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ARTICLE INFO ABSTRACT

Keywords: This study explores the production of polysaccharides (PS) in the strain Pf2289 of the food species Propioni-
Polysaccharide bacterium freudenreichii. Pf2289 presents characteristics atypical of the species: a molar-shaped morphotype upon
EXOPOIYSHCChar%de plating, and cells strongly aggregative in liquid medium. When plating Pf2289, another morphotype was
iirléfme properties observed with a 4% frequency of appearance: round-shaped colonies, typical of the species. A clone was isolated,
Propionibacterium freudenreichii designated Pf456. No reversibility of Pf456 towards the molar-shaped morphotype was observed. Pf2289 was
Cell wall shown to produce a surface polysaccharide (PS) bound to the cell wall, mainly during the stationary growth

phase. Meanwhile, Pf456 had lost the ability to produce the PS. AFM images of Pf2289 showed that entangled
filaments spread over the whole surface of the bacteria, whereas Pf456 exhibited a smooth surface. Adhesion
force maps, performed with concanavalin-A grafted probes, revealed twice as much adhesion of Pf2289 to
concanavalin-A compared to Pf456. Furthermore, the length of PS molecules surrounding Pf2289 measured at
least 7 pm, whereas it only reached 1 pm in Pf456. Finally, the presence of PS had a strong impact on adhesion

properties: Pf2289 did not adhere to hydrophobic surfaces, whereas Pf456 showed strong adhesion.

1. Introduction

The cell wall is a key component of bacteria. It constitutes the
interface between the extracellular environment and the bacteria, and
plays a fundamental role in their physiology by making it possible to
resist internal pressure by maintaining the shape of the cell, and as a
barrier against external aggressions. In Gram-positive bacteria, which
include most food bacteria, it is composed of a thick layer of peptido-
glycan that can be decorated with diverse compounds: proteins, teichoic
acids, lipoteichoic acids, polysaccharides and pili (for a review of LAB
cell walls, see Chapot-Chartier and Kulakauskas (2014), and of
Gram-positive bacteria, see Rajagopal and Walker (2017)). Of all of the
compounds that decorate the cell wall’s peptidoglycan, polysaccharides
(PS) are among the most remarkable. They constitute a very rich di-
versity of macromolecules in terms of sugar composition, linkage or
ramification, and length. Furthermore, the production of PS is species-
but also strain-dependent, thus determining the peculiar surface prop-
erties of producing strains. Some strains have also demonstrated the
ability to produce different types of PS. This was seen for the
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Lactobacillus johnsonii strain FI9785, which produces two different PS:
one branched dextran and one heteropolymer composed of galactose
and glucose (Dertli et al., 2013). This is also the case for the well-studied
probiotic strain Lactobacillus rhamnosus GG, which produces a major PS,
a galactose-rich and high molecular weight molecule, as well as a minor
low molecular weight and glucose-rich PS (Francius et al., 2008; Land-
ersjo et al., 2002; Lebeer et al., 2009). In addition to the biological role
they play in the producing cell, PS are also studied for the role they play
in reinforcing specific properties. In the case of food bacteria, research
has focused on PS-producing bacteria as a way to improve the texture of
fermented foods such as cheese, yogurt (Mende et al., 2016) and bread
(Galle and Arendt, 2014). Studies have also found that PS can have
health-promoting properties related to their specific interaction with
lectin-like receptors on dendritic cells (Lebeer et al., 2008).
Propionibacterium freudenreichii (Pf) is a food-grade bacterium with
generally recognized-as-safe status (GRAS) that belongs to the class of
dairy propionibacteria (Scholz and Kilian, 2016; von Freudenreich and
Orla-Jensen, 1906). It is traditionally and most commonly used as a
starter for the manufacture of hard cheeses such as Emmental and
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Leerdammer (Thierry et al., 2011) in which it contributes to the devel-
opment of aromatic properties (Pogacic et al., 2015; Thierry et al.,
2004). Pf is furthermore known to be a strong producer of vitamin B12
(Fang et al., 2017; Martens et al., 2002), and the first sequencing of a Pf
genome led to the identification of the genes implicated in the biosyn-
thesis of this vitamin (Falentin et al., 2010). It is also studied as a bio-
protective agent due to the production of lactic, acetic and propionic
acids during growth (Le Lay et al., 2016; Lind et al., 2005). Finally, Pf
has attracted attention as a potential probiotic (Rabah et al., 2017). For
this latter use of Pf, the cell wall composition is determinant. For
example, in the context of chronic inflammatory bowel disease, Pf’s
anti-inflammatory properties have been shown to be strongly
strain-dependent (Foligné et al., 2010; Deutsch et al., 2017). In three
strains of Pf that were shown to produce a cell wall PS composed of
R-glucan, it was found that this PS masked the actors of the
anti-inflammatory properties and that the removal of the PS by gene
inactivation made it possible to reveal these actors (Deutsch et al., 2010,
2012). In the strain Pf UF1, Ge et al. (2020) showed that the glycosyl-
ation at the surface of the protein LspA regulates colonic dendritic cells,
which are implicated in the T cell response to pathogen infections. PS
molecules are therefore key actors of the surface properties of Pf.

A description of the strain-dependent variety of surface properties
exhibited by Pf bacteria is therefore important to provide keys for users
who want to choose strains for specific uses, e.g., in food or probiotic
applications. In this study, we attempted to gain insight into the surface
properties of Pf associated with the production of a PS. For this purpose,
we studied an atypical strain of Pf, CIRM BIA 2289, which produces a
cell wall PS that gives it an original morphotype. A spontaneous variant
unable to extensively produce the PS was identified and we investigated
the surface properties of both bacteria with AFM imaging, force spec-
troscopy and other classical methods.

2. Materials & methods
2.1. Strains and growth conditions

The P. freudenreichii CIRM BIA 2289 strain and its derivative CIRM
BIA 456 (respectively abbreviated as Pf 2289 and Pf 456) are stored in
the collection of the Centre International de Ressources Micro-
biennes-Bactéries d’Intérét Alimentaire (CIRM-BIA; STLO, INRAE,
Rennes, France). They were routinely grown at 30 °C in YEL broth
(Malik et al., 1968) in closed glass tubes without agitation. Such con-
ditions are generally described as “microaerophilic” and are optimal for
dairy propionibacteria. Before use, the strains were subcultured from
frozen stock, once on YEL medium and then once on the desired me-
dium, using a 2% inoculum. In addition to YEL, YEL derivative mediums
were used: a YEL medium supplemented with lactose at a final con-
centration of 45 g 17! (named YEL-lactose), and a YEL without lactate
but with 45 g 17! of lactose (referred to as YE-lactose). For use in Petri
dishes, YEL, YEL-lactose and YE-lactose were supplemented with agar
(10 g1™1). Finally, we used a dairy-based medium, referred to as UF-lac,
constituted of a cow skim milk ultrafiltrate supplemented with 50 mM of
sodium 1-lactate (galaflow SL60; Société Arnaud, Paris, France) and 10 g
17! of casein hydrolysate (Organotechnie, La Courneuve, France), and
sterilized by filtration (0.22 pm). For use in Petri dishes, agar was added
at a final concentration of 10 g 171, and the medium was autoclaved for
sterilization.

2.2. Enumeration

Counting of colony-forming units (CFUs) via plate was performed as
previously described by Yee et al. (2014). Briefly, serial ten-fold di-
lutions of 1 ml of the sample were performed in 0.1% sterile tryptone
water. For each dilution, two Petri dishes of agar medium were incu-
bated anaerobically at 30 °C for 6 days.
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2.3. Immunoagglutination test

Agglutination tests were performed using an anti-S. pneumoniae
serotype 37 antiserum raised against the 8-glucan capsule of the bacteria
(obtained from the Statens Serum Institute, Hillergd, Denmark).
P. freudenreichii strains were grown in growth medium YEL or UF-lac,
and the assays were performed as previously described (Walling et al.,
2005).

2.4. Morphotypes of P. freudenreichii

The strain Pf 2289 or Pf 456 was grown at 30 °C on liquid medium
(UF-lac or YEL) until the stationary growth phase (about 48 h of
growth). The culture was then plated on YEL agar or UF-lac agar Petri
dishes so as to have 20 to 200 colonies per plate. The Petri dishes were
incubated for 5 day at 30 °C under anaerobic conditions. The clones
were observed individually with respect to their shape, circularity and
color. They were then counted with respect to the occurrence of distinct
morphotypes.

2.5. Dry mass of bacterial cells of Pf during growth

Cultures of Pf were grown on liquid medium, UF-lac or YEL, at 30 °C,
in calibrated tubes. During growth, tubes of culture were taken and
centrifuged (7000xg, 15 min, 4 °C). After removal of the supernatant,
the samples were dried in a fan-assisted speed-vac at 60 °C for 24 h, or
until the mass of samples was stable. The dry mass of bacterial cells was
calculated as the mass difference between the dry pelleted cells and the
mass of the empty tube. In parallel, the bacterial concentrations were
determined by CFU counting on YEL agar, as described in Section 2.2. As
of 24 h, the cultures were sonicated, as described in Section 2.6, prior to
enumeration. The dry mass experimentation was performed in three
independent experiments in triplicate, and the data presented are the
mean of the values + SD. The growth curves were performed in two
independent experiments and the data presented are the mean of the
values.

In order to test the attachment of the PS to the cell wall (Section 3.4),
Pf 2289 was grown on UF-lac at 30 °C in calibrated tubes. After about 6
days of growth, samples were taken and centrifuged at 7000 or 12,000
or 16,000 x g (15 min, 4 °C), before being dried as described above.

2.6. Sonication of Pf 2289 bacterial cultures

For specific experiments (mentioned in the text), the Pf culture was
treated by sonication (Q700; Q-sonica, Newton, CT, USA) to dissociate
PS from the bacterial cells. For 100 ml of culture, sonication was per-
formed using a microtip, on ice, with pulsing at 10 s on/10 s off, to
prevent warming of the culture. Energy accumulation was monitored
during sonication, and the total energy input was about 2 kJoules for
100 ml. In these sonication conditions, the viability, measured by
enumeration of bacteria before and after sonication, was not affected
(data not shown).

2.7. Atomic force microscopy (AFM)

Cultures of Pf 2289 and Pf 456 were grown in UF-lac for 72 h at 30 °C
and then centrifuged (7000xg, 5 min, room temperature). The pellet
was resuspended in HEPES-Na buffer (2 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid, 50 mM NacCl, pH 6.8) and washed three
times by repeated centrifugation and dispersion in fresh buffer.

Immobilization of the bacteria was performed on silanized Histo-
bond glass slides (Marienfeld Superior, Lauda-Koningshofen, Germany).
First, one volume of 0.4M EDC (N-ethyl-N’-(dimethylaminopropyl)car-
bodiimide), one volume of 0.1M NHS (N-hydroxysuccinimide) and two
volumes of concanavalin-A (Con-A, Sigma Aldrich, 0.3 g 1"! in HEPES-
Na buffer) were extemporaneously mixed, deposited on the Histobond
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slide, and then left to incubate for 20 min at room temperature to allow
chemical grafting of the Con-A onto the glass slide by carbodiimide
chemistry. The Con-A-coated slides were then extensively rinsed with
buffer, prior to deposition of the washed bacterial suspension, diluted
two-fold with HEPES-Na-Ca-Mn buffer (2 mM HEPES, 50 mM NacCl, 1
mM CaCly, 1 mM MnCly, pH 6.8). After 1 h incubation at room tem-
perature, the slides were extensively rinsed with HEPES-Na-Ca-Mn
buffer and AFM force mapping was then performed in the same me-
dium. Noteworthy, no proper immobilization of the bacteria could be
obtained with simpler methods like physical immobilization in track-
etched polycarbonate membranes or chemical immobilization onto
polylysine, polyethyleneimine or silane-coated slides, even with carbo-
diimine chemistry (not shown). It should also be noted that the bare
silicon tips of MSNL probes (Bruker Nano Surfaces, Santa Barbara, CA,
USA) failed to adhere to the bacterial surface. To circumvent this issue,
Con-A was also grafted onto the AFM probes, using a method adapted
from Gruber’s group (http://www.jku.at/biophysics/content) (Francius
et al.,, 2009). Briefly, MSNL probes were first cleaned using UV/O3
treatment and then immersed in 5% v/v APTES (3-amino-
propyl-trimethoxysilane) in absolute ethanol, for 1 h at room tempera-
ture. After rinsing in absolute ethanol followed by chloroform, the
silanized probes were immersed in chloroform with an 18-polyethylene-
glycol crosslinker (acetal-PEG18-NHS crosslinker, 6 nm in length;
Johannes Kepler University, Linz, Austria) activated with triethylamine,
and left to incubate for 2 h at room temperature in a glass chamber
saturated with chloroform to prevent evaporation. The probes were
rinsed with chloroform and then dried under an Ny stream. The PEGy-
lated probes were further immersed in 1% w/v citric acid to convert the
acetal into reactive aldehyde, rinsed with Milli-Q water, and then
immediately immersed in a droplet of 0.3 g 1! Con-A in HEPES-Na
buffer, to which sodium cyanoborohydride was added extemporane-
ously. Finally, the unreacted aldehydes were passivated using 1M
ethanolamine, pH 8.0. The Con-A grafted MSNL probes were then rinsed
with HEPES-Na buffer and stored for up to 5 days in buffer at 5 °C.

