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The dynamics of bacterial colonies is complex in nature because it correlates the behavior of numerous individual
cells in space and time and is characterized by emergent properties such as virulence or antibiotics resistance.
Because there is no clear-cut evidence that periodic swarmiRgrofrabilis colonies is ruled by chemical triggers
responsible for cell-to-cell signaling in most of the biofilms, we propose that the observed periodicity relies on
the colony’s global properties. Hence, the biochemical and functional properties of the extracellular matrix (ECM)
of P. mirabilis colonies were investigated. A binary exopolysaccharide mixture (1 and 300 kDa), glycinebetaine,
and a phenoglycolipid were identified. Rheology, calorimetry, and water sorption experiments performed on purified
EPS bring evidence that these exoproducts exhibit marked viscoelasticity, which likely relies on large scale H
bond networks. Such behavior is discussed in terms of water activity because the mechanical ECM properties
were found to depend on hydration.

Introduction further periodic behavior between wild type and defective
bacteria. Besides, different metabolites, such as putrédane
Bacterial biofilms are the most current forms of bacteriallife. ~glutamine'? have been identified as essential for swarming
For better or for worse, such multicellular entities are subject migration, but no obvious regulatory function has been evi-
to complex regulations that mainly rely on sophisticated cell- denced. In previous studié%;*4we have characterized the time
to-cell communications such as quorum sensiggich mech- sequence of the differentiation process from vegetative to swarm
anisms allow each bacterial cell to “sense” the local population phenotypes and also mapped the space and time distributions
density, which in turn will result in emergent properties, such of the two populations. The colony’s multicellular entity
as virulence, resistance to antibiotics, and massive exoproductsindergoes mass migration through alternative swarming and
synthesis. Though the role of chemical triggers such as consolidation. Swarming only concerns the distal part of the
homoserine lactone (AHL) or furanone has been well assessedcolony because this phenotype is restricted to the active colony’s
in model biofims?~4 some exceptions exist. In particular, the edge. In more inner domains, live vegetative cells predominate.
Proteus mirabiliscolonies present some provocative features From the dynamic point of view, the colony has to face two
because they are characterized by the alternation of two apparently opposite goals, which are spatial expansion and entity
phenotypes, swarming and vegetafivé,which allows the  cohesion. This is solved by the cessation of periodic motion,
population to actively colonize a Petri dish within a few hours which triggers every consolidation phase. One still wonders
through periodic swarming and consolidation phasésThis about the nature of the signal that repeatedly stops the expansion
results in a typical bull's eye pattern with concentric rinBs.  because no conventional trigger is produced, and the cells are
mirabilis can hitherto be considered as a biological oscillator, not fuel-exhausteéf This led us to consider more precisely the
whose dynamics is characterized by a robust periodicity and multicellular entity as a whole. &. mirabilis colony is made
synchrony that links billions of individual cells. Despite this of a large number of individual cells that live, swarm, and
remarkable behavior, there is no clear-cut evidence for the differentiate into a continuum that they have synthesized on
existence of extracellular signal molecules except in the very their own. This extracellular matrix (ECM) is necessarily
early phases of initial differentiation when a liquid culture involved in the periodicity and synchrony macroscopically
inoculum is deposited on an agar supgdtthas been proposed  observed. Strangely, to our knowledge, no study has been aimed
that thersbA gene has both positive and negative functions in at characterizing the. mirabilis ECM. We, therefore, propose
regulating swarming migratiol, however, the authors only  a global approach of this continuum to determine both its
observe a decreased initial lag period but no differences in biochemical composition and functional properties. The idea
that the order present in a dynamic system would depend on
* Corresponding author. E-mail: osire@univ-ubs.fr. Phote: 33 297 global, emergent properties is not new, but it has not been
017 54_8- F??1;F+B33t297 0é7d071- applied to bacterial colonies. Understanding a colony’s dynamics
’f‘L;l;\gigst:)ﬁ'eeder;ﬁ;;e,LiJr'liversitede Bretagne Occidentale. u_ndoubtedly requires a pI_uridi_S(_:ipIi_nary approach. Molecular
$ Recherche de Renance Magitigjue Nucleire et Reonance Para-  biology has allowed the identification of tHhDC operon,
magri¢ique Electronique de I'Universitde Bretagne Occidentale. which rules the differentiation proce¥sbut has not permitted
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the understanding of how and why it is switched on andlaff.
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characterization is then achieved by thin-layer chromatography: 20 mg

situ biophysics has allowed us to map in space and time the of the dry lipid extract is dissolved in 1Q@ of CH;CI/MeOH (2/1)

swarm and vegetative populatidfst* but has not allowed us
to understand why swarmers stop migration periodically and

and deposited on an activated 20 20 cm K6 silicagel plate
(Whatmann, Inc.), and separation is performed in a tank saturated with

synchronously. The present article and the next aim at demon-a CHCI/MeOH/H,O (80/18/2) mixture. Neutral glycolipids are revealed

strating that global mechanical properties of the ECM play a
major role in the colony’s dynamic pacing.

