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Abstract

Introduction. The two-component BvgAS system regulates the transcription of the pathogen's virulence genes
and plays a key role in the pathogenesis of whooping cough, an anthroponotic infectious disease. Currently, the
factors affecting the BvgAS system of Bordetella pertussis bacteria in the human organism have not been studied
in practice. It is known that disruption of the bvgAS operon structure leads to phase modulations and changes
in virulence. IS-elements intergation into the bvgAS operon and other virulence genes of B. pertussis bacteria
is important mechanism in regulating their expression, potentially leading to the long-term persistence of this
pathogen in the human body.

Aim. |dentification and description of spontaneous IS-elements insertions in B. pertussis into bvgAS, cya and
fhaB virulence genes responsible for hemolytic activity during in vitro bacterial cultivation.

Materials and methods. B. pertussis strains from the collection of the N. F. Gamaleya National Research Center
for Epidemiology and Microbiology were used: virulent B. pertussis 475 strain and its isogenic attenuated strain
B. pertussis 4MKS; virulent B. pertussis strain Tohama | and its avirulent mutant B. pertussis 347. Bacteria were
cultivated on casein-charcoal agar with blood addition. The formation of haemolysis zones was assessed visually.
PCR, real-time PCR and sequencing were used for the genetic characterization of the obtained insertion mutants.
Results. B. pertussis mutants containing insertions of IS-elements in fhaB and bvgAS genes with impaired
hemolytic activity (Hly- phenotype) have been isolated in vitro, as well as B. pertussis mutants that retained
hemolytic activity (Hly* phenotype), containing IS-elements in a previously undescribed orientation in the bvgAS
gene. The frequency of insertional mutant formation depended on conditions of cultivation and bacteria genotype.
Conclusion. Arguments are made for the hypotheses about the 1S-elements involvement in B. pertussis bacteria
transition to a state of reduced virulence, which provides the possibility of long-term persistence of this pathogen
in the human body.

Keywords: Bordetella pertussis, 1S-elements, regulation of transcription, virulence, persistence, hemolytic
activity, Hly- phenotype
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AHHOMayus

BBeaeHue. KntoueBylo pornb B naToreHese KOKIMoLa, aHTPOMOHO3HOIO MHAEKLMOHHOro 3aboneBaHus, urpaet
OBYXKOMMOHEHTHas cuctema BvgAS, perynvpytoLias TpaHCKpUNUMIO reHOB BUPYNEHTHOCTW Bo3byanTens. dak-
TOpbI, OKa3biBalOLne BO3AeNCTBUE Ha paboTy cuctembl BvgAS Gaktepun Bordetella pertussis B opraHuame ye-
rnioBeka, NPaKTUYECKN He U3yYeHbl. MI3BECTHO, YTO HapyLUeHWe CTPYKTYpbl onepoHa bvgAS npueoguT K ha3oBbiM
nepexogam M U3MEHEHUIO BUPYNEHTHOCTU. MNepeMelleHne I1S-anemeHToB B onepoH bvgAS u gpyrue reHsl BUpy-
NEHTHOCTM BO3ByauTEns KOKMNoLwa ABNSETCA BaXHbIM MEXaHU3MOM B PErynsaumnm nx aKCnpeccum, noTeHumansHo
NPUBOASILLMM K ANUTENbHOW NepcucTeHunn 6akTepuii B opraHnamMe YenoBeka.

Llenb paboTbl — MOUCK U XapakTepUcTMKa CNOHTaHHbIX UHCEPLMOHHBIX MyTaHTOB 6akTepui B. pertussis no re-
HaMm BUpPYNeHTHOCTU bvgAS, cya u fhaB, 0OTBETCTBEHHbLIM 3a reMONUTUYECKYI0 aKTUBHOCTb NPU KYNbTUBMPOBAHUN
GakTtepwii in vitro.

MaTtepuanbl u meToabl. Vicnonb3oBaHbl WTaMmmbl B. pertussis n3 konnekunn HALOM um. H.®. Famaneun: Bupy-
NEHTHbIA WTamMMm B. pertussis 475 v N30reHHbIV eMy aTTEHYMPOBaHHbIN WTamm B. pertussis 4MKS, BUpyneHTHbI
wTtammMm B. pertussis Tohama | n ero aBupyneHTHbIN MyTaHT B. pertussis 347. Baktepuu KynsTMBMpOBanu Ha Ka-
3eMHOBO-YIoNbLHOM arape ¢ gobasneHnem Kposu. PopmrpoBaHme 30H remMonunaa oLeHMBanu BudyanbsHo. [ns mMo-
NeKynspHO-reHeTUYECKOW XapakTePUCTUKN MOMYYEHHbIX MHCEPLIMOHHBIX MyTaHTOB Mcnonb3osanu metoas! MNLP,
MUP-PB, cekBeHMpoBaHus.

Pe3ynbrarthbl. In vitro BblaeneHbl MyTaHTbl B. pertussis ¢ HapyLIeHHON reMONUTUYECKOM aKTUBHOCTLIO (heHoTUN
Hly-) ¢ nHcepuusamm IS-anemeHToB B reHax fhaB n bvgAS, a Takke MyTaHTbl, COXPaHMBLLNE FEMONUTUYECKYIO
akTnBHoCTb (peHoTun Hly*), cogepxalwime IS-anemMeHTbl B paHee He ONUCaHHOW opueHTauuu B reHe bvgAS.
YacToTa o6pa3oBaHns MHCEPLIMOHHBIX MYTaHTOB 3aBMCENa OT YCIOBUI KyNbTUBUPOBaHNUS 1 reHoTuna 6aktepui.
3akntoyeHue. NprBeaeHbl apryMeHTbl, CBUAETENLCTBYOLME O BOSMOXHON ponu |S-anemeHToB B nepexoae 6ak-
Tepuin B. pertussis B COCTOSIHUE MOHWXEHHOW BUPYNEHTHOCTU, YTO obecneunBaeT ANUTENbHYI0 NEPCUCTEHLNIO
BO30yaMTENs KOKIOLWA B OpraHn3me Yernoseka.

KnioueBble cnoBa: Bordetella pertussis, 1S-anemeHmbi, peaynsayusi mpaHCcKpunuyuu, eupyrneHmHoCmb, nepcu-

CmMeHYus, eeMonumudeckasi akmusHocms, Hly--gbeHomun

HUcmoyHuk dJUHchuposaHun. ABTOