MICROBIAL GENETICS Vavilovskii Zhurnal Genetiki i Selektsii
Original article Vavilov Journal of Genetics and Breeding. 2025;29(4):594-599

doi 10.18699/vjgb-25-62

Genetic potential for biofilm formation
of clinical strains of Pseudomonas aeruginosa

U.M. Nemchenko (12}, N.L. Belkova @, E.S. Klimenko (1), N.E. Smurova (%), R.E. Zugeeva (1), V.V. Sinkov (12}, E.D. Savilov

Institute of Epidemiology and Microbiology, Scientific Center for Family Health and Human Reproduction Problems, Irkutsk, Russia
@ nlbelkova@gmail.com

Abstract. Pseudomonas aeruginosa is one of the leading causes of nosocomial respiratory tract infections and plays an
important role in lower respiratory tract infection in patients with cystic fibrosis (CF). Biofilms, which are organized cell
clusters, ensure the survival of microorganisms in unfavorable environmental conditions and contribute to the chro-
nicity of infection and the formation of persistent forms. The aim of this study was to determine the phenotypic ability
and genetic potential for biofilm formation in clinical strains of P. aeruginosa persisting in patients with CF against the
background of constant intake of antimicrobial drugs. Bacteriological, genetic, and bioinformatic methods were used
to characterize five P. aeruginosa strains obtained from patients with CF. Phenotypically, all strains were classified as
moderately biofilm-forming, while the biofilm formation coefficient varied from 2.10 to 3.15. Analysis of draft genomes
revealed differences in the representation of some genes or individual loci of three of the four known signaling path-
ways (cCAMP/Vfr, Gac/Rsm, and c-di-GMP) that have been described in P. aeruginosa genomes and are related to the
regulation of biofilm formation. In addition, differences in the representation of genes such as frzE, tcpE, and rcsC are
shown. Of undoubted interest is the analysis of genes such as pppA, icmF, clpV1, trpE, trpG, and stp1, which are used
for extended multilocus typing PubMLST and differed in the structure of loci in all analyzed strains. These genes can
be used to identify clinical strains of P. aeruginosa and to characterize their biofilm-forming properties. Thus, genes
potentially participating in both biofilm formation and regulation have been characterized in the genomes of clinical
P. aeruginosa strains that persist for a long time in patients receiving continuous antibiotic therapy. Characterization of
the genetic potential for biofilm formation makes it possible to search for reliable genetic markers of this process in
order to monitor the evolution of the pathogen as a result of long-term persistence in the host organism.
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AHHoTauusA. baktepuun Braa Pseudomonas aeruginosa ABNAIOTCA OQHOW M3 BefyLMX NMPUYMH HO30KOMUANbHbIX UH-
deKuuin fbixaTeNbHOro TPaKTa M UrpaioT BaxkHYI0 pofb B MHOULIMPOBAHMN HUXKHUX AbIXaTeNbHbIX MyTel y 60bHbIX
mykoBucumposom (MB). buonneHku, npefcraBnaa co6ol opraHM30BaHHbIe CKOMEHUA KNeTok, obecneunsaioT Bbl-
KMBAaEMOCTb MUKPOOPraHM3MOB B HEGNAronpuATHBIX YCIOBUAX OKpYy»Katollel cpefbl 1 CMOCOOCTBYIOT XPOHM3aLuUm
NHbeKLUUN 1 GopmMMpoBaHMI0 NepcucTupyowmnx popm. Lienbio paboTbl ctano onpegeneHve GpeHOTUNMYECKON Cro-
COBHOCTY M reHeTUYeCKOro NoTeHUMana K 61MonnIeHKoobpas3oBaHmio y KIMHUYECKMX LWTaMMOB P. aeruginosa, nepcuctu-
pytowmx y naymeHTos ¢ MB Ha poHe NOCTOAHHOrO NprieMa aHTUMUKPOGHbIX NpenapaToB. [nA XxapakTepucTuku natu
LWITaMMOB P. aeruginosa, NonyyYeHHbIX OT nauueHToB ¢ MB, B paboTe npumeHeHbl 6aKTepuonornyeckme, MoneKkynapHo-
reHeTnyeckre n 6uornHdopmatnyeckne metoapl. DEHOTUMMUECKM BCE LITaMMbl OTHECEHbI K YMepeHHO-06pa3yoLwym
6UONNEHKY, Npu 3ToM Ko3pdULMEHT buonneHkoobpasoBaHua Bapbuposan ot 2.10 go 3.15. AHanu3 gpa¢T-reHomoB
BbIABW/ Pa3NNymnA B NPeACcTaBNeHHOCTU HEKOTOPbIX FeHOB U OTAENbHbIX JIOKYCOB TPeX 13 YeTblpeX N3BECTHbIX CUr-
HanbHbIX nyTen, LAM®/Vfr, Gac/Rsm n c-di-GMP, koTopble onucaHbl B reHoMax P. deruginosa n UMeioT OTHOLIEHUe K
perynaummn obpaszoBaHua 6ronneHoK. JonofHUTENIbHO NOKa3aHbl OTIMYMA B MPEACTaBNEHHOCTU TakKUX FreHOB, Kak frzE,
tcpE v resC. HeCOMHeHHO MHTepeceH aHanus reHoB pppA, icmF, clpV1, trpE, trpG v stp1, KOTopble NCNONb3YTCA AN1A
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[eHeTMyecKnin NoTeHUMan K 06pa3oBaHmMio GLUONNEHOK
KIIMHUYECKUX WTaMMOB Pseudomonas aeruginosa