Experimental Section

Strain, Media, and Culture Conditions. TheP. mirabiliswild type
strain WT19 corresponds to the clinical isolate U6430T19 was
grown in LB medium at 37C. To obtain homogeneous populations
of swarmer bacteria, 20@L of an overnight liquid culture was spread
onto a LB agar (1.5%) plate, and the latter was incubated!fh at
37 °C. For the examination of the level of bacterial elongation and
population homogeneity, the cells were resuspended in LB with 1%
formaldehyde, and 4,6-diamino-2-phenylindole (DAPI) was added (final
concentration of 0.2xg/mL). DAPI is a fluorescent dye that allows
the visualization of bacterial chromosoniésyhich was achieved by
examination under an epifluorescence microscope (Olympus BX-60)
with UV excitation and visible emission (380 nm cutoff). The elongation
level was assessed by counting the number of nucleoids per cell (21
4) as well as by measuring the bacterial rod lengths {414 um).
Cells liquid cultures were similarly performed at 3Z in LB medium
without agar.

Experimental Techniques ECM Biochemical Characterization.
After 4 h, P. mirabilis colonies are gently scratched off the agar, the

by anthronet

NMR SpectroscopyOne- and two-dimensional NMR spectra were
recorded at 25C on a Bruker Avance 500 spectrometer equipped with
an indirect 5 mm triple resonance probe head T{PF'PAC. NMR
analyses were performed on the whole ECM fraction by dissolution in
700 uL of a 100% DO solution. Neutral glycolipid samples were
analyzed by dissolution in 700L of CDCly/MeOD (2/1). Chemical
shifts were expressed in ppm relative to TMS as the external reference.
Double-quantum filteredH-*H correlated spectroscopy (DQF COSY),
heteronuclear multiple quantum coherent¢-C (HMQC), and
heteronuclear multiple bond cohereri¢€*C (HMBC) with a delay
of 60 ms were performed according to standard pulse sequences to
assign'H and*3C resonances. For example, in an HMQC experiment,
the raw data set consisted of 128 fid of 1024 (F2) * 128 (F1) complex
data points, each zero-filled L k in the F1dimension prior to Fourier
transform spectroscopy with a spectral width of 25162 and 3822 Hz in
the F1 and F2 dimensions, respectively, with & 0Ise, a delay of 2
s, and 128 scans.

Fluorescence Experiments are realized by using an SLM 8100
fluorimeter. Dry lipid extracts were solubilized in 1 mL of chloroform,
and both emission (305 nm excitation) and excitation (emission at 340
nm) spectra were collected at 2C.

EPS RheologyThe viscous properties of EPS solutions at concentra-

corresponding volume and mass are measured, and the sample is diluteions ranging from 40 to 100 g/L have been measured using a Contraves

2-times with an isotonic NaCl solution ¢£). Bacterial cells are pelleted
at 800@ (20 min, 4°C), and the supernatant containing the ECM
constituents is stored at°€ in the presence of a few micrograms of

Low-Shear 30 viscometer, equipped with a Couette device. For these
low concentration solutions, it was impossible to determine any
viscoelastic properties. However, for EPS solutions at concentrations

sodium azide to prevent any further bacterial contamination. The volume fanging from 100 to 300 g/L, viscoelastic properties have been

of the cell pellet is measured to determine the cell/ECM volume ratio.
Protein Assay Proteins of the ECM are conventionally assayed
according the Bradford methd8and molecular mass distribution is
analyzed by SDSPAGE?!®
Exopolysaccharides Extraction and Purificatioh 1.5 volume of

characterized by performing oscillatory simple shear experiments
with a controlled stress and a controlled strain rotational rheometer.
The controlled strain Rheometrics ARES rheometer was equipped
with a cone and plate geometry (cone angR§93 diameter, 4 cm),

