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ABSTRACT. Fourier transform infrared spectroscopy was applied to the study of the differentiation process
undergone byProteus mirabilis This bacterium exhibits a remarkable dimorphism, allowing the cells to
migrate on a solid substratum in a concerted manner yielding characteristic ring patterns. We performed
an in situ noninvasive analysis of biochemical events occurring as vegetative cells differentiate into
elongated, multinucleate, nonseptate, and hyperflagellated swarm cells. The major findings arising from
this study are (i) the real-time monitoring of flagellar filament assembly, (ii) the evidence for de novo
synthesis of qualitatively different lipopolysaccharides (LPS) and/or exopolysaccharides (EPS) constituting
the slime into which bacteria swarm, and (iii) the alteration in the membrane fatty acid composition with
a concomitant 10C decrease in the gel/liquid crystal phase transition resulting in an elevated membrane
fluidity in swarm cells at the growth temperature. The time course of events shows that the E®S
syntheses are synchronous with membrane fatty acid alterations and ocdut htmfore massive flagellar
filament assembly is detected. This study not only provided a time sketch of biochemical events involved
in the differentiation process but also led to the identification of the major spectral markers of both vegetative
and swarm cells. This identification will allow to resolve the tingpace structure d¢?. mirabilis colonies

by using infrared microscopy.

Every living process is embedded in a unique temporal proteins, peptides, etc. The slime acts as a surface lubricant,
grid. Disregarding the entity considered, molecule, cell, or provides an agueous environment allowing flagella rotation,
organism, its characteristic properties rely on elementary and is likely involved in celt-cell communications9). Three
phenomena exhibiting particular frequencies: protein fluc- Proteuscapsular polysaccharides (CPBave been described
tuations, oscillating enzymatic reactions, cellular divisions, (10), including a colony migration factor (Cmf), which is
etc. This temporal axis is too often disregarded in our part of the slime and has been shown to faciliRtenirabilis
attempts to describe the mechanisms of life. A bacterial mass migrationX1). This striking swarming behavior has
colony behaves as an entity in which biochemical modifica- driven microbiologists to study the genetic bases of the
tions occur in a concerted manner. Hence, the growth andmorphogenesis during which short ) vegetative swim-
behavior of individual cells become correlated in time and ming bacteria differentiate into elongated (4 or more),
space to those of the whole population, which can be con- multinucleate, nonseptate, and hyperflagellated swarm cells
sidered as a multicellular organisih @). Bacterial colonies (6, 12, 13). As the differentiated cells display enhanced
are experimental systems of choice for studying fundamental properties of invasion of human urothelial cells and of
problems of self-organization and pattern formation by com- production of a number of virulence factors4-17), it is
plex biological systems. Such coordinated multicellular be- likely that the swarming behavior does not constitute a
haviors are particularly well exemplified by bacterial swarm- laboratory artifact but is essential B mirabilis pathogenic-
ing, which is a form of active surface motility widespread ity and warrants for its ability to colonize urinary tracis{
among flagellated, Gram-negative bacteBa ). We used or to block catheters with crystalline biofilmslg). To
the uropathogeni®roteus mirabilisas a model since it is  undertake their differentiation, the bacteria must meet a
one of the bacteria exhibiting the strongest swarming abilities. number of requirements, such as the contact with a solid
From a central inoculum, &. mirabilis colony is able to substratum, the presence of glutamid®)( the ability to
spread over the entire surface of a Petri plate within a few assemble flagella2Q, 21), or a sufficient cell density22).
hours, by alternating periods of active mass migration and
of cell division without colony expansion (consolidation) ' Abbreviations: ATR, attenuated total reflection; Cmf, colony

. L . migration factor; CPS, capsular polysaccharide; DAPI, 4,6-diamidino-
(_5_8)' As_a result of th!s periodicity and O_f th_e cell coordina- 2-phenylindole; EPS, exopolysaccharides; FTIR, Fourier transform
tion, the final colony displays a concentric ring pattern. The infrared; GC, gas chromatography; IR, infrared; LB, LurBertani
colony is encapsulated into an extracellular slime, which is culture medium; LPS, lipopolysaccharides; PBS, phosphate-buffered

