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SUMMARY

The purpose of the present study is to assess how cultivation conditions influence growth and formation of Pseudomonas aeruginosa biofilms. The topic s of great
importance due to high incidence of P, aeruginosa-caused infections and P, aeruginosa resistance associated with its ability to form biofilms. The paper analyzes
factors that influence biofilm formation, i.e.: growth phase used for inoculation (log, stationary), volume of the growth medium (0.2 and 1.0 ml) and concentration
of nutrients (liquid nutrient media diluted to concentrations of 50; 25; 12.5 and 6%) in the cultivation volume. As the research demonstrates, all these factors
influence biofilm formation; and a . aeruginosa growth phase before inoculation is a determining factor in the biofilm formation. When P aeruginosais inoculated
ata stationary phase, biofilm formation shows non-linear dependence on concentration of nutrients and on their total amount in the cultivation volume. The linear
dependence of biofilm formation on concentration of nutrients in the culture medium is more pronounced, when P, aeruginosa is inoculated at a log phase. The
study shows that lower concentrations of nutrient media components lead to more noticeable differences in biofilm formation, and such differences are statistically
significant. Two-fold dilution of the liquid nutrient medium does not affect the intensity of biofilm formation; however, a 4 to 8-fold decrease in concentration
of nutrients in 0.2 ml of cultivation volume inhibited the biofilms formation. In 1.0 ml of the culture medium, the biofilm forms evenly, and in 0.2 ml of 4-8-fold
dilution of nutrient medium it grows slower. The slow growth rate is statistically significant. The cultivation volume is also of great importance. For example,
cultures grown in 0.2 ml of nutrient medium at different concentrations of nutrients formed fewer biofilms than microorganisms cultivated in 1.0 ml. At the same
time, when inoculating P aeruginosa both at log and stationary growth phases, biofilm formation is more pronounced in wells containing more cultivation volume.
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PE3IOME

Hactosee nccneoBaHue NoCBALLEHO U3yYeHU0 BAMAHUA YCIOBUI KyNBTUBIPOBAHUA Ha pocT 1 GopMUpoBaHue GronneHok KynbTypoii Pseudomonas aerugi-
nosa. B cBA3u ¢ BbICOKOI YaCTOTOIA BCTPEUaEMOocTv MHGEKLMOHHBIX 3a6071eBaHI, BbI3BaHHbIX P, deruginosa, a Takxe YCTORUMBOCTbIO CUHETHOIHOI NanouKu,
B 0C06EHHOCTI 13-3a CMOCOOHOCTM 06pa30BbIBaTL OUONNEHKM, JAHHAA TeMa He TepAeT akTyanbHocTI. B pabote npoaHanuaupoBany BAUAHME HAa GeHOMEH
6ronneHKo06pa3oBaHNA TaKkuMX XapakTepuCTUK, Kak UCMoNb3yemasd And noceBa Gasa pocta KynbTypbl (norapudmuyeckasn, craumoHapHas), obbem cpeabl Ans
BbipamBanuA (0,2 v 1,0 Mn) M KOHLEHTPALWA NUTATeNbHBIX BELLECTB (MAKUE NUTaTebHble CPefbl, Pa3BeAeHHble 0 KOHLEHTpauuii 50; 25; 12,5 1 6%) B 06b-
eme KynbTuBMpoBaHua. lpoBefeHHble MCCNe0BaHNA NOKa3any, 4To Ha 06pa3oBaHue OMONNEHOK 0Ka3biBAET BANAHNUE COBOKYMHOCTb BCEX MEPeUNCIEHHbIX
napameTpoB. YCTaHOBNEHO, UTo onpeaenaLuM GakTopom B GopMupoBaHii bronneHoK ABnanack Gpasa pocta bakTepuii, B KOTopoii GYHKLMOHMPOBaNa Kynb-
Typa CUHErHOIHOM NanouKu neped uHokynAwuei. Mpu nocese P aeruginosa, npebbiBatoLLied B CTaLMoHapHoii Gase pocTa, 06pasoBaHie buonneHoK HenHeiiHo
3aBICENO OT KOHLIEHTPALMM NUTATebHbIX BELLECTB 11 06LLero X KoMuecTBa B 06beme KynbTBMPoBaHUA. JInHeliHaA 3aBUCUMOCTb 06pa30BaHuA BUONNEHOK 0T
KOHLieHTpaLyI nuTaTeNbHbIX BELLECTB B Cpeae KyNbTUBMPOBaHUA Obina bonee BbipaxeHa npu nocese P aeruginosa, HaxoAALLeiica B Gase norapudmuyeckoro
POCTa. YCTAHOBNEHO, UTO NPU MEHBLUNX KOHLIEHTPALMAX KOMNOHEHTOB NUTATENbHbIX CPej pasnuuua B 06pazoBaHui 6uonneHok bbinn 6onee 3ameTHbI 1 Me-
W CTATUCTIAYECKYH 3HAUMMOCTb. Pa3baBneHne XIAKoi NuTaTeNbHOI Cpeaibl B 2 pa3a He BNANO HA UHTEHCMBHOCTb GOPMUPOBAHIA NIIEHKM, B TO BPEMA Kak
4—8-KpaTHOE CHIKEHIe KOHLIeHTPALMM NUTATeNbHbIX BeLLeCTB B 06beme KynbTuBupoBaHua 0,2 Ma uHrnbuposano obpasoBatue buonneHok. B obbeme cpesp
ANA KyNbTUBUPOBaHUA, paBHoM 1,0 mn, dopmupoBaHue buuonneHoK 6b1n0 paBHOMepHbIM, a B 06beme 0,2 MA CTAaTUCTUYECKI 3HAYUMO CHUNKANOCh NPy pa3Bese-
HUM NuTaTeNbHOi cpefbl B 4 1 8 pa3. 06bem KyNbTUBMPOBAHNA TaKXe IMEET BaXHOE 3HaUeHNe: TaK, BbipaLLeHHble B 0,2 M NUTaTeNbHOI CPefbl KynbTypbl npu
Pa3HblX KOHLEHTPALMAX NUTaTeNbHbIX BeLLEeCTB GOPMIUPOBANM MeHbLLee KONMYeCTBO GUONMEHOK, YeM MUKPOOPraHIn3Mbl, KyNbTUBMpYeMble B 06beme 1,0 M.
Mpu 3T0M Npu NoceBe P aeruginosa, HaAXORALLMXCA KaK B TOrapUOMUUECKOii, TaK U CTaLMoHapHoii Ga3ax pocTa, Gonee BbpaxeHHbIM 6bino 06pasoBaHime 61o-
MNEHOK B NYHKaX € 607bLIMM 061BEMOM KyNbTUBMPOBAHMA.

Kntouesbie cnosa: buonnenku, 6aktepum, P, aeruginosa, cAHerHoiHaA nanoyka, Gasa CTaLMoHapHOro pocTa, dasa norapudpmuyeckoro pocta
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rnaenuna 075-15-2021-1085).
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INTRODUCTION

The ability to form biofilms may be called one of the
most important factors that contributes to persistence
and protection of microorganisms from the immune
response of the macroorganism [1-3]. A biofilm can be
defined as a microbial community attached either to the
substrate surface or to each other, surrounded by an ex-
opolymer matrix which is the main structural component
of the biofilm. Bacterial phenotype observed in the bio-
film is modified compared to single, planktonic cells, the
growth and expression parameters of specific genes are
transformed [4-7].

The bacterial film is a living, constantly updating com-
munity of one or several microorganisms, while the sur-
rounding matrix protects them from adverse environmen-
tal impact and serves as one of the factors of intercellular
communication. The matrix properties determine the re-

lationship between intracellular community and external
environment [3, 6, 8, 9].

More than 95% of all microorganisms are found in
natural ecosystems in the form of specifically orga-
nized biofilms [5]. Pseudomonas aeruginosa (blue pus
bacillus, P. aeruginosa) is one of the microorganisms
capable of forming biofilms. It is a ubiquitous infectious
agent, which causes a number of opportunistic diseases.
P. aeruginosa is detected in 20% of septicemia cases, in
70% of mucoviscidosis cases (in sputum), in up to 70%
of hospital-acquired pneumonia cases, in 28% of intra-
abdominal infection cases. Totally, it accounts for 20-30%
among other etiological agents of hospital-acquired in-
fections [10].

