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A B S T R A C T

Next to applications in fermentations, Lactobacillus plantarum is recognized as a food spoilage organism, and its
dispersal from biofilms in food processing environments might be implicated in contamination or re-
contamination of food products. This study provides new insights into biofilm development by L. plantarum
WCFS1 through comparative analysis of wild type and mutants affected in cell surface composition, including
mutants deficient in the production of Sortase A involved in the covalent attachment of 27 predicted surface
proteins to the cell wall peptidoglycan (ΔsrtA) and mutants deficient in the production of capsular poly-
saccharides (CPS1–4, Δcps1–4). Surface adhesion and biofilm formation studies revealed none of the imposed
cell surface modifications to affect the initial attachment of cells to polystyrene while biofilm formation based on
Crystal Violet (CV) staining was severely reduced in the ΔsrtA mutant and significantly increased in mutants
lacking the cps1 cluster, compared to the wild-type strain. Fluorescence microscopy analysis of biofilm samples
pointed to a higher presence of extracellular DNA (eDNA) in cps1 mutants and this corresponded with increased
autolysis activity. Subsequent studies using Δacm2 and ΔlytA derivatives affected in lytic behaviour revealed
reduced biofilm formation measured by CV staining, confirming the relevance of lysis for the build-up of the
biofilm matrix with eDNA.

1. Introduction

Lactobacilli are Gram positive, generally non-motile bacteria which
can be found in a diverse range of habitats. They are widely used in the
food industry as probiotics (Boesten and de Vos 2008; Turroni et al.
2014) and starter cultures for the production of fermented food pro-
ducts (Caplice and Fitzgerald 1999; Leroy and De Vuyst 2004). How-
ever, besides their desired properties, they are also associated with food
spoilage (Bartowsky and Henschke 2008; Bjorkroth and Korkeala 1996;
Lyhs et al. 2001; Samelis et al. 2000). One contamination route with
lactic acid bacteria is via the presence of biofilms in the food production
environment (Somers et al. 2001). Biofilms are defined as micro-
organisms attached to a surface embedded in a matrix of extracellular
polymeric substances (O'Toole et al. 2000). L. plantarum has been
shown to form submerged biofilms, both as single species but also in
multispecies biofilms (Fernández Ramírez et al. 2015; Kubota et al.
2008; Kubota et al. 2009; Metselaar et al. 2015; van der Veen and Abee

2011). Several stages in biofilm development can be recognized in-
cluding surface adhesion, microcolony formation, biofilm growth, ma-
trix formation, and biofilm dispersion as the final stage (Abee et al.
2011; Watnick and Kolter 2000).

Surface components of the cell envelope of bacteria have been
shown important for interaction with the environment (Kleerebezem
et al. 2010; O'Toole et al. 2000; Pratt and Kolter 1998). The main
constituents of the Gram positive cell envelope are peptidoglycan, tei-
choic acids, proteins and polysaccharides (Kleerebezem et al. 2010;
Silhavy et al. 2010). Especially, polysaccharides were found to play a
role in biofilm formation contributing to the formation of the biofilm
matrix (Branda et al. 2005; Stewart and Franklin 2008). Four different
gene clusters encoding capsular polysaccharide biosynthesis are located
on the L. plantarum WCFS1 genome and the role of these cell surface
polysaccharides in probiotic functionality was studied in deletion mu-
tants lacking either individual or multiple cps gene clusters (Remus
et al. 2012). In addition, some of the cell surface proteins present in L.
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plantarum, such as mannose-specific adhesins, have been reported to
play a role in attachment to biotic surfaces including host epithelial
cells (Pretzer et al. 2005). Notably, the major sortase SrtA mediates
covalent binding of 27 predicted cell-surface proteins encoded in the L.
plantarum WCFS1 genome, including mucus-binding proteins, a hy-
drolase, as well as mannose-specific and collagen-binding adhesins
(Boekhorst et al. 2005; Kleerebezem et al. 2010). Among these, the
function of three sortase dependent proteins (SDPs) in microbe-host
interactions has been experimentally validated (Du et al. 2015; Pretzer
et al. 2005; Sturme et al. 2005). The deletion of sortase A in En-
terococcus faecalis resulted in a lower initial attachment and to defective
biofilm formation under static and dynamic conditions, showing its
relevance in initial attachment and biofilm formation (Guiton et al.
2009). Additionally, Malik et al. (2013) reported that the highly auto-
aggregative, adhesive and biofilm forming phenotype of the vaginal
Lactobacillus plantarum Strain CMPG5300 is sortase-dependent. Al-
though the exact matrix composition of L. plantarum biofilms remains to
be determined, enzyme treatments have shown proteins and eDNA to
be part of the biofilm matrix (Fernández Ramírez et al. 2015). DNA can
be released into the biofilm matrix either by active secretion or cell lysis
(Jakubovics et al. 2013). The latter has been reported for different
species including enterococci (Guiton et al. 2009; Thomas et al. 2008)
and staphylococci (Qin et al. 2007; Rice et al. 2007) conceivably caused