paclIPEHHOro MYNIBTUIIOKYCHOTrO TNUpoBaHusa PubMLST v pasnnuaioTca no CTpyKType JIOKYCOB Y BCEX MpoaHanu-
3VIPOBAHHbIX WTAMMOB. TV FeHbl MOTEHLMANIBHO MOTYT 6biTb MPUMEHEHb! 418 TUMMPOBAHNUA KIVHUYECKUX LUTAMMOB
P. aeruginosa ¢ uenbto XapakTepUCTVKN X BMOMIEHKO06Pa3ytoLX CBONCTB. TakM 06pa3om, B reHOMaXx KIMHUYECKIX
LWITaMMOB P. deruginosa, BNUTENbHO NepCUCTUPYIOLLMX Y NALUEHTOB Ha GOHE NOCTOSHHOTO MOJyYeHVs aHTUONOTHKO-
Tepanuu, oxapakTepn3oBaHbl reHbl, KOTOpble MOTEHLMANbHO MOTYT YyUacTBOBaTb Kak B npoLecce 61onneHkoobpaso-
BaHWfA, TaK 1 B €ro perynauuv. XapakTeprcTkKa reHeTMYecKoro noTeHumana kK obpasoBaHmnio 6ONNeHoK JaeT BO3-
MOXXHOCTb MOMCKa HaZIEXKHbIX FeHETUYECKMX MAapPKEPOB 3TOro MpoLecca A4Ji8 MOHUTOPWHIA 3BOMOLMY BO30yamuTens B
pesynbTaTe AIMTeNbHON NEPCUCTEHLUM B OPraHN3Me XO35MHa.

KnioueBble cnoBa: Pseudomonas aeruginosa; MyKoBMCLA03; GBUOMNNEHKY; NOSIHOFEHOMHOE CEKBEHNPOBAHME; CUTHAsb-

Hble NyTn

Introduction

Pseudomonas aeruginosa is one of the leading causes of
nosocomial respiratory tract infections and plays an important
role in lower respiratory tract infections in patients with cystic
fibrosis (CF) (Parkins et al., 2018; Shaginyan et al., 2019).
Surface colonization and subsequent biofilm formation and
development provide numerous advantages for infectious
agents. Biofilms, which are organized clusters of cells enclosed
in a polysaccharide matrix and protected from adverse envi-
ronmental conditions, including antimicrobials, disinfectants,
and antiseptics, ensure microorganism survival. Such struc-
tural organization contributes to the increased heterogeneity
of the bacterial population and the selection of cells that
counteract damaging effects by acquiring and accumulating
genetic mutations. Therefore, biofilm-forming microorga-
nisms significantly contribute to the chronicity of infection
and the formation of persistent forms (Penesyan et al., 2021).