Force mapping was performed using an MFP-3D Bio atomic force
microscope (Oxford Instruments, Asylum Research, Santa Barbara, CA,
USA). The grafted MSNL probes (nominal spring constant k ~0.03 or 0.1
N m™!) were calibrated extemporaneously against glass and in HEPES-
Na buffer, using the thermal noise method. The maps covered 10 x
10 pum? divided into 64 x 64 pixels. The maximum contact force was
100 pN, the speed of Z displacement was 2 pm s~ !, and the retraction
distance was 1-8 pm, depending on the samples. The temperature inside
the droplet was ~21 °C. After contact between the Con-A grafted probe
and bacteria, retraction of the AFM probe pulled on single molecule(s)
that adhered to Con-A, yielding inflection movements of the cantilever
and corresponding to negative saw-tooth peaks on the retraction force
curves (Francius et al., 2008; Marszalek and Dufrene, 2012). These
peaks indicate rupture of the probe/polymer interactions or unfol-
ding/stretching of the molecule upon extension, up to the final separa-
tion of the probe and bacteria. In these experiments, the adhesion is
regarded as the maximum rupture force recorded along a retraction
curve. Furthermore, the elastic behavior of flexible macromolecules
such as polysaccharides can be described using the extended
freely-jointed chain (FJC+) model, which considers the polysaccharide
to be a series of rigid and independently oriented segments (the Kuhn
segments), loosely attached end-to-end in series (Marszalek and
Dufrene, 2012; Burgain et al., 2014). The Kuhn segments have a char-
acteristic length I, dependent on the chain’s stiffness, and the linearly
extended form of the chain yields the contour length L, since L, = nl
where n is the number of segments. In the FJC + model, the pulling force
F is expressed as a function of the pulling (or separation) distance x as
follows:

x(F) = L [coth(Fl; / ksT) —ksT/FL][1 + nF/k,L,]

where kg is the elasticity of one Kuhn segment, kg the Boltzmann
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constant and T the temperature. Three independent observations were
conducted for each type of bacteria Pf 2289, Pf 456 or sonicated Pf 2289
using different slides and different AFM probes for each observation.
Two different cultures were used for Pf 2289 and Pf 456, two maps were
obtained with one culture, and one map was obtained with a second
culture. To ensure that no contamination occurred, control slides were
mapped before and/or after the bacteria slides.

Finally, the immobilized bacteria were rinsed with Milli-Q water and
the slides were placed in a dessicator to dry. The samples were then
imaged by AFM in air and in contact mode, using bare MSNL probes
(nominal spring constant k ~0.03 N m™!), scan rates of 5-20 pm s~ and
load below 1 nN. Two independent observations were conducted for
each type of bacteria.

2.8. Adhesion to abiotic surface assays

The measurement of biofilm formation by Pf strains was based on a
method previously described by O’Toole (2011) with minor modifica-
tions. For each assay, 1 ml of a 24 h culture of Pf grown on YEL or UF-lac
was diluted in the same fresh medium (1% v/v), and 200 pl were added
to 96-well polystyrene tissue culture-treated plates or 96-well poly-
styrene untreated plates (CytoOne). Untreated polystyrene is hydro-
phobic, whereas it is made hydrophilic by treatment, usually by oxygen
plasma discharge. Plates were incubated anaerobically without agita-
tion at 30 °C for 72 h. Twenty-four replicates for each strain and each
culture medium were used for each assay and three independent ex-
periments were conducted. After incubation, the biofilm was stained as
follows. The plates were turned over to shake out the liquid and were
then gently washed by immersion in distilled water and turned over
again to empty the liquid (four times). After drying at room temperature,
the wells were filled with 200 pl of 0.1% (w/v) crystal violet in water,
and were allowed to stand for 15 min at room temperature. Unbound
crystal violet was washed off with distilled water, and the plates were
left to dry at room temperature. Cell-bound crystal violet was then
dissolved in 30% (v/v) acetic acid for 15 min. The absorbance (Ass) was
then measured. The analyses were repeated with two independent as-
says (12 replicates for each assay). To give an indication of the statistical
significance of the results, p-values were determined with a bilateral
t-test, comparing the two strains.