and the controlled stress Carri-Med CSL 50 rheometer was equipped

ice-cold absolute ethanol is added to the ECM sample, and the solutionWith @ parallel plate geometry (diameter, 4 cm; gap, 0). All
is stored overnight at20 °C. The precipitated EPS are then collected 'heometric measurements were performed af@7A thin layer of
by centrifugation (2008 for 10 min), recovered, and dried at 3. low-viscosity silicone oil was placed on the air/[sample interface in
The molecular weight distributions of the EPS are analyzed by size Order to minimize water evaporation. For all samples tested, the
exclusion chromatography. Then, 10 mg of dried EPS are dissolved in €xtent of the linear viscoelastic regime was determined at 1 Hz, prior
1 mL of distilled water and analyzed by SEC. The XK26 column used 0 any frequency sweep measurements. The linear viscoelastic
(25 mm x 620 mm, Pharmacia Biotech, Frajds furnished with a regime is characterized by a sinusoidal response and the proportionality
Sephacryl S-300 HR (Sigma-Aldrich, France) resin. The sample (1 mL) of the response to excitation. The linear viscoelastic properties were
is injected and eluted at ambient temperature using 0.3 mL/min 0.5 M Studied ove a 2 decade frequency range: from ™3z to 1 Hz.
NaCl. Detection is performed using an lota 2 (Dionex, France) refractive The frequency range used in this spectro-mechanical investigation is
index detector. Fractions of 5 mL are collected using a Gilson fraction limited because of the relatively high temperature imposed during the
collector. The different EPS fractions are pooled and dried under tests.
vacuum. The EPS sugar composition is determined using acid hydroly- ATR-FTIR Spectroscop¥#TIR experiments were performed in the
sis. The EPS is treated Wwi2 M HCI for 24 h at 100°C. The released attenuated total reflection (ATR) mode using a Rye#60 spectrometer
sugars are analyzed using high performance anion exchange chromaand a thermostated (37C) horizontalZnSecrystal f = 2.4). The
tography (HPAEC) with pulsed amperometric detection (PAD) using spectrometer is fitted with a DTGS detector. Each spectrum is acquired
a Dionex system. Samples are injected in a Carbopac PA-1 column (4at a 4 cn* resolution and represents the accumulation of 128 separate
x 250 mm) with a Carbopac PA-1 guard column 450 mm), and scans. A hydrated EPS solution (100) is deposited on the crystal
separation is performed at 1 mL/min by isocratic elution with 20 mM and allowed to slowly dehydrate. Four cycles of water sorption/
NaOH for 30 min, followed by a linear gradient from 20 to 100 mM desorption are performed while FTIR spectra are continuously recorded
NaOH with 1 M sodium acetate in 10 min. This gradient is maintained with a time step of about 2 min. Water sorption is favored by saturating
for 10 min and then returned to 200 mM NaOH. the atmosphere above the solution in water. This yields a 51 spectra
Lipid Extraction and PurificationLipid extraction is carried out by matrix, which corresponds to various hydration levels. For a particular
the method of Bligh and Dyé¥f. Colonies are diluted in an isotonic ~ spectrum, hydration is estimated after the optical density at 750 cm
NaCl solution as described above, cells are pelleted, and the supernatantorresponds to the upper tail of the wadedibration band?-23 located
containing the ECM exoproducts is acidified to pH 2 prior to the at 620 cntl. Considering the initial anhydrous spectrum with a
addition of 3 volumes of a chloroform/methanol mixture (2/1). After 2 0% relative humidity (RH), and the final, fully hydrated spectrum
min of agitation, the phases are allowed to separate, and the organicwith a 100% RH, the %RH of each spectrum is calculated from the
phase is evaporated to dryness at°80by using a Rotavapor. Lipid ODyso cmt according to the following equation. CDV
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OD — ODyy 7 100 ' ' '

RH(%) = 100 x agar1.6%
ODeiyar — ODpr 300
200 L] c

Spectral data are further treated by using The Unscrambler software 100 ; E
(Camo, Norway) for spectral normalization and principal components - a
analysis (PCA). 40: . e f

Polarizing MicroscopyEPS solutions are allowed to age between a o agar 2.6%
sealed slide and coverslip. Observations are performed by using a BX- 2 300
60 polarizing microscope and a quarter waveplate. E 200 £ £ <

Differential Scanning CalorimetryEPS solutions are subjected to E o 8 !.E'.
calorimetry analysis by using a DSC82&lorimeter (Mettler, Toledo). 0 PN )
Initially, 40 uL of a 100 g/L solution is placed in a pierced aluminum 40 { | iquid cum"_'e i !
pan. Temperature ramps are sequentially performed betw&ea and 200
80 °C at a 20°C min! rate. Starting at 25C, the sample is
progressively heated to 8C, stabilization is allowed for 2 min, cooling 200 1 A
is performed down te-100 °C, stabilization is again performed for 2 100 1 § E
min, and the sample is heated to ® and then allowed to cool down 0 . il . 8
to 25°C. At this moment, the sample is weighed to measure the loss 0 100 200 300
of water and to calculate the new sample concentration. Then a new Time (min)
cycle is initiated. This protocol allows us to vary the EPS concentration figure 1. EPS size exclusion chromatography. The EPS size
from 100 to 550 g/L. distribution has been analyzed in colonies at two agar concentrations

(upper panels) and in liquid culture conditions (lower panel).

Resulis and Discussion synthesized in equal amounts. From this, it appears that

Colony’s Biometry. P. mirabilis colonizes a Petri dish ina  depending on the bacterial growth conditions, the EPS produc-
few hours through periodic swarming and consolidation phiases. tion qualitatively varies. Besides, the major component produced
Video recordings and confocal microscopy imaging have within the colony exh|b|j[s an ungsually low MW beca}use mqst
allowed the measurement of colony dimensionalitfesnder of the EPS observed in colonies present much higher sizes
the experimental conditions used in our laboratory, a swarming fanging from 50 to 500 kD&. A polysaccharide of 1 kDa

phase lasts about 1 h, during which the colony radius is increasedfOrespondsd a 5 unit polymer. Because this is close to the
by 2 mm. Local video recordings show that the colony edge saccharide moiety of membrane lipopolysaccharides (LPS), it

