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ABSTRACT: Cell surface proteins of Gram-positive bacteria play
crucial roles in their adhesion to abiotic and biotic surfaces. Pili are
long and flexible proteinaceous filaments known to enhance
bacterial initial adhesion. They promote surface colonization and
are thus considered as essential factors in biofilm cohesion. Our
hypothesis is that pili mediate interactions between cells and may
thereby directly affect biofilm formation. In this study, we use
single-cell force spectroscopy (SCFS) to quantify the force of the
homotypic pili interactions between individual bacterial cells, using
different Lactococcus lactis strains producing pili or not as model
bacteria. Moreover the force−distance curves were analyzed to
determine the physical and nanomechanical properties of L. lactis
pili. The results for pili-devoided strains showed a weak adhesion
between cells (adhesion forces and work in the range of 100 pN
and 7 × 10−18 J, respectively). On the contrary, the piliated strains showed high adhesion levels with adhesion forces and adhesion
work over 200 pN and 50 × 10−18 J, respectively. The force−extension curves showed multiple adhesion events, typical of the
unfolding of macromolecules. These unfolding force peaks were fitted using the physical worm-like chain model to get fundamental
knowledge on the pili nanomechanical properties. In addition, SCFS applied to a L. lactis isolate expressing both pili and mucus-
binding protein at its surface and two derivative mutants revealed the capacity of pili to interact with other surface proteins including
mucus-binding proteins. This study demonstrates that pili are involved in L. lactis homotypic interactions and thus can influence
biofilm structuring.
KEYWORDS: L. lactis, biofilm, pili, SCFS, adhesion force, rupture length, adhesion work

■ INTRODUCTION
Pili (Latin for hairs) or fimbriae (Latin for threads) are
proteinaceous filaments found at the surface of Gram-negative
and positive bacteria. Several roles have been assigned to these
proteinaceous structures particularly in the interactions of
bacteria with their biotic or abiotic environment. They have
been described to be involved in initial bacterial attachment to
host tissues to mediate bacterial aggregation and to facilitate
colonization and virulence of Gram-negative1−3 and Gram-
positive pathogenic bacteria.4−7

Pili in Gram-positive pathogens were first observed in
Corynebacterium renale, a pathogenic bacterium responsible of
pyelonephritis, using electron microscopy in the 1960s.8

However, while their existence has been known for several
decades, their structure and mode of assembly have been
characterized at the molecular level more recently.9 In contrast
to pili of Gram-negative bacteria that are made of non-
covalently bound pilins, pili of Gram-positive bacteria are made
of pilin subunits that are covalently assembled by a
transpeptidase named sortase C and the resulting polymer is

ultimately anchored by sortase A to peptidoglycan in the cell
wall.10 Similar to what has been observed in Gram-negative
bacteria, the presence of pili on the surface of Gram-positive
pathogens has been long known to play a key role in the
interaction with other proteins in the extracellular matrix,
thereby influencing bacterial adhesion and the biofilm
structure on biotic surfaces.6,11 Pili in nonpathogenic bacteria
were discovered more recently in probiotic Lactobacillus
rhamnosus GG,12−14 in commensal bifidobacteria,15 and also
in the lactic acid bacterium (LAB) Lactococcus lactis present in
various ecological niches such as plants and milk.16 In
probiotic or commensal bacteria, pili could favor adhesion to
the host intestinal mucosa and persistence in the gut. In regard

Received: February 17, 2020
Accepted: April 21, 2020
Published: April 21, 2020

Research Articlewww.acsami.org

© XXXX American Chemical Society
A

https://dx.doi.org/10.1021/acsami.0c03069
ACS Appl. Mater. Interfaces XXXX, XXX, XXX−XXX

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 T

O
U

LO
U

SE
 II

I -
 P

A
U

L 
SA

B
A

TI
ER

 o
n 

M
ay

 5
, 2

02
0 

at
 0

9:
19

:0
6 

(U
TC

).
Se

e 
ht

tp
s:

//p
ub

s.a
cs

.o
rg

/s
ha

rin
gg

ui
de

lin
es

 fo
r o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.



to L. lactis, in the plant niche, pili could play a role in tissue
colonization, while in dairy environment, they could interact
with milk components. Moreover, piliated recombinant L.
lactis might also be more effective to deliver therapeutic
proteins in the gut.17−19

L. lactis strains contain a chromosome-borne pil operon that
encodes a putative sortase C (SrtC) as well as three putative
pilins (PilA, PilB, and PilC). Pili formation was not observed in
the laboratory strain L. lactis IL1403 under standard growth
conditions; however, overexpression of the pil operon resulted
in the synthesis of detectable pili structures (up to 3 μm in
length with a diameter of 5 nm). PilB is the backbone of the
pilus, covalently polymerized by the action of sortase C to form
the filamentous structure of the pilus. PilA is the tip protein
and PilC is the anchoring protein of the whole structure into
the peptidoglycan layer. Mutants of the different proteins
encoded by the pil operon from L. lactis IL1403 were then
constructed to study the role of each pilus subunit in adhesion
and biofilm formation. These investigations notably allowed to
understand the role of pili in L. lactis adhesion to abiotic
materials (polystyrene, stainless steel)20 and in biofilm
formation.16 The ability of piliated bacteria to stand on
polystyrene under flow shear conditions was also studied, and
the results showed that pili of L. lactis, and more particularly
their backbones, were able to withstand a shear stress of more
than 80 Pa, thereby showing their capacity to form strong
adhesive bonds on abiotic surfaces.20 In another study, optical
tweezers were used to analyze the nanomechanical properties
of single L. lactis pilus, which allowed to demonstrate that pili
are highly flexible and inextensible structures.21 Finally, Oxaran
et al.’s investigations16 demonstrated that pili of L. lactis are
involved in the autoaggregation phenotype in liquid cultures
and in the biofilm architecture, thus showing their crucial role
in biofilm structuration and cell cohesion.
Pili were also characterized in a plant isolate of L. lactis