Considering the pathogenetic potential of P. aeruginosa
in the biofilm state in patients with CF, it should be noted
that bacterial cells are tolerant not only to antibiotics, disin-
fectants, and antiseptics, but also to factors of the innate and
adaptive defense system of the body (Jurado-Martin et al.,
2021; Fernandez-Billon et al., 2023). In response to anaerobic
conditions, competition for resources, high concentrations of
antibiotics, and immune responses of the body, such as neu-
trophil attacks in the lungs in CF, P. aeruginosa undergoes
microevolution, acquiring spontaneous mutations that lead
to the selection of cells that better survive long-term coloni-
zation (Winstanley et al., 2016; Jurado-Martin et al., 2021).
Experimental studies have shown the ability of P. aeruginosa
to form biofilm structures in the sputum of patients with CF
(Bjarnsholt et al., 2009), which is a decisive factor for survival
and tolerance to antibiotics, and the inability to completely
eliminate bacteria is directly associated with the chronicity
of the infection (Elfadadny et al., 2024). Understanding the
mechanisms of adaptation and evolution of the pathogen
during chronic respiratory infections in patients with CF
may help discover new treatment methods for P. aeruginosa
infections.

Modern sequencing technologies allow us to analyze the
complete genomes of opportunistic microorganisms not only
for their typing but also for identifying molecular markers
that are potentially significant for the infectious agent. Cur-
rently, a map of the main signaling pathways characterized
in the P. aeruginosa genomes and related to the regulation of
biofilm formation has been created on the KEGG PATHWAY
Database platform (PATHWAY: ko02025; https://www.genome.
jp/kegg-bin/show_pathway?ko02025). The k002025 map con-
tains information on 90 loci included in four main signaling

pathways: the cAMP/Vfr pathway, the quorum sensing (QS)
system, the Gac/Rsm pathway, and the c-di-GMP signaling
pathway.

The aim of this study was to determine the phenotypic
ability and genetic potential for biofilm formation in clinical
strains of P. aeruginosa persisting in patients with CF against
the background of constant use of antimicrobial drugs.

Materials and methods

The objects of the study were five clinical strains of P. aeru-
ginosa from the working collection of the microbiome and
microecology laboratory of the Institute of Epidemiology and
Microbiology, Scientific Center for Family Health and Hu-
man Reproduction Problems. The strains were isolated from
the sputum of patients with CF who were treated at Ivano-
Matreninskaya City Children’s Clinical Hospital (Irkutsk,
Russia) and who received long-term antibiotic therapy. The
strains were identified using morpho-biochemical tests and
were confirmed using mass spectrometry (Nemchenko et
al., 2022). Sensitivity to AMPs was determined according to
EUCAST criteria (Nemchenko et al., 2024).

The ability of the strains to form biofilms (BF) was stud-
ied using the G.A. O’Toole plate method (O’Toole, 2011), with
our own modifications (Nemchenko et al., 2020; Sitnikova
et al., 2022). Briefly, the ability of cultures to form BFs was
determined using a 96-well sterile flat-bottomed plastic im-
munological plate. Daily bacterial culture was standardized
in sterile meat-peptone broth (MPB) to 1 x 109 CFU/ml. The
culture suspension and control were inoculated with 150 pl
per well of the plate into four replicates. Sterile MPB served
as the background control. The plate was incubated in a dry-
air thermostat for 18-20 h at 37 °C. Biofilms were stained
using a modified G.A. O’Toole method: planktonic cells
were removed by pipetting, the plate was washed three times
with sterile saline, dried for 10—15 min without a lid, and the
biofilms were stained with 1 % gentian violet, followed by
alcohol extraction according to the method (O’Toole, 2011).
The biomass of the formed films was estimated from the opti-
cal density (OD) of the gentian violet dye extracts at 492 nm
(STAT FAX®4300 spectrophotometer, USA). The biofilm
formation coefficient (BFC) was calculated as the A492exp/
A492control ratio. Strains with BFC values < 2 units were
considered to be weakly BF-forming; those with a BFC of
2-3.99 had a moderate ability to form BFs (Nemchenko et
al., 2020; Grigorova et al., 2021).