by autolysins that play a role in cell wall degradation (Bayles 2007;
Frese et al. 2013).

The current study focuses on the role of capsular polysaccharides
and cell-wall associated proteins in biofilm formation of L. plantarum
WCFS1. Comparative analysis of L. plantarum WCFS1 (wild type) and
selected mutants affected in cell surface composition (ΔsrtA, Δcps1–4)
and cell lysis activity (Δacm2, ΔlytA) provided evidence that cell wall
autolysis and release of DNA are major determinants of L. plantarum
WCFS1 static biofilm formation.

2. Materials and methods

2.1. Strains and media

The bacterial strains used in the present study are listed in Table 1.
The strains were streaked from a −80 °C glycerol stock on De Man-
Rogosa-Sharpe (MRS) agar (Merck) plates and incubated for 48 h at
30 °C. A single colony was inoculated in 10ml of MRS at 30 °C for 18 h
to prepare a starting culture. The media were supplemented with 10 μg/
ml chloramphenicol when appropriate. Biofilms were grown in brain
heart infusion (BHI; Becton Dickinson) supplemented with 0.005%
manganese sulphate and 2% glucose (Merck) (BHIMnG) as it has been
shown previously that this medium favours biofilm formation of L.

Table 1
Strains used in the present study.

Strain Description Notation Reference

WCFS1 L. plantarum NCIMB8826 (Kleerebezem et al. 2003; Siezen et al. 2012)
NZ3548Cm CmR; WCFS1 derivative; chromosomal replacement of the Δcps1A-I gene cluster Δcps1 (Remus et al. 2012)
NZ3533ACm CmR; WCFS1 derivative; chromosomal replacement of the Δcps2A-J gene cluster Δcps2
NZ3549Cm CmR; WCFS1 derivative; chromosomal replacement of the Δcps3A-J gene cluster Δcps3
NZ3534Cm CmR; WCFS1 derivative; chromosomal replacement of the Δcps4A-J gene cluster Δcps4 (Andre et al. 2011)
NZ3550Cm CmR; WCFS1 derivative; chromosomal replacement of the Δcps1A-3J cluster Δcps1–3
NZ3680Cm CmR; WCFS1 derivative; chromosomal replacement of the Δcps1A-3J, Δcps4A-J cluster Δcps1–4
NZ3513Cm ΔsrtA ΔsrtA (Remus et al. 2013)
NZ3557 CmR; WCFS1 derivative; acm2::cat Δacm2 (Fredriksen et al. 2012)
TR0011 NZ7100 derivative; lp_3093 (lys2)::lox72 Δlys2 (Rolain et al. 2012)
TR006 NZ7100 derivative; lp_3421 (lytA)::lox66-P32-cat-lox71 ΔlytA

WT Δcps1 Δcps2 Δcps3 Δcps4 Δcps1-3 Δcps1-4 ΔsrtA
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Fig. 1. Morphology and initial attachment
of Lactobacillus plantarum WCFS1 and its
mutants affected in cell surface properties
(A) Morphology of L. plantarum WCFS1
(WT) and mutants affected in cell surface
properties grown in BHIMnG at 30 °C for
18 h. (B) The number of cells attached to
polystyrene after 1 h incubation at 30 °C in
BHIMnG was determined and represented
by the columns with the lines on top of each
columns marking the initial inoculum (log10
cfu/ml). The error bars display the standard
deviation of the experiment. The experi-
ment was performed in triplicate and with
three biological replicates. No significant
difference from the WT was found (ANOVA,
P < 0.001).
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plantarum (Fernández Ramírez et al. 2015; van der Veen and Abee
2011). A concentration of 0.01mg/ml of chicken egg lysozyme (Sigma)
was added to BHIMnG when indicated.