(TIL448) with a backbone pilin (YhgE2) exhibiting 28%
sequence similarity with PilB (YhgE) of L. lactis IL1403. In this
strain, pili biosynthesis is encoded on a plasmid and assembly
of pili was visualized without overexpression.22These pili were
shown to contribute to bacterial adhesion to epithelial cells and
to mucins.22,23 During the 90s, AFM force spectroscopy has
been developed to study, at the piconewton-scale, the
interaction forces between individual molecules (ligand−
receptor pairs, antibody−antigen, and complementary DNA
strands).24 More recently, single-cell force spectroscopy has
been developed to measure intercellular and interbacterial
interactions.25 In example, the adhesion of L. lactis cells to pig
gastric mucins has been investigated using this strategy and
made it possible to decipher between the nonspecific and
specific forces at play.26 Regarding TIL448 and using AFM
force spectroscopy, it was shown that both pili and a mucus-
binding protein (Mub proteins) exposed at the bacterial
surface contribute to adhesion of L. lactis TIL448 strains to
mucins. Mub proteins are bacterial surface adhesins with
typical signal peptide and C-terminal LPxTG, which contain
multiple Mub domains (around 200 residues) and/or MucBP
domains (around 50 residues).13,27,28 The comparative study
of TIL448 and mutant derivatives expressing pili and Mub
proteins or only pili or only Mub proteins enabled to elucidate
the L. lactis muco-adhesive phenotype.23 On AFM force−
distance curves, showing the force recorded by the cantilever
while it is approached and retratced from the surface, the
authors observed rupture events both at short (100 to 200 nm)

and long distances (up to 600−800 nm) that they attributed,
respectively, to Mub proteins and pili unfolding.29 Moreover,
the role of pili and Mub proteins in adhesion was investigated
under shear stress conditions on the mucin layer.23 The results
of these experiments showed a more important contribution of
the Mub protein compared to pili for the adhesion to the
mucin layer.
In the process of biofilm formation, the interactions between

cells are of first importance. In this intercellular adhesion,
several kinds of molecules among which pili may play a crucial
role30 in the cohesion of cells in biofilm formation.
In the work presented here, the objective was to analyze

homotypic interactions between pili at the single-molecule
scale. To reach this goal we used an advanced AFM technique
called single-cell force spectroscopy (SCFS) to probe the
interactions between pili present on the surfaces of two
individual bacteria, thereby allowing to characterize the
nanomechanical properties of the pili−pili bond for L. lactis
cells expressing more or less pili. The specificity of homotypic
interactions was verified by monitoring the pili−pili
interactions in the presence of anti-PilB antibodies. The
rupture peaks observed on the obtained force curves were then
described by the worm-like chain (WLC) model. The results
unravelled the role of L. lactis pili in homotypic interactions of
laboratory strain IL1403 mutants. Experiments conducted on
the vegetal isolate TIL448 expressing both pili and Mub
proteins further demonstrate the capacity of pili to interact
with other surface proteins including Mub proteins. These
findings are valuable to understand the influence of pili on
adhesion, structuring, and cohesion of the cells during biofilm
formation.

■ MATERIALS AND METHODS
Bacterial Strains and Growth Conditions. Bacterial strains

derived from L. lactis subsp. lactis used in this study are described in
Table 1. Strains were grown in M17 broth (Oxoid) containing 0.5%

(w/v) D-glucose (M17 Glc). When required, antibiotics were added
to the medium to a final concentration of 5 μg/mL for erythromycin
(Ery) and tetracycline (Tet). The strains were incubated overnight at
30 °C under static conditions.

Bacterial Sample Preparation for AFM Measurements.
Overnight cultures were obtained by inoculating 500 μL of a cell
suspension from frozen stock in 10 mL of medium. Cultures were
harvested by centrifugation (1000 g, 10 min, at room temperature).
The cell pellet was resuspended in phosphate-buffer saline (PBS 1X)
solution at pH 7.4 and then diluted up to an optical density of 0.02 at
600 nm to obtain isolated cells. These cells were then immobilized on
dopamine-coated glass coverslips. Briefly, glass coverslips were

Table 1. L. lactis Strains Used in this Study

strains genotype or phenotype source/reference

VE17061 Pil−, control (pili minus) 16
VE17173 Pil+, over expression of the pil operon 16
VE17176 Pil++, over expression of both the pil operon

and the srtA gene
16

TIL448 Pil+/Mub+, vegetal strain isolated from peas 22
TIL1230 Pil−/Mub−, TIL448 derivative obtained by

plasmid curing
22

TIL1289 Pil−/Mub+, TIL448 derivative obtained by
disruption of the yghE2 gene encoding the
backbone pilin, EryR

22

TIL1290 Pil+ Mub−, TIL448 derivative obtained by
disruption of the mub gene encoding a
mucus-binding protein, EryR

