formation. We
also investigated the adhesion capacity of the srtA mutant
CMPG5376 to VK2/E6E7 cells, which was drastically reduced
compared to that of WT CMPG5300 (Fig. 4b). Complementation
of the mutant could increase its adhesion percentage 7- to 8-fold,
although not completely to the wild-type level. This can be partly
explained by the fact that autoaggregation overestimates the exact
adhesion percentages (Fig. 1¢) and that the copy numbers of the
srtA gene are not similar in wild-type (on the chromosome) and
complemented (on replicating vector pCMPG5378) strains.
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FIG 3 Phenotypic analysis of the srtA mutant. (a to ¢) Overnight culture of L. plantarum CMPG5300 (a), its sortase-deficient mutant CMPG5376 (b), and
CMPG5378 (complemented strain) (c) in MRS medium. Cell clumps forming a pellet can be seen at the bottom of the tube in the WT and the complemented
strain. In contrast, a nearly homogeneous suspension of cells can be seen for the mutant. (d to f) Phase-contrast microscopic images show cell clumps in the case
of L. plantarum CMPG5300 (d) and the complemented strain CMPG5378 (f), in contrast to the single cells seen with the srtA mutant CMPG5376 (e). (g toi) TEM
images for ultrastructural analysis of the cell morphology of CMPG5300 showing cell clusters (g), a single cell of srtA mutant CMPG5376 (h), and a cell cluster
of the complemented strain CMPG5378 (i) grown overnight in MRS medium, washed, and suspended in PBS before fixation for microscopy.

However, we cannot exclude polar effects of the srtA mutation on
the other genes in its putative operon. qRT-PCR experiments
showed that the expression of the neighboring genes is affected in
the srtA-deficient mutant (Fig. 2b). In particular, the expression of
the upstream gene lab129_01546, encoding an unknown protein,
is significantly upregulated in the srtA mutant. Nevertheless, the
fact that we could clearly complement adhesion to a major extent
compared to the mutant indicates that the srtA mutation is the key
factor contributing to the phenotype. In addition, the biofilm for-
mation assay revealed that the srtA mutant CMPG5376 lost the
capacity to form a biofilm on a polystyrene surface compared with
CMPG5300 (Fig. 4c), while complementation could restore the
biofilm-forming ability to nearly the wild-type level.

DISCUSSION

Sortase-dependent cell wall proteins play a crucial role in interac-
tions of Gram-positive bacteria with their environment (38). The
vaginal mucosa is colonized by beneficial bacteria, often with lac-
tobacilli dominating the niche (39). In this study, we describe the
identification of a vaginal isolate, L. plantarum CMPG5300, with a
highly autoaggregative and adhesive phenotype dependent on its
srtA gene, encoding the housekeeping sortase A.

To investigate the role of autoaggregation as a possible adap-
tation factor of this vaginal isolate, genetic tools were first opti-
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mized for the construction of knockout mutants of CMPG5300
and the subsequent comparative functional analysis of the
wild type and mutant. We showed that the high autoaggre-
gating capacity of CMPG5300 is determined by sortase A, an-
choring SDPs covalently to the cell wall, since a srtfA mutant
(CMPG5376) completely lost its autoaggregative phenotype.
Previous studies in other lactobacilli have shown a role for
SDPs in autoaggregation but, to the best of our knowledge, not
yet for vaginal strains. For instance, Mackenzie et al. (40) have
shown that sortase-dependent mucus-binding proteins play a
role in autoaggregation of Lactobacillus reuteri strain ATCC
53608, which is intestinal in origin.

