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Abstract

We evaluate the behavior of the membraneBiaddyrhizobium sp. SEMIA6144 during
adaptation to polyethylene glycol (PEG). A dehymh@teffect on the morphology of the
cell surface, as well as a fluidizing effect on thembrane was observed 10 min after PEG
shock; however, the bacteria were able to restptienal membrane fluidity.

Shock for 1 h caused an increase of lysophospHhatithnolamine in the outer membrane
at the expense of phosphatidylcholine and phospyiathanolamine, through an increase
in phospholipase activity. The amount of lysophadjalylethanolamine did not remain
constant during PEG shock, but after 24 h the ootembrane was composed of large
amounts of phosphatidylcholine and less amounysdghosphatidylethanolamine similar
to the control. The inner membrane composition ais® modified after 1 h of shock,
observing an increase of phosphatidylcholine atettigense of phosphatidylethanolamine,
the proportions of these phospholipids were thewdlifieal to reach 24 h of shock values
similar to the control.

Vesicles prepared with the lipids of cells exposed h shock presented higher rigidity
compared to the control, indicating that changasencomposition of phospholipids after 1
h of shock restoring fluidity after the PEG effactd would allow cells to maintain surface

morphology.

Keywords: Bradyrhizobium peanut-nodulating, water deficit, envelope cepagraphy,

membrane fluidity, phospholipids remodeling.
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1. Introduction

Bradyrhizobium sp. SEMIA6144 is a Gram-negative bacterium thataide to fix
atmospheric nitrogen (N) in symbiotic associatiothvpeanut plants to enhance plant N-
content [1,2]. However, physiological stresses sastwater deficit, salinity and extreme
temperature negatively affect this symbiotic intdien. Water deficit is the most important
limiting factor for crop production in many part$ the world, and fluctuating water
availability is one of the primary environmentattiars that affects the activity and viability
of soil microorganisms [3,4]. High-molecular-weidghe., a molecular weight of 6000 Da)
polyethylene glycol (PEG) has been utilized exteslgi in microbial and plant studies
examining responses to reduced water content dmelies/ed to simulate water deficit [5].
The lipid matrix of bacterial membranes compridescsured phospholipid (PL) assemblies
in a bimolecular layer and integrated proteins [Bhere is general agreement that
phosphatidylethanolamine (PE), phosphatidylcho(fR€), phosphatidylglycerol (PG) and
cardiolipin (CL) are the major PL in rhizobia [6flowever, PC is restricted to a limited
number of genera, being a clear example of thisaggenuBradyrhizobium [2]. Microbial
fatty acids (FA) are typically 14-20 carbons inddn[7, 8, 9]. Acyl chains of this length
balance the stability and fluidity needs of the rbeane [6]. Paulucci [10] reported that the
major fatty acid (FA) in SEMIA6144 are the unsataca FA (UFA) 18:1\11 and the
saturated FA (SFA) 16:0 and 18:0.

Environmental factors can alter the packing ordethe bacterial cell membrane and
change the bilayer structure [6]. The cell envelopein constant contact with the

environment, and thus flexibility of the membranasd its components to facilitate
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adaptation is a primary determinant of cell surkivEhere are several techniques for
evaluating membrane integrity within which atomarde microscopy (AFM) is used to
monitor changes in the cell surface produced bfediht environmental factors [11,12].
Lipid membranes can undergo changes upon exposuaeerse environmental factors
through alterations in the polar head groups of elegins of PL [2, 13, 14]. These changes
may be accomplished by varying the amount of tBfaland/or their class distribution,
changing the type of FA incorporated into PL durisgnthesis or turnover via
phospholipase activity, or regulating the degreansfaturation of FA moieties [15, 13, 14].
As intermediates in PL metabolism and turnover, opysspholipids, as
lysophosphatidylethanolamine (LPE), are producedphospholipase A (PLA) mediated
hydrolysis of the acyl group of a PL to lysophodids and FA [16].

Water deficits affect membranes integrity. Scherfief] reported an increase in the
membrane phase temperature transitioBsoherichia coli after extensive cell water deficit
(1 week at 20 % - 40 % relative humidity). Thesehars also found thak. coli
membranes exposed to water deficit exhibit higkelewf SFA compared to undried cells.
In addition, Cesari [14] showed th&rospirillum brasilense can perceive osmotic changes
in medium by sensing modifications in membranedilyi Under these conditions, the
bacterium responds by increasing PC and SFA l¢gatsaintain membrane integrity.
Several studies in bacteria have elucidated thesrof membrane components in water
deficit tolerance [17, 18, 13, 14]; however, théw@/e been few studies exploring how
within the cell envelope, the membranes and its pmrants change during a stress
situation to achieve optimal fluidity and ensureavstal. In addition, many questions

remain regarding the physiological and biochemieaponses of rhizobia to water deficit;
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prior work in this area has focused on improving lidng-term tolerance of inoculant-based
rhizobia rather than investigating bacterial phigggyg under water deficit conditions.
Escherichia coli has been widely used as a model for predictingiebhs of both outer and
inner membrane of other bacteria against diffeegnvironmental conditions. However, in
the case of rhizobia it is very difficult to makect comparisons due to the fact that they
contain PC in their membranes, which is absef iroli.