22
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cleaned for 5 min using oxygen plasma and immersed for 48 h in a
PBS 1X solution containing 4 mg/mL of dopamine hydrochloride
(99%, Sigma). They were then rinsed in Milli-Q-grade water and
ethanol and dried under nitrogen. A total of 50 μL of the diluted
bacterial suspension was then applied to the dopamine-coated glass
coverslip, allowed to stand for 30 min at room temperature, and
directly used for AFM single-cell force spectroscopy (SCFS)
expriments.
AFM Single-Cell Force Spectroscopy Experiments. Cell

probes were prepared using the protocol described in Beaussart et
al. Briefly, colloidal probes were obtained by attaching a single silica
microsphere (5 μm diameter, Bangs Laboratories) with a thin layer of
UV-curable glue (NOA 63, Norland Edmund Optics) on triangular
tipless cantilevers (NP-O10, Bruker, USA) and using a Nanowizard
III AFM (Bruker USA). Cantilevers were then immersed for 1 h in
PBS 1X containing 4 mg/mL of dopamine hydrochloride (Sigma-
Aldrich), rinsed in PBS 1X, and used directly for cell probe
preparation. The nominal spring constant of the colloidal probe
cantilever was ranging from 0.03 to 0.06 N/m, as determined by the
thermal noise method.31 The colloidal probe was then brought into
contact with an isolated bacterium and retracted to attach the
bacterial cell. Proper attachment of the cell on the colloidal probe was
checked using optical microscopy. Cell probes were used to measure
cell−cell interaction forces at room temperature, using a maximum
applied force of 1 nN, a constant approach retraction speed of 2.0
μm/s, and a contact time of 0.5 s. Data were analyzed using the Data
Processing software from JPK Instruments (Bruker, USA). Adhesion
force and work of adhesion histograms were obtained by calculating
the maximum adhesion force and the area under the retract curve,
respectively, for each force curve obtained. Unless stated otherwise,
for each condition, experiments were repeated for three bacteria
coming from independent cultures.
AFM Imaging of L. lactis Pili. Bacteria were grown overnight at

30 °C under static conditions. The following day, 50 μL of the cell
suspension was diluted in 5 mL of PBS 1X. A drop of 50 μL of the
diluted cell suspension was then immobilized on freshly cleaved mica
surfaces and incubated at 30 °C for 3 h. The mica surfaces were then
rinsed three times in Milli-Q water, and the samples were dried in an

incubator at 30 °C for 2 h. Surface topography images of dried
bacteria were recorded using AFM in contact mode in air at room
temperature, using MLCT cantilevers (Bruker, USA, nominal spring
constant of ∼0.01 N/m, as determined using the thermal noise
method) with a scanning rate of 1 line/s and a resolution of 512 ×
512 lines.

Transmission Electron Microscopy of L. lactis Pili. To check
for the presence of pili on the surface of L. lactis strains used in this
study, transmission electron microscopy (TEM) and a negative
staining procedure were used. Bacterial suspensions from overnight
cultures were harvested by centrifugation (1000 g, 10 min at room
temperature) and washed in PBS 1X. Bacterial cells were then fixed
using paraformaldehyde (PFA) 3% during 30 min at room
temperature. Formvar carbon-coated copper grids were rinsed in a
drop of fixed bacteria and allowed to stand for 3 min for the bacterial
cells to adsorb over the material. Staining was performed in uranyl
acetate (0.2%) during 20 s after washing the grids in Milli-Q water.
The grids were dried using a Whatman grad cellulose filter paper.
Samples were observed at 75 kV with an H-600 TEM (Hitachi,
Japan) equipped with a 1024 × 1024 pixel format orca CCD camera.
Result images were treated using imageJ software.

■ RESULTS
Visualization of Pili in Different L. lactis Strains. As a

first step, we checked for the absence/presence of pili at the
surface of different L. lactis strains (Table 1) in our growth
conditions, using both transmission electron microscopy
(TEM) (representative images: Figure 1a−d) and AFM
contact imaging in air (representative images: Figure 1e−h).
As expected, both TEM micrographs and AFM images showed
pili exhibiting filamentous structures at the surface of cells from
strains VE17173 (Figure 1b,f), VE17176 (Figure 1c,g), and
TIL448 (Figure 1d,), referred to as Pil+, Pil++, and Pil+ Mub+,
respectively. As expected, no pili were observed at the surface
of cells from the Pil− VE17061 control strain (Figure 1a,e).
Higher numbers of pili were detected in the Pil++ VE17176
strain than in the Pil+ VE17173 strain, consistent with previous

Figure 1. TEM and AFM images of L. lactis pili. TEM images obtained after negative staining of (a) control Pil− VE17061, (b) Pil+ VE17173, (c)
Pil++ VE17176, and (d) Pil+/Mub+ TIL448 strains. AFM contact imaging in air of (e) Pil− VE17061, (f) Pil+ VE17173, (g) Pil++ VE17176, and (h)
Pil+ Mub+ TIL448 strains. The pili are indicated on the images by the black arrows.
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western blot analyses in which the former produced greater
amounts of oligomerized pilins than the latter.16 In Figure 1,
the pili are indicated by the black arrows. In the Pil+ VE17173
strain, the lengths measured were ranging from 200 to 4400
nm and in average 1178 ± 1074 nm. The Pil++ VE17176 and
the Pil+ Mub+ TIL448 strains showed pili lengths between 250
to 4100 nm and 600 to 5500 nm, respectively. The average
lengths were 1424 ± 1012 nm for the Pil++ VE17176 strain and
2930 ± 1884 nm for the Pil+ Mub+ TIL448 strain. As shown in
Figure 1c,d,g, pili were tangled and extremely thin with width
ranging from 5.22 to 9.32 nm and the average was 6.7 ± 1.3
nm.
Cell−Cell Interactions Are Dominantly Mediated by