3. Results & discussion
3.1. Pf 2289: a strain with an original morphotype

Propionibacterium freudenreichii are described as pleiomorphic bacil-
lae (coccoid to rod shape), with dimensions of 1.0-1.5 pm x 0.5-0.8 pm
and forming round and regular creamy-white colonies on YEL agar
plates (Cummins and Johnson, 1986). The strain Pf 2289, which was
originally isolated from Morbier cheese, retained our attention because
it exhibited an unclassical phenotype. On plates, YEL agar or UF-lac
agar, the Pf 2289 colonies looked like molar teeth (Fig. 1a). They pre-
sented an irregular circumference, their shape was not convex and their
sizes were small (1.2-2.4 mm in diameter). The color, however, was
typical of the species. The colonies were not ropy and no strands could
be formed by extension with a loop. In UF-lac liquid culture, Pf 2289 also
presented an atypical phenotype. During the exponential growth phase
(between 0 and 48 h) the culture was homogeneous, with
non-aggregative cells in the medium. During the stationary growth
phase (after = 48 h of growth) the cells became aggregated, and cells
embedded in a thick slimy matrix coexisted with free cells, as confirmed
by microscopic observation (Fig. 1b). When the stationary-growth-phase
culture was centrifuged, the slimy matrix prevented the bacteria from
forming a tight pellet. On the contrary, the centrifuged bacteria formed a
soft and bulky pellet (Fig. 1c), which was very difficult to resuspend in
liquid medium using standard procedures (vortex or vortex with glass
beads). When Pf 2289 was cultured on YEL liquid medium, the culture
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Fig. 1. Morphotypes of the unclassical strain Propionibacterium freudenreichii CIRM BIA 2289 (left column) or its derivative CIRM BIA 456 that presents
characteristics typical of the species (right column). (A) Observation of colonies after growth in YEL or UF-lac agar plates. (B) Microscopic observation of the two
strains grown to stationnary phase in a liquid UF-lac medium.(C) Macroscopic observation of cultures of the two strains in liquid UF-lac medium (stationary growth
phase) and of the corresponding pellet obtained after after cultures centrifugation (7000xg, 15 min, room temperature) and removal of the supernatant.

presented a phenotype similar to the classical one observed for Pf
strains, no slimy matrix was observed regardless of the growth phase,
and the cells were not aggregated (not shown). Viscous liquid cultures
are among the first criteria taken into account when looking for
PS-producing bacteria. The aspect of the slimy matrix produced by Pf
2289 when grown on liquid UF-lac medium thus points towards the
production of PS, even if the clones on agar medium were not ropy.

In this case, Pf 2289 produced the abundant slimy matrix when
grown on liquid UF-lac, but not on YEL medium. This indicates that PS
production is medium-dependent, as has often been described in other
bacteria, with the carbon source as a determinant parameter (Polak--
Berecka et al., 2015; Fraunhofer et al., 2018). In order to determine the
influence of the carbon source on PS production of Pf 2289, the strain
was cultured in a liquid YE-lactose or YEL-lactose media. No production
of slimy matrix was observed within 96 h of culture. This indicates that
the carbon source is perhaps necessary but not sufficient to restore the
PS production observed with UF-lac medium. We cannot however

exclude the possibility that an unknown YEL component prevented the
production of PS by Pf 2289 cells in liquid cultures. The differences
observed in the two mediums, UF-lac or YEL, reveal that the phenotype
is dependent on the medium and that slime production is triggered by
UF-lac. Finally, on plates, the “molar-shaped” morphotype of Pf 2289 is
observed after growth on YEL agar or UF-lac agar, as well as on
YE-lactose agar and YEL-lactose agar (not shown), suggesting that in
solid medium, PS is synthesized regardless of the medium.

3.2. Pf 456: a derivative that has irreversibly lost the molar-shaped
morphotype

Interestingly, when plating Pf 2289 on YEL agar plates, a minority
morphotype was observed in addition to the molar-shaped morphotype.
This morphotype was observed at a frequency of 4% of the colonies
(over about 1000 colonies). These minority colonies presented typical
characteristics of the Pf species, with a smooth and brilliant surface and
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a regular circumference (Fig. 1a). One clone of this morphotype was
isolated. After re-isolation on YEL agar plate, the strain was considered
to be pure and was referred to as CIRM BIA 456 (abbreviated as Pf 456).
The morphotype of Pf 456 on UF-lac agar plates was the same as on YEL
agar plates, i.e., regular colonies (Fig. 1a). When cultured in UF-lac
liquid medium, unlike Pf 2289, Pf 456 did not produce the slimy ma-
trix. When centrifuged, the pelleted cells presented a small pellet

100

S TR
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(Fig. 1c), which was easy to resuspend in liquid medium. Whether in
liquid culture or on YEL agar plates, Pf 456 thus presented the typical
phenotype of the species described above. On the basis of the differences
between morphotypes and the slimy matrix production between Pf 2289
and Pf 456, we hypothesized that Pf 2289 is a distinctive strain that has
the ability to produce a PS, whereas Pf 456 has lost the ability, with the
consequence of the loss of the “molar-shaped” morphotype of its
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grown on (A) YEL or (B) UF-lac medium at 30 °C. Left axis & solid lines: the growth was followed by bacterial counts. From 24h, the cultures were treated by
sonication before counting. Right axis & dotted lines: the growth was followed by dry mass measurement of the pelleted bacteria. The strains were grown in
calibrated tubes and at different times the cultures were centrifugated (7000xg, 15 min, 4 °C), and after removal of supernantant, the pellets were dried before being
weighed. In inclusion in (B): at 140 h, two centrifugation speeds were tested in parallel: (x) 12,000xg and (4)16,000xg at 210 h, strain Pf 2289 was sonicated
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colonies. Indeed, numerous studies have described morphotypic varia-
tions associated with the synthesis of PS by bacteria, associated or not
with the production of ropy or slimy material. For example, the probiotic
strain CNCM-I-3699 of Lactobacillus farciminis presented two morpho-
types on plating: rough or smooth. The smooth morphotype, ropy on
plating, was shown to produce greater quantities of capsular PS,
compared to the rough one. The rough morphotype was shown to
aggregate and sediment, whereas the smooth one did not (Tareb et al.,
2015, 2017). In Lactobacillus johnsonii, the strain FI9785 and its spon-
taneous variant presented different colony morphotypes with different
surface properties that were linked to the production of a PS synthesis
(Horn et al., 2013).