; ; ; ; saline (pH 7.2) (137 mM NacCl, 2.7 mM KCI, 1.5 mM KRGO, 8.1
a complex mixture including polysaccharides, surfactants, mM NasHPQ;): PMSF, phenylmethanesulfonyl fluoride: SDBAGE,

sodium dodecyl sulfatepolyacrylamide gel electrophoresis; TCA,
* Corresponding author: e-mail, osire@univ-ubs.fr; tel, 33 297 683 trichloroacetic acid; TEN, TrisEDTA—NaCIl buffer [10 mM Tris-
172; fax, 33 297 681 639. HCI (pH 8.0), 1 mM EDTA, 100 mM NacCl].
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The genetic studies were successful in identifying key eventswith 1% formaldehyde, and'#-diamino-2-phenylindole
leading to the differentiation5j, such as the regulation of (DAPI) was added to a final concentration of 02pmL 1.

the master operofthDC and of its productsa3—27), which DAPI is a fluorescent dye allowing the visualization of
induce flagellar gene expression and affect cell division bacterial chromosome81), which was achieved by exami-
(28—30). However, genetics did not reveal the dynamics of nation under an epifluorescence microscope (Olympus BX-
interactions involved in the long-range correlations which 60) with UV excitation and visible emission (380 nm cutoff).
occur during swarming. As a matter of example, it cannot The elongation level was assessed by counting the number
explain why a differentiated bacterium loses its mobility if of nucleoids per cell as well as by measuring the bacterial
isolated from the parent colonyl). This implies that rod lengths.

swarming must somehow link all of the cells along the  Flagellar Filament Extraction The extracellular parts of
surface into one network of communication. The dynamics flagella, the filaments, were broken by vortexing for 10 min
of formation of such symmetrical patterns must rely on a bacteria resuspended in PBS and diluted to obtain ag{OD
high-order information processing or on a global regulatory of 0.5. After centrifugation at 120@dor 5 min, the filament-
network. This, in turn, must imply that cells continuously containing supernatants were recovered. For subsequent
exchange signals (multiple feedback within a population of infrared analyses, the filaments were concentrated using a
more than 10 individuals) which can be of chemical or microcon centrifugal filter device (microcon-100, Millipore).
physicochemical nature. Such signals could be extracellularFilaments were checked for purity by SBBAGE. Accord-
peptides and/or amino acid$)(but could also include ingly, proteins from the supernatants were precipitated with
membrane alteration8), Hence, bacterial populations can 10% trichloroacetic acid and resuspended in a 1:1 mix of
generate dynamic, collective, “multicellular” actions through 0.1 N NaOH-SDS-PAGE sample buffer. The proteins were
interplay of biological and physical factors that operate at a separated on a 12% polyacrylamide gel and stained with
macroscopic levell 2). Coomassie brilliant blue.