Pili. Then, in the second step, our goal was to characterize, at
the molecular level, the homotypic interactions between pili
from different L. lactis strains used in this study (Table 1). For
this purpose, we used single-cell force spectroscopy

(SCFS),32,32,33 as described in the Materials and Methods
section. The adhesion force measurements recorded between
pairs of cells from each strain type are presented in Figure 2. It
showed the result of typical force curve analyses obtained for
three cells pairs (three different colors) coming from one
culture (the results from two other cultures are presented in
Figures S3: homotypic interactions between the Pil− VE17061
cells, Figure S4: homotypic interactions between the Pil+

VE17173 cells, and Figure S5: homotypic interactions between
the Pil++ VE17176 cells). For each force curve, the adhesion
force (Figure 2a−c), rupture length (Figure 2e−g), and
adhesion work values (Figure 3a−c) were extracted. The
quantification of the adhesion frequency (19.1% of adhesive
curves) showed that the Pil− VE17061 control strain cells that
do not display pili adhered weakly to each other with adhesion
forces in the range of 47 ± 30 pN (mean ± SD; total number
of force curves = 1225 from three different cell pairs) and an

Figure 2. L. lactis pili mediate homotypic interactions between cells. Pili−pili interactions are measured between cell pairs of individual bacteria
using single-cell force spectroscopy. Histograms representing the (a−e) adhesion force, (f−h) rupture lengths, and typical retraction force curves,
obtained by recording force curves between cells of (a, f) the Pil− control VE17061, (b, g) the Pil+ VE17173, and (c, h) the Pil++ VE17176 strains
were reported. For each strain, three independent experiments were conducted (one experiment means three pairs (corresponding to the three
colors) of independent cells). The results presented here relate to one experiment and were representative of the three experiments (the two others
are presented in Figure S3: homotypic interactions between the Pil− VE17061 cells, Figure S4: homotypic interactions between the Pil+ VE17173
cells, and Figure S5: homotypic interactions between the Pil++ VE17176 cells). The total number of analyzed force curves per strain was above 3000
and above 1000 for each histogram. Force measurements performed in the presence of anti-YhgE antibodies in (d) the Pil+ VE17173 and (e) the
Pil++ VE17176 strains were reported. n > 1000 for three pairs cells, representative of three experiments.
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average rupture distance of 52 ± 40 nm. In piliated strains,
higher adhesion frequencies were found, i.e., 78.0% in Pil+

VE17173 and 90.1% in Pil++ VE17176 strains. The adhesion
forces ranged from 150 ± 60 to 198 ± 99 pN (mean ± SD;
total number of force curves = 1817 from three different cell
pairs) for the Pil+ VE17173 strain and from 182 ± 75 to 452 ±
150 pN (mean ± SD; total number of force curves = 2914
from three different cell pairs) for the Pil++ strain. As for the
rupture lengths, they reached 634 ± 103 nm for the Pil+

VE17173 strain and 874 ± 147 nm for the Pil++ VE17176
strain. Force curves recorded for piliated strains showed
multiple adhesive events that were absent in the Pil− VE17061
control strain suggesting that they were related to pili−pili
interaction (see below). To further investigate this point, we
performed several control tests in which we probed the
interactions between piliated and pili-devoided control strain
cells (Supporting Information, Figure S1: heterotypic inter-
action between Pil+ VE17173 and Pil− VE17061). This showed

a weak adhesion force (73 ± 47 pN) similar to the interaction
between cell pairs of the control strain. Moreover, other
control tests were performed to study the specificity of pili−pili
interactions. To go one step further in the probing of pilus−
pilus interactions, we reasoned that because the pilus backbone
is constituted of oligomers of the YhgE pilin and because these
oligomers have been shown to be the essential determinant for
the adhesion of piliated cells under shear flow conditions,20

anti-YhgE antibodies16 should be able to block pilus−pilus
interactions. As reported in Figure 2d,e, major reductions in
the adhesion force (24.1 ± 11.6 to 64.8 ± 43.8 pN for the Pil+

VE17173 strain and 31.4 ± 22.5 to 75.2 ± 55.3 pN for the
Pil++ VE17176 strain) were monitored thus proving that the
interactions probed were indeed due to interactions between
YhgE pilins.
To further probe the homotypic interactions between pili,

we determined the work of adhesion involved. The adhesion
work was calculated as the area between the retract force curve

Figure 3. Role of pili−pili homotypic interactions in L. lactis−L. lactis adhesion work. Frequency histograms and typical force distance curves
showing the adhesion work observed for (a) the Pil− VE17061 control strain, (b) the Pil+ VE17173, and (c) the Pil++ VE17176 strains. The
adhesion work is expressed in joule (× 10−18 J) and is determined by measuring the area under the force−distance curves as exemplified on panels
(d−f). For each strain, three independent experiments were conducted (one experiment means thee pairs of independent cells).
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and the baseline of this force curve, as illustrated in Figure 3d−
f. The results presented in Figure 3a−c showed that
interactions between cells of piliated strains engage an
important energy, ranging from 15 × 10−18 ± 7 to 47 ×
10−18 ± 15 joule (J) for the Pil+ cells and up to 108 × 10−18 ±
27 J for the Pil++ ones, compared to the Pil− control strain that
engages only 7 × 10−18 ± 0.5 J. These values indicate stronger
interactions between piliated cells and suggest that pili play a
crucial role in adhesion of cell to cells.
Force Curve Signatures Description Using the Worm-

like Chain (WLC) Model. To understand, at the physical
level, the different force peaks observed during the extension of
a pilus−pilus complex (or pili−pili complex) (Figure 2e−g),
we used the WLC model. The WLC model is commonly used
to describe the force−extension response of linear polymers

that undergo thermal fluctuations. This model is usually used
to describe macromolecule extension and is expressed in the
following equation:34−36