The reversibility of the Pf 456 minority morphotype towards the
parental molar-shaped morphotype was tested by plating a liquid cul-
ture of Pf 456 on YEL agar plates. No clone with the parental molar-
shaped morphotype was detected (over about 5000 colonies), indi-
cating that the loss of the molar-shaped morphology is not reversible. In
addition, we tested the stability of the minority morphotype in liquid
medium by sub-culturing Pf 456 in UF-lac. After ten successive sub-
cultures, no change of phenotype was observed, and the Pf 456 cultures
were unable to restore the slimy matrix production. In conclusion, the
original morphotype Pf 2289 isolated from Morbier cheese exhibits
medium-specific production of a slimy matrix, whose loss is irreversible
and yields a morphotype closer to that of typical Pf.

3.3. PS production by Pf 2289

We thus investigated the production of PS by both strain Pf 2289 and
its derivative Pf 456 via an indirect method: we measured the microbial
biomass, expressed as dry mass of pelleted cells, during growth. In
parallel, we measured bacterial counts. The time courses of growth and
biomass in UF-lac and YEL are presented in Fig. 2. In YEL (Fig. 2a), Pf
2289 and Pf 456 presented similar growth curves with a generation time
of 6.5 h during the exponential growth phase. The maximal populations
measured were also close: 3.70 x 10° and 4.51 x 10° CFU ml™* for Pf
2289 and Pf 456, respectively. During the stationary growth phase, the
population decreased for both strains and dropped to 5.6 x 10° and 4.0
x 108 CFU ml™! after 240 h of incubation for Pf 2289 and Pf 456,
respectively. The biomass increased for both strains during the expo-
nential growth phase and a maximal biomass was measured when the
bacterial counts were the highest, i.e., after 48 h of growth for Pf 2289
with a biomass of 1.8 mg ml~}, and after 53 h for Pf 456 in YEL with a
biomass of 1.9 mg ml~. After 240 h of incubation for Pf 456, the bac-
terial counts dropped to 4.0 x 10® CFU ml ™}, whereas the biomass
remained stable, suggesting that bacteria are in a viable but not culti-
vable state. In UF-lac medium, Pf 456 presented a behavior quite similar
to that observed in YEL (Fig. 2b). However, the generation time was
longer (7.3h), and the maximal population higher (8.8 x 10° CFU ml ™},
reached after 71 h of incubation), dropping to 3.4 x 10° CFU ml ™" after
240 h of incubation. The maximal biomass obtained was 4.6 mg ml 7,
when the counts were the highest. For the strain Pf 2289 in UF-lac, the
growth curve estimated by bacterial counts presented the same behavior
as Pf 456, but with a generation time of 5.8 h and a maximal population
of 8 x 10° CFU ml ™. However, the biomass curve increased during the
exponential growth phase (0-48 h), as well as during the stationary
growth phase, reaching a biomass of 43 mg ml~! after 210 h of growth
and remaining stable until the end of the kinetics. When calculating the
ratio of dry mass (in mg) for 10° bacteria at the points of highest
biomass, we obtained values of 7.16 for Pf 2289 in UF-lac, whereas we
found ratios of 0.46 for Pf 456. In YEL, we obtained ratios of 0.45 and
0.42 mg/for 10° bacteria for Pf 2289 and Pf 456, respectively. The dif-
ferences in biomass measured for Pf 2289 after growth in YEL and UF-lac
together with the biomass, which are similar between Pf 2289 and Pf
456 when grown on YEL, indicate that PS production takes place only in
UF-lac medium. This is in accordance with the appearance of the slimy
matrix observed for this strain. Furthermore, PS production takes place
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during the late stationary growth phase when the cells are still meta-
bolically active but no longer divide. Therefore, for Pf 2289, the PS
production constitutes the main part of the biomass of pelleted cells.

3.4. PS produced by Pf 2289 is loosely bound

We then investigated the attachment of the PS produced by Pf 2289
cells in UF-lac medium. When we measured the dry mass of pelleted cells
(see above), the PS were collected at the same time as the bacteria
during the centrifugation step, indicating that the PS remained bound to
the bacteria. With a Pf 2289 culture of 140 h in UF-lac, we tested two
centrifugation speeds: 12,000xg and 16,000xg. In these conditions, the
dry mass of pelleted cells was 14.4 + 1.3 and 12.4 + 0.9 mg ml},
respectively, whereas it was 20.8 & 3 mg ml~! with a centrifugation at
7000xg. The centrifugation at high speed thus allowed the PS to detach
from the cells, as has already been observed for PS of different species
(Brown and Lester, 1980; Zhao et al., 2015). Finally, we investigated the
effect of sonication on the attachment of the PS to the bacteria. After
210 h of UF-lac culture, when the biomass reached its maximum level, a
sample of Pf 2289 was sonicated before biomass determination. As also
observed by Bevilacqua et al. (2019) on Propionibacteria, and by Joyce
et al. (2003) on Bacillus subtilis, sonication treatment, when performed at
low intensity, does not affect the viability of cells (data not shown). In
these conditions, the dry mass of pelleted cells dropped to 5 mg ml ™},
whereas it was 43 mg ml~! without sonication, corresponding to the dry
mass of the Pf 456 cells. This indicates that sonication allowed PS to be
released in the medium. In conclusion, in the present study, the PS
produced by Pf 2289 is not released into the environment. It is loosely
bound to the cell wall instead. Whether it is covalently bound to the cell
wall or bound via other compounds remains to be elucidated.