progresses at aAm/s rate with bacterial raft internal biocon- Was assessed, through the detection of KDO, a sugar specific
vection motions as fast as 30n/s. Besides, as revealed by [0 LPS, that the presence of this component was not due to
Live/Dead dyeing, the colony exhibits a 1m thickness, LP_S contamination (data not shown). .The phy3|olog|ca_l sig-
whereas the remnants of consolidation phases, the terraceghificance of such a small component within the colony will be
present a local thickening of 4&m. As shown previously* discussed later.
the swarmer population is strictly limited in the most recent ~ EPS Sugar Composition.The sugar composition of the 1
external migration phase. Mass and volume measurements hav@nd 300 kDa EPS compounds produced on a 1.5% agar
been performed to quantify the relative proportions of cells and substratum byP. mirabilis was analyzed through HPAEC.
ECM in which the population lives. The ECM represents 20% Figure 2 shows the corresponding profiles along with the
in mass of the whole colony. A relatively low hydration level standards used. Clearly, the sugar composition of the two
has been determined by gravimetry because a ratio of 3.5 g ofcompounds varies, which rules out the possibility that the 1
water per g of colony (d.w.) has been measured. kDa compound may be derived from the hydrolysis of the large
EPS Molecular Size Distribution. Exopolysaccharides are ~ component. The 1 kDa component is mainly composed of
the most common exoproducts in bacterial slimes. Attempts haverhamnose and glucose (peaks 1 and 5, respectively), whereas
thus been performed to analyze the EPS present inPthe rhamnose, galactosamine, glucose, and mannose (peaks 1, 2,
mirabilis slime. To our knowledge, no study was focused on 5, and 6, respectively) are present in the 300 kDa component.
the exoproducts of this bacterium because literature only reportsP. mirabilis CP$4 % is acidic because of the presence of at
on capsular polysaccharides (CPS)5 EPS were quantified least one uronic acid unit. This negatively charged sugar was
in the ECM fraction and revealed that they feature about 30% looked for in the purified EPS fraction without success. This
in mass of the ECM. Cold ethanolic precipitates from ECM further supports that the low MW EPS component does not
were analyzed by size exclusion chromatography (Figure 1). derive from membrane capsular polysaccharides. It must also
This reveals that two components are present: a preponderanPe noted that an unidentified sugar is present in both EPS
low MW component of 1 kDa (retention time of 149 min), compounds (peak X in Figure 2).
which features 98% of the EPS produced, and a minor high Lipid Analysis. The ECM biochemical study revealed that
MW component of 300 kDa (retention time of 339 min). To lipids were significantly present in tHe mirabilis slime because
check whether this unusual binary composition was somehow they feature 15% of the ECM in mass. This unusually high level
dependent on the bacterial environment, EPS size distributiondrove us to further characterize the biochemical nature of these
was also studied in a colony that was grown on 2.5% agar (aslipids. Because rhamnolipids, though never reportedPin
compared to standard conditions of 1.5%) and in a liquid culture. mirabilis colonies, are commonly observed in moBseudomo-
In the first condition (2.5% agar), the amount of the 1 kDa nasbiofilms,?8 we first made attempts to detect this glycolipid
component is slightly decreased (91%) to the benefit of a new in the P. mirabilis colony. Accordingly, we performed the
component exhibiting a MW of 13 kDa (retention time of 255 semiquantitative test for extracellular rhamnolipid detection,
min). In a liquid culture, this size distribution is markedly altered initially set up by Siegmund and Wagn@rExcept for the fact
because the low (1 kDa) and high (300 kDa) components arethat CaC} (0.2 g/L) was preferred in place of cetyl-trimeth&-DV
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Figure 2. EPS sugar composition analyzed by HPLC. The Figure
displays the sugar composition of the two compounds purified by SEC
chromatography. The lower panel displays the elution pattern of the
standards 1, rhamnose; 2, galactosamine; 3, glucosamine; and 4,
galactose, and 5, glucose; H, heptose used as a standard; and X,
unknown.

Figure 3. Blue methylene dye for glycoplipid detection in biofilm.
The bar = 1 cm.
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Figure 4. 'H-13C (HMBC) at 25 °C in CDCl3/MeOD (2/1). Cross-

peak numbering is as follows: 1, between aliphatics and aromatics;
2, between H1 sugar and aromatics; 3, between aromatics and
aliphatics; 4, between aromatics and C1 of sugar; and 5, between
aromatics.

IH NMR spectrum. From the HMBC spectrum (Figure 4), it
can be inferred that those signals are bound to aromatics ring
carbons showing up at 130 ppm. THe signal at 5.5 ppm is
also characteristic of the H1 of a sugar and correlated with
carbon at 125 ppm, assigned to aromatics rings.Fhgignals

of aromatics at 7.27.5 ppm clearly show correlations with
aliphatic carbons at 21 and 35 ppm, C1 of the sugar at 101
ppm, and other aromatic carbons at ¥2%0 ppm. These
assignments not only confirm that glycolipids are actually
produced byP. mirabilisbut also indicate that an aromatic group

is present. This aromatic moiety lacking Rseudomonas
rhamnolipids, the glycolipids synthesized Bymirabilis, must

be distinct in nature. The concomitant presence of a sugar, a
lipid, and an aromatic ring suggests that a phenoglycolipid
(PGL) could be produced. Such PGLs have only been identified

lammonium bromide, which inhibits bacterial expansion, the in the Mycobacteriumgenus, which is the bacterium genus
test was conducted as described by these authors. Figure 3esponsible for leprosy and tuberculo¥is3* The structure of
clearly shows alternating dark (blue) and light concentric rings PGL has been studied in variolycobacteriurnstrains through
around the inoculum. This arises from the formation of an NMR and IR spectroscopiéé.The glycosyl substitute is a
insoluble complex between the anionic biosurfactant and the mono-, di-, or tri-rhamnopyranose and/or glucopyranose.