As mentioned above, although a number of studies have Membrane Purification Membrane extractions frorR.
been performed to reveal the genetic regu|ation|:bf mirabilis were based on a method describedlfactococcus
mirabilis morphogenesis, few attempts have been made to|aCtiS cells 62) Cells were harvested from a 50 mL culture
investigate the underlying biochemical events. This maybe by centrifugation (4006, 10 min, 4°C) and washed with
partly arises from limitations in our ability to devise 6.2 mL of TEN buffer, and the suspension was again
conceptual and methodological approaches to address thé&entrifuged at 400 for 10 min at 4 °C. The pellet
problem. Here we present an experimental approach, whichresuspended in 4Q@L of TEN buffer was diluted with 400
opens up the possibility of resolving, both spatially and «L of the same buffer containing 124-mL™* lysozyme.
temporally, the structure of. mirabiliscolony by infrared ~ After incubation at room temperature for 30 min, PMSF,
microscopy. Fourier transform infrared spectroscopy in the MgClz, and NaCl were added to obtain final concentrations
attenuated total reflection mode (FFHRTR) is well suited ~ Of 2, 10, and 500 mM, respectively. The suspension was
to study biomaterial surfaces and biochemical events atdiluted with 1 volume (1 mL) of 10 mM Tris-HCI buffer
biomaterial surfaces. However, the accurate time and spacegPH 8.0) containing 20 and 3@yg-mL~* DNase and RNase,
mapping of a colony requires the identification of spectral respectively, and incubated on ice for 20 min. After
markers of both vegetative (nondifferentiated) and swarm centrifugation (2006, 15 min, 4°C), the supernatant was
cells, as well as a knowledge of the time course of the carefully removed, and the pellet was resuspended in 15 mL
differentiation process. The present study focuses on event$f 10 mM Tris-HCI (pH 8.0). The sedimentation of mem-
occurring during differentiation in slime, at the cell surface brane vesicles was achieved by an additional centrifugation
and in the membranes, for two reasons. First, it is largely at 10000@ and 4°C for 60 min. Finally, the pellet was
admitted that the bacterial envelopes constitute major sensorsuspended in 406L of 50 mM Tris-HCI (pH 8.0) containing
of the environment and hence should respond and adapt tol0 MM MgSQ and stored at-20 °C.
environmental Changesl Second, membrane and cell surface Polysaccharide PurificationDifferentiated cells and their
molecular constituents significantly show up in IR spectra €Xo products were removed from the agar by gentle washing
of living cells. In addition to biochemical studies, the to prevent cell lysis with ice-cold PBS supplemented with
thermotropic response of the membrane fatty aeig, 0.15 mM CaC{ and 0.5 mM MgCj and centrifuged (40Qf)
stretching frequency was investigated to probe the membranelO min, 4°C). The pellet containing the cells was washed
gellliquid crystal phase transition in both vegetative and With 25 mL of ice-cold PBS and centrifuged three times for

swarm cells. further LPS extraction, whereas the supernatant (about 20
mL) was diluted to 50 mL with distilled water for EPS
MATERIALS AND METHODS extraction. LPS and EPS fractions were purified by phenol/
water extraction as previously describ&8)( The last pellet
Strain, Media, and Culture Condition§he P. mirabilis containing the LPS or EPS fraction was resuspended in pure
Wlld-type strain WT19 Corresponds to the clinical isolate water and stored at20 °C until IR spectra acquisition_
U6450 6). WT19 was grown in LB medium at 37C. To Fatty Acid Analysis The phospholipids were extracted

obtain homogeneous populations of differentiating bacteria, from purified membranes fractions by the method of Folch
200uL of an overnight liquid culture was spread onto a LB et a1, @4). The solvents were eliminated under vacuum, and
agar (1.5%) plate, and the latter was incubated for various the phospholipids were stored in a mixture ofHgOH—
periods (from O to 6 h) at 37C (20). C,HsOC,Hs (3:1). To obtain the fatty acid methyl esters,
Examination of the L#el of Bacterial Elongation and of  phospholipids were methanolyzed (0.5 rhol* methanolic
Population Homogeneitylhe cells were resuspended in LB KOH, 5 min, 60°C), and the methylation was performed in
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the presence of BfFEt,O. The resulting methyl esters were
extracted with hexane.

Gas ChromatographyThe GC experiments were per-
formed with a Hewlett-Packard HP 6890 gas chromatograph
equipped with a flame ionization detector. The 25 m long
capillary column was filled with CP WAX 58 (Chrompack),
and the carrier gas was helium. The fatty methyl esters were
analyzed with a temperature gradient (2@for 1 min, rise
5°/min up to 200°C, 200°C for 1 min, rise 1°C/min up to
240 °C, and then 24C0C for 10 min) and identified by
comparing the retention times to those of a mixture of
standard methyl esters (Supelco, fatty methyl ester mixture
47885-U).