The objective of this work was to elucidate the ayic changes that occur in the lipid
components of the cellular envelope of a strainthef genusBradyrhizobium peanut
nodulant, exposed to water deficit.

We have placed special emphasis on elucidatingghenitment of each of the membranes
(outer and inner) in the response to water defMireover, in this paper, we observed a
dehydrating effect of PEG on the cell surface arplaaned howB. sp. SEMIA6144
responded rapidly to the presence of PEG and craatésl that effect on the membrane by
modifying the lipid composition. We also demonsrétat this first response is modified
during adaptation to achieve optimal membrane ifiyid

The identification of physical and physiologicalttas that determine the survival Bf sp.
SEMIA6144 under water deficit conditions may aid time strategic development of

rhizobial strains with improved ability to surviveater deficit.

2. Materialsand M ethods

2.1. Bacteria and growth conditions
Bradyrhizobium sp. SEMIA6144, provided by MIRCEN/FEPAGRO, Bra@EMIA6144

in the rest of text), was maintained in yeast ettraannitol (YEM) medium [18] and
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grown on B-modified medium [2]. Bacterial media wesupplemented with the
nonpermeating solute polyethylene glycol (PEG, agerMW 5489 Da, Sigma Chemical
Co., St. Louis, MO, USA) to simulate moderate waleficit [14].

All cultures were incubated at 28 °C with shakind %0 rpm (Allied Fisher Scientific)lhe
water potential of 15 mmoll(90 g I') PEG medium at 25 °C was measured using an
osmometer (Semi Micro K-7400, Knauer) and was fotanole -0.8 MPa.

Viable SEMIA6144 cells were counted as colony farghunits per ml of culture (CFU ml

1) using the droplet technique [20].

2.2. Effectsof PEG Shock on SEMIA6144 Viability

SEMIAG6144 cells were grown until the exponentiabwgth phase was reached (48 h); then
to induce osmotic shock, 15 mmal PEG was added to the cultur@he cultures were
then incubated for 1 h, 5 h and 24 h, and viabiitgs determinedising the droplet

technique [20].

2.3. Atomic Force Microscopy | maging of SEM1A6144 Cells

We used AFM to investigate if PEG caused changesgliimorphology. Coverslips coated
with polyethylenimine (0.1 %) were used to firmigmobilize bacterial cells so they could
withstand the lateral forces inflicted by the chviér during AFM imaging. Briefly,
coverslips were cleaned in 70 % ethanol for 10 minsed with MilliQ water, and air-dried
in upright position. Then polyethylenimine (0.1 %&s added on each coverslip, air-dried
20 min at room temperature. Finally, excessive ¢tblylenimine were removed by
submerging coverslips in MilliQ water. The covepsliwere air-dried, and stored for a

maximum of 2 weeks at 4 °C.
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We immobilized cells by applying 20 pL cell suspensto the coverslips covered with
polyethylenimine, and let the cells settle for 1& rat room temperature before removing
non-adhered cells by rinsing with MilliQ water.

The images were obtained through the use of aniatfamte microscope (AFM, Agilent,
Technologies, SPM model 5500) working in acoustmdex AFM probes (Micromasch,
HQ:XSC11/A1 BS) with a cantilever resonance freqyeand force constant of 155 kHz
and 7 N/m were used in all the measurements.

Images were processed by using the Gwyddion v2&8 $oftware for scanning probe

microscopy data visualization and analysis (hgpuf/ddion.net/).

2.4. Incorporation of Labeled Acetate

A total of 0.5 pCi of [1*'C] sterilized acetate sodium salt (43 mCi mmadlew England
Nuclear) was added to 25 ml bacterial culturetatime of inoculation. Cells grown under
the above conditions were harvested by centrifogatit 8,000rpm for 10 min in a
Beckman Allegra 64R refrigerated centrifuge. Psligere washed twice with 0.9 % NaCl

and used for subsequent studies.