basic dye methylene blue. The localization of the dark rings

To confirm the biochemical nature of this compound,

strongly suggests that the biosurfactant is synthesized beforespectroscopic experiments have been performed (Figure 5). The
active swarming, during the consolidation phase, which matchesUV absorption spectrum collected in CHGind its second

well the findings of a previous study.

derivative exhibit two electronic transitions located at 273 and

The lipid ECM extract was then analyzed by TLC. Among 284 nm, which correspond to— sz* transitions characteristic
different spots, a component exhibiting a 0.66 front ratio was of aromatic compounds. Fluorescence excitation and emission
observed to react with anthrone, a dye specific for neutral ugar spectra show a maximal exc/emi couple at 305 nm/340 nm,
(data not shown). Anthrone is currently used for rhamnolipid which is observed for substituted phenolic groups. Finally, the
detection. Such a front ratio is closed to that observed for mono- glycolipid infrared spectrum was collected in the ATR mode.

rhamnolipids in such a solvent system (§CHfMeOH/H,O, 80/
18/2)30 Additionally, the fatty acid composition of the lipid

The corresponding spectrum shows main absorption bands at
2916, 1712 , 1212, and 1160 cfp which correspond to

extract was analyzed by gas chromatography and revealed thamethylene and methyl groups, carbonyl ester bonds, and sugar
besides long chain (C16 to C20) fatty acid compounds, a C12rings, respectively. This spectrum is very similar to those
lauric acid component was identified. This matches well the previously reported for varioudycobacteriunspecies$> 37 As

chain lengths observed in bacterial biosurfactghts.

a whole, even though the glycosyl substituent has not been

Further analyses were performed by NMR spectroscopy. characterized, these findings strongly suggestBhahirabilis

Aliphatics were characterized by signals at1l3 ppm in the

synthesizes a PGL during the colonization process. CDV
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Figure 5. Fluorescence emission and UV and IR absorbance spectra
of the ECM lipid extract. (A) UV absorption spectrum and its inverted
second derivative. (B) Fluorescence excitation and emission spectra.
(C) Mid infrared spectrum.

Glycinebetaine. 'H NMR experiments performed in pure
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Figure 6. Partial 'TH NMR spectrum of the whole ECM in D,O at
25 °C. The peaks at 3.88 and 3.24 ppm are characteristic of the GB
methylene and methyl groups, respectively.

A
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Figure 7. SDS—PAGE of ECM. Lane A, MW standards; lane B,
ECM.

properties of the binary EPS mixture, which in turn must be
ruled by the existence of a particular H bond network. Because
it has been observed that the colony exhibits a low water activity,
it was of interest to probe the EPS hydration process. Accord-
ingly, water sorption/desorption was monitored through infrared
spectroscopy. This vibrational spectroscopy is very useful in
this context because it allows the simultaneous probing of water
uptake, the evolution of the H bond network and the subsequent

D,O have revealed two peaks characteristic of glycinebetaine EPS conformational changes. Figure 8 displays the EPS FTIR-
(GB), (CHs)s-tN-CH,-COO~, which is an osmoprotectant ATR spectra observed as a function of hydration. As mentioned
synthesized or accumulated by bacteria experiencing an osmotidn Experimental Section, sorption and desorption experiments
shock. This compound is considered a compatible solute becausdéave been performed repeatedly and have shown that the two
bacteria accumulate GB in proportion to the osmotic stress up processes are fully reversible. As expected, the high frequency

to molar concentrations without any metabolite interfererges.
Figure 6, displaying a partial ECNH NMR spectrum, shows

domain (Figure 8A) mainly reflects water uptake through the
increase of the largen—y band ranging from 3600 to 2300 cfn

two peaks at 3.88 and 3.24 ppm corresponding to the methyleneas one goes from the anhydrous spectrum (lower 3000 cm

and the three methyl of GB, respectively.

ECM Proteins. ECM protein content was investigated
through the conventional Bradford ass8yProteins appear as
a minor ECM constituent because only 10 mg/g ECM was

intensity) to the fully hydrated spectrum (larger 3000 ¢ém
intensity). The lower frequency domain exhibits more interesting
features (Figure 8B) because this domain contains the EPS
spectral signature with very weak, if any, water contribution.

observed. The molecular size distribution was neverthelessHence, spectral alterations in this domain are essentially linked

studied by SDSPAGE. Figure 7 shows a single band corre-
sponding to a MW of-37 kDa. This MW matches well that of
flagellin, the constituent of flagellae, because MWs ranging from
41 to 36.7 kDa have been report&d?lt is likely that this low
amount of flagellin in ECM comes from the breakdown of
flagellae or is released during dedifferentiation.