Adherence of vaginal lactobacilli to epithelial cells has been
suggested to be an important first step in the colonization of mu-
cous membranes and has been shown to prevent colonization by
pathogenic microorganisms in vitro (41) and in vivo (42). In the
present study, we investigated the adhesion of CMPG5300 and its
srtA mutant derivative CMPG5376 to VK2/E6E7 cells (37). The
morphological and immunocytochemical characteristics of this
cell line closely resemble those of the vaginal epithelium (37),
making it an appropriate model system for studying adherence of
vaginal microorganisms. The srtA mutant of L. plantarum showed
a significant reduction in its ability to adhere to VK2/E6E7 cells.
Our results also suggest that autoaggregation and adhesion to vag-
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FIG 4 (a) Quantitative analysis of autoaggregation of CMPG5300 and its mutant derivatives. The overnight-grown cultures of L. plantarum CMPG5300, the srtA
mutant CMPG5376, and the complemented strain CMPG5378 were washed and resuspended to an ODg, of 0.5. The upper suspension was collected and
assessed for its OD, and the tubes were left undisturbed for 5 h. Autoaggregation ability is expressed as percentages. The error bars represent standard deviations
of 3 independent experiments. (b) Capacities of L. plantarum CMPG5300 and srtA mutant CMPG5376 to adhere to vaginal epithelial cells. A total of 107 CFU/ml
of wild-type CMPG5300, the srtA mutant CMPG5376, and the srtA complemented strain CMPG5378 from overnight cultures were coincubated with the
VK2/E6E7 cells for 1 h, and thereafter, the proportions of adherent bacteria, expressed as percentages, were determined. The results are presented using a
semiquantitative scale as explained at the bottom. (c) Biofilm formation capacities of L. plantarum CMPG5300 and srtA mutant CMPG5376. Biofilm formation
by L. plantarum CMPG5300 was compared with that of the srtA mutant CMPG5376 (both grown in MRS medium). The amount of biofilm formed was

quantified by crystal violet staining (OD at 570 nm). The error bars represent standard deviations of 8 biological repeats.

inal epithelial cells of L. plantarum CMPG5300 are closely linked
and that probably multiple aggregates adhere to single host cells.
Previous studies have shown a role for SDPs in adhesion of lacto-
bacilli to host cells and intestinal mucus but, to the best of our
knowledge, not yet for vaginal epithelial cells. Gene deletion mu-
tant studies have shown a role of SDPs in adhesion for gastroin-
testinal strains, such as L. plantarum WCES1 (43) and 299v (44), L.
salivarius UCC118 (45), L. johnsonii NCC533 (46), and Lactoba-
cillus casei BL23 (47) to intestinal epithelial cell lines.

Formation of biofilms by Lactobacillus strains is also an inter-
esting phenotype, which has been shown to be related to the ex-
pression of potential probiotic properties in some L. reuteri strains
(48) and to the prevention of the overgrowth and proliferation of
Candida by other lactobacilli (49). In situ formation of loose, non-
adherent bacterial biofilms by lactobacilli from vaginal biopsy
specimens from women without genital infections was shown by
fluorescence in situ hybridization (FISH) analysis by Verstraelen
and Swidsinski (50). Only limited studies have yet assessed the
potential of vaginal lactobacilli to form biofilms in vitro. These
studies indicate that the biofilm-forming capacity of vaginal lac-
tobacilli is strongly influenced by growth media (51, 52), although
this ability has not yet been attributed to specific molecules. Inter-
estingly, the observation of this study that the srtA mutant of L.
plantarum CMPG5300 lost the capacity to form biofilm on poly-
styrene indicates that biofilm formation in some vaginal lactoba-
cilli could be by virtue of sortase-dependent targeting of cell wall
proteins. In the gastrointestinal isolate L. rhamnosus GG, biofilm
formation has also been recently linked to SDPs, i.e., multimeric
pilus appendages, termed SpaCBA (53). Moreover, even systemic

4582 aem.asm.org

pathogens, such as Streptococcus mutans (54) and Streptococcus
agalactiae (55), appear to mediate biofilm formation via pili.
However, the genome sequence of CMPG5300 does not appear to
encode pili (Malik et al., unpublished data), as also assessed using
the specific bioinformatic tool LOCP to locate pilus operons in
Gram-positive bacteria (56). The exact SDPs involved in autoag-
gregation, adhesion to vaginal epithelial cells, and biofilm forma-
tion of CMPG5300 remain to be identified in future studies. Pre-
liminary genome information for strain CMPG5300 indicates that
there are at least 30 potential SDPs encoded within the genome
(see Table S3 in the supplemental material). Among these putative
SDPs are seven putative mucus-binding proteins, four putative
collagen-binding proteins, and one putative mannose-specific ad-
hesin, which could be differently expressed on the surface of the
mutant strain.

