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BIOFILM FORMATION BY PSEUDOMONAS AERUGINOSA
STRAINS WITH DIFFERENT LEVELS OF CYCLIC
DI-GUANOSINE MONOPHOSPHATE BIOSYNTHESIS

Aim: Swarming motility and biofilm formation abilities determination in P. aeruginosa
PAO0I pJN2133, with low c-di-GMP level. Materials and methods. P. aeruginosa PA01
and P. aeruginosa PA01 pJN2133 were used as a test-organisms. Bacteria were cul-
tivated in 24-walls Nuclon plates in LB medium at 37 °C for 30—60 min for adhesion
determination and for 24 hours for biofilm formation. Determination of planktonic
cells amount were carried out spectrophotometrically, biofilm formation — by CV-test,
and polysaccharide determination — by alcian blue and congo red staining. Swarming
motility, hydrophobicity, and z-potential were carried out by common methods. Results.
It was shown that P. aeruginosa PA01 pJN2133 form biofilm with impaired structure
and in 3.7 times less intensive than P. aeruginosa PAO1. Even on early stages of the
biofilm formation mutant strain shows low ahession ability compare to wild type. P. ae-
ruginosa PAO1 pJN2133 planktonic cells amount was higher than in wild type strain at
all stages of biofilm formation. P. aeruginosa PAO1 pJN2133 swarming motility zones
diameter was 62 = 5 mm and it was in 1.4 times higher than at P. aeruginosa PA01 —
43 + 3 mm. Swarming motility zones morphology were different. It was shown that cells
of each strains change its hydrophobicity from logarithmic to stationary phase, but
direction of changes was opposite. P. aeruginosa PA0I pJN2133 cells hydrophobicity
increase at stationary phase. P. aeruginosa PAOI cells hydrophobicity were higher
in logarithmic phase. Cells of each strains have the same z-potential. Conclusions.
On the frame of low c-di-GMP amount P. aeruginosa PA01 pJN2133 have low adhe-
sion and biofilm formation abilities. Planktonic cells amount and swarming motility
intensity are conversely high.

Key words: cyclic-di-GMP, Pseudomonas aeruginosa, adhesion, biofilm, swarming
motility.

Bis-(3-5")-cyclic dimeric guanosine monophosphate (c-di-GMP) is in the spot-
light of the scientists as the result of last achievement of microbial genomics and
great interests in microbial communities [10, 12, 13]. Cytoplasmic c-di-GMP is a
bacterial secondary messenger, that regulates numerous of physiological processes:
cell-to-cell communication, biofilm formation, motility, virulence, etc. [1, 2, 4].
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Depends on concentration of this regulator bacteria shifts its life-form from motile
to sessile (biofilm formation) [12]. It is found that c-di-GMP affects all stages of
the biofilm formation process in Pseudomonas aeruginosa from the beginning of
adhesion to biofilm decay. This compound regulates biosynthesis of matrix compo-
nents, quorum sensing signal molecules, biosurfactants. [8, 11]. That fact, that many
processes change direction in bacterial cells depends on ¢-di-GMP led to hypo- and
hyperproduction strains construction. Their use allows to deepening knowledge in
the role of this compound in many bacterial cells processes and the possibility to
use this molecule as an instrument for biofilm formation control.

The aim of this work was studding the features of P. aeruginosa PAO1 pJN2133
swarming motility and biofilm formation in fact that this strain is characterized with
low level of ¢c-di-CMP in its cells.

Materials and methods

In this work two strains of P. aeruginosa were used. P. aeruginosa PAO1 — the
wild type strain was obtained from the collection of Odessa Mechnikov National
University microbiology, virology and biotechnology department. PAO1 pJN2133
with low level of c-di-GMP was kindly provided by Dr. Olena Rzhepishevskaya from
University of Umea, Sweden. Strains were cultivated on LB medium (g/l, pepton —
15.0; yeast extract — 10.0; NaCl — 5.0) at 37 °C.

Number of adherent cells, biofilm mass, planktonic cells and matrix exopolysac-
charides content were carried out in 24-wells polysteroll Nuclon plates cultivation
conditions. Planktonic cells amount was examined spectrophotometrically on wave
length 540 nm. Amount of adherent cells was examined after 30 and 60 min of incu-
bation, biofilm mass — after 24 hours of incubation. After washing well content was
fixed with 96% ethanol for 10 min and were stained with 1% crystal violet solution.
After 15 minutes of incubation each wells were washed and dried. Wells content
was lysed by 1.5 lytic solution with 0.1 M NaOH and 1% sodium dodecylsulfate
and OD_,, of each samples were measured [3].