P. aeruginosa is characterized by high resistance to an-
tiseptic substances and disinfectants. The microorganism
has a wide range of pathogenicity factors, high epidemic
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potential and unique adaptive properties, and is capa-
ble of reducing effectiveness of the body’s immune res-
ponse [2, 11-14].

The bacteria in biofilms synthesize an alginate (mucoid
exopolysaccharide) and form an exopolymeric alginate
matrix. Alginate-producing strains are usually detected in
chronic infections, for example, the ones associated with
mucoviscidosis. The bacterial biofilm also saves the mi-
croorganism from body’s natural resistance (lymphocytes,
phagocytes, natural movements of the ciliated epithelium
in the respiratory tract, antibodies, etc.). The role of quo-
rum sensing systems has also been proven in the P. aeru-
ginosa biofilm formation [1, 2, 14, 15].

The importance of the study is explained by the fact
that P. aeruginosa is an extremely frequent pathogen that
plays a key role in emergence of many difficult-to-treat
infectious diseases, in particular due to its ability to form
biofilms.

There are current scientific studies showing correlation
between the growth of plankton culture and biofilm for-
mation, however, this correlation is not absolute [2].

A novelty value of this research consists in studying bio-
film formation under different conditions of P. aeruginosa
cultivation, in particular, depending on the concentration
of nutrients in the cultivation volume, as well as the culture
growth phase used for inoculation.

The decisive factors in biofilm formation during micro-
biological experiments are: cultural, enzymatic properties,
etc. of the studied microbiota; cultivation conditions (tem-
perature, medium composition, concentration of nutrients,
etc.); the material on the surface of which the biofilm will
be formed, and much more.

The purpose of this research was to study peculiarities
of biofilms formed by P. aeruginosa bacterial culture under
various cultivation conditions.

MATERIALS AND METHODS

Bacteria. P. aeruginosa ATCC 9027 strain was used as an
example to analyze how cultivation conditions influence
biofilm growth , the strain was taken from the Museum
of the Molecular Biology Sector of the Institute of Experi-
mental Veterinary Medicine of Siberia and the Far East,
SFSCA RAS.

Cultivation of P. aeruginosa and bacterial biofilms. P. aeru-
ginosa ATCC 9027 culture was grown in LB-Luria liquid nu-
trient medium (0.5 g/L NaCl; HiMedia) after a preliminary
series of passages at room temperature in an incubator
shaker for 6 and 24 hours. The broth culture was re-inocu-
lated every 24 hours.

Studying how the growth phase of P. aeruginosa broth cul-
ture, volume of the nutrient medium in the well and concen-
tration of nutrient components influence biofilm formation.
To assess how P. aeruginosa growth phase impacts biofilm
formation, 6- and 24-hour culture was inoculated into the
nutrient medium, i.e. at log and stationary growth phases
(which passed a series of passages in this cultivation
phase). Then, P. aeruginosa broth suspension was diluted
to a value of 0.4 (according to the McFarland standard) in
the proportion of 100 ul of culture to 10 ml of nutrient me-
dium.The inoculum was prepared by introducing colonies
of P. aeruginosa ATCC 9027 strain into sterile saline solution,
then bringing the density of the microbial suspension up
to the specified concentration.

In order to assess, how volume and concentration
of nutrients mutually influence the intensity of P. aeru-
ginosa biofilm formation, liquid culture media LB-Luria
(0.5 g/L NaCl) and Schaedler (HiMedia) used for cultivation
were diluted with saline solution to the concentration of
50; 25; 12.5; 6% and introduced into the wells of flat-bot-
tomed polystyrene plates in volumes of 0.2 and 1.0 ml
(in four repetitions). Next, a V-shaped-bottom microplate
was immersed into the plate wells, and the P. aeruginosa
broth culture was inoculated. The inoculations were incu-
bated at a temperature of (25.0 + 0.5) °C for 18 hours.

LB-Luria and Schaedler (HiMedia) nutrient media were
used as a negative control without addition of the micro-
bial inoculum; growth of P. aeruginosa was controlled in
six repetitions.