2.2. Biofilm formation

Biofilms were formed under static conditions as described pre-
viously (Merritt et al. 2005). The biofilms were grown in polystyrene
(PS) 12 well plates (Greiner Bio-One). Each well was filled with 1.5 ml
of BHIMnG inoculated with 1% (v/v) of an overnight grown culture
(18 h at 30 °C) containing approximately 9.2 log10 colony forming units
(cfu) per ml. The biofilms were grown at 30 °C for either 1 h (for de-
termination of initial attachment) or 48 h and the plates were sealed

with parafilm to avoid evaporation. The initial attachment of strain
WCFS1 and its Δacm2 derivative was also evaluated in the presence of
lysozyme (0.01mg/ml) in BHIMnG. From the overnight culture, 1 ml
was taken and centrifuged for 10min 5000 x g and washed once with
phosphate buffered saline (PBS, NaCl 8 g/l; KCl 0.2 g/l; Na2HPO4

1.44 g/l; KH2PO4 0.24 g/l; pH 7.4) (Merck). Resulting cells were re-
suspended in 1ml of PBS with 0.01mg/ml lysozyme and incubated for
1 h at 30 °C. From this suspension, 0.01% (v/v) was inoculated as de-
scribed above in BHIMnG containing 0.01mg/ml lysozyme. The control
sample was treated in the same way but without 0.01mg/ml lysozyme
in PBS or BHIMnG.

The biofilm formation was measured both by the Crystal Violet (CV)
assay and plate counting to determine the total biofilm formation and

Fig. 2. Biofilm formation of WCFS1 and its mutants affected in cell surface properties. Biofilms were grown in BHIMnG for 48 h at 30 °C on polystyrene. (A) The data represent the average
of three biological replicates in triplicate and the standard deviation of biofilm formation measured by CV assay (columns) and number of cells in the biofilm (squares). Statistical
difference (ANOVA, Dunett's test P < 0.005) is marked * for CV and + for number of cells in the biofilm compared to the WT. (B) Representative fluorescent images of biofilms formed
by the different strains stained with LIVE/DEAD BacLight bacterial viability kit: Syto9 (left) and propidium iodide (right).
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number of culturable cells in the biofilm, respectively. For the initial
attachment only the number of culturable cells attached was de-
termined by plate counting. For cell enumeration, the biofilms were
washed three times with 2ml of PBS to remove unattached cells. Next,
the remaining biofilm was resuspended in 2ml of PBS by scraping the
surface with the tip of the pipette and vigorous pipetting. Additionally,
the absence of clumps or cell aggregates was analysed by phase contrast
microscopy (Fernández Ramírez et al. 2015). Serial dilutions were
prepared in PBS and plated on MRS agar and incubated at 30 °C for
48 h.

For the CV assay, the medium was carefully removed with a pipette
and the biofilm was washed as described above. The attached biofilm
was stained for 30min with 1.5ml of 0.1% (w/v) of CV (Merck). The
excess of CV was removed by washing three times with 2ml of PBS as
described above. The dye attached to the biofilm was solubilized in
70% ethanol for 30min at room temperature and the optical density
(OD) was measured at 595 nm (SpectraMax, Molecular Devices). When
OD595 values exceeded a value of 1, the samples were diluted in 70%
ethanol and the resulting OD measurements were corrected for the di-
lution factor and by subtracting the average of the blank. The resulting
measurement was defined as the total biofilm formed. Each plate was
prepared in triplicate and three independent biological replicates were
analysed.

The LIVE/DEAD® Bacterial Viability Kit (BacLight™) was used to
visualise the biofilms following the supplier's protocol. The biofilms
were grown in six well plates in 3ml of inoculated BHIMnG as de-
scribed above. For microscopy experiments, the fluorescent filters
UMNBV (SYTO9) and U-MWIG (PI) were used at a magnification of
1000 times with a BX41 microscope (Olympus).

2.3. Triton X-100 induced autolysis in buffer solution

This assay was carried out as previously described (Rolain et al.
2012) with some modifications. Briefly, L. plantarum strains were
grown to mid exponential phase in BHIMnG (OD600= 0.8) without (all
strains) and with lysozyme (0.01 mg/ml) in the case of WCFS1 (WT)
and its Δacm2 derivative. Bacteria were harvested by centrifugation
(5000×g, 10min, 4 °C) and washed once with PBS. Washed cells were
resuspended at a final OD600 of 1 in PBS containing 0.05% Triton X-100

(Sigma-Aldrich). Aliquots of 200 μl were placed in 96-well polystyrene
microtiter plates (Greiner Bio-One) and incubated at 30 °C, and the
OD600 was determined every 20min (SpectraMax, Molecular Devices).