Infrared Experimentsk-TIR spectra were collected at 37
°C on a Portge spectrometer (Nicolet) equipped with a
thermostated horizontal ATR device (Specac) and a deuter-
ated triglycine sulfate (DTGS) detector and obtained by
coaddition of 256 interferograms. Resolution was set to 2
cm L. The interferograms were apodized with a Happ
Genzel function and Fourier transformed with one level of
zero filling to yield data encoded every 0.48 ¢mAll spectra
were analyzed with software written at the National Research
Council of Canada3b). Time analysis of the differentiation
process was achieved by coating & §6rmanium horizontal
ATR crystal with an upside-down strip of agar freshly cut
out of a Petri dish to fit the size of the crystal. Agar strips |3
and the corresponding spectra were collected every 15 min|
for 6 h from a set of about 10 Petri dishes. Three independent
experiments have been performed.

FTIR spectra of purified membrane fractions were re-
corded from 2 to 60C at 1°C intervals. To reduce water-
induced distortions, the membrane pellets were prepared as
gel films between AgBr windows (50m path length) and
sealed in the IR cuvette. The cuvette was placed in a variable
temperature cell (Graseby Specac) cooled by a liquid nitrogen
dewar. Temperature was monitored by an automatic tem-
perature controller (Specac), the thermocouple being located al A
inside the steel jacket surrounding the cell. The temperature 0 ; HHH |k i 0
controller was set to 2C for 15 min to allow the sample to 0 60 120 180 240 300 360
equilibrate; then the temperature was linearly increased at a
0.5 °C min™! rate up to 60°C while one averaged FTIR
Spectrum was effecuvely Collected and Stored pécl Ficure 1: P. mirabilis elongation OCCUrring durlng differentiation

T h he | | of fid in the d ... from vegetative to swarm cells. (Top) Bacteria were visualized after
0 enhance the level of confidence In the determination ¢promosome labeling with DAPI using an epifluorescence micro-

of the frequencies of bands of interest, raw spectra were splitscope. Each panel is labeled after its plating time delay in minutes.

in subspectra and further analyzed by inspecting their Arrows point toward typical bacteria at a particular stage. The long

inverted second derivative spect&6) with an optimal break ~ two-headed arrows at 225 and 240 min feature the full lergé0(

oint of 0.2 @5) um) of a single elongated bacteria. (Bottom) The differentiation

P ’ ) process was quantitatively monitored by measuring the average
number of nucleoids per cell (left axis, histogram) and the maximal

RESULTS bacterial length observed (right axis, open circles) at the various
times.
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Time Course of Biochemical /Ents Associated to P.
mirabilis Differentiation. FTIR—ATR spectra of homoge- the maximal number of nucleoids per cell (about 20) was
neous populations of vegetative or differentiatihgnirabilis reached by this time. When determining the number of
were collected every 15 minffé h toresolve the time course  nucleoids per cell of a number of bacteria from a plate, we
of biochemical events linked to the differentiation process. observed that the bacteria were homogeneously elongated
As seen from Figure 1, the differentiation was checked by at any time after seeding, as previously reported in other
visually monitoring the elongation state with DAPI-labeled studies 20, 24). Preliminary IR experiments performed on
bacteria, which allows counting the number of nucleoids per living bacteria and on purified subcellular extracts (mem-
cell. This indicates the elongation level, since differentiated branes, DNA, or cytosol) assessed that AARTIR spectra
bacteria contain one nucleoid per unit lengii®)( In our of living cells mainly reflect the membranes and their
experimental conditions, the elongation process was initiatedassociated components (data not shown). Besides the obvious
about 60 min after plating and was achieved within 5 h, since increases in absorbencies related to the growing biomass with
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Ficure 2: Amide | band frequency shift during differentiation. 0 - 40.40
FTIR—ATR spectra were collected every 15 minr f6 h after 1184 L °, ) I . . |
plating. The upper panel displays (from bottom to top) some of 0 60 120 180 240 300 360