3.5. Pf 2289 produces an original PS

The bacterial PS are classified in groups according to their compo-
sition and their localization relative to the cell wall. The definition of
groups is not homogeneous throughout the literature. PS production by
Pf is quite well documented, highlighting the fact that it is diverse and
strain-dependent, and that not all the strains are able to produce PS.
Different types of molecules have been identified in terms of composi-
tion and cellular localization, including (i) a PS composed of mannose
and glucose that is produced by the strain Pf CIP 59.32 (Belgrano et al.,
2018); and (ii) a PS composed of p-glucose, p-mannose and D-glucuronic
in molar ratios of 2:2:1 that is produced by the strains Pf 109 and Pf111
(Dobruchowska et al., 2008). These two heteropolysaccharides have
been shown to be released in the culture medium. Using a specific
immunoagglutination test, 35% of the 68 strains of Pf tested were shown
to produce a bound cell wall PS composed of (1 — 3,1 — 2)-B-D-glucan
(Deutsch et al., 2008, 2010). This glucan exhibits a comb-like structure
of glucose units branched 1 — 2 to the backbone 1 — 3 glucose chain
(Adeyeye et al., 1988; McIntosh et al., 2005). The production of this cell
wall glucan was also observed in two other strains of Pf (out of ten
tested) by Tinzl-Malang et al. (2015). In the well-studied probiotic strain
Pf JS (Nordmark et al., 2005), a PS with the same composition was
identified, but in this case, the molecule was recovered from the culture
supernatant after centrifugation of cells. This indicates that either all the
PS or at least a part of it is released in the culture medium. As a first
approach, we tested whether or not the PS produced by Pf 2289 could be
the p-D-glucan described above. For that purpose, the strains were
subjected to an agglutination test, performed with the antiserum specific
to (1 » 3,1 — 2)-p-D-glucan. The strain Pf CIRM-BIA 17 was used as a
positive control since it is known to produce surface p-D-glucan (Deutsch
et al., 2012); a strong agglutination of bacteria is observed in the pres-
ence of the antiserum regardless of the culture medium used for the
growth (UF-lac (Fig. 3) or YEL (not shown)). The strain Pf 456 presented
no agglutination in the presence of the antiserum, whether in UF-lac
(Fig. 3) or in YEL (not shown). The results were the same regardless of
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Pf CIRM-BIA 456

Fig. 3. Immunoagglutination test performed with an (1 — 3,1 — 2)-p-D-glucan-specific antiserum on 3 strains of Propiobacterium freudenreichii: CIRM BIA
17, used as positive control, and CIRM BIA 2289 and its derivative CIRM BIA 456. The test was performed with cultures grown in YEL medium, and the images
presents the microscopic observations done in absence (top images) or in presence (bottom images) of antiserum.

the growth phase tested (data not shown). The strain Pf 2289 was first
tested during the exponential growth phase in UF-lac, and no aggluti-
nation was observed (Fig. 3). The test performed with Pf 2289 after
growth in YEL was also negative (data not shown). When the test was
performed with cells during the stationary growth phase, the result was
less obvious since the slimy matrix produced and embedding the cells
made it impossible to clearly see any immunoagglutination. Neverthe-
less, no agglutination was observed in the regions with free cells de-
tached from the slimy matrix (data not shown), indicating that no
B-D-glucan is produced. All together, these tests indicate that neither Pf
2289 nor Pf 456 produced the (1 — 3,1 — 2)-B-D-glucan frequently
encountered in Pf strains, regardless of the growth phase and the me-
dium used.

3.6. Surface properties of Pf 2289 and its derivative: analysis by AFM

The surface properties associated with PS production were investi-
gated by AFM analysis. AFM deflection images of Pf 2289 and its de-
rivative Pf 456 provided details of the surface of their respective cell
walls. Strain Pf 2289 clearly showed a rough surface, with the appear-
ance of entangled filaments spread over the whole surface of the bacteria
(Fig. 4a). Meanwhile, Pf 456 exhibited a smooth surface, even showing
traces of former septa. Respective rugosities of 8.7 and 6 nm were
calculated on 300 x 300 nm? samples of the AFM images, where planar
surfaces could be found on the bacteria (N = 5). The contours of Pf 456
individuals were sharp, while those of Pf 2289 were blurred as a result of
PS production. Fig. 4b shows that both Pf 2289 and Pf 456 were suc-
cessfully immobilized onto Con-A coated glass slides in the presence of
Mn and Ca ions. This indicated the presence of p-glucose and/or p-
mannose exposed at the surface of both bacteria, either on glycosylated
proteins and/or most likely in the protruding PS of the cell wall. The
topography force maps showed that some loose protruding material
seemed to be attached to the bacteria, especially in Pf 2289 (blue arrows
in Fig. 4b). This was interpreted as parts of PS synthesized by this strain,
which formed a slimy matrix in liquid UF-lac culture. Some individuals
appeared devoid of this material, possibly as a result of an earlier growth