3. Results

3.1. Cell surface composition does not affect initial attachment

Initial attachment of cells to the surface is important in the early
stages of biofilm formation. Cell surface characteristics involved in in-
itial attachment are expected to affect biofilm development. Mutants
affected in cell-surface protein composition (ΔsrtA) and capsular poly-
saccharide production (Δcps) were examined for their capacity to in-
teract with polystyrene (PS) surfaces. First, cell morphology of L.
plantarum WCFS1 (WT), ΔsrtA and Δcps mutants was analysed using
phase contrast microscopy following incubation of the respective cul-
tures for 18 h in BHIMnG at 30 °C. Mutants with a deletion of the cps1
cluster (either alone or in combination with other cps) were found to
form chains of cells, with Δcps1–4 forming cell aggregates (Fig. 1A).
Free cells were obtained from all mutants by vigorous pipetting and
samples were processed within 1 h for cell enumeration, a time frame in
which no aggregation was observed (data not shown). Subsequent
analysis of the initial attachment of WT, ΔsrtA and the Δcps mutants
revealed no significant differences in adhesion capacity after 1 h of
incubation at 30 °C (ANOVA, P < 0.001; Fig. 1B).

3.2. Biofilm formation is affected by cps1 and srtA deletions

The biofilm forming capacity of WT, ΔsrtA, Δcps1, Δcps2, Δcps3,
Δcps4, Δcps1–3, and Δcps1–4 was tested to determine the influence of
the surface modifications on biofilm formation following initial adhe-
sion. The biofilm forming capacity was analysed after 48 h of incuba-
tion at 30 °C by both CV staining and enumeration of culturable cells in
the biofilm (Fig. 2A). The number of culturable cells in the biofilms
formed by the mutants was comparable to the number obtained with
the WT strain, except for the ΔsrtA mutant. The ΔsrtA mutant biofilm
contained an approximately 100-fold reduced level of culturable cells.
Notably, CV staining for this mutant was also below the detection limit,
suggesting that this mutant strain is severely hampered in biofilm for-
mation. For strain L. plantarum WCFS1, targeted mutants for three pu-
tative SDPs have been previously constructed: lp_1229 (msa, mannose
surface adhesin) and lp_0373 (Pretzer et al. 2005), and lp_2940 (Bron
et al. 2007). Determination of their biofilm formation capacity in
BHIMnG medium at 30 °C measured as CV-stainable material and the
number of culturable cells in the biofilm, showed similar performance
for WCFS1 wild type and the three mutants (Supplementary fig. 1).

For the cps mutants, CV staining showed a remarkable increase in
total biofilm formation for the strains lacking the cps1 gene cluster (i.e.,
Δcps1, Δcps1–3 and Δcps1–4) relative to the WT strain (Fig. 2A). The
biofilms were stained with propidium iodide (PI) which binds to in-
tracellular DNA of cells with damaged membranes but also to eDNA
released into the matrix, conceivably following lysis of cells. The
images obtained by fluorescence microscopy of propidium iodide (PI)-
stained biofilms, suggest denser agglomerates in biofilms formed by
strains lacking the Δcps1 gene cluster, suggesting higher eDNA levels in
the biofilm matrix (Fig. 2B).

3.3. Sensitivity of Δcps1 mutants to chemically-induced autolysis differs
from the WT strain

To analyse the autolysis capacity, exponentially growing cells of WT
and mutant strains were exposed to triton X-100 and the degree of cell
lysis was determined (Fig. 3). Autolysis under these conditions was
comparable to the WT for all tested strains with the exception of the
Δcps1 and Δcps1–3 mutant strains, which showed a higher degree of
lysis. The increased lysis activity of these two mutants corroborates the
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Fig. 3. Triton X-100 (0.05%)-induced autolysis of WCFS1 and its mutants affected in cell
surface properties. The data represent the average and the standard deviation of three
biological replicates of residual OD 600 (%) after treating exponentially growing cells of
WT (filled circle), Δcps1 (filled diamonds), Δcps2 (filled squares), Δcps3 (filled triangles),
Δcps4 (open circles), Δcps1–3 (open diamonds) and ΔsrtA (open squares) with 0.05%
Triton X-100. %OD 600 nm for Δcps1 and Δcps1–3 is significantly different from the WT
after 40min; ΔsrtA is significantly different from the WT only between 1 and 2.6 h; Δcps2
is significantly different between 1.3 and 2.3 h (ANOVA, Dunett's test P < 0.005).
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increased CV and PI staining of the biofilms of these strains relative to
the WT (see above; Fig. 2B), which suggests that more eDNA is present
in the matrix of these mutants. The lysis behaviour of the Δcps1–4
mutant could not be determined by this method as a consequence of cell
aggregation at later stages in the assay (Fig. 2).