Biofilm staining method. In order to assess the growth,
the biofilms were stained with gentian violet (crystal vi-
olet), a dye that binds to cells and the biofilm matrix, ac-
cording to the existing method [16] in its modified form:
after cultivation is completed, the bacteria, that had not
attached to the wells surface were carefully washed away
three times with deionized water. The biofilms that formed
in the microplate wells were dried at room temperature
for 2 hours, fixed with alcohol for 40 minutes and stained
with 0.05% solution of gentian violet for 40 minutes. The
unbound dye was washed away three times with 0.01 M
phosphate-buffer saline with pH 7.2 (3 minutes per one
wash). Then a microplate with biofilms was immersed into
the wells of a polystyrene flat-bottomed microplate con-
taining 200 pl of 96% ethyl alcohol to elute the unbound
dye. The quantitative assessment of the formed biofilms
was carried out by measuring optical density with a plate
spectrophotometer reader Tecan Sunrise (Tecan, Austria)
at a wavelength of 450 nm, OD,, (by the intensity of alco-
hol staining with the extracted dye).

Statistical data analysis. The data were processed by
methods of variation statistics using the Statistica 13.3
software package. The statistical significance of the differ-
ences was assessed using Student’s t-test (reliability cri-
terion). Differences at the p level < 0.05 were considered
reliable. The correlation between the studied parameters
was assessed using the Pearson correlation coefficient.

RESULTS AND DISCUSSION

In this study we proceed from the hypothesis that
P. aeruginosa synthesizes alginate to store nutrients nec-
essary to ensure energy metabolism in case of nutritional
deficiency, thus resulting in the culture growth. Consider-
ing this hypothesis, we should expect a non-linear biofilm
formation with a decrease in the amount and concentra-
tion of nutrients in the culture medium.

According to the results obtained, the intensity of
P. aeruginosa biofilm formation varies depending on the
concentration of nutrients, the volume of nutrient medi-
um in the well and the growth phase of the culture used for
inoculation. When concentration of nutrient media com-
ponents decreased, differences in biofilm formation were
more noticeable and were statistically significant (Table 1).

When a P. aeruginosa culture, that had been at a station-
ary growth phase for 48 hours, was used for inoculation,
the biofilm formation depended only on concentration
of nutrients in the volume of cultivation (Fig. 1). Thus,
when the LB medium was twice diluted, the volume of
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Table 1

Growth of P. aeruginosa ATCC 9027 biofilms under different cultivation conditions,

0D, ,M£5SD(n=4)

450"

Volume of nutrient medium in wells, ml

Growth phase of
P aeruginosa
ATCC9027 culture/
nutrient medium
12.5
Stationary phase/ LB 0.16 £0.00 0.13+£0.01 0.12£0.01 0.12£0.02 0.15+0.02 0.16+£0.01™ | 0.15+0.02" | 0.08+0.01™
LWa;’::l'glz:'aSE/ 0254002 | 0164002 | 016+001 | 0132001 | 031005 | 026+007° | 025+003" | 014002
Logarithmic phase/ LB 0.18£0.04 0.17 £0.04 0.16£0.03 0.12+0.03 0.17£0.03 0.16+0.02 0.14+0.02" 0.11£0.01
*p < 0.05;** p < 0.01; ** p < 0.001.
this range of nutrient medium concentrations, the inten-

0.20 sity of biofilm formation was the same and demonstrated
gi: a statistically significant decrease in 0.2 ml cultivation vo-
014 —1oml lume in comparison with the culture grown in 1.0 ml of
012 nutrient medium (p = 0.000825).
0.10 =—=02ml As Figure 2 shows, when P. aeruginosa was used for inoc-
0.08 ulation ata log phase (after a series of passages in this phase
0.06 of cultivation), the intensity of biofilm formation was also in-
0.04 ) . -
0.0 fluenced by the concentration of nutrients in the Schaedler
0.00 medium. It should be noted that 0.2 ml cultivation volume

50% 5% 125% 6% implies a 5-fold difference in the total nutrient content com-

Fig. 1. Growth of P. aeruginosa ATCC 9027 biofilms
(inoculation of culture grown up to a stationary phase) in
wells containing 0.2 and 1.0 ml of LB medium and different
concentrations of nutrients, OD,, (M + SD)

cultivation did not affect the intensity of biofilm growth.
After a 4-8-fold dilution of the nutrient medium P. aerugi-
nosa formed a biofilm of higher density, when grown in
wells with 1.0 ml of broth, than when grown in 0.2 ml of
medium (p = 0.000232 and 0.000129 respectively). Within

pared to 1.0 ml. Accordingly, all the dependence curves did
notintersect, biofilm formation in 0.2 ml cultivation volume
was naturally less at all concentrations of nutrients in com-
parison with cultures grown in 1.0 ml volume.