the spectra in the 0.75% h time range. The increase in absorbencies
(spectra are not offset) is due to the increasing protein content.
Second derivative spectra were used to pinpoint the band maximaFicure 3: Polysaccharide frequency shifts and biosynthesis. The
with a break point of 0.2. The inset of the upper panel displays the top panel displays three characteristic ATR spectra (upper traces)
inverted second derivativeg & h (solid line) 3 h (dotted line), in the 1300-1000 cm? frequency domain along with the corre-
and 5 h (dashed line). The 1636 thpeak mainly reflects the water  sponding inverted second derivatives (lower traces). Arrows feature
contribution whereas the shifting band (1646 to 1652 %9meflects upshifts or downshifts with time. The three other panels display
the protein amide | band. The lower panel displays the evolution the evolution of absorbencies and frequencies as a function of time
with time of the latter derivative peak. Error bars are standard of three vibrational bands reflecting the synthesis of polysaccharides
deviations calculated from three independent experiments. (EPS and LPS) during tHe. mirabilis differentiation. Experimental
conditions and data treatment are similar to those described in Figure
time, IR spectra were analyzed in terms of frequency shifts 2 (closed circles, wavenumbers; open diamonds, absorbencies).

during the differentiation from vegetative to swarm cells,
which allows to monitor de novo synthesis onsets. flagellar filaments 87). Even though the flagellin secondary
(A) Protein Amide | BandFigure 2 displays the spectral structure is only partly$40%)oa-helical 38), our hypothesis
evolution in the 17561450 cn?® frequency domain as a is supported by the IR spectra of purified filaments which
function of time. This domain mainly reflects the water amide | band is located at 1653 cri{data not shown), a
bending mode (1636 cm) and the amide 141650 cn?) value very close to that observed in swarm cells. Further-
and amide 1l £1550 cnt?) bands. When focusing on the more, the frequency upshift is concomitant with the onset
ve—o frequency domain (17661600 cnt?), we observed that ~ of fliC mRNA accumulation Z4) (fliC encodes flagellin).
the average frequency upshifts with time, as seen from the (B) PolysaccharidesDrastic alterations of the IR spectra
inset of Figure 2 displaying the second derivative spectra atwere observed during the differentiation process in the
1, 3, and 5 h. Clearly, for undifferentiated vegetative cells, 1000-1200 cn1! frequency domain. We observed frequency
the amide | band shows up at 1646 énand progressively  shifts for three bands, located at about 1084, 1120, and 1170
upshifts to 1652 cmt at the end of the differentiation process cm, assigned to carbohydrate backbones present in polysac-
(Figure 2, lower panel). This upshift is initiated after 2 h charides (Figure 3). Gram-negative bacteria possess an outer
and reflects a significant alteration in the average protein membrane, in addition to the cytoplasmic one. The external
population. Avc—o frequency of 1652 cmt indicates that leaflet of the asymmetric outer membrane is generally
helical secondary structures dominate. As differentiating composed of only one type of amphipatic molecules, the
bacteria become hyperflagellated, we hypothesized that thislipopolysaccharides (LPS)39, 40). Exopolysaccharides
upshift is mainly due to the massive flagellin assembly into (EPS, also designated CPS for capsular polysaccharides) are