3.4. Cell lysis is important for biofilm development

To further explore how cell lysis affects biofilm formation, we
characterised L. plantarum mutants deficient for specific peptidoglycan
hydrolases (Δacm2, Δlys2, ΔlytA) that are potentially affected in cell
lysis during biofilm formation. Microscopy analysis of BHIMnG grown
cultures showed that the Δacm2 mutant formed chains of cells and cells
of the ΔlytA mutant displayed slight aggregation and loss of rod shaped
morphology, confirming previously reported phenotypes for these
mutants after growth in MRS medium (Rolain et al. 2012) (Fig. 4A). The
initial attachment of the WT and mutant strains to PS was evaluated
after 1 h of incubation in BHIMnG and significant difference in adhesion
capacity was observed for ΔlytA and Δacm2 (ANOVA, Dunett's test
P < 0.005; Fig. 4B). The ΔlytAmutant strain showed a slightly reduced
inoculum size possibly caused by increased cell death in the stationary
phase, which is in agreement with the previously reported reduced
viability of this mutant (Rolain et al. 2012). The slightly lower colony
counts observed in the initial inoculum of the Δacm2 mutant is likely

explained by the formation of cell-chains that lead to an under-
estimation of the viable cells using colony forming unit enumeration. It
was not possible to separate these chains into single cells by vigorous
pipetting. However, the average chain length of the Δacm2 mutant has
been reported to be approximately 4 cells (Rolain et al. 2012) and
correction of the obtained colony counts for this factor results in similar
number of attached and initial inoculum cell numbers for this mutant as
compared to WT (Fig. 4B and D). Notably, it has previously been shown
that inactivation of the major autolysin AcmA of Lactococcus lactis also
resulted in chain formation and it was suggested that a reduced number
of peptidoglycan breaks affected adhesion capacity to surfaces (Mercier
et al. 2002). Therefore, adhesion was also studied with L. plantarum
Δacm2 cells grown in the presence of 0.01mg/ml of lysozyme using WT
as a control. This concentration of lysozyme did not damage the cells as
reflected in the similar numbers of culturable cells for both strains
(Fig. 4D). Notably, lysozyme treatment of the Δacm2 mutant seemed to
disintegrate chains with a cell morphology that appeared comparable to
that observed for the WT (Fig. 4C). The WT strain showed similar PS
adhesion efficiency when grown in absence or presence of lysozyme,
whereas lysozyme treatment of the Δacm2 mutant led to higher cell
numbers in both the initial inoculum and the PS-attached fraction
(Fig. 4D), suggesting that indeed the enzymes disintegrated the chain
leading to a higher number of single cells and this may have affected
initial attachment of the Δacm2 mutant.

Fig. 4. Morphology and initial attachment of L. plantarumWCFS1 and mutants affected in peptidoglycan hydrolases. (A) The morphology of the strains grown in BHIMnG at 30 °C for 18 is
shown. (B) Shows the number of cells attached to polystyrene (log10 cfu/cm2) after 1 h incubation at 30 °C in BHIMnG (black bars) and on top of each bar the initial inoculum (log10 cfu/
ml) is indicated. (C) Shows the morphology of WT and Δacm2 strains grown in BHIMnG at for 18 h at 30 °C with 0.01mg/ml lysozyme (D) Shows adhesion capacity, with the initial
inoculum pre-incubated for 1 h with PBS (black squares) or PBS with 0.01mg/ lysozyme (open squares) in log cfu/ml, and initial attachment after 1 h incubation at 30 °C in BHIMnG
without (black bars) or with 0.01mg/ml lysozyme (open bars). The error bars display the standard deviation of the experiment. The experiment was performed in triplicate and with three
biological replicates. Statistical differences were determined by comparing the results to the WT (ANOVA, Dunett's test P < 0.005) and are marked (*). Significant difference (t-test
P < 0.05) resulting from addition of lysozyme are marked (+).
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Next, induced autolysis behaviour was analysed in BHI supple-
mented with Mn(II) and glucose (BHIMnG) that was used in adhesion
and biofilm formation experiments for the mutants (Fig. 5A), as well as
for WT and Δacm2 mutant cells grown in the presence of lysozyme
(Fig. 5B). In BHIMnG, ΔlytA and Δacm2 mutants showed a lower degree
of lysis as compared to the WT, whereas the Δlys2 mutation did not
significantly affect lysis behaviour (ANOVA, P < 0.001), these results
are in concordance with previously reported results obtained in MRS
medium (Rolain et al. 2012). In addition, the lysis behaviour of the
Δacm2 mutant was not affected by lysozyme treatment (Fig. 5B). This
indicates that although the chaining is disrupted, the degree of lysis is
not influenced.