After a 8-fold dilution of the nutrient medium, there is
a sharp decrease in the efficiency of biofilm matrix syn-
thesis, both when cultured in 1.0 ml volume and when
grown in 0.2 ml volume. It is confirmed by the fact that
the dependence of biofilm formation on the nutrient con-
tent is more accurately described by a two-step polyno-
mial function (R? = 0.996-0.979) than by a linear function
(R?=0.854-0.931).

y=-0.019% + 0,192
R2=0.931
—— Linear (0.2 ml)
50% 25% 12.5% 6%

y=-0.019x +0.209

R*=0.854 —1oml

=—0.2 ml

—— Linear (1.0 ml)

0.25

0.20

0.15

0.05

0.00

¥ =-0.008x +0.022x + 0.168
R2=0.979 ===1.0 ml
—0.2ml
— Polynomial
¥ =-0.005x2 + 0.009x + 0.164 (1.0 ml)
R*=0.996
__ Polynomial
(0.2 ml)
50% 25%  12.5% 6%

Fig. 2. Growth of P. aeruginosa ATCC 9027 biofilms (inoculation of culture grown up to a log phase) in wells

containing 0.2 and 1.0 ml of LB medium and different concentrations of nutrients, OD

A - linear trend; B - polynomial trend

38

(M £SD):
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0.25 0.25
¥ =-0.008x? + 0.022x + 0.168 — i . - 2
R*=0979 Stationary phase y= '0'00“, +0.009% +0.164 = Logarithmic phase
0.20 0.20 R:=0.996
0.15 = Logarithmic phase 015 ~— Stationary phase
0.10 y=0.007% - 0.047x + 0.196 —— Polynomial 0.10 y = -0020574 Of)six 0089 Polynomial
R*=0.956 (Stationary phase) R7=0983 (Stationary phase)
0.05 0.05
Polynomial — Polynomial
0.00 (Logarithmic phase) 0.00 (Logarithmic phase)
50% 25% 12.5% 6% 50% 25% 12.5% 6%

Fig. 3. Growth of P. aeruginosa ATCC 9027 biofilms (inoculation of cultures grown up to log and stationary phases)

in wells containing different volumes of LB medium and different concentrations of nutrients, OD

A-1.0ml;B-0.2ml

The effect of P. aeruginosa growth phase used for culti-
vation on biofilm formation was most pronounced when
cultured in 1.0 ml volume using LB nutrient medium di-
luted 4 and 8 times (p = 0.0209 and 0.0053 respectively).
Such dependence was not observed when cultivating
these bacteria in 0.2 ml (Fig. 3).

It is natural that a metabolically more active culture at
alog phase used the components of the nutrient medium
more efficiently. At the same time, the amount of nutrients
extracted from 1.0 ml cultivation volume was greater than
from 0.2 ml.

The non-linear nature of biofilm formation, in relation
to the concentration and total content of nutrients in
the culture medium, allows assuming that biofilms are
connected with the ability to stockpile and concentrate
nutrients. Differences in the intensity of biofilm synthesis
associated with the culture growth phase during inocula-
tion, suggest that they are caused not only by genetic vari-
ability, but also by the ability to preserve the phenotype
due to the epigenetic mechanisms of the quorum sensing
in P. aeruginosa.

Cultivation of static biofilms in liquid nutrient media
resulted in a conclusion that biofilm formation depended
on concentration of nutrients, the medium volume and
the growth phase of the culture used for cultivation.

As the research demonstrates, a bacterial growth phase,
where P. aeruginosa culture functions at the moment of
inoculation, is a decisive factor in the biofilm formation.
When inoculating P. aeruginosa, which had been at the
stationary growth phase for 48 hours, the biofilm forma-
tion showed non-linear dependence on concentration of
nutrients and on their total amount in the cultivation vo-
lume. Two-fold dilution of the LB nutrient medium did not
affect the biofilm growth; however, a 4- to 8-fold decrease
in concentration of nutrients in the 1.0 ml cultivation vol-
ume stimulated the biofilm formation.