Whole-genome sequencing. Genomic DNA was isolated
using a Quick-DNA Fungal/Bacterial Miniprep Kit (Zymo
Research, USA). Whole-genome sequencing of strains was
performed on Illumina NextSeq 550 equipment using the
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Table 1. Brief results of genome assembly and annotation of P. aeruginosa strains

Indicator IMB101 IMB105 IMB103 IMB100 IMB104
Genome assembly
Number of reads 12,369,102 13,477,896 3,737,929 36,044,976 14,328,761
Number of contigs 121 274 278 258 487
N50 255,738 298,770 550,311 65,489 238,191
Coverage 279 686 592 1,500 179
Genome annotation
GC, % 66 66 66 66 65
CDS number 5,895 5,874 5,910 5,548 5,935

[lumina® DNA Prep Tagmentation, IDT® for [llumina® DNA/
RNA UD Indexes Set Tagmentation, and NextSeq 500/550
High Output Kit v.2.5 (300 Cycles) library preparation reagent
kits according to the manufacturer’s recommendations.
Bioinformatics analysis. Genome assembly was performed
using the SPAde sv.3.11.1 program (Bankevich et al., 2012).
Contig alignment and orientation correction were performed
using MAUVE 2.4.0 (Rissman et al., 2009) and the P. aeru-
ginosa PAO1 reference genome (GenBank AE004091.2)
(Table 1). Functional annotation was performed using
Prokka 1.14.6 (Seemann, 2014). The genes involved in bio-
film formation were identified using the KEGG (Kanehisa et
al., 2022) and PubMLST (Jolley et al., 2018) databases. The
complete genomes of the strains obtained in this study were
deposited in the NCBI database project PRINA1026796.

The study was conducted using equipment from the Center
for collective use “Center for the development of progressive
personalized health technologies”, and “Collection of human
microbiota of the Irkutsk region” of the Institute of Epidemio-
logy and Microbiology, Scientific Center for Family Health
and Human Reproduction Problems (Irkutsk).

Results

Five clinical strains of P. aeruginosa isolated from patients
with CF who had received long-term antibiotic therapy were
analyzed in the study. Phenotypically, all strains were clas-
sified as moderately biofilm-forming, with the BFC varying
from 2.10 to 3.15 (Table 2). The minimum BFC value was
determined for strain IMB101, and the maximum values were
3.11 and 3.15 for IMB100 and IMB104, respectively.

Table 2. Phenotypic characteristics and genetic potential of P. aeruginosa strains for biofilm formation

Indicator IMB101

Biofilm formation coefficient 2.10

cAMP/Vfr signaling pathway

pil; twitching motility proteins pilT/Y/Q

cyaA; adenylate cyclase -

Gac/Rsm pathway

hcpA; secreted protein Hcp -

hcpC; secreted protein Hep 1

c-di-GMP signaling pathway

wbp; phosphomannose isomerase/
mannose-1-phosphate guanylyl transferase

wbpABDEI

Additional genes potentially involved in biofilm formation not included in the ko02025 map

frzE; gliding motility regulatory protein -
tcpE; toxin coregulated pilus biosynthesis proteinE ~ +

rcsC; sensor histidine kinase RcsC 1-15

IMB105 IMB103 IMB100 IMB104
2.50 291 3.11 3.15
pilT/Y/Q/A pilT/Y/Q/A pilT/Y/Q pilT/Y/Q/A
-_ + - -_