= − [ − − + − ]F x k T L x L x L( ) / 1/4(1 / ) 2 / 1/4b p c c

where F is the force (N), kb is the Boltzmann constant (J/
Kelvin), T is the temperature (Kelvin), Lp is the persistence
length (m), Lc is the total contour length (m) of the
macromolecule, and x is the molecule extension (m). Other
conformational parameters were determined such as the
distance between two consecutive ruptures (ΔLc) (Figure
4c,g), the number of fitted segment per force curve (Figure
4d,h), and the fitting quality, evaluated by the residual Root
Mean Square (residual RMS) values. The fitting of typical
unfolding force curves (Figure 4a,e) respectively from the Pil+

Figure 4. Pili−pili homotypic interaction: analysis of the force signature. Unfolding curves were fitted using the worm-like chain model (WLC). (a,
e) Typical unfolding curves (black lines) respectively from the Pil+ VE17173 and Pil++ VE17176 strains and typical fits (green lines). The contour
length (Lc), persistence length (Lp), and RMS residual relations are presented in (b) and (f). The distance between (c, g) two consecutive rupture
(ΔLc) and (d, h) the number of fitted segment per curve respectively from the Pil+ VE17173 and the Pil++ VE17176 strains were analyzed.
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VE17173 (n = 92) and the Pil++ VE17176 strains (n = 50)
were analyzed. The frequency distribution of Lc, Lp, and
residual RMS values are presented on 3D graphs in Figure 4b,f.
The Lp values obtained for both the Pil+ VE17173 and the Pil++

VE17176 strains were in between 0.05 and 0.6 nm and reach 1
nm at maximum. The Lc values were variable and ranged from
50 to 800 nm for the Pil+ VE17173 strain and from 100 to
1000 nm for the Pil++ VE17176 strain. The fit parameters were
those providing the lowest RMS values, or in other words,
those providing the best quality of the fit. We found the
smallest residual RMS when Lp and Lc were freely adjustable
parameters. Indeed, the residual RMS on Lp and Lc for the Pil

+

VE17173 strain or the Pil++ VE17176 strain were found to be 3
and 6.7 pN, respectively, in the case of freely adjustable
parameters, and increased up to 379 pN in the case of an Lp
value fixed to 0.4 nm (Supporting Information, Figure S10:
analysis of various force signatures obtained in pili−pili
interactions between the Pil++ VE17176 cells and Figure
S11: analysis of various force signatures obtained in pili−pili
interactions in Pil+ Mub+ TIL448 strains).
In these conditions, we found ΔLc values between 25 and

200 nm and three to four unfolding events (corresponding to
the number of interacting pili) for the Pil+ VE17173 strain
(Figure 4c,d). As for the Pil++ VE17176 strain, the ΔLc values
ranged from 25 to 300 nm (Figure 4g) and the numbers of
fitted segment were of 5 to 6 (Figure 4h). These values of Lp
(which are small, i.e., in the range of 0.05 to 0.6 nm), Lc (up to
800 nm), and ΔLc (up to 300 nm) measured in both Pil+

VE17173 and Pil++ VE17176 strains indicate that pili are long,
rigid, but flexible biopolymers. This results in long range
interactions between cells that are hydrodynamically stable.20

The interactions exhibited, randomly, different lengths, as it
can also be seen in the microscopic images (Figure 1).

Cell−Cell Interactions in a Plant Isolate L. lactis
TIL448. In order to strengthen the above conclusions, we
decided to challenge our results obtained with engineered
laboratory strains by comparing them with those obtained in
an environmental strain that naturally produces pili (TIL448).
To reach this goal, we studied the interactions between two
TIL448 cells. L. lactis TIL448 not only produces pili but also
produces Mub proteins known for their adhesive properties to
mucin layers. Using SCFS experiments, the adhesion between
individual cell pairs was measured with three independent cell
pairs (Figure 5) showing large adhesion forces ranging from
197 ± 83 to 372 ± 82 pN (n = 3795 force curves in Figure 5a)
on almost all the recorded force curves (the adhesion
frequency is 97.9%). The rupture length was as high as 627
± 21 nm (Figure 5b) and could reach 1.2 μm (showed in
Figure S6: homotypic interactions between the Pil+ Mub+

TIL448 cells). These values, in addition to the adhesion work
values over 50 × 10−18 ± 16 J (Figure 5c), were of the same
order of magnitude to that of the adhesion frequency, force,
rupture distance, and work obtained with the laboratory
piliated strains (Pil+ and Pil++). To challenge the importance of
pili in the interactions measured, we once again performed the
blocking test by adding anti-YhgE antibody in the solution; this

Figure 5. Cell−cell interactions of the plant isolate L. lactis TIL448 involve pili−pili homotypic interactions and more complex interactions. (a−c)
Histograms of the adhesion force, rupture length, and adhesion work of the self-interaction of TIL448, respectively. (d−f) Representative of the
three types of force curves recorded for this self-interaction. Force curves of three pairs of cells, representing three independent experiments, have
been analyzed (n > 1000). Force measurements were also performed in the presence of anti-YhgE, and the histogram frequency of the adhesion
force is represented in (g) (n > 1000).
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resulted in a dramatic decrease in the adhesion rate to only
30.3% (Figure 5g).
By taking a closer look at the force curves obtained, we were

able to decipher three different classes of signatures (examples
showed in Figure 5d−f) indicating different types of
interaction modes probably resulting from different molecules
interacting with each others at the surface of TIL448 cells.
To identify the nature of these different interacting proteins

and their correspondence to the typical force curves observed
in Figure 5d−f, we used three TIL448 strain derivatives (Table
1): Pil+ Mub− TIL1290, Pil− Mub+ TIL1289, and Pil− Mub−