The phenotype of the mutant CMPG5376 could be restored
to an autoaggregating, adhesive, and biofilm-forming pheno-
type during complementation with the srtA gene. However,
wild-type percentages were not obtained by the complemented
strain compared to the WT, especially for adhesion to epithelial
cells. This can be partly explained by the fact that the high
adhesion percentage of the wild type is the result of a multiplier
effect by aggregates adhering to single vaginal epithelial cells,
resulting in the remarkably high adhesion percentages of 80%
(Fig. 1c). For comparison, the well-adhering intestinal probi-
otic strain L. rhamnosus GG adheres at around 10 to 15% to
intestinal epithelial cells (53). The fact that the copy numbers
of the srtA gene are different in wild-type (on the chromosome)
and complemented (on replicating pLAB1301-derived vector)
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strains probably also has an impact on the adherence percent-
age, considering the fact that SrtA is estimated to target 30
proteins to the cell wall in L. plantarum CMPG5300. Neverthe-
less, we also obtained indications that the srtA of CMPG5300
exists in the form of an operon with the two downstream genes
lemA and a heat shock protein-encoding gene, htpX, unlike the
srtA genes of most of the Gram-positive bacteria, which exist in
the form of monocistronic operons (57). As indicated by qRT-
PCR experiments, polar effects of the mutation on the down-
stream genes and even upstream genes cannot be ruled out.
However, the fact that we could complement autoaggregation
by reintroducing the srtA gene in the mutant and partially com-
plement adhesion and biofilm formation suggest that the polar
effects are probably minor and that SrtA is a key factor in these
phenotypes. Future studies will be of interest to investigate the
operon structure and gene regulation of the srtA gene and its
neighboring genes in more detail, especially given the fact that
an operon structure for a srtA gene encoding the housekeeping
sortase has, to the best of our knowledge, not been documented
before.

In addition, future studies will also have to investigate the im-
portance of the high autoaggregating capacity of CMPG5300
upon introduction of the strain into the vaginal niche dominated
by other lactobacilli. Recent detailed 16S rRNA gene-sequencing
methods suggest that, depending on the dominant species, the
vaginal microbiota can be divided into five major “vaginal entero-
types,” with L. crispatus, L. gasseri, L. iners, L. jensenii, or non-
Lactobacillus strictly anaerobic bacteria, such as Prevotella, Dialis-
ter, and Atopobium, respectively, dominating the niche (2, 58).
Furthermore, other Lactobacillus species, such as L. rhamnosus
(59), L. plantarum (51), Lactobacillus vaginalis, and L. salivarius
(60), can occasionally be detected. Studies with L. rhamnosus
GR-1 show that such less common inhabitants can also have sig-
nificant health effects (61, 62). It is tempting to speculate that
CMPG5300 might promote coaggregation of lactobacilli in the
vagina, thereby strengthening the barrier against pathogenic bac-
teria. On the other hand, coaggregation with pathogens, which
results in inhibition of pathogen entry, is also plausible, but this
requires further documentation.

In conclusion, we have studied the role of srtA in the highly
autoaggregating vaginal L. plantarum strain by constructing a srtA
gene deletion mutant and assessing its phenotypic effect. This
gene was shown to be a key factor involved in autoaggregation,
adherence to a human vaginal keratinocyte cell line, and biofilm
formation by L. plantarum CMPG5300. To our knowledge, this is
the first report that demonstrates such a role of the srtA gene in a
vaginal Lactobacillus strain. Considering the potential role of sur-
face localization of SDPs in enhancing bacterial colonization and
obstructing pathogen entry, e.g., of HIV in the human vagina,
forthcoming studies will be focused on the identification of the
substrate(s) imparting these promising properties as a probiotic
to the strain.
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