Time (min)
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major components of the slime and present a high chemical
similarity to the polysaccharide part of LPS. In an attempt
to distinguish if the shifting bands observed in living cells FIGURE 5. Frequencies of the(CH,) andva{CH,) vibrations as
arise from either LPS or EPS, we purified the LPS and EPS a function of time. Experimental conditions and data treatment are
L . . . similar to those described in Figure 2. Symbols are as in Figure 3.
from P. mirabilis cells and slime and determined their IR
spectra. As seen in Figure 4, the major IR bands of both particularly valuable for probing the “state of order” of
dehydrated LPS and EPS spectra are located at 1652 cm pjological membranes, since its frequency sensitively re-
[v(C=0) amide 1], 1552 cm* (N—H amide Il), 1126-1140  sponds to order/disorder transitions and to changes in the
cm* [v{C—0O—C) glycosidic linkage], and 1084 and 982 mopility of the fatty acid chains. The methylene stretching
cm-* (complex sugar ring modes). Minor bands are also vibrations near 2920 and 2850 cinhave been hence
present at 1710 cm [v(C=0O) from O-acetyl ester bonds],  frequently used to probe the fluidity of biological membranes,
1404 cm* [v(CO0O)], 1250 cm* [v{(PQ,7)], and 1050  since the frequencies of these bands shift to higher wave-
cm* (carbohydrate backbone). The comparison of EPS andnumbers upon introduction of gauche rotamers (promoting
LPS ATR spectra shows that it is the relative contribution, disorder) into the acyl chainst4). Inspection of the IR
rather than the nature of their constituents, which varies. Thespectra of bacteria undergoing the differentiation process in
major spectral difference between the two fractions is a large the 2006-3000 cn'? frequency domain revealed that the
shift of the 1126 cm! component present in LPS up to 1142 (2850 cnl) and vas (2920 cnl) methylene vibrations of
cm-tin EPS. This suggests that LPS and EPS must exhibit fatty acids undergo significant upshifts of 2.5 and 4&m
different branching patterns in their osidic part. However, respectively (Figure 5), showing a more disordered state in
the strong similarity between LPS and EPS IR spectra doesdifferentiated bacteria. These upshifts are correlated in time
not allow to distinguish the two classes of polysaccharides to the increase in absorbance, linking de novo synthesis of
in whole-cell spectra, since the shifting bands observed in fatty acids to increased membrane disorder. Moreover, the
Iiving differentiating cells arise from carbohydrate moieties time evolution of these frequencies matches those of
present in both classes of molecules. Nevertheless, thepolysaccharides described above.
frequency shifts of the 1084, 1120, and 1170 érbands Thermotropic Response of Isolated Membrafiée above
reflect a qualitative modification in the polysaccharide results prompted us to investigate the thermal response of
content during differentiation from vegetative to swarm cells. jsolated membranes of both cell types to measure the
Clearly, the evolution of these bands is synchronous with temperature of the gellliquid crystal phase transition. As
biomass production, as shown by the concomitant increaseysually observed for other Gram-negative bactetB), (the
in absorbencies and cell elongation (Figures 1 and 3). IR spectra of purified membranes at temperature below 20
(C) Methylene Stretching Vibration§he advantage of  °C are characteristic of membranes in the gel phase, whereas
FTIR spectroscopy for studies of membrane conformational the IR spectra above 4&0 °C are characteristic of
order @41—-43) is that this technique does not require the membranes in the conformationally disordered liquid crystal
addition of probe molecules, whose uncertain location in the phase. This is also true fd?. mirabilis, since, regardless
membrane complicates the extrapolation from the measuredthe differentiation state, similar lowy(CH,) frequencies
spectroscopic properties of the probe to the drawing of observed below 25C upshift at higher temperatures (Figure
accurate conclusions about changes in membrane propertie§). In fact, it is the transition temperatur@. which is
(43). This is particularly critical for Gram-negative bacteria, significantly altered during differentiation, since it decreased
since the distribution of an extrinsic probe between the outer from 42.3 + 0.7 °C (vegetative cells) to 33.& 0.7 °C
and the cytoplasmic membranes is difficult to resolve. The (swarm cells). It implies that, at the growth temperature (37
symmetric CH stretching band{(CH,) near 2850 cm' is °C), vegetative cells are below their membrdipg whereas

Time (min)
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| ] | | cells at the benefit of longer C18 chains of various degrees
2853 - A of unsaturation: C18:0, C18:1, and C18:2. This increased

s content in longer fatty acid chains fits well with thi,
reduction observed in swarm cells since longer and less
saturated acyls chains will favor the occurrence of gauche
conformers and hence increase the disorder (which increases
from the periphery to the center of the bilayer) as the
temperature rises and will thereby promote the gel-to-liquid
transition. This demonstrates tiatmirabilis differentiation
includes a variation in membrane lipid composition, which
I likely constitutes a major cause of the increased membrane
0 10 20 30 40 50 60 fluidity observed in swarm cells.