stage and/or of the repeated centrifugation process used to wash the
cultures. At higher rates, centrifugation can remove pili (Tripathi et al.,
2012) and detach polysaccharides (Brown and Lester, 1980; Zhao et al.,
2015). The corresponding adhesion (or maximum rupture) force maps
provide the maximum adhesion force value that can be locally measured
locally on retracting the AFM probe after contact with the sample on
each pixel of the map (Fig. 4b). Examples of typical retraction curves,
taken at random where adhesion was significant, are provided in Fig. 4c
and 4d shows how the FJC + model is fitted onto the curves (left panel,
red traces). Series of rupture peaks are interpreted as resulting from the
elongation of polymer(s) picked up by the Con-A-grafted AFM probe
upon contact with the bacterial surface through the successive stretch-
ing of polymer loops in single molecules and the detachment of the
polymer(s) as pulling by the AFM probe exceeds their maximum length
(Francius et al., 2009, 2008). The analysis of the sawtooth-patterned
retraction force curves revealed molecular elongations occurring up to
6000 nm and 600 nm for Pf2289 and Pf456, respectively. Adhesion force
maps clearly showed that greater adhesion was observed for both strains
on and around the loose material attached to the bacteria, as well as in
the vicinity of the bacteria, indicating the correspondence between
adhesion and the presence of the bacterial PS (Formosa-Dague et al.,
2016). Adhesion values were greater in Pf 2289 than in Pf 456, with
significantly more frequent values over 100 pN and even 200 pN in Pf
2289 (Fig. 4b, red and yellow pixels). These forces are in the range of
those found in similar studies that also investigated bacterial adhesion
by capsular polysaccharides using lectin-coated probes (Francius et al.,
2008; Fahs et al., 2014; Wang et al., 2015). The greater adhesion of Pf
2289 is also visible in the rupture force histograms, which collects in-
dividual force values of all the rupture peaks in the 64 x 64 force curves
in a map. Fig. 4d, related to the statistical analysis of whole retraction
force curves, shows that adhesive events (rupture forces) greater than
200 pN are more frequent in Pf 2289 than in Pf 456. In the absence of
bacteria, the adhesion force between the AFM probe and the
Con-A-coated slides is typically ~25 pN or lower, in the presence of Ca
and Mn (not shown). Furthermore, the maximum elongation lengths
observed on pulling polymers of the cellular PS were significantly
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Fig. 4. Atomic force microscopy comparison between Propionibacterium freudenreichii CIRM BIA 2289 and its derivative CIRM BIA 456. (A) 1.5 x 1.5 um?
deflection images of Pf 2289 (left) and Pf 456 (right), taken in air after deposition of the washed culture onto mica then dehydration, showing details of the bacterial
surface. (B) 10 x 10 pm2 (64 x 64 pixels) force maps images of washed cultures of Pf 2289 (left) and Pf 456 (right), taken at ~21 °C in HEPES-Na-Ca-Mn buffer at pH
6.8. The top images show the topography of the sample, evidencing the presence of immobilized bacteria, while bottom images show the corresponding adhesion
map (maximum rupture force map) recorded over the same area. (C) Typical retraction force curves recorded over “warm” (red to yellow) pixels of the Pf 2289 and Pf
456 adhesion force maps, taken at random, evidencing the elongation length of wall components adhering to the grafted AFM probe. Individual force curves are
shifted along the Y-axis for clarity. Mind the different scales in X-axis. (D) Application of the freely jointed chain + (FJC+) model to the retraction force curves.
Examples of the fit are shown in red for Pf 2289 (up) and Pf 456 (bottom) in the left panel, while the right panel provides the output histograms of the maximum
rupture force of the last adhesive event (top left), the contour length L. of the last adhesive event (top right), the Kuhn length [ (bottom left) and the estimated
number of monomers per chain (bottom right) calculated using the FJC + model over the 64 x 64 force curves of the AFM force maps. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)
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greater for Pf 2289 than for Pf 456, with distances of up to 7 pm for the
former and less than 1 pm for the latter (Fig. 4c). It is worth noting that
when significant amounts of slime were present on AFM slides of Pf
2289, immobilization was too loose to allow a full force map to be
recorded, but lengths over 10 pm could be occasionally observed (not
shown). This is also well illustrated by the calculation of the contour
length L. of the pulled polymers (Fig. 4d). Noteworthy, while the FJC +
model considers the unfolding and extension of a single molecule, it is
possible that the sawtooth patterns of the retraction force curves also
arose from simultaneous stretching events of several molecules picked
up by the AFM probe upon contact with the bacterial PS. In this case,
only the very last unfolding peak is undoubtedly that of a single mole-
cule, as the last one to detach. To circumvent this issue, the rupture force
and the contour length L. of the polymer were calculated using only the
last adhesive event over all the retraction curves. No significant differ-
ence was found depending on whether only the last peak (Fig. 4d) or all
peaks (not shown) was/were fitted by the FJC + model, which sup-
ported the single-molecule hypothesis altogether. Application of the
FJC + model furthermore yielded Kuhn’s lengths I of putative mono-
mers of less than 1 nm for both strains (with the occurrence of some
higher values in Pf 2289), illustrating high molecular flexibility of the
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bacterial PS. Moreover, it should be noted that Kuhn’s length I distri-
butions appeared to be more homogeneous for Pf456 with a pseudo
monomodal shape spanning 0-500 pm, than for Pf 2289. For the latter,
Kuhn’s length values are rather randomly distributed over a range of
50-1000 pm but with less than 30% under 50 pm. Hence, the pulled
molecules would correspond to long chains of up to 30,000 monomer
segments in Pf 2289 vs. shorter ones of about 5000 in Pf 456. Regarding
these conformational parameters, it can be observed that PS produced
by Pf 2289 are more flexible, 5-10 times longer and more heterogeneous
than those detected on Pf456. Using the same method, EPS stretched out
of biofilms of Pseudomonas fluorescens were ~20,000 segments long
(Fahs et al., 2014). In places where Pf 2289 bacteria was immobilized in
the form of slimy clusters, elongation distances exceeded the possible
maximum retraction distance of the Z piezo of the AFM (15 pm) to the
extent that force mapping could not be performed (not shown). In
conclusion, AFM investigation of the surface of living or dried bacteria
clearly showed that Pf 456 exhibited a smoother surface, less and shorter
cell wall polymers and significantly lower adhesion to Con-A than its Pf
2289 parental counterpart. As regarding the AFM-tip functionalization
with Con-A and results obtained from theoretical fitting, we can assume
that the PS produced by the bacteria should be mostly enriched in

Max. rupture force
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Fig. 5. Atomic force microscopy observation of Propionibacterium freudenreichii CIRM BIA 2289 after sonication and washing of the stationary phase
culture in UF-lac medium. (A) 1.5 x 1.5 pm? deflection image of the bacteria taken in air. (B) 10 x 10 pm? (64 x 64 pixels) topography and maximum rupture force
(adhesion) maps images of the washed culture of sonicated Pf 2289, taken at ~21 °C in HEPES-Na-Ca-Mn buffer at pH 6.8. (C) Typical retraction force curves
recorded over “warm” pixels of the maximum rupture force map, evidencing the elongation length of wall components adhering to the grafted AFM probe. Individual
force curves are shifted along the Y-axis for clarity. The inserted blue-framed panel shows deflection images of the material found into the supernatant of the
sonicated Pf 2289 culture, after deposition onto glass slide and dessication. (For interpretation of the references to color in this figure legend, the reader is referred to

the Web version of this article.)
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mannose and/or glucose (Francius et al., 2008).

As a complement, Pf 2289 was cultured in UF-lac medium and then
sonicated prior to washing and immobilization onto Con-A glass slides,
like for the Pf 2289 and Pf 456 cultures. AFM deflection images showed
that the appearance of sonicated Pf 2289 was close to that of Pf 456, i.e.,
they exhibited a soft surface devoid of filaments or blurry material
(Fig. 5a).