EPS Hydration. As expected, EPS are the major constituents
of P. mirabilis ECM. This implies that the global physical

properties of the slime mainly depend on the mechanical nan2223

to EPS conformational properties. One may focus on the-900
1200 cnt! frequency range because it corresponds to sugar ring
vibrations (906-1080 cn1l) and to C-O—C inter ring bonds
(1145 cml). Spectral observations show that as hydration
evolves continuously, spectral evolution exhibits marked dis-
continuities, which must correspond to the sudden conforma-
tional changes driven by solutsolvent reorganizations. Such

a discontinuous evolution has yet been observed with hyaluro-

Ccbv
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Figure 8. Hydration FTIR spectra of purified EPS. The Figure
displays the EPS spectral evolution as a function of hydration. (A)
High frequency domain; the hydration increases like the absorbance
at 3000 cm~1, (B) Low frequency domain. The lower, less structured
spectrum is the more hydrated sample.
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Figure 9. Principal component analysis of the EPS hydration spectra.
The spectra displayed in Figure 8 were analyzed by PCA. The two
upper panels feature the PCA map, PC1 mainly reflecting the extent
of hydration. X loadings of PC1, PC2, and PC4 are displayed in the
lower panel.

To get a clearer view of such bifurcations, a principal
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Figure 10. Classes of hydration EPS spectra. PCA helped in
resolving EPS elementary spectra along the hydration axis. The four
classes may be illustrated by typical spectra corresponding to the
average of each cluster. Hence, spectra observed at 1, 24, 40, and
83% RH are representative of the four classes (upper panel). Also
displayed is the spectra second derivative in a domain where EPS
show up because water does not directly contribute to the absorbency
in this frequency range (lower panel).

in the frequency range, where EPS contribution shows up. In
contrast, both PC2 (5% of variability) and PC4 (1% of
variability) exhibit large loadings in the 96200 cm?!
frequency domain. If one likens the PC1 score to the hydration
extent, one can easily visualize (PCA maps) the aforementioned
sharp discontinuities in the hydration process. They are featured
by large complex distances (a PCA map is multidimensional)
between spectral clusters. This analysis has allowed us to
identify four elementary spectra related to four classes, | to 1V,
which roughly correspond to RH values of 1%, 24%, 40%, and
83%, respectively. These elementary spectra along with their
second derivative are displayed in Figure 10. The main spectral
evolution concerns: (i) the progressive decrease of the 855 cm
band; (ii) a nonlinear evolution of the 935/985 thdoublet;

component analysis (PCA) was performed on the full spectral the 935 cm mode completely vanishing in the classes Il and
set. Figure 9 displays both PC maps (upper panel) along with IV; (iii) the progressive increasef @ H bondedvc_on group;

the loadings corresponding to the most relevant principal and (iv) the vanishing and low-frequency shift of the 1145 &m
components (lower panel). It is obvious that the first principal as water uptake progresses. Altogether, these findings reveal
component, PC1 reflecting 93% of the total spectral variability, marked alterations of the EPS conformations in relation to
is related to the water uptake as deduced from large positive perturbations of the H bond lattice mainly involving the on

loadings in thevo—y frequency domain and negative loadings bands of alcohols.
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Figure 11. DSC thermogram of purified EPS. The Figure displays a = 10 - . . o B
typical thermogram observed at 300 g/L. The arrows indicate the &
thermal ramp direction. M, melting; C, crystallization. !:J 8
Temperature Driven Phase Transitions To further char- Z sf G"
acterize the functional properties of the ECM exopolysaccha- ; o
rides, differential scanning calorimetry has been performed with ar o o °
the purified EPS fraction. Crystallization and melting transitions N , Ly 4 441
have been looked for in the 100 to+80 °C thermal range. 01  Log (Frequency) Hz 1

e e e s 12 Vicossic bhaor f s 500 oI EPS souton
) . . ! iscoelastic moduli G' and G" as a function of strain (A) and frequency

heating up to 80C led to progressive water loss, which allowed ().
for the variation of the EPS concentration from 100 to 550 g/L.
Figure 11 displays the thermogram observed at the physiologic macromolecular systems, the network is formed through either
concentration, that is, 300 g/L. First, one can note sharp peaksphysical or chemical intermolecular interactions. Therefore, the
at—41°C (crystallization) and-18 °C (melting), which likely rheological results presented in this study tend to show that,
reflect the bound water phase transition. Because of the highabove an EPS concentration 300 g/L, an intermolecular
EPS concentration, most of the water present in the samplenetwork forms. The connections of this network are most likely
interacts with the polysaccharide molecules (the so-called boundformed via physical, and not chemical, intermolecular interac-
water), which results in a drastic thermal shift of these tions, which would explain the fragile character of the elastic
transitions. Besides, other crystallization and melting transitions structure. The numerous H bonds present in the system are
are observed, which are characterized by wider peaks. Such acertainly the best candidates for these physical intermolecular
widening of the enthalpic transitions may be due to partial interactions. However, the rheological investigation does not
crystallization/melting transitions as observed in heterogeneousallow for discriminating the two EPS populations analyzed
systems, especially in semicrystalline media. It is of interest by SEC.
that a melting transition occurs at 32, which is close to that Semicrystalline Properties of the ECM. The functional
at which the colony grows. This strongly suggests that part of properties of the ECM, as deduced from rheology, infrared
the slime could be crystallized, that is, the ECM would exhibit spectroscopy, and calorimetry, suggest thaBthairabilisECM
the characteristics of a semicrystalline medium. exhibits semicrystalline properties. This drove us to look for