Temperature (°C) DISCUSSION

FIGURE 6: Temperature dependence of thgCH,) symmetric T ; -
stretching frequency of membranes extracted from vegetaiye ( P. mirabilis swarming features one of the most striking
and swarm®) P. mirabilisWT19 cells. IR spectra were collected, Manifestations of bacterial multicellular behavior by its robust

and raw data were fitted by using a cumulative normal distribution synchronicity 6—8), its ability to adapt to a brand new
law (solid line) to yieldTy, values of 42.3£ 0.7 °C (vegetative  environment and to cooperate. This necessarily implies that
cells) and 33.0+ 0.7 °C (swarm cells). Cooperativity estimated  {ha cell machinery turns to new biosyntheses in order to cope
from the width of the normal distribution model is 3.7 and 4.7 for . . . — .
vegetative and swarm cells, respectively. Data are from three with the phy5|co_chem|cal character|st|c_s of the_ solid sub-
independent experiments. stratum to colonize. The present study is the first to focus
on the biochemical alterations linked to the differentiation
process oP. mirabilis. It appears that extracellular material
W Vegetative and membranes are substantially modified during the bacte-
Swarmer rial morphogenesis. We observed the massive appearance
of surface or extracellular proteins exhibiting significant
helical content. This very likely reflects the assembly of
flagellin into extracellular flagellar filaments, consistently
with our IR spectra of extracted filaments, and the hyper-
flagellation of differentiatedP. mirabilis (6). This is not new
information, but it confirms that our approach yields biologi-
cally significant results. This study also provides evidence
for thus far unreported modifications occurring concomitantly
with cell elongation. We observed frequency shifts in bands
reflecting LPS and EPS, showing qualitative modifications
acyl chain type associated with these molecules. These modifications must
FiGurE 7: Gas chromatographic analysis of membrane fatty acid Originate in the distinct IR spectra of the two classes of
composition from P19 vegetative and swarm cells. The total area polysaccharide molecules which are de novo synthesized
of the detectable GC peaks of the chromatogram obtained from during the elongation process. The importance of an EPS
each membrane preparation was set to 100%. The individual GC (designated Cmf) forP. mirabilis mass migration and

peaks were then calculated in relative percent of the total area. - :
Typical errors in the peak areas are within 5%, which yield an uropathogenicity was previously reportetfl(17). It was

estimated uncertainty in the fatty acid relative content-6t6% recently shown that LPS play a critical role for the swarming
(error bars for three experiments). of Salmonella entericaerovar Typhimuriumg). The authors

propose that LPS can be converted to EPS during swarming,

swarm cells are above this transition. We conclude that contributing to the external slime. This does not seem to
differentiated cells exhibit significantly increased membrane occur inP. mirabilis since LPS and EPS exhibit different
fluidity. This likely results from a modification of the lipid  glycosidic linkages. Toguchi et al9) furthermore hypoth-
composition of bacterial membranes. Besides, it is interesting esized not only that the slime is essential to colony expansion
to note that, for both cell types, thg(CH,) wavenumbers  but also that its polysaccharides constitute a differentiation-
of purified membrane fractions observed at €7 exactly inducing signal explaining the cell density dependence of
match those observed in living bacteria. Thus the decreaseswarming in a model which would also applyRomirabilis.
in the T, values observed in isolated membranes confirms Increased production of slime (and therefore of its polysac-
the distinct frequencies observed in living bacteria. charides) was logically expected during differentiation and