Topography and adhesion force maps in HEPES-Na-Ca-Mn buffer
showed that sonicated Pf 2289 bacteria still exhibited loose material on
some individuals, but the frequency and the magnitude of the adhesion
events were reduced compared to the unsonicated samples (Fig. 5B vs.
Fig. 4B). The retraction force curves indicated much shorter PS mole-
cules after sonication, with an extension of within 1 pm instead of 7 pm
(Fig. 5c¢ vs. Fig. 4c).

When the Pf 2289 culture was washed multiple times at 7000xg, 5
min in Milli-Q water and then sonicated, it was possible to recover the
supernatant of sonicated washed Pf 2289 after a final high-speed
centrifugation (16,000xg, 10 min). Droplets of the supernatant were
left to dry on glass slides in a dessicator and then imaged by AFM in the
air in the same conditions as the dried bacteria. A thick material was
visible on the slides, and close investigation with AFM showed that
filamentous or stranded organization could be observed (Fig. 5, blue-
framed inset). In conclusion, AFM investigation confirmed that soni-
cation removed a large proportion of the attached PS of Pf 2289 cells,
and that these PS could be recovered by washing prior to sonication.

3.7. Surface properties of Pf 2289 and its derivative: biofilm formation on
abiotic surfaces

In order to understand the impact of the presence of the cell wall PS
on the surface properties of the bacteria, we investigated the ability of Pf
2289 and its derivative to form biofilms on abiotic surfaces, i.e., poly-
styrene deep-well-plates, treated or not for cellular culture (Fig. 6).
Using plates treated for cellular culture (Fig. 6a), the strain Pf 2289
presented a low biofilm formation ability, regardless of the culture
medium used for the growth (YEL or UF-lac), with Assg < 0.2 (no sig-
nificant differences between the two media). On the contrary, the strain
Pf 456 presented moderate biofilm formation ability, with an Asso of
0.53 and 1.22, after growth on YEL and UF-lac, respectively. Using non-
treated polystyrene, the ability of strain Pf 2289 to form biofilm was still
very low, regardless of the growth medium used (Asso < 0.1). This is also
coherent with observations that Pf 2289 barely adhered to polylysine or
silanized glass or to plasma-treated silicium (see the AFM section).
Interestingly, the strain Pf 456 presented a strong ability to form biofilm
on polystyrene after growth on either YEL or UF-lac. As observed using
treated plates, the biofilms of Pf 456 were significantly stronger when
cells were grown on UF-lac (Asso = 3.38) compared to YEL (Assg =
2.85). Polystyrene is a strongly hydrophobic material and the treatment
applied to plates for cellular culture aims to make the polystyrene more
hydrophilic. Adhesion to surfaces is one of the crucial steps in biofilm
development. The different ability to form biofilms of Pf 456 observed
between polystyrene microplate types might thus refers to different
levels of adhesion of cells according to substrates. Pf 456 therefore ad-
heres to the untreated material more than to the treated one, indicating
that hydrophobic bonds are established between the polystyrene and
some surface component(s) of the bacteria (Pham et al., 2003; Kuyukina
et al.,, 2016). Pf 2289 seemed to be enable to establish such bonds,
indicating that the presence of the PS produced by Pf 2289 gives the
bacteria specific adhesion properties. It should be noted that this
behavior is observed both in YEL, where Pf 2289 does not develop a
thick slimy matrix, and in UF-lac, where it does so. This confirmed the
hypothesis that Pf 2289 produces the same PS on YEL and UF-lac, but
that the quantity produced upon growth in UF-lac is much greater. In
future research, we aim to decipher the biochemistry and structural
properties of the PS produced by Pf 2289 in order to better account for
the adhesion, water-binding, rheology and other potentially valuable
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Fig. 6. Biofilm formation on abiotic surface of the PS producing strain
Propionibacterium freudenreichii CIRM BIA 2289 and its derivative CIRM
BIA 456, that lost the ability to produce PS. The strains were inoculated at
1% in YEL or UF-lac medium in polystyrene plates, (A) treated for cellular
culture or (B) not treated for cellular culture. After 3 days of incubation at 30
°C, the ability of bacteria to form biofilm was quantified. Data are presented as
means + SD, and different letters indicate significant difference (P < 0.05)
amongst strains (student test).

physicochemical properties of Pf 2289 and of its PS.

3.8. Conclusion

Our study focused on a strain of Pf, Pf 2289, which was selected
because of its atypical and unstable morphotype. Pf 2289 was shown to
produce a PS that is bound to the cell wall. The production of this PS is
dependent on the medium composition and takes place during the sta-
tionary growth phase. The nature of the PS molecule remains to be
determined, but the AFM analysis suggested that it probably contains
mannose and/or glucose and could reach unusual lengths of over 10 pm.
Its complete composition now needs to be elucidated. The presence of
this PS molecule gives specific properties to Pf 2289, and we observed an
inability to adhere to hydrophobic and hydrophilic surfaces. Adhesion to
surfaces is a property that needs to be taken into account for specific
applications. From this perspective, it would be interesting to compare
the adhesion properties of Pf 2289 and its variant to biotic surfaces such
as epithelial cells. Indeed, adhesion to epithelial cells is one of the
criteria evaluated when selecting strains that could settle in the GI tract
to exercise their probiotic activity (de Melo Pereira et al., 2018). In a
food context, the use Pf 2289 that produces a large amount of PS in
fermented food products could be useful to improve the texture of the
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products, as already observed for a heteropolysaccharide-producing
strain of Pf in bread (Tinzl-Malang et al., 2015) and in dairy products
with different lactic acid bacteria. Finally, the PS production property of
Pf 2289 is unstable since reversibility sometimes occurs, yielding Pf 456,
which exhibits properties typical of the species and the loss of the ability
to produce the PS. This instability strongly suggests the loss of a modi-
fication of the genetic material of Pf 2289, and the need for comple-
mentary research in the field of genetics to elucidate the metabolic
pathway of the production of PS by Pf 2289.
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