TIL1230. Using these strains, we analyzed both homotypic
interactions for each strain and heterotypic interactions taking
place between the Pil+ Mub− TIL1290 strain and Pil− Mub+

TIL1289 strain.
In the Pil+ Mub− TIL1290 strain, cell−cell interactions

showed that the adhesion force, rupture length, and adhesion
work were 130 ± 55 pN, 255 ± 138 nm, and 39 × 10−18 ± 11
J, respectively, for 89.7% of the force curves (Figure 6a,d,g)
(mean ± SD; total number of force curves = 1319 and from

three different cell pairs). The other two cultures are in Figure
S7: homotypic interactions between Pil+ Mub− TIL1290 cells.
The force curve shape between Pil+ Mub− TIL1290 cells was
very similar to those obtained above with the Pil+ and Pil++

strains (Figure 2f,g), indicating that the pili−pili interactions
had a specific force signature corresponding to Figures 4a,e, 5d,
or 6d). For the Pil− Mub+ TIL1289 strain, we observed both a
high level of nonadhesive events (63.4%) and a high adhesion
force (36.6% of curves) of 255 ± 23 pN (Figure 6b). The
rupture length (Figure 6e) was measured to be 202.0 ± 0.2 nm
and most of the cells (63.4% of force curves) showed low
energy (9.1 × 10−18 ± 10.4 J), while a high energy (38.8 ×
10−18 ± 17 J) was observed for only 36.6% of force curves
(Figure 6h). The force curve signatures presenting a sawtooth-
shaped pattern are comparable to those observed in Figure 5e
corresponding to Mub protein unfolding. The interaction
between the Pil+ Mub− TIL1290 and Pil− Mub+ TIL1289 cells
(n = 2227 force curves) (Figure 6c,f,i) showed nonadhesive
frequency for 55.9% of the force curves and only 44.1% present
a high adhesion force (559 ± 165 pN) and work of adhesion

Figure 6. Analysis of cell−cell interactions on mutants from TIL448. (a−c) Adhesion frequency, (d−f) rupture distance and typical force distance
curves, and (g, h, i) adhesion work were measured between cell pairs of (a, d, f) Pil+ Mub− TIL 1290, (b, e, h) cell pairs of Pil− Mub+ TIL1289, and
heteropairs of TIL1290 with TIL1289. Each condition has been tested three times with three pairs using cells coming from indpendent cultures.
The results presented here are coming from three pairs, representative of the three indepedently performed experiments. The other two cultures are
in Figure S7: homotypic interactions between Pil+ Mub− TIL1290 cells, Figure S8: homotypic interactions between Pil− Mub+ TIL1289 cells, and
Figure S9: heterotypic interactions between Pil+ Mub− TIL1290 and Pil− Mub+ TIL1289 cells.
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(131 × 10−18 ± 125 J). The rupture length was up to 1500 ±
95 nm. The analysis of the different force curves shows three
different profile types. Among the adhesive curves, some
showed typical Mub protein unfoldings while others were
similar to those observed in Figure 5f and included the
detachement of Mub protein before the sliding of pili on the
Mub protein. The hypothesis is that several Mub proteins on
the cell surface act as adhesins along the pili. The force applied
on the pili then results in successive detachement of Mub−pili
interactions, which we called sliding and was also described as
zipper interactions in L. rhamnosus GG.14

Finally, and as expected, the Pil− Mub− TIL1230 strain
showed a dramatic decrease in the adhesion force, distance
rupture, and adhesion work to 29 ± 16 pN, 59 ± 32 nm, and
5.3 × 10−18 ± 1.5 J, respectively (Supporting Information,
Figure S2: homotypic interaction in TIL1230).
To facilitate the comparison between strains, the results

concerning the adhesion, force and work, rupture distance,
adhesion frequency, etc., are gathered in a recapitulative table
(Table 2).
Description of Various Force Signatures in the Plant

Isolate L. lactis TIL448. Similar to piliated derivatives from
IL1403 strains (Table 1), the different force peaks obtained in
TIL448 cell interactions were well described by the WLC
model. The typical force curves for pili (Figure 7a) and Mub
protein (Figure 7e) unfolding and the signatures resulting of
the sliding of pili to Mub proteins (Figure 7i) were analayzed.
For pili signatures, as shown in Figure 7b, the Lp values were
between 0.05 to 0.15 nm, the Lc values were from 200 to 1200
nm, and the ΔLc were variable (between 25 to 250 nm)
(Figure 7c). The number of fitted segment varied between 2
and 6 (Figure 7d). These values were similar to those found
with the laboratory IL1403 piliated strains. Figure 7f shows
that the Lp and Lc values of Mub protein unfolding (sawtooth
signatures) were more homogeneous and about 0.051 nm and
from 200 to 600 nm, respectively. The ΔLc value was fixed at
50 nm (Figure 7g) and the number of fitted segments from 8
to 10 (Figure 7h). The ΔLc value was also at 50 nm (Figure
7k) when we analyzed the peak obtained by the pili sliding on
Mub proteins (sawtooth signatures and the last corresponds to
the pili detachment, Figure 7i). The Lp was up to 0.2 nm, the
Lc was between 300 to 1500 nm (Figure 7j), depending on the
length of the pili sliding on the Mub proteins. The number of
fitted segments was 12 to 18 (Figure 7l). All the fits had

residual RMS values below 20 pN demonstrating the good
fitting quality compared to the values obtained when we fixed
Lp to one value (Supporting Information, Figure S12: analysis
of various force signatures of Mub proteins obtained in the
interactions between the Pil− Mub+ TIL1289 cells, Figure S13:
analysis of various force signatures obtained in the interactions
between the Pil+ Mub− TIL1290 and the Pil− Mub+ TIL1289
cells).