The biofilm forming capacity of WT and ΔlytA, Δlys2, Δacm2 mu-
tants was further characterised by enumeration of the culturable bio-
film cells and CV staining using BHIMnG (Fig. 6A) and for the WT and
Δacm2 mutant also using BHIMnG containing 0.01mg/ml lysozyme
(Fig. 6C). Although WT and the ΔlytAmutant had a comparable number
of culturable cells in the biofilm, the biofilm produced by the ΔlytA
mutant showed a lower level of CV binding as compared to the WT.
Without lysozyme, the Δacm2 mutant did not form measurable biofilms
based on CV staining, but appeared to develop a submerged pellicle that

was not attached to the PS surface (data not shown). However, the
biofilm formation capacity of the Δacm2 mutant significantly increased
in the presence of lysozyme (Fig 6C), containing similar numbers of
culturable cells and an approximate 50% reduced CV staining com-
pared to biofilms formed by WT. These observations were supported by
fluorescence microscopy using Live/Dead staining (Fig. 6D). Images of
the Syto9-stained samples showed that very few cells of the Δacm2
mutant were attached when incubated in BHIMnG without lysozyme,
while the images obtained for the Δacm2 mutant in BHIMnG with ly-
sozyme were similar to those obtained for the WT (without and with
lysozyme) and the ΔlytA and Δlys2 mutants. PI-staining of biofilms of
the Δacm2 and ΔlytA mutant strains show only dead cells and reduced
presence of eDNA compared to the WT and Δlys2 mutant biofilms
(Fig. 6B). This observation is in agreement with the reduced CV staining
indicative of lower total biofilm formation for the Δacm2 and ΔlytA
mutants (Fig. 6A).

4. Discussion

This study has provided new insights into biofilm development by L.
plantarum WCFS1 through comparative analysis of wild type and se-
lected mutants affected in cell surface composition and cell lysis, es-
tablishing a role of eDNA in the biofilm matrix.

The initial attachment of L. plantarum to PS surfaces was not af-
fected in mutant strains lacking genes in either one or multiple com-
binations of the four clusters encoding CPS production or the sortase
gene (srtA gene). Previously, it was shown that the effect of cps deletion
in L. plantarum strains was strain dependent and no clear relation could
be established between hydrophobicity and adhesion (Lee et al. 2016).
Notably, in our study the deletion of srtA resulted in a severe impair-
ment of subsequent biofilm development by L. plantarum. The im-
portance of Sortase A in biofilm formation was previously described for
Enterococcus faecalis and both initial attachment and biofilm develop-
ment were affected in this species (Guiton et al. 2009). Additionally, the
srtA mutant derivative of L. plantarum CMPG5300 showed reduced at-
tachment to epithelial cells as well as reduced biofilm formation in
polystyrene surfaces (Malik et al. 2013). SrtA covalently anchors pro-
teins with a LPTXG motif, collectively called sortase dependent proteins
(SDPs), to the cell wall peptidoglycan (Fischetti et al. 1990). Previously,
it was shown that srtA was significantly upregulated during biofilm
formation in L. plantarum DB200, supporting a possible role for one or
more SDP's in biofilm formation in this strain as well (De Angelis et al.
2015). For strain L. plantarumWCFS1, 27 SDPs are predicted (Boekhorst
et al. 2005; Kleerebezem et al. 2010) and targeted mutants for three
putative SDPs have been previously constructed: lp_1229 (msa, man-
nose surface adhesin) and lp_0373 (Pretzer et al. 2005), and lp_2940
(Bron et al. 2007), the latter two being cell surface protein precursors.
Determination of their biofilm formation capacity in BHIMnG medium
at 30 °C measured as CV-stainable material and the number of cultur-
able cells in the biofilm, showed similar performance for WCFS1 wild
type and mutants (Supplementary fig. 1). A role for these SDPs in
biofilm formation in L. plantarum WCFS1 in other conditions cannot be
excluded, especially since a recent study by Malik et al. (2016) using L.
plantarum CMPG5300, a highly aggregative vaginal isolate, showed loss
of the aggregative phenotype and a (two-fold) reduction in biofilm
formation to polystyrene in MRS medium at 37 °C for a mannose-spe-
cific lectin (Msl) deletion mutant. Our results indicate that one or more
of the L. plantarum WCFS1 SDPs are involved in biofilm development
and their specific role(s) remain to be elucidated.