2.5. Preparation of Outer and Cytoplasmic M embranes

Fractions of internal and external membrane wetainéd according to the technique of
Mizuno et al., (1978) [21]. Cells control and PHt@esked were harvested by centrifugation
at 8,000 rpm for 10 min at room temperature anchedsvith saline buffer pH 7. Cells (ca.
1.5 g wet weight) were suspended in 18ml of icetc@) % (w/v) sucrose and ice-cold
reagents were slowly added to the suspension ioeabath in the following order: 9 ml of

2 M sucrose, 10 ml of 0.1 M Tris-HCI (pH 7.8), Ot of 1 % Na-EDTA (pH 7.0), and 1.8

7



168 ml of 0.5 % lysozyme. Then the mixture was warme®@ °C within a few minutes and
169  kept at that temperature for 60 min. During theubation, the mixture became viscous due
170 to breakage of a part of the cells. Then the su@penwas centrifuged to remove the
171 spheroplasts at 13,000 rpm for 15 min at 30 °Cd€router membranes were recovered
172 from the supernatant by centrifugation at 30,00@ fpr 60 min. The spheroplasts were
173 burst in 40 ml of 5mM MgGl and the spheroplast membranes were recovered by
174  centrifugation at 15,000 rpm for 20 min.

175 Two membrane markers, the KDO (2-ketodeoxyoctoraia)ent for the outer membrane
176 and the NADH oxidase activity for the inner memlar§?2] were used. The KDO content
177 was 4.16 pug/100 pg protein and 0.63 pg/100 ug iprédethe outer and inner membrane
178 respectively. NADH oxidase activity was 760 U/mgotgin/min and 17.6 U/mg
179  protein/min for the inner and outer membrane redpeEy. The content of these markers
180 demonstrates efficient separation and purity ohloémbrane fractions.

181

182  2.6. Lipid extraction

183  Lipids were extracted from bacterial cells and oated inner membrane and washed with
184  chloroform/methanol/water [23]. The lower phasetaomng lipids was dried under.Nnd
185 dissolved in an appropriate volume of 2:1 chlorofomethanol (v/v).

186

187  2.7. Separation and Quantification of [1-14C]-labelled Phospholipids

188  Thin layer chromatography (TLC) plates (silica ¢#lF, 250 ml) were purchased from
189  Analtech. Aliquots of total lipid extracts were &wed by TLC using a solution of
190  40:15:14:12:7 chloroform/acetone/methanol/acetid/a@ter (v/v/viviv) as the solvent. All

191  solvents were of analytical or high-performanceiligchromatography grade. Lipids were
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detected with iodine vapors, and the separatedslipiere identified by comparing with
authentic purified standards purchased from Sighte TLC plates were scraped, and
fractions were quantified by performing radioadyivimeasurements using a liquid

scintillation counter (Beckman LS 60001 C).

2.8. Analysisof Fatty Acidsby GC-M S

FA methyl esters (FAME) from SEMIA6144 cells werenalyzed using a gas
chromatograph (GC) Agilent 7890B coupled to a Mapectrometer Agilent 5977A (MS)
equipped with a ZB-WAX (30 mm x 0.25 mm ID) Zebroolumn. The following GC-MS
conditions were used: injector temperature, 240 eGlumn temperature, 180 °C,
maintained for 30 min; increase of 5 °C/min to 240) maintained for 10 min. Run time:
46 min. MS: full SCAN, 40-500. Injection volumepl Split: 1:10.

The peaks for each FA were identified using a m&tof commercial standards obtained
from Sigma-Aldrich Chemical Co. and Supelco [24AME were identified by comparing
retention times to commercial standards (Sigma Gtedr@o., St. Louis, MO, USA).

To determine the FA composition of every specific €lass, PL were separated as
described above, and each spot was scraped frotaspnd methyl-esterified. The

resulting FAME were analyzed by GC-MS as descréisave.

2.9. Preparation of Phospholipid Vesicles

Multilamellar vesicles (MLVs) were prepared accoglto Yamazaki [25] by adding 1 ml
of distilled water to dry SEMIA6144 lipids (totahuter or inner membrane) and then
heating the mixture to approximately 10 °C abowe phase transition temperature for 20

min. The suspension was vortexed several timesgdproximately 5 min each.
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2.10. Determination of Membrane Fluidity