- - 1-3 -

wbpA wbpA - -

— — + —_

- + - +

1-15 1-15 1-13 1-14

Note. Numbers indicate the number of variants of the hcpA, hcpC, and resC genes according to genome annotation using Prokka 1.14.6 (Seemann, 2014).
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Table 3. Description of loci identified in the genomes of the studied P. aeruginosa strains
for genes used for extended MLST typing (PubMLST) and included in the k002025 map

Gene; synthesized protein IMB101 IMB105 IMB103 IMB100 IMB104
Gac/Rsm pathway
hcp1, protein secretion apparatus assembly protein 1 1 1 1 1
pppA, serine/threonine phosphatase 9 4 3 4 16
icmF1, type VI secretion protein IcmF 72 5 19 120 39
clpV1, secretion protein ClpV1 67 176 22 113 120
ppkA, serine/threonine protein kinase PpkA 44 187 113 - 138
fha1, Fha domain-containing protein 127 6 26 - 326
gacA, response regulator GacA 3 3 3 3 3
gacs, sensor/response regulator hybrid protein 59 487 18 - 24
retS, sensor histidine kinase MifS 59 - - 108 154
QS pathway
trpE, anthranilate synthase component | 58 5 14 5 116
trpG, anthranilate synthase component II 1 48 12 27 72
stp1, serine/threonine phosphoprotein phosphatase Stp1 34 82 4 13 70

Whole-genome sequencing was performed for all strains.
The primary objective of this study was to identify genes that
could participate in biofilm formation and its regulation. The
ko02025 map (KEGG PATHWAY Database) was used for
routine search. Additionally, we analyzed the loci used in typ-
ing P. aeruginosa strains on the PubMLST platform (Jolley et
al., 2018) and manually searched for genes that had previously
been shown to participate in the process of biofilm formation
or its regulation (Thelin, Taylor, 1996; Kearns, Shimkets,
1998; Wall et al., 2018).

We showed that all tested genes are localized in chromo-
somal DNA. Differences between the genomes of the studied
strains were found in the presence or absence of some genes
or in the representation of loci of three signaling pathways:
cAMP/Vfr, Gac/Rsm, and c-di-GMP (Table 2). An additional
search for genes involved in biofilm formation revealed differ-
ences in the presence or absence of genes primarily involved
in regulatory processes: frzE (gliding motility regulatory
protein), tcpE (toxin coregulated pilus biosynthesis protein E),
and rcsC (sensor histidine kinase RcsC) (Table 2). Of great-
est interest are genes that not only participate in signaling
pathways according to the k002025 map (KEGG PATHWAY
Database) but are also used for extended multilocus typing
PubMLST (Table 3).

The hcpl and gacA genes were completely identical in the
genomes of the studied strains. Genes such as ppkA, fhal,
and gacS were not identified in the IMB100 strain, which
showed a fairly high biofilm formation coefficient (3.11).
Note that retS was absent in the genomes of the IMB103 and
IMBI105 strains, which had biofilm formation coefficients of
2.91 and 2.50, respectively. Of undoubted interest is the analy-

sis of genes such as pppA, icmF, clpV1, trpE, trpG, and stpl,
which differed in the structure of loci in all the analyzed strains.
These genes can be used to identify clinical strains of P. aeru-
ginosa and to characterize their biofilm-forming properties.

Discussion

P. aeruginosa is an opportunistic pathogen that causes infec-
tions in immunocompromised or CF patients. P. aeruginosa
infection in CF patients occurs as a mild acute infection that
subsequently progresses to chronic respiratory disease. It has
been suggested that two distinct, mutually exclusive sets of
virulence factors are associated with the two stages of infection
(Brencic, Lory, 2009). The type III secretion system (T3SS)
and type IV pili genes are thought to be associated with acute
disease, whereas the type VI secretion system (T6SS) HSI-I
and biofilm formation are important during chronic infection
(Deretic et al., 1995; Brencic, Lory, 2009). There is currently
an active search for genes, the expression of which differs
according to the lifestyles of bacterial pathogens and which
may be biomarkers of the transition from acute to chronic
infection and vice versa (Cao et al., 2023).