In 1.0 ml cultivation volume, the intensity of biofilm
formation was even and did not depend on the degree of
the LB medium dilution, and in 0.2 ml cultivation volume
it demonstrated a statistically significant decrease, when
diluted 4 and 8 times.

The linear dependence of biofilm formation on con-
centration of nutrients in Schaedler culture medium was
more pronounced, when inoculating P. aeruginosa at a log

(M £ SD):

450

phase.The dependence graphs were described by a linear
function with a correlation coefficient R? = 0.854—0.931.

The cultures grown in a smaller cultivation volume
(0.2 ml) at different concentrations of nutrients formed
biofilms of lower density compared to microorganisms
cultivated in 1.0 ml.

Studying the influence of logarithmic and stationary
phases of P. aeruginosa culture growth on biofilm forma-
tion revealed that the biofilms formed more intensively in
1.0 ml cultivation volume. At the same time, a metaboli-
cally more active culture inoculated at a log growth phase
used the culture medium nutrients more efficiently.

The study of the effect of nutrient concentration
and total nutrient content in the cultivation volume on
biofilm formation resulted in an assumption that biofilm
formation is connected with the function of storing and
concentrating nutrient components of the medium. At
the same time, it is important to note non-linear nature
of the biofilm formation, which confirms the hypothesis
that if there is a lack of nutrients promoting its growth,
P. aeruginosais able to synthesize alginate which helps
to preserve and maintain the concentration of nutrients
needed for the population growth. In addition, due to
depletion of nutrients alongside with accumulation of
metabolic products, the vital activity of all biofilm-forming
microorganisms is inhibited, while at low concentrations
of nutrients this process naturally decreases.

CONCLUSION

The described study demonstrates that P. aeruginosa
biofilm formation depends both on the culture growth
phase used for inoculation, on the volume of the culti-
vation well, and on the concentration of nutrients in the
cultivation volume.

The research reveals that the culture growth phase, at
which microorganisms functioned before being inocula-
ted into liquid nutrient media, was a factor of paramount
importance. Determination of optical densities of the stud-
ied samples showed, when P. geruginosa was inoculated at
a log growth phase, the linear dependence of the biofilm
formation on concentration of nutrients in the cultivation
volume was more pronounced in comparison with the
culture at a stationary growth phase. When P. aeruginosa
grown up to a stationary phase was used for inoculation,
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we observed a uniform growth of biofilms at different con-
centrations of nutrient components in the medium and
cultivation volumes.

Bacterium biofilm formation at a log growth phase in
0.2 ml wells with a decreased concentration of nutrients
(50; 25; 12.5 and 6%) in the liquid nutrient Schaedler me-
dium was characterized by the following growth indica-
tors: 0.31 £ 0.05; 0.26 + 0.07; 0.25 + 0.03; 0.14 + 0.02; bio-
film growth indicators in 1.0 ml cultivation volume were:
0.25 +0.02;0.16 +0.02;0.16 + 0.01; 0.13 = 0.01. When cul-
tivating P. aeruginosa in a liquid nutrient LB medium, a pro-
nounced linear dependence of the biofilm formation on
the concentration of nutrients was noted. In 0.2 ml wells,
the biofilm growth rates were as follows: at a 50% concen-
tration of nutrient media —0.17 + 0.03; at 25% —0.16 + 0.02;
at 12.5% — 0.14 + 0.02; at 6% — 0.11 + 0.01. In 1.0 ml wells,
these indicators were: at a 50% medium concentration —
0.18+0.04;at 25% —0.17 £ 0.04; at 12.5% — 0.16 = 0.03; at
6% — 0.12 £ 0.03. It was also found that in 1.0 ml cultiva-
tion volume the intensity of biofilm formation was uniform,
and in 0.2 ml, there was a statistically significant decrease
arising from a 4- and 8-fold dilution of the nutrient medi-
um. At the same time, the 4- and 8-fold decrease in the
concentration of nutrients in 1.0 ml cultivation volume
stimulated the biofilm formation.
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