Fluidity of cells and MLVs was determined by measgrthe fluorescence polarization of
the 1,6-diphenyl-1,3,5-hexatriene (DPH) probe (imgen) inserted into the membrane.
Fluorescence polarization quantifies the degredegolarization of light emitted by the
embedded fluorescence probe and is a measure obraeenstate [26]. The probe
polarization ratio and membrane fluidity are inedyscorrelated. As the fluidity of the
bacterial membrane decreases, the polarizatioro rattreases and vice versa [27].
Following procedures described by Trevors [28], $&6144 cells were grown in B-
modified medium to exponential phase, harvesteghes in sterile 15 mmol*ITris-HCI
buffer (pH 7.0) and resuspended in the same buffeio 0.2 OD at 600 nm. Then, 1 pl of
the fluorescent probe (stock solution diluted tordiol I in tetrahydrofuran) was added
to 3 ml aliquots of resuspended cells to obtaitinal forobe concentration of 4 pmét.|
Aliquots were incubated with a magnetic stirre@0 rpm for 10 min in the dark at room
temperature. The culture aliquots were then divided part was maintained as the control
and the other part was subjected to 15 mM&EG treatment for different periods of time
(10, 20, 30 and 60 min). Aliquots were collectedd @ahe degree of polarization was
determined.

To measure the fluidity of the vesicles directlyull of DPH was added to 3 ml of the
suspension of MLVs and the polarization was meakure

Fluorescence polarization measurements were pegfbrasing a FluoroMax®-4 Horiba
spectrofluorometer with a polarizer. The excitatwavelength for the DPH probe was 358
nm, and the emission wavelength was 428 nm. Thewatiths for the excitation and
emission beams were 12 and 10 nm, respectivelyd&beee of polarization was calculated

from the polarization ratioR) using the equatioR = (IVV — IVHG)/(IVV + IVHG), where

10
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IVV and IVH are the intensities of vertically andrizontally polarized light components
emitted after excitation by vertically polarizedHt, respectively, and G is the sensitivity

factor of the detection system [29].

2.11. Phospholipase Assay

Total protein extracts were obtained from SEMIA61dditures (200 ml) grown to
exponential phase under control conditions or PBEGcls for 1 h, 5 h and 24 h. Outer
membrane was extracted as explained above and asednzyme source. Protein
concentrations were determined using the Bradfoethod [30]. To determine the PLA
activity in the extracts, PLA assays were perforrae80 °C. The standard reaction mixture
contained 50 mM Tris-HCI (pH 9), 10 mM CaCK50 pM Triton X-100, and [$'C]-
labeled PE oE. coli DH5a as the substrate [16, 31]. Assays were initiateddting 100
g of protein (enzyme extract) to the reaction migtand incubating for 60 min. The
reaction was stopped with the addition of 150 phwfthanol and 125 pl of chloroform.
Following centrifugation, the bottom layer was starred to a glass tube and dried under
an N, stream. The residue was dissolved in 20 pl of afdom/methanol 2:1 (v/v) and
subjected to TLC detection. PE and LPE fractiongewscraped and quantified by
performing radioactivity measurements using a tigacintillation counter. Finally, the
radioactivity present in the LPE fraction was usedalculate the enzymatic activity of

phospholipase A, which was expressed as percenffastrate hydrolyzed.

2.12. Statistical Analyses

11



262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

All experiments were carried out in triplicate. Gmay ANOVA was used to analyze the
results. When ANOVA indicated a significant treatmesffect, the least significant
differences test (Tukep<0.05) was applied to compare the mean values.

3. Results

3.1. PEG Shock Negatively Affectsthe Viability of SEMI1A6144 Cells

The viability (measured as CFU Mlof SEMIA6144 cells under water deficit conditions
was determined (Fig. 1). PEG shock from 48 h growdhised a decrease in bacterial
growth compared to control conditions, with baetedounts reaching 7.3.3@FU mr*

and 2.2.1¢* CFU ml*, respectively, after 110 h of growth.

3.2. PEG Shock M odifies the Surface M orphology of the Cells of SEM1A6144

AFM were used to determine the effect of PEG oh sigiface morphology (Fig. 2). The
control cells were rod-shaped with a relativelyglosurface (Fig. 2A). Perturbations on the
surface and membrane dehydration were observedii@fter the addition of PEG (Fig.
2B). However, after 1 h of shock (Fig. 2C, D), weiid that many of the cells had a similar
surface morphology to control cells, without therkea effects observed at 10 min. For

this reason, we decided to study the physical stiafiee membrane after PEG shock.

3.3. PEG shock fluidizes the SEMA6144 membrane, but the cellsare abletorestore
fluidity to optimal values
The effects of PEG addition on the physical stdtéhe membrane in SEMIA6144 cells

were evaluated by measuring the fluorescence patarn ) of the probe DPH.

12



285

286

287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

We found that th€ value decreased from 0.20 + 0.01 to 0.15 + 0.Qfeahately (10 min)
after the addition of PEG (Fig. 3). However, af8&r min of PEG exposure, thlvalue
returned to a value similar to that obtained in &hhsence of PEG hese results suggest
that PEG exerts a fluidizing effect on the SEMIA8ldhembrane, and this effect reverts

after 30 min of PEG exposure, after reaching 1 shofck values similar to the control.