■ DISCUSSION
For several decades, most of the investigations on pili were
conducted in pathogens because of their role in colonization,
infection, and virulence.1,4,37 It was only recently that pili were
also evidenced and characterized in food and probiotic bacteria
such as L. lactis or Lactobacillus rhamnosus GG.13 In this study,
we raised the question of the pili function in the group of lactic
acid bacteria (LAB).
LAB were natural inhabitants of agricultural products such

as plants and milk and they were used as starters in a number
of food fermentation processes. As such, LAB were likely to
occur as biofilms on various food (processing) surfaces and
host mucosal cells.38,39 In this regard, the role of pili in mucin
and collagen binding, the two major extracellular components
of host epithelial layers, have been extensively investigated in
L.s rhamnosus.14 Further, single-cell approaches were used to
probe interactions of LAB cells through their surface proteins,
in order to understand biofilm formation in positive or
detrimental situations.
In laboratory strains, the results showed that piliated strains

reached an adhesion force of ∼600 pN while it was less than
100 pN for control cells. These results suggested that pili are
involved in the interactions between cell pairs. In addition, we
observed a difference in adhesion force between cell pairs from
the same culture and between Pil+ and Pil++ bacteria suggesting
that (i) the number of pili at the bacterial surface is not
constant and (ii) the number of pili can influence the adhesion
abilities. To clear this point, we performed several control
experiments including the one presented in Figure S1:
heterotypic interaction between Pil+ VE17173 and Pil−

VE17061. This revealed weak adhesion force and work
combined with short rupture length, clearly demonstrating
that such interactions have no role in cell−cell interactions. To
further validate the direct implication of homotypic inter-
actions of pili in cell−cell interactions, we used anti-YhgE

Table 2. Summary Table of Resultsa

strains Pil/Mub
adhesion

frequency (%)
adhesion force

(pN)
rupture

distance (nm)
adhesion work
(× 10−18 J) Lc (nm) Lp (nm)

ΔLc
(nm)

number of fitted
segments

RMS
(pN)

VE17061 −/− 19.1 47 ± 30 52 ± 40 7 ± 0.5 nd nd nd nd nd
VE17173 +/− 78.0 150 ± 60 to 198

± 99
reach 634 ±
103

15 ± 7 to 47 ±
15

50 to
800

0.05 to
0.6

25 to
200

3 to 4 6.7

VE17176 ++/− 90.1 182 ± 75 to 452
± 150

874 ± 147 up to 108 ± 27 100 to
1000

0.05 to
0.6

25 to
300

5 to 6 3.0

TIL448 +/+ 97.9 197 ± 83 to 372
± 82

up to 627 ±
21

over 50 ± 16 nd nd nd nd nd

TIL1230 −/− 16.8 29 ± 16 59 ± 32 5.3 ± 1.5 nd nd nd nd nd
TIL1289 −/+ 36.6 255 ± 23 202 ± 0.2 38.8 ± 17 200 to

600
0.051 50 8 to 10 20.0

TIL1290 +/− 89.7 130 ± 55 255 ± 138 39.1 ± 11 200 to
1200

0.05 to
0.15

25 to
250

12 to 18 6.7

TIL1290/
TIL1289

+/−,
−/+

44.1 559 ± 165 up to 1500 ±
95

131 ± 125 300 to
1500

until 0.2 50 12 to 18 10.0

and = not determined.
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antibodies to block the pili−pili interactions. Blocking pili−pili
interactions with anti-YhgE antibodies resulted in a major
reduction in adhesion forces, work, and distance rupture, thus
showing the central role of the pili backbone (YhgE or PilB) in
the homotypic interaction. The histograms of the blocking
experiment in TIL448 (inset in Figure 5g) were similar to the
interactions between Pil− Mub+ TIL1289 cells (Figure 6b) or
between Pil+ Mub− TIL1290 and Pil− Mub+ TIL1289 cells
(Figure 6c). These observations demonstrated the implication
of pili in homotypic cell−cell interactions in both laboratory
and environmental strains. This was consistent with a previous
report focused on the specific interactions between small
adhesins along the pili of L. rhamnosus GG.14 Indeed, the
authors in this study concluded that pili have multisite

attachment and may have an important functional role in
strengthening bacterial−bacterial interactions in the intestinal
environment.
Another interesting parameter to better describe the role and

function of pili homotypic interactions in cell−cell adhesion
was the work of adhesion. The low values measured for control
strains (less than 10 × 10−18 J) were in line with those found
by Wang et al.40 in control cells of Klebsiella pneumoniae, a
Gram-negative bacteria, able to produce type 3 fimbriae (pili-
like). In this study, the adhesion work was 17 × 10−18 to 19 ×
10−18 J for type 3 fimbriae-producing bacteria and 11 × 10−18 J
in the fimbriae-deficient strain. These values were in the same
order of magnitude with those obtained here in the Pil−, Pil+,
and Pil++ strains (7 × 10−18 ± 0.5 J, 15 × 10−18 ± 7 to 47 ×