Biofilm matrix exopolysccharides content were studded by staining with congo
red (Pel) and alcian blue (alginate). After dissolution in lytic solution OD,, and
OD,,, were measured respectively [10].

All spectrophotometrically measurement was carried out with SmartSpec Plus
(Bio-Rad, Hungary).

For biofilm morphology discovery 24x24 mm cover glasses was incubated in
35 mm sterile plastic Petri dishes with 2 ml of LB-medium and P. aeruginosa cells
(10° CFU/ml). Plates were incubated for 24 hours at 37 °C. After incubation glasses
were fixed with 96% ethanol for 10 min and were stained with 1% crystal violet solu-
tion. After drying glasses were analyzed with Primo Star PC, Carl Zeiss microscope
and photographed with Olympus DCM (3.0 M pixels) camera.

Swarming motility was studied by the next way. Briefly 2 pl of overnight cul-
ture were transferred on the centre of Petri dishes with 0,6% agar medium contain
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meat-peptone bullion — 8.0 g/, glucose — 50.0 g/, agar-agar — 6.0 g/1. Dishes were
incubated for 24 hours at 37 °C. Swarming motility intensity was analyzed by cells
spread zones diameter measurement.

Cells surface hydrophobicity was analyzed by MATH-test [14]. Cells from over-
night culture were harvested by centrifugation and resuspended in PBS buffer. OD
were adjusted to ~ 0.5. 1 ml of hexodecane was added to 3 ml of cells suspension
and mixtures were vortexes vigorously for 1 min. After separation of layers OD,
of aqueous phase were measured. Hydrophobicity (%) was calculated by formula:
[(AO —A)/A0] x 100, where A0 — optical density of initial suspension, A — optical
density of suspension after hexadecane treatment.

Zeta-potential and cell diameter were measured with Zetasizer Nano ZS, Malvern
Instruments.

All experiments were carried out in 3 independent studies with 3—6 repeat.

Statistical analysis was performed by using standard methods of variation
analysis. Average values (X ) and their standard error (S,-) were calculated. Reli-
ability of differences was determined by Student’s criterion at significance level of
not less than 95% (p=<0.05). All mathematics calculations were performed by using
the computer program Excel.

Results and discussion

Biofilm formation process begins with cells attachment to solid surface. Adhe-
sion level is depending on same properties, not only on cell-surface but from abiotic
surface as well. Cell properties that affect adhesion are hidrophobicity, z-potential,
motility, and exopolysaccharides and biosurfactants secretion. Substrate properties
include hidrophobicity, z-potential, and surface architecture [7, 12]. In this study we
focused our attention on comparison of these properties in two P. aeruginosa strains
—PAO1 (wild type), and PAO1 pJN2133 with low level of c-di-GMP biosynthesis.
According to literature data it is known that in P. aeruginosa PAO1 intracellular
content of this messenger equals to 3.5 fmol/mg proteins, and in P. aeruginosa PAO1
pIN2133 there is an undetectable amount of this compound [9].

Previously, we have shown that the first microcolonies of P. aeruginosa PAO1
appeared 45 minutes after the start of incubation [6]. Therefore the determination of
planktonic and attached cells were carried out after 30 and 60 minutes of incubation
(fig. 1). Optical density of inoculums was 0.047 for P. aeruginosa PAO1 and 0.051
for P. aeruginosa PAO1 pJN2133.

Obtained results show that from the beginning of cultivation P. aeruginosa
PAO1 pJN2133 shows the lowest than wild type strain ability of attachment to solid
surface. After 30 min of incubation attached cells amount of P. aeruginosa PAO1 was
in 1.5 higher. In next 30 min of incubation attached cells amount increased in both
cases, but it was on 25% lower in case of P. aeruginosa PAO1 pJN2133 compare
the P. aeruginosa PAO1. After 60 min of incubation there is a tendency of higher
increasing of planktonic cells amount in P. aeruginosa PAO1.
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M Plankton, 30 min
H Plankton, 60 min
M Adhesion, 30 min

H Adhesion, 60 min

Optical density, OD

P. aeruginosa PAO1 P. aeruginosa PAO1pJN2133

Fig. 1. Attached and free cells amount of P. aeruginosa test strains
at the first hours of incubation