3.4. SEMIA6144 Cells Change the Composition of Totals Phospholipid and Fatty
acids

Based on the results described above, the followungstion can be posed: how does the
SEMIA6144 membrane return to optimal fluidity vaduafter undergoing the fluidizing
effects of PEG? To investigate this question, weist the total PL and FA composition in
PEG shocked cells for different periods of timén(5 h and 24 h).

During exponential growth, the predominant labdRid (Fig. 4) were PC (34.25 %), PE
(30.6 %) and PG (21.3 %), followed in descendindeoby CL (7.15 %) and LPE (6.7 %).
This implies that the PL forming the bilayer (P@d&G) comprised 55 % of the total PL,
while non-bilayer-forming PL (PE and LPE) compris$3ti3 % of the total. In addition, the
FA detected were 1811 (78.1 %), 18:0 (5.2 %), 16:1 (0.5 %) and 16:5.91%) (Table
1).

The response to PEG shock for 1 h revealed anaseren PC (22 %) and a marked
increase in LPE (205 %), while PE decreased (76.6vith respect to control conditions
(Fig. 4). Unlike SEMIA6144 control cells, shockeells exhibited membranes containing
63.8 % bilayer-forming PL and 29.3 % non-bilayemfiing PL. When SEMIA6144 was
exposed to PEG for 1 h, the percentage of FAARBtIdeclined from 78.1 to 72.9 %, while

the percentage of FA 16:0 increased from 15.9 t& ¥8. The UFA/SFA ratio decreased

13
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from 3.7 to 2.9 with respect to control conditiahge to a decrease in UFA (Table 1). These
changes in PL and FA composition may be respongdsléhe restoration of membrane
fluidity of SEMIA6144 after undergoing the fluidimy effects of PEG (Fig. 3).

To determine whether the response discussed aBogenstant or dynamic in time, we
evaluated the effects of prolonged exposure to PG and 24 h) on total PL and FA
composition.

After 5 h of exposure to PEG, rearrangements indiels of different PL were observed
with respect to the composition after 1 h of expesiThe amount of LPE decreased from
20.47 to 14.18 %, but the amount of PE was constamitke PC, whose percentage
increased from 41.8 to 48.8 % (Fig. 4). Interestingfter 24 h of PEG shock, a novel
rearrangement in PL was observed compared to 5shadk. Under these conditions, the
amount of PE significantly increased from 8.5 to72%, the amount of PC decreased from
48.8 to 41 %, and the amount of LPE remained cohgfig. 4). The total membrane
composition comprised 55 % bilayer-forming PL a®%8 non-bilayer-forming PL.

When the FA composition of SEMIA6144 cells exposed®EG for 5 h and 24 h was
evaluated and compared to exposure for 1 h, FAAII& increased from 72.9 to 82 % and
from 72.9 to 84.6 %, respectively (Table 1). Thessailts suggest that SEMIA6144 rapidly
responds to the presence of PEG, and this respens®dified as the exposure time
increases.

Because SEMIA6144 is a Gram-negative bacteriumhasda complex cell envelope with
two membranes (outer and inneshd due to the effect, that PEG exerts on thescelbce,

we decided to study the role of each of them inrésponse to PEG.
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3.5. Both Outer and Inner Membranes Modify Their Phospholipid Composition in
Responseto PEG Shock

The PL composition of both membranes (outer ancerinof SEMIA6144 cells was
evaluated (Fig. 5). Both membranes presented PC,PPE CL and LPE as main PL,
however the outer membrane was more enriched inth&&the inner membrane.

PEG shock for 1 h, caused an increase in LPE ih b@mbranes, being more evident in
the outer membrane (165 %) compared to the co(frgl 5A). In addition, the percentage
of PE decreased in both membranes (49 % in the meebrane and 26.5 % in the inner
membrane). Regarding the behavior of PC was differe both membranes, increased in
inner membrane (9.3 %) and decreased in outer namab{24 %) with respect to the
control. Compared to 1 h of shock, a decrease in LPE in imatimbranes (51 % in the outer
membrane and 34 % in the inner membrane) was adsertvS h of shock, which resulted
in an increase of PE in both membranes (33 % ieroomtembrane and 13 % in inner
membrane), in this condition the percentage of &@ained constant in both membranes.
24 h of shock caused again changes in both mensraite respect to the previous
condition, obtaining a composition of PL similarttee control without PEG. For this PC,
increased external membrane (34 %) and decreased membrane (9 %) in which PE
increased (8 %)An increase in the anionic PL, PG and CL, was olekrin outer
membrane, after 1 h (21 % and 8 % respectively) mhd(37 % and 31 % respectively)
shock. At 24 h the percentages of PG and CL deedeas outer membrane, reaching
values similar to control. In inner membrane, tlegcpntages of PG and CL were not

modified during the shock.
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Due to the complexity of the cellular envelopegto$ type of bacteria, the use of model
systems is very useful to be able to study the \aehaf the lipid components without the
interference of other components. For this reas@nstudied the fluorescence polarization

of DPH in MLVs synthesized with lipids of differeoell fractions.