Figure 7. Physical analysis of various force signatures obtained in homotypic interactions for the vegetal isolate TIL448 and its derivatives. Typical
unfolding curves from (a) Pil+ Mub+ and (e) Pil− Mub+ (i) were fitted (green lines) with the WLC model. The fitting of 100 typical force curves
was made, and the persistence length (Lp), contour length (Lc), and residual RMS are represented in (b), (f), and (j), respectively. (c, g, k)
Distance between two consecutive rupture (ΔLc) and (d, h, l) number of fitted segment per curve were analyzed.
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10−18 ± 15 J, and up to 108 × 10−18 ± 27 J, respectively).
These congruent values illustrate favorable interactions
between piliated cells and suggest that pili play a crucial role
in cell−cell adhesion.This was consistent with previous
observations of the tight aggregation phenotype of piliated L.
lactis cells in liquid culture and with the structuration of
piliated lactococci biofilms.16

The analysis of rupture event distances (Figure 2f,g and
Figure 6d) showed the existence of short and long distances
(up to 1500 ± 95 nm), which were coherent with the
differences in pili length observed in the images presented in
Figure 1. The force signatures of pili from L. lactis strains were
different from those described in L. rhamnosus GG, which
showed sawtooth patterns composed of multiple small force
peaks corresponding to the detachment of small adhesins along
the pili.14 However, in the environmental Pil+ Mub+ TIL448
strain, no adhesins along the pili were found (Figures 5d and
6d), but sawtooth patterns, due to the sliding of the pili on
Mub proteins, were observed. These Mub proteins do not
interact with each other (data not shown) but rather with
other components of the cell surface or other surface proteins
including pilins. The sliding of pili on Mub proteins was
observed in retraction profiles and showed sawtooth patterns
(Figures 5f and 6f). This confirms the interaction between pili
and Mub proteins. The interactions between pili and other
surface proteins, such as milk proteins, were also demonstrated
in L. rhamnosus GG14,41,42 and can be related to the better
ability of these strains to form biofilms and interact with the
proteins of the extracellular matrix.
The unfolding of both the pili−pili and pili−Mub

intercations were described by the WLC model, which has
often been used to analyze the unfolding of polypeptidic
molecules. In this model, the unfolded macromolecule was
considered as an irregular curved filament, which was linear at
the scale of the persistence length Lp. In addition to Lp, other
parameters such as contour length Lc and ΔLc were also
extracted from the data. Lc is the length of the fully extended
molecule and ΔLc is the distance in between each unfolding
peak. Lp, Lc, and ΔLc were key parameters to describe and to
understand the unfolding profiles that were obtained. The Lp
values ranged from 0.05 to 0.6 nm, which is close to the values
found by Lu et al. on type IV pili in Pseudomonas aeruginosa
PAO1 (Lp = ∼0.8 nm) and to the the Lp values found by Fahs
et al.43 (0.02 to 0.7 nm) for the pili of L. rhamnosus GG. These
two studies both used the same physical model as we did
(WLC model). Fahs et al.43 and Guerin et al.42 explained that
the low values of Lp were related to a weak potential of
deformation. This means that pili were most probably rigid
structures. Our data were in line with these interpretations that
were also confirmed by Castelain et al.21 in their study of pili
using optical tweezers. Moreover, Miller et al.44 also showed
that the low value of the Lp meant that the globular subunit of
PilB was not unfolded but that the pili polypeptidic chain was
stretched.44 The variability of the Lc values (between 50−1500
nm) showed that pili were made of macromolecules of
different lengths. Lc reflects the distance between two cells
when the pili−pili interaction vanished.45 The differences in Lc
values can be explained by the variation in the number of
polymerized monomers (100 to 200 monomers16) that form
the backbone of the pili. Our result for Lc were comparable
with the values obtained by Rheinlaender et al.46 with the pili
of Corynebacterium diphtheria. Using the WLC model, these
authors measured dispersed Lc, ranging from 260 to 1590 nm.

This could be due to random locations of the interactions in
between pili resulting in unfoldings of random lengths.43 This
interpretation was confirmed by our ΔLc analysis, which
actually showed multimodal distribution (between 25−200
nm, Figures 4c,g and 7c).

■ CONCLUSIONS

SCFS is a powerful technique to quantify the adhesion
behavior between individual bacteria. Using this technique, we
demonstrated in this work that in L. lactis, cell−cell adhesion
abilities were driven by the presence of pili on their surface. In
addition, both laboratory and environmental L. lactis showed a
high adhesion force and work, in the case of piliated strains.
This allowed us to demonstrate that pili−pili interactions were
specific and homotypic. Based on the sawtooth signatures
obtained when pili interact with Mub proteins, we assume that
along the pili, there are several binding sites for proteins but
there are no adhesins. This behavior of pili helped to
understand the cell−cell adhesion step of biofilm formation
and thus their influence on cell cohesion and biofilm
structuring. From the nanomechanical point of view, the low
Lp and variable Lc values, in addition to the observation of pili
by TEM and AFM imaging, showed that pili of L. lactis were
rigid and possessed a highly flexible polypeptide chain. The
ability of LAB such as L. lactis cells to interact with each others
through pili could be further used in medical applications such
as mucosal vaccines or therapeutic drug delivery. In the
industrial environment, the understanding of the pili−pili
interactions and their role in the cell−cell adhesion step of
biofilm formation could be useful to use positive biofilms in
order to control proliferative undesired species.
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