Note: * — significant difference compared with P. aeruginosa PAO1

Examination of daily biofilms show that there were significant differences in
general form and structure (fig. 2). P. aeruginosa PA0O1 biofilm consists of multicel-
lular 3D-structures. At the same time, P. aeruginosa PAO1 pJN2133 biofilm was flat
and “monolayer” (fig. 2A). The difference from two strains also was noticeable on
microcolony level (fig. 2B). P. aeruginosa PAO1 microcolonies were good formed
that consists of matrix enclosed cells. In addition, there are secondary microcolonies
formation that enhance biofilm mass. In P. aeruginosa PAO1 pJN2133 only the small
structural units were detected.

aergos PAOIL P aeruginosa PAO1 pJN2133

Fig. 2. Images of biofilms, forming by wild and mutant strains of P. aeruginosa
(Magnification: A — x 200; B — % 400; crystal violet staining)
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Quantity examination of the biofilm formation shows (fig. 3) that P. aeruginosa
PAO1 biofilm has in 3.7 times higher mass than in P. aeruginosa PAO1 pJN2133.
(p<0.001).

2,5

M Plankton, OD 540 nm

1,5
M Biofilm, OD 592 nm

i Pel exopolysacharide, OD 490
nm

Optical density, OD

M Alginate, OD 608 nm
0,5

P. aeruginosa PAO1 P. aeruginosa PAO1
pIN2133

Fig. 3. Biofilm mass and exopolysaccharides ammount
Note: * — significant difference compared with P. aeruginosa PAO1

However, planktonic cells amount was in 1.6 times higher in the case of
P. aeruginosa PAO1 pJN2133. Pel and alginate exopolysacharides amount was similar
in all strains biofilm matrix.

Cell size and physical-chemical properties of the cells surface study show that
examined strains have a difference in hydrophobicity. More over, strains hydropho-
bicity changed during the cultivation (table.).

Table
Cell size and physical-chemical properties of P. aeruginosa strains cells surface
Cell hydrophobicity, % z-potential,
Strain Cell size, nm
3h 24h -mV

F. aeruginosa 428+23 142+1.7 666.4 + 46.4 23.4+12
PAO1
P, aeruginosa % % "
PAOT pIN2133 83+04 43.1+1.9 920.8 £53.1 23.6+1.3

Note: * — significant difference compared with P. aeruginosa PAO1

In logarithmic phase of growth, after 3 h of incubation cell hydrophobicity of
P. aeruginosa PAO1 was higher in 5.2 times then in P. aeruginosa PAO1 pJN2133.
Transition to stationary phase accompanied with opposite changes of hydrophobic-
ity: 3 fold decreasing in wild type and 5 fold increasing in mutant type strain. Cell
diameter in P. aeruginosa PAO1 overnight culture was in 1.4 times lower than in
P. aeruginosa PAO1 pJN2133. Z-potential of the cells was the same.
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An important indicator that affects the interaction of bacterial cells with differ-
ent surfaces and biofilm formation ability is motility, especially swarming. It was
shown that P. aeruginosa PAO1 and P. aeruginosa PAO1 pJN2133 are distinguish in
the swarming motility process characteristics (fig. 4). P. aeruginosa PAO1 pJN2133
swarming motility zones diameter was 62 = 5 mm and it was in 1.4 times higher
than at P. aeruginosa PAO1 — 43 + 3 mm.

P. aeruginosa PAO1 P, aeruginosa PAO1 pJN2133

Fig. 4. Swarming motility of P. aeruginosa PAO1
and P. aeruginosa PA01 pJN2133 cells

P. aeruginosa PAO1 swarming zones have not clearly formed central “core”
(fig. 4). Branching paths of the cells migration begun from inoculation point is thin in
gentle by sight. In the end of each “rays” there is a white thick colony. P. aeruginosa
PAO1 pJN2133 swarming zones looks more rough with 1.5-2.0 cm in diameter cen-
tre and thick nonbranching «rays» 2.5 cm in length. Cells in a part of these spread
zones more or less evenly along their length and do not form dense colonies. Based
on this results, we can conclude that P. aeruginosa PAO1 pJN2133 cells are more
motile than P. aeruginosa PAO1 cells. Increasing of the motility could be explained
by overproduction and secretion of high rhamnolipids amount, because biosurfactants
play the main role in swarming motility implementation. If this hypotheses will be
confirmed in the next studies, P. aeruginosa PAO1 pJN2133 could be used as a good
rhamnolipids producent.