In this study, we analyzed the phenotypic and genetic pro-
perties of P. aeruginosa strains isolated from patients with
CF receiving continuous antibacterial therapy. All strains
were defined as moderate biofilm-forming, but their genomes
showed differences in the presence/absence of some genes or
in the loci of signaling pathways that were characterized in
the genomes of clinical P. aeruginosa strains and were related
to both biofilm formation and regulation of this process. The
identification of genetic markers of phenotypes associated
with biofilm structure formation is of undoubted interest.
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These genes may be used for extended multilocus typing
PubMLST and may be responsible for individual stages of
biofilm formation or regulation. In our studies, we identified
12 such genes, 9 of which belong to the Gac/Rsm signaling
pathway, and 3 — to the QS pathway.

The two-component GacS/GacA system stimulates the
expression of two small regulatory RNAs, RsmY and RsmZ,
which in turn regulate the translational repressor RsmA.
Members of the RsmA/CsrA family have been identified in the
genomes of many Gram-negative bacteria, including P. aeru-
ginosa, P. fluorescens, Escherichia coli, and some species of
Salmonella, Legionella, Proteus, Helicobacter, and Erwinia,
where they have been implicated in the regulation of pheno-
types such as virulence, motility, QS systems, and stress re-
sponse (Brencic, Lory, 2009).

QS systems are a form of bacterial intercellular communi-
cation used by many species to determine population density
and coordinate gene expression (Coggan, Wolfgang, 2012).
QS is achieved by producing autoinducer signaling molecules
so that an increase in bacterial population density leads to their
accumulation. Once a threshold concentration is reached, auto-
inducers bind their cognate receptors, which directly or indi-
rectly activate gene expression. Three QS systems are encoded
in the genomes of P. aeruginosa: two N-acyl-homoserine
lactone (AHL)-based and a 2-alkyl-4-quinolone (AQ)-based
signaling system. These three QS systems are involved in the
regulation of virulence factor production, biofilm maturation,
and motility phenotypes (Coggan, Wolfgang, 2012).

It should be noted that studies of transcriptional profiles
of different clinical P. aeruginosa strains grown under plank-
tonic and biofilm conditions showed that transcriptional
profiles detected under planktonic growth conditions were
quite similar, and more divergent transcriptional profiles
were recorded when isolates were grown under biofilm
conditions (Thoming et al., 2020). The model experiments
showed that different groups of clinical isolates follow parallel
evolutionary pathways and produce similar phenotypes. This
convergence of organismal phenotypes was observed for a
variety of traits, including the formation of different biofilm
structures characterized by specific transcriptional signatures,
as well as virulence and motility phenotypes (Thoming et al.,
2020).

It can be assumed that, despite the different sequence types
identified in patients with CF, the transition to a persistent
form during chronic P. aeruginosa infection will not simply
stimulate the expression of certain genes to create a certain
pathogen phenotype but will also form the corresponding
genotype, realizing the potential of genetic heterogeneity of
the bacterial population. It should also be noted that genes that
participate in biofilm formation or regulation of this process
(according to the k002025 map) are used for extended mul-
tilocus typing of PubMLST and can be used to type clinical
strains of P. aeruginosa in order to characterize their biofilm-
forming properties.

Conclusion

In the genomes of clinical strains of P. aeruginosa that persist
for a long time in patients with CF against the background
of constant antibiotic therapy, genes that can potentially

Genetic potential for biofilm formation
of clinical strains of Pseudomonas aeruginosa

participate both in the process of biofilm formation and in its
regulation have been characterized. Characterization of the
genetic potential for biofilm formation makes it possible to
search for reliable genetic markers of this process to monitor
the evolution of the pathogen as a result of long-term persis-
tence in the host organism.
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