The impact of capsular polysaccharides on L. plantarum WCFS1
surface adhesion and biofilm formation was studied using strains
lacking the cps1 cluster, either individually or in combination. Notably,
the Δcps1 mutant displayed a chaining phenotype, whereas the Δcps1–4
mutant formed cell aggregates (cell clumping) that could be dissociated
by vigorous pipetting. Chaining and clumping phenotypes are in-
dicators of cell envelope modification, which could cause the observed

Fig. 5. Triton X-100 (0.05%)-induced autolysis of WCFS1 and mutants affected in pep-
tidoglycan hydrolases. (A) Shows OD 600 (%) for WT (filled circle), Δacm2 (diamonds),
Δlys2 (squares), and ΔlytA (triangles). %OD 600 nm for Δacm2 and ΔlytA are significantly
different from the WT after 1.3 h and 2 h respectively (ANOVA, Dunett's test P < 0.005).
(B) Shows additional data for strains WCFS1 (diamonds) and Δacm2 (triangles) grown in
the absence (black) or presence (open) of 0.01mg/ml lysozyme. %OD 600 nm for lyso-
zyme treated strains was not significantly different from untreated strains (Student's t-test
P < 0.005). The data represent the average and the standard deviation of three biolo-
gical replicates.
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differences in biofilm formation. Biofilm formation analysis revealed
that strains lacking the cps1 gene cluster showed increased CV staining,
whereas the number of culturable cells was comparable to the WT.
Previous studies showed that deletion of cps1 resulted in a significant
decrease of the amount of galactose and rhamnose (> 99 and 95%,
respectively) and reduced chain length of the capsule polysaccharides
(Remus et al. 2012). Deletion of cps3 or cps4 in L. plantarum WCFS1 did
not have an impact on the monosaccharide composition of the capsular
polysaccharides whereas for mutants lacking cps2, the relative amount

of galactose and rhamnose in capsular polysaccharides was also found
to be significantly decreased by approximately 50% (Remus et al.
2012). The initial attachment of none of the cps mutants was affected,
and similar numbers of culturable cells were reached in the biofilm as
compared to the WT. The numbers of culturable cells in the Δcps1
mutant biofilm were only slightly lower (approximately 20%) than the
WT but given the fact that CV measurement is expressed on a linear
scale, this slight reduction resulted in double the amount of total bio-
film as quantified by CV suggesting that the increase in CV staining is

Fig. 6. Biofilm formation of WCFS1 and mutant derivatives. Biofilms were grown in BHIMnG for 48 h at 30 °C on polystyrene. The data represent the average of three biological replicates
in triplicate and the standard deviation of biofilm formation CV assay (columns) and number of cells in the biofilm (squares) without (A) or with lysozyme (C) for WT and Δacm2. (B and
D) Representative fluorescent images of biofilms stained with LIVE/DEAD BacLight bacterial viability kit: Syto9 (left) and propidium iodide (right). Statistical difference (ANOVA,
Dunett's test P < 0.005) is marked * for CV and + for number of cells in the biofilm when compared to the WT.
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best explained by the enhanced lysis capacity of single and multiple
cps1 deletion mutants resulting in higher amounts of eDNA in the
biofilm matrix. The mechanism underlying enhanced cell lysis of these
mutants remains to be elucidated. Notably, several studies have re-
ported that the lack of capsular polysaccharides in Streptococcus pneu-
moniae increased the total biofilm amount (Moscoso et al. 2006; Muñoz-
Elías et al. 2008), but did not provide mechanistic insight into how the
loss of capsule affects biofilm formation. Extracellular polysaccharides
have also been studied in probiotic L. rhamnosus GG and the production
of a galactose containing polysaccharide (Francius et al. 2008;
Landersjö et al. 2002) decreased attachment to polystyrene surfaces and
subsequent biofilm forming capacity, conceivably due to shielding of
other cell surface structures (Lebeer et al. 2009).