We determined the fatty acid relative composition of lipids swarming, but the qualitative alterations shown by our results
from membranes of vegetative and swarm cells by gas were less obviously predicted. We also observed that the
chromatography. Figure 7 displays the relative areas, in membrane fluidity is increased in swarm cells, as compared
percentage of the total area, of the peaks detected ando vegetative ones. This is explained by changes in the ratio
assigned in the GC traces from membrane preparations ofbetween fatty acid chains of membrane lipids. This fluidity
wild-type bacteria. In a first approximation, the amounts of increase could correspond to an adaptation of the bacteria
C10:0 to C15:0 chains [mainly present in LPS of the outer to their physical environment (solid surface conditioned with
membrane 46)] are constant. It is the palmitoleic (C16:1) slime) or could also have a regulatory function, either by
chain whose proportion is reduced by a 2.3 factor in swarm directly changing the activity of membrane proteid3)(or

2852

2851

2850

Wavenumber (cm 1)

2849 |-

20

%*,M
Semn¥y

10}

T

s

Relative peak area (%)

T EEr
prapmam Wy L0y

P LR

C10:0 C11:0 C12:0 C13:0 C14:0 C15:0 C16:1 C18:0 C18:1 C18:2



11944 Biochemistry, Vol. 40, No. 39, 2001

Gueet al.

by influencing lateral diffusion (and therefore subcellular The Proteusstrain was a generous gift from Dr. C. Hughes
location) within the membrane4§). (University of Cambridge, U.K.).

In situ monitoring of living bacteria by FTIRATR
spectroscopy allowed the definition of the time course o
relevant biosyntheses. Syntheses of LPS and EPS qualita- 1
tively distinct from those of vegetative cells are synchronous 2.
with the alteration of membrane fatty acid chains. Frequency 3.
shifts of the corresponding bands appeared clearly around 4
60 min after plating, when we could observe the beginning
of the elongation process. The frequency shift of protein
amide | band, which mainly reveals the assembly of flagellin 6
in extracellular flaments, became only apparent after an
additional delay of about 60 min. Karlinsey et al9[ 7.
observed a delay of 45 min between the transcription of
flhDC and the appearance of nascent flagellar filaments at
the surface oSalmonella typhimuriuroells. A delay of this
range inP. mirabiliswould indicate that cell elongation and 9.
flagella biogenesis, two FIhDC-dependent procesz£30),
are initiated at about the same time but become observable 10-
after different incubation periods. All frequency shifts are
completed about 180 min after plating, except the protein
amide | band, which upshifts until 240 min of incubation,
when maximal cell elongation is reached. 12.

The present data show that some of the biochemical events 1
involved in the differentiation process do not occur in a '
synchronous manner but rather sequentially, since membrane 14.
maturation and LPSEPS synthesis occur prior to hyper-
flagellation. These time courses suggest that the macroscopic 15-
timing (periodicity) ofP. mirabilis swarming may rely on a

P 16.
complex array of events, each one embedded in time through
its correlation with the preceding and following steps as 17
suggested by the kinetic model proposed by Esipov and
Shapiro 60), rather than on a singular chemical trigger. As  18.
mentioned in the introduction, such a complex behavior
necessarily implies a high degree of signal integration. To 19.
address these points, it is now necessary to resolve in time o
and space th®. mirabilis dimorphism within a swarming
colony. The present study reveals that vegetative and swarm 21.
cells exhibit distinct IR spectral signatures. A state of the
art IR microscope allows monitoring 30m spots on nearly 22.
every surface and, hence, fulfills the requirements for an 54
investigation of the space and time distribution of each cell
type within P. mirabilis colonies. Preliminary experiments 24,
performed in our laboratory with a Contiam (Nicolet) IR
microscope equipped with a Ge ATR crystal confirmed the 2°:
feasibility of spectrally resolving the different spatial domains 26
(inoculum, consolidation, periphery) of tie mirabilis col- '
ony growing on a Petri dish agar surface. This next step must 27
provide us with a better understanding of tRemirabilis
dynamics by achieving in situ noninvasive metabolic imaging 28-
of the colony. Widening the framework of this study, it can 29
be safely assessed that multicellularity could be monitored =™
on various living systems without strongly interfering with  3g
the system investigated. By providing space and time-re-
solved metabolic snapshots of complex biological systems, 31.
infrared microscopy will certainly contribute to our under-
standing of integration and multiple feedback processes.

o
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