3.6. TheMLVssynthesized with lipids from shocked cells 1 h have greater rigidity

MLVsFrom Total Lipids

When the fluidity of the vesicles prepared with tbtal lipids of the SEMIA6144 cells was
analyzed (Fig. 6), greaté¥ (less fluidity) was observed in the MLVs derivedrh lipids of
cells exposed to 1 h with PEG (0.20) as comparexbmdrol MLVs (0.14). MLVs prepared
with total lipids of cells exposed to 5 h and 2&thPEG, showed lowd? (0.17 and 0.12
respectively) than the MLVs prepared with totaidgfrom cells exposed 1 h to PEG. In
addition, MLVs prepared with total lipids of celexposed to 24 h to PEG presented

practically the same polarization as the controMdL

MLVsFrom Outer and Inner MembraneLipids

When the fluidity of the MLVs prepared with the eutmembrane lipids of the

SEMIA6144 cells was analyzed (Fig. 6), higlievalue (greater rigidity) was observed in
the MLVs derived from the lipids of cells exposed b h to PEG (0.14) compared to
MLVs control (0.12). These results suggest thatthecomposition of these vesicles would
contribute a greater rigidity to the outer membraffier 1 h of shock compared to the
control. However, the MLVs prepared with the outer membigrids of cells shocked for

5 h and 24 h showed fluidity similar to the contfbhe fluorescence polarization of DPH in
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MLVs prepared with the internal membrane lipidstioé SEMIA6144 showed a similar
behavior to that observed in MLVs from outer memierdipids (Fig. 6), observing an

increase in rigidity in those vesicles prepareduhie lipids of bacteria shocked for 1 h.

3.7. LPE increaseafter 1 h of PEG shock involved an increasein PLA activity in the
outer membrane

Our results suggested that the turnover between &fdE PE during PEG shock may
involve PLA activity and may be affected by PEG @ho

When outer membranes of SEMIA6144 grown under obrgonditions were used as
enzyme extract, PLA activity was observed, indiggitthat under optimum conditions of
growth SEMIA6144 produces lysophospholipids, as wasnonstrated when the PL
composition of outer membrane was evaluated. Istieigly an increase in PLA activity
(70 %) was observed in outer membranes of SEMIA6&Mdck for 1 h with PEG
compared to the control. Outer membranes from 2#hdck-cell presented a decrease in

enzyme activity (55 %) respect to 1 h of shock (&).
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4. Discussion

Lipid bilayers are essential for the survival ofcneiorganisms that are not isolated from
extrinsic physical and chemical factors [6, 32, 38]. PEG dehydrates the lipid bilayer,
leading to formation of nonlamellar structures [38jsing the gel-to-fluid phase transition
temperature [36] and enhancing membrane permealdif]. In addition, PEG creates
osmotic imbalance that leads to mechanical stressiembranes and may induce local
membrane curvature [38]. The visualization of SEBUA4 cells through AFM showed
alteration of the surface morphology with areagswafient membrane dehydration by effect
to PEG shock. A fluidizing was observed 10 min rafte addition of PEG, this effect was
maximal after 20 min of exposure and was then sacruntil optimum fluidity was
achieved. The membrane fluidity of SEMIA6144 ce#lsposed to PEG for 1 h was
equivalent, indicating that the cells were ablalter this parameter to adjusting after the
immediate effects induced by PEG. In this conditiomny of the cells presented a
superficial morphology similar to the control celisdicating that they have strategies to
mitigate the effects of PEG.

The response of the SEMIA6144 membrane to quickhert to optimal fluidity after
encountering the fluidizing effects of PEG involvethanges in both PL and FA
composition.