EPS Mechanical Properties.For EPS solutions at concen- the presence of crystal objects within the ECM. Accordingly,
trations up to 100 g/L, only the Newtonian viscosity could be both purified EPS and lipid fractions have been observed in
measured. It was shown to be of the order of magnitude of the polarizing microscopy. In the case of EPS, diluted (about 60
viscosity of water, that is~1 mPa s. This result clearly shows g/L) solutions were allowed to age, and consequently to slowly
that the low concentration EPS solutions mainly behave like concentrate, for days. This results in the formation of two kinds
simple fluids that are non-structured fluids. On the contrary, of crystalline objects. First, objects that look like $phiges
for EPS samples at concentrations ranging from 100 to 300 g/L, (Figure 13A and C), as observed between crossed polarizers
the solutions were shown to exhibit viscoelastic behaviors, as and in phase contrast microscopy, exhibiting diameters of about
shown in Figure 12 for a 300 g/L EPS solution. The linear 100 um. The spherolite’s typical Malt cross was observed in
viscoelastic response is discussed in terms of the storagesuch samples (Figure 13C). Second, spiked crystals were
modulus,G', characterizing the elastic energy stored in the observed with spikes reaching up teth. Similarly, ECM lipid
solution, and of the loss moduluS!, characterizing the viscous  extracts were analyzed. Figure 13D displays a crystal object
dissipation within the sample. Figure 12A shows that the linear whose pattern also recalls the spherolitic organization. As a
viscoelastic regime is limited to low strains, of a few %, which whole, the presence of spherolites formed either from EPS or
suggests that the structure responsible for the viscoelasticity isPGL further supports the hypothesis tHat mirabilis ECM
somewhat fragile. Moreover, it clearly shows that the linear behaves as a semicrystalline continuum.
rheological behavior is mainly elasti®;, > G", which indicates The present study aims at characterizing the biochemical and
that the structure of the concentrated EPS is more cohesive tharfunctional properties of &. mirabilis colony. In this article,
dissipative. Figure 12B confirms this result: it shows that the we have focused on the extracellular matrix, the slime, which
viscoelastic moduliG' andG"" do not significantly depend on  is known to be determinant in any colony behavior. If the
the frequency so tha&' > G" over the whole frequency range  massive production of exopolysaccharides and/or biosurfactants
explored. In a complex fluid, a predominant elastic behavior is is well documented, a possible role in the dynamics of the
the signature of the existence of a netwtrkn the case of bacterial multicellar entity has been somehow disregardeéiDi{/
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and GB in the slime suggests that mirabilis faces drastic
osmotic conditions, which must be tkime qua norconditions
to attract water and nutrients from the agar support.

Besides EPS, a novel PGL compound has been identified in
the P. mirabilis ECM by different complementary techniques.
So far, such a glycolipid has only been detected in the
Mycobacteriumgenus for which it confers antigenicify.
Rhamnoplids, another kind of glycolipid, are more often
encountered, for example Pseudomonakiofilms.3° Different
spectral analyses clearly show that the PGL identifiedPin
mirabilis slime is distinct from typical rhamnolipids because
the latter does not contain a phenol group. Such surfactants are
Figur_e _13. Sphero'lites and crystalline objects observed in the EPS known to reduce friction between the bacteria and the support.
and lipid ECM fractions. (A, B, and C) EPS observed under crossed It has also been reported that their potential in bioremediation
polarizers. (D) PGL observed under similar conditions. . . . . .

originates in micelle formation above a critical concentraffon;

one except the hydrodynamic approach of bacterial colonies,this certginly is relevant, rega.rdin.g. the mechanical properties
which emphasize the relationships between colony patterns ancmof thg slime. In the. case ¢4. .mlrabl!ls ECM, .the roIe. of '.DGL
diffusion processe®. Especially in the case of tHe. mirabilis remains unasce.rt.amgd. Besides this po;en'ual contrlbutlon to the
enigma, very little attention has been paid to the ECM molecular slime V|scqelast|C|ty, it r.nay.l.)e hypothesmed that th's compound
composition and the mechanical properties that follow. On the may co_ntrlbute_ toP. mlrabl_lls virulence because it has been_
one hand, the present data show that this composition is muChshown in a_partlcul_ar experlme_ntal model that PGL biosynthesis
more complex than expected because a binary EPS mixture hadvas associated with a hypervirulent phenotfpe.
been identified along with the presence of a novel phenogly- ©Once the prominent biomolecules have been identified in the
colipid and glycinebetaine, an effective osmoprotectant. On the ECM, it was critical to investigate their behavior within the
other hand, the ECM exhibits viscoelastic properties and phaseslime. Swarming is a particular mode of cell motility, which
transitions that strongly suggest that it behaves as a semicris-elies on fast motions linking bacteria in rafts following a single
talline continuum. Such media are characterized by auto- trajectory. Such fast motions (60n/s) have to necessarily cope
organization phenomena between biomolecules that conferwith the continuum viscosity, which in turn must be altered
unique mechanical properties. It is, therefore, interesting to betterbecause of the shear stress imposed by the motion of bacterial
understand how these features are of consequence in theafts. The phase transitions observed in purified EPS fractions
colony’s dynamics. clearly show that, at their physiological concentratie¢B00