More over, decreasing in biofilm formation ability on the background of c-di-
GMP decreasing make this system an attractive target for novel antimicrobial drugs.
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YTBOPEHHS BIOIIVIIBKHW HITAMAMMU
PSEUDOMONAS AERUGINOSA 3 PI3BHUM PIBHEM BIOCUHTE3Y
HOUKJITYHOT'O JUT'YAHO3UHMOHO®OCPHATY

Pedepar

Mema pooomu: scmanosnentss 0coOIUBOCMEN YMBOPeHHsL DIONIBKU Ma NepemMiuyeHHs.
winaxom poinns kaimun wmamy P. aeruginosa PAOI pJN2133, wo xapakmepu3zyembcs
HU3bKUM pienem cunmesy yukio-ou-I' M®. Mamepianu ma memoou. Sk mecm-
Mikpoopeanizmu euxopucmosgysanu wmamu P. aeruginosa PA0I i P. aeruginosa PA01
PJIN2133. Kynemusysanusi npoeoounu 6 24-1yHKo8Ux nioCKOOOHHUX NJIAHUEMAX
Nuclon y cepedosuwi LB npu 37 °C énpooogac 30—60 xé npu eusnauenni aozesii
Kaimun i 6npo0osoic 24 200un npu docriodxcenni ymeopenns oionniseku. Kinokicmo
NAAHKIMOHHUX KIIMUH OYIHI08AIU CHEKMPODOMOMEMPULHO, KITbKICTb NPUKPINIEHUX
KAimun i macy Oionnieku — 3a Memooom 3a0apenents. KpUCmanidHum gioremosum,
8MiCm nOAicaxapuoie y Mampuxci — 3a Memooom 3a0apeieHHs. KOH2O 4epEOHUM AO0
anyianosum cutim. Poiuns, 2iopogobricme knimun ma 03ema nomenyian oyiH0eaIu
3a 3azanvronpuiiHamumu memooavu. Pesynemamu. Bcmanosneno, wo P. aeruginosa
PAOI pJN2133 y nopienanni 3 P. aeruginosa PAO1 ymeopioc bionnieky 3 nopyuenor
CmpyKmypoto, maca axoi suudcena y 3,7 pasu. Boce na pannvomy emani popmyeanns
OIONNIBKU MYMAHMHULL WIMAM ROCMYRAEMbC DAMBKIBCLKOMY 3 KIbKICIIO a02e306d-
HUX KAimun. Y mou dce yac, na écix emanax ymeopenus oionniexu P. aeruginosa PA0O1
PJN2133 Kinokicmos nAaHKMOHHUX KITMUH OOCMOBIPHO Nepesuyye pisets, xapakmep-
Hutl 015 wmamy ouxozo muny. /liamemp 30Hu posnoecioocenns kaimun P. aeruginosa
PAOI pJN2133 winsaixom poinns cmanosus 62 + 5 mm i 6 1,4 pasu nepesuiyeas nokasHux
P aeruginosa PA0I — 43 + 3 mm. Mopghonozis 301 poinns 00Ccniodcysanux wmmamis
Cymmeso pizHumvca 3a psaoom o3uax. Ilokazano, wo kiimunu obOox wmamie npu
nepexodi 3 no2apu@miunoi 00 cmayionapHoi ghazu pocmy sminiorome 2iopogooHicme,
ane cnpsAMOBAMICMb 3MIH HOCUMb NPOMUNENCHUL XapaKkmep: NIOGUWenHs y pasi
MYMAHMHO20 WMAMY, | 3HUNCeHHA Y pasi wmamy ouxozco muny. Knimunu ob60x
wmamie maroms oonakosuil 0zema nomenyiai. Bucnosku. Ha mni nuzoekozo emicmy
v yumonnazmi yuxkno-ou-I' M@ eanvmyemocs adzesis Kiimun 00 meepooi nogepxmi i
VMBOPEeHHs NOGHOYIHHOI OIONI6KU, WO CHPUSE NIAHKIMOHHOMY CHOCOOY ICHYBAHHSL
P, aeruginosa PAOI pJN2133. Odeporcani pezynomamu 003601510Mb NPURYCIUMU, U0
yi A6UWa 00YMOBIEH] HUZLKOIO 2I0pOPOOHICMIO KAIMUH MYMAHMHO20 WIMAMY ma ix
BUCOKOIO 30AMHICMb 00 NepeMiuenHsi N0 NOBEPXHI ULTAXOM POIHHSL.

Knwuoei crnosa: yukno-ou-I'M®, Pseudomonas aeruginosa, adeesis, bionuiexa,
PDOIHHAL.
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OBPA3OBAHUA BUOIVIEHKN LITAMMAMMU
PSEUDOMONAS AERUGINOSA C PASHUM
YPOBHEM BUOCHUHTE3A IUK/INYECKOI'O
JANT'YAHO3UHMOHO®POCPATA

Pedepar

Lens pabomut: svisignenue ocobennocmelt 06paz06anus OUONIEHKU U NEPEOBUINCEHUS]
nymem poenus knemox wmavma P. aeruginosa PAO1 pJN2133, xapaxmepu3syroujezocs
HUBKUM YpOosHem cunmesa yukio-ou-I M®. Mamepuanovt u memoowvt. Kax mecm-
MUKPOOP2AHU3MbL UChONb306aU wmammbl P aeruginosa PAOI u P. aeruginosa PA01
PJIN2133. Kynemusuposanue npogoounu 8 24-nyHouHbIX NI0CKOOOHHIX NAAHUEMAX
Nuclon 6 cpede LB npu 37 °C ¢ meuenue 30—-60 mun npu onpedenenuu adeesuu Kiemox
u 6 meuenue 24 uacos npu ucciedosanuu oopasosanusn buonienku. Konuwecmso nnan-
KMOHHBIX KI€MOK OYEHUBANU CHEKMPODOMOMEMPUIECKU, KOTUYECIBO NPUKPENICHHbIX
KJIemOoK U Maccy OUONIeHKU — N0 MemooOy OKPACKU KPUCHALTUYECKUM UOSEeMOBbIM,
cooepaicanue noaUCaxapuoos 8 Mampurce — no Memooy OKpAacKu KOHeO KPACHbIM UlU
anyuanosum cunum. Poenue, 2uopogobrocme kiemox u 03ema nomeHyua OyeHugaIu
no obwenpunamoim memooam. Pezynomamet. Ycmanosneno, umo P. aeruginosa PA01
PJIN2133 no cpasnenuio ¢ P. aeruginosa PAO1 obpasyem buonienky ¢ HapyuleHnou
CmMpYyKmypotl, macca Komopou chudicena 6 3,7 pasa. Yoice na pannem smane gpopmu-
POBaHUSA OUONIEHKU MYMAHMHBIIL WIMAMM YCTynaen pooumenbckomy no Koauecmasy
aoze3uposannbiMu Kiemox. B mo dce epemsi, na écex samanax 06pazoéanus OUOniIeHKu
P. aeruginosa PA0I pJN2133 xoruuecmso niaHKMOHHbLIX KIEeMOK 00CMO8ePHO npe-
8blULAC YPOBEHb, XAPAKMEPHBIIL OISl WIMamMma OuKo2o mund. Juamemp 30Hbl pac-
npocmpanenus kiemox P. aeruginosa PAO1 pJN2 133 nymem poenus cocmaeun 62 + 5
mm u 6 1,4 paza npesviuian noxazamens P. aeruginosa PA0I — 43 £ 3 mm. Mopghonoeus
30H POEHUsL UCCTIEOYEMBIX ULMAMMOS CYUWeCMBEHHO OMIUYACTCS NO PAOY NPUSHAKOS.
Tokazano, umo Kiemxu 060UX WMAMMOG Npu nepexooe om 102apuPMuyeckoll K
cmayuoHapHoll aze pocma mensrom 2uopogoOHOCMb, HO HANPABIEHHOCMb U3-
MEHEeHULl HOCUM NPOMUBONOLONICHBIIL XAPAKMeED: NOBbIUEHUE 6 CyUae MYyMAHMHO20
wmamma, u CHudICeHue 6 ciyude wmamma oukozo muna. Knemxu oboux wmammos
umerom oOuHaxoswvlll 03ema nomenyuai. Beteoowt. Ha ¢one nuskozo cooepocanus 6
yumonnasme yukao-ou-I M® mopmosumcs adzesus kKiemox K meepooi NO8epXHOCHU
u 06pazoeaue NOTHOYEHHOU OUONTIEHKU, UMO CHOCOOCMBYem NIAHKIMOHHbBIX CHOCODA
cywecmeosanus P. aeruginosa PAOI pJN2133. Ilonyuennvle pe3yabmamsl n036010Mm
NPeOnOLOANCUNMD, YUMO IMU AGTeHUsL 00)C08IeHbl HUIKOU 2UOPOPOOHOCIBIO KIemOK
MYMAHMHO20 WIMAMMA U UX BbICOKOU CNOCOOHOCMbIO K NepemewjeHuio no nosepx-
HOCMU nymem poeHus..

Kuawueswvie crnosa: yuxno-ou-I M®, Pseudomonas, aoeesus, buonienka, poeHue.
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