When evaluating the total PL composition of the 36144 cells after 1 h of PEG shock,
we observed an increase in the amount of bilayeniftgg PL (PC) and a reduction in non-
bilayer-forming PL (PE and LPE) compared to contiong the non-bilayer-forming

PL, a surprising increase in LPE was observed disasea decrease in its precursor (PE).
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The LPE content in bacterial membranes usually do¢®xceed 2-5 %; however, various
stressors generate a dramatic increase in LPEdi3@]. In Yersinia pseudotuberculosis
exposed to phenol, increased LPE caused an incire#ise phase transition temperature of
the membrane, resulting in greater membrane ngi@®]. In SEMIA6144 shocked cells
for 1 h, LPE increased at the expense of PE, whppeared to be a rapid response since
we find that the total lipid MVLs of exhibited high rigidity compared to control,
indicating that the turnover between LPE and PBrdmrtes to rigidify the membranes.
Besides an increase in PC after shock PEG for Ay aitso help counteract the fluidizing
effects, stabilizing the membrane. Furthermores thapid response of SEMIA6144
involved a change in the composition of FA withexitase in the FA unsaturation index,
which may promote increased membrane rigidity spomse to the fluidizing effects of
PEG.

When SEMIA6144 was shocked with PEG for longergusiof time (5 h and 24 h), LPE
was not maintained at a high percentage in the mmmb LPE is an intermediate in the
metabolism of PL [40] derived from the PLA activityy PE [41] and is quickly recycled
and likely metabolized due to its ability to creatembrane instability [42, 43, 39].
Although the amount of LPE decreases, the rearmagts that occur in the membrane
after SEMIA6144 is exposed to PEG for longer pesiotl shock allow optimal fluidity to
be maintainedH: 0.23), as well as the balance between bilayenifog and non-bilayer-
forming PL.

The envelope of Gram-negative bacteria is compo$edo distinct lipid membranes: an
inner membrane and outer membrane. Both, the oater the inner membrane of

SEMIA6144 presented PC and PE as main PL. The impstrtant difference was the high
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content of LPE in the outer membrane, in additma greater proportion of anionic PL, PG
and CL.

The detailed analysis of the PL composition of eS§&MIA6144 membrane under PEG
shock, indicated that 1 h of shock caused a langee@ase of LPE in the outer membrane
and concomitant decrease of PC and PE. This inetiedsPE was related to an increase in
the outer membrane PLA activity on PE. Neverthelafier 24 h of PEG shock, the outer
membrane was composed of large amounts of PC armh&@Ess amount of LPE, due to a
decrease in PLA activity. The inner membrane comtiposwas also modified after 1 h of
shock, observing an increase of PC at the expdnBE.oThe proportions of these PL were
then modified to reach 24 h of shock values sintdahe control.

The role of lysophospholipids in bacteria remainsrfy studied, it has been proposed that
the geometric form of inverted cone that these showuld alleviate the curvature stress
caused on the membrane in certain situations [UBE was also found to become
dominant (12 %) in the outer membrane Yofpseudotuberculosis after shifting of the
growth temperature from 8 °C to 37 °C or after exjpe of the cells to heat shock [45], it is
unclear why heat-stressed cells are able to reRihat such a high level. In this paper, we
demonstrate that in SEMIA6144 cells after PEG shtdek amount of LPE does not remain
high for a long time, but other phospholipids ametkesized (PC and PE).

All the MLVs synthesized with lipids of cells expas 1 h to shock presented a greater
polarization, which could indicate that the inceeas LPE and PC at the expense of PE
could be the response that allows the cells towercrom the fluidizing effect of PEG.
Although the use of model systems such as MLVs\va®y important to predict the

behavior of the lipid component of cell membranes,must not forget that they are much
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more complex and other components such as proégiddipopolysaccharides could also
be involved in the bacterial response to watercdefi

Finally, we conclude that SEMIA6144 is able to tate moderate water deficiency by a
rapid response in the outer membrane, product oinerease in PLA activity, which
generates LPE from PE. This response is not maedaover time, but the cells modify
again the composition of both membranes to mairtameostasis and ensure the integrity
of the cellular envelope under this condition. Tinaings reported in this study are
significant because they describe for the firsktitime importance of phospholipases as key

enzymes in PL turnover for rapid adaptation tosstiia this bacterial genus.
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Figurelegends

Fig. 1. Effects of PEG shock on the viability Bf sp. SEMIA6144.
Viability is expressed as LOG CFU.ThlValues represent the mean + SEM of three
independent experimenta)(Control without PEG; «) control cells grown for 48 h and

then shocked with PEG.

Fig.2. Topography AFM images oB. sp. SEMIA6144. Three-dimensional images of
control (A) and exposed to PEG by 10 min (B) arfd(C). Two-dimensional image of the

population ofB. sp. SEMIA6144 cells exposed for 1 h to PEG (D).