P. mirabilis produces, before any swarming phase, a binary 9/L), EPS compounds are structured in large networks, very
mixture of EPS with very distinct molecular weights. It is likely due to extensive intermolecular H bondings. The progres-
unusual that low MW EPS are present in bacterial colonies. In Sive hydration study of EPS reveals the occurrence of discon-
the present case, it is also noteworthy that the relative propor- tinuities, which must originate in large conformational changes
tions of the high (300 kDa) and low (1 kDa) compounds depend driven by the alteration of the solutsolvent interactions.
on growing conditions, namely, planctonic or sessile conditions. Similarly, DSC experiments reveal melting and crystallization
Moreover, in the case of sessile conditions, the bacterium alsotransitions, which are characteristic of semicristalline
responds to variations in the agar support hydration. This media. In addition, the presence of a melting transition very
matches well the observed dependence between colony patternglose (32°C) to the physiological temperature at which bacteria
and agar concentratidiIn contrast to the general observation ~are grown (37C) reinforces the hypothesis that auto-organiza-
that a particular bacterium produces a particular exopolysac-tion phenomena occur in the. mirabilis ECM. Polarization
charide P. mirabilisis able to cope with distinct environmental ~Mmicroscopy brings additional evidence that both EPS and PGL
conditions by modulating the EPS biosyntheses. This makesmay auto-organize because spherolitic objects, currently ob-
sense if one recalls how the planctonic and sessile modesserved in semicrystalline media, were detected. Such behavior
interfere with nutrient uptake. In one case, filamentous polysac- is usually observed when large polymers intef&¢t.In the
charides help in trapping solutes in the liquid culture, and in present case, EPS are essentially low MW compounds with a
the other case, nutrients must be pumped up from the agarvery minor fraction of a large MW compound. Nevertheless,
support. The latter process implies that osmotic forces must driverheology unambiguously indicates that the EPS binary mixture
net water and solutes fluxes from the agar to the colony. Becauseexhibits a high elastic modulus behavior, which vanishes at
osmotic pressure is proportional to the number of molecules subphysiological concentrations. Such a behavior has yet been
and not their size, cell economy likely favors the production of described on various biofilms by creep téWiscoelasticity
numerous small molecules (1 kDa) rather than large ones (300implies that the low MW compound (1 kDa) interacts within a
kDa). The concomitant presence of GB in the ECM reinforces complex H bond network, which confers the observed mechan-
this hypothesis. Indeed, GB is actively synthesized or ac- ical properties to the slime. However, the interactions between
cumulated by bacteria in the case of an osmotic sK&dlis the 1 and 300 kDa compounds remain unrevealed. One may
concomitance has yet been reported in the cage 06li K-12 hypothesize that the larger compound may acts as a plasticizer
biofilm,** where GB was observed to enhance the colanic acid for the small compounds, whose intrinsic properties likely lead
synthesis. More generally, it has been assessed that an osmotito crystallization. It is also tempting to associate the unusual
shock is responsible for large transcriptional changes becauseoccurrence of a small MW EPS compound with the tuning of
up to 38% of the genes are altered in their expres$i¢tence, the ECM viscoelastic behavior in such a way that fast biocon-
this may link particular EPS syntheses with the extent of the vection motions may occur. Indeed, such fast motions are unique
osmotic stress, which finally depends on agar concentration. and must rely on defined, particular, mechanical properties. The
Altogether, the predominance of a small MW EPS compound modulation of EPS biosyntheses in response to distinct ec?ﬁﬁ'v
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ronmental conditions suggests that mirabilis designs the

molecular structure of the exoproducts in order to achieve the

particular functional properties essential for active swarming.
If this is assessed, this means that swarming ability and ECM

molecular networks are strongly correlated. The purpose of this

work is to get better insights of the role played by ECM in the
control of swarming migration. If exoproducts such as biosur-
factants have been found to be essential for cell motility in
strains such aSerratia liquefacien§>2a potential role in the

regulation of this process has never been clearly demonstrated.

That S. liqguefaciensswarming is controlled by AHL autoin-

ducers is noteworthy. The lack of such exocellular mediators
in the P. mirabilis strain suggests that a distinct mechanism
rules the periodicity and synchronicity of the swarming process.

In conclusion, one may assess the viscoelastic behavior of

the ECM, which is mainly due to the existence of large
molecular networks whose properties highly depend on their

concentration and hence on their hydration. As a consequence,

the question of the water activity within the colony is addressed

because swarming depends on the mechanical properties of the

slime. In the article following this one, we have analyzed the
rheological properties of the whole intact colony and investigated
the water balance variations during the alternation of the
swarming and consolidation phases.

Abbreviations

AHL:

CPS:
DSC.:
ECM:

acyl homoserine lactone
capsular polysaccharide
differential scanning calorimetry
extracellularr matrix
EPS: exopolysaccharides
FTIR: Fourier transform infrared
GB: glycinebetaine
HMBC: heteronuclear multiple bond coherence
HMQC: heteronuclear multiple quantum coherence
HPAEC: high performance anion exchange chromatography
LB: Luria Bertani
LPS: lipopolysaccharide
NMR: nuclear magnetic resonance
PGL: phenoglycolipid
SDS-PAGE: sodium dodecyl sulfate polyacrylamide gel
electrophoresis
SEC: size exclusion chromatography
TLC: thin layer chromatography
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