Current data obtained with cps mutants support our previous study
that showed L. plantarum biofilms to contain eDNA as matrix compo-
nent (Fernández Ramírez et al. 2015). A role for eDNA in L. plantarum
biofilm formation was further confirmed by biofilm formation analysis
of mutants deleted in the major cell wall autolysin Acm2, or the re-
dundant peptidoglycan hydrolase Lys 2, and the D, L-endopeptidase
LytA. None of these enzymes are predicted to be sortase dependent
(Boekhorst et al. 2005; Kleerebezem et al. 2010) and therefore do not
play a plausible role in the impaired biofilm formation of the srtA
mutant. Reduced lytic behaviour of the autolysin mutants correlated
with decreased biofilm formation of the mutants as measured by CV
staining. The deletion of lys2 did not have an impact on biofilm for-
mation which is in line with the observation that its lytic behaviour is
similar to the WT. The ΔlytA mutant displayed a lower degree of lysis
compared to the WT. Although the number of culturable cells in the
biofilm of the ΔlytA was comparable to the WT, the total biofilm
amount as measured by CV staining was 5-fold lower compared to the
WT. It is conceivable that reduced levels of eDNA in the ΔlytA biofilm as
observed using fluorescence microscopy match the lower biofilm for-
mation as measured by CV staining.

Notably, the Δacm2 mutant strain displayed extensive cell chaining,
typically observed for mutants lacking major cell wall hydrolase ac-
tivity since these enzymes have been found to be responsible for cell
separation and the introduction of peptidoglycan breaks (Mercier et al.
2002; Rolain et al. 2012). Therefore the biofilm performance of the
Δacm2 mutant was analysed also in the presence of low levels of lyso-
zyme. This condition was shown to prevent cell-chain formation by
complementing the cell separation defect by exogenously introducing
peptidoglycan breaks. Notably, in presence of lysozyme, still the biofilm
formation of Δacm2 mutant differed significantly from the WT. In ad-
dition, the Δacm2 mutant showed virtual absence of autolysis induced
by Triton X-100 even when treated with lysozyme. This lack of autolysis
behaviour coincided with reduced biofilm formation capacity com-
pared to WT as measured by CV staining. These observations are in line
with the previously suggested role for autolysins in cell lysis and DNA
release to the biofilm matrix reported for E. faecalis and Staphylococcus
epidermidis (Bayles 2007; Frese et al. 2013; Qin et al. 2007; Thomas
et al. 2008).

Taken together, results obtained with single and multiple Δcps1
mutants (enhanced lysis), and ΔlytA and Δacm2 mutants (reduced lysis)
indicate that there is a correlation between the lytic behaviour of L.
plantarum and total biofilm formation measured by CV staining with
only slightly lower numbers of culturable biofilm cells. The absence of
peptidoglycan hydrolase LytA and the major autolysin Acm2 proved to
affect biofilm formation as the lack of cell lysis resulted in a lower
contribution of eDNA to the matrix. This suggests that, in addition to
proteinase treatment (Fernández Ramírez et al., 2015), implementation
of DNAse treatments in surface cleaning strategies could support L.
plantarum biofilm eradication in food processing environments. Such a
strategy may not be economically feasible in a daily cleaning regime
but could be useful in eradication of persistent biofilm problems in
process environments. Moreover, a search for natural or chemical al-
ternatives which disintegrate eDNA-supported biofilm cell interactions

may increase opportunities for implementation of such an eDNA tar-
geting strategy. In addition, a role for sortase A dependent proteins in
biofilm formation was identified conceivably supporting cell-cell in-
teractions as hypothesized in previous work that showed biofilm for-
mation to be sensitive to proteinase K treatment (Fernández Ramírez
et al. 2015). Further work will be required to determine the role in L.
plantarum biofilm formation of sortase A dependent protein(s) in a
range of conditions that may contribute to cell-cell interactions and
biofilm formation.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.ijfoodmicro.2018.02.013.
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