Fig. 3. Fluorescence polarization of DPH i sp. SEMIA6144 cells after PEG shock for
different amounts of time.

Cells cultivated in B-modified medium were harvestd the exponential phase (48 h),
washed and resuspended in Tris-HCI buffer to an 68D nm of 0.2. The fluorescent
membrane probe was added to the resuspended cuwhdeincubated to facilitate
incorporation of the probe. Fluorescence polamratvas measured in one aliquot as the
control sample (absence of PEG). The remaindehefculture was treated with PEG.
Aliquots were collected at different times (10, 30,and 60 min) to determine the degree

of polarization. Values represent the mean + SENhife independent experiments.
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Fig. 4. Effects of PEG shock on the composition of totalogpholipids ofB. sp.
SEMIAG144.

Cells grown at exponential phase with'fG] acetate sodium salt (37KBq Mlfollowed
by exposure to PEG for 1 h, 5 h and 24 h were Isteédeand the total phospholipids
analyzed by TLC.

Lysophosphatidylethanolamine (LPE), phosphatidylickeo (PC), phosphatidylglycerol
(PG), phosphatidylethanolamine (PE), cardiolipi.C/alues represent the mean + SEM
of three independent experiments. * indicates @ssitally significant differencep(< 0.05)

for each condition studied with respect to contarditions.

Fig. 5. Effects of PEG shock on the composition of pho$iplus of outer (a) and inner (b)
B. sp. SEMIA6144 membrane.

Cells grown at exponential phase with [1-14C] aeetodium salt (37KBq ml-1) followed
by exposure to PEG for 1 h, 5 h and 24 h were Istedeand the outer and inner membrane
fraction were obtained. The phospholipids were el by TLC.
Lysophosphatidylethanolamine (LPE), phosphatidylickeo (PC), phosphatidylglycerol
(PG), phosphatidylethanolamine (PE), cardiolipihG/alues represent the mean + SEM
of three independent experiments. * indicates @sstally significant differencep(< 0.05)

for each condition studied with respect to contaditions.

Fig. 6. Fluorescencepolarization of DPH in MLVs prepared with lipids d. sp.
SEMIA6144.
Cells grown at exponential followed by exposureP&G for 1 h, 5 h and 24 h were

harvested and the outer and inner membrane fraatgva obtained. Phospholipids of each

29



667

668

669

670

671

672

673

674

675

676

677

678

679

680

681

682

683

684

685

686

687

688

689

690

fraction were used to prepare MLVs as indicatethenmaterials and methods section. The
fluorescent membrane probe (DPH) was added tousgession of vesicles and incubated
to facilitate incorporation of the probe. Fluorasoe polarization was measured. Values

represent the mean + SEM of three independent empets.
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Table 1. Effects of PEG shock on the fatty acid compositbB. sp. SEMIA6144.

Exponential Phase (48 h)

Fatty acid type (%)

Control PEG shock
1h 5h 24 h
Saturated
16:0 159+1.3 18.2+1.1* 147+1.1 13.7 + 1*
18:0 522+1.7 7.2+1.4% 2.4+0.9* 1.2+0.8*
Unsatur ated

16:1A9 0.53+£0.2 05+0.1 0.6+0.1 0.8 +0.1*
18:1A11 78.1+3 72.9 + 3* 82+3.2 84.6 £3.1*

UFA/SFAYT 3.7 2.9 4.8 5.7

To study the effects of growth under PEG on FA cositpn, B. sp. SEMIA6144 cells
were grown until the exponential phase was reaaneidhen were exposed to PEG for 1 h,
5 h and 24 h. Cells were harvested, and FAME whtaitved from total lipids and analyzed
by GC-MS. The percentage of each FA is relativihéototal FA defined as 100 %.

t Ratio between the sums of unsaturated and satuFéd (UFA/SFA). Values represent
the mean + SEM of three independent experimeniaditates a statistically significant

difference P < 0.05).
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Table 2. Phospholipase A activity d@. sp. SEMIA6144 outer membrane of cells exposed

to PEG.
Growth conditions PLA activity
(% of substrate hydrolyzed)
Control 7.2+0.7
1h PEG 125+0.5
5h PEG 11.9+0.9
24 h PEG 57+£05

Cells were grown until the exponential phase washed and then were exposed to PEG
for 1 h, 5 h and 24 h; cells were then harvestad,m@otein fraction of the outer membrane
was used as enzymatic extracts{t}-labeled PE of. coli DH5a was used as substrate
and after expiry of the reaction time, the fractiohPE was scraped and the fraction
quantified by radioactivity measurements, activigyexpressed as percent of substrate

hydrolyzed. Values represent mean £ SEM of two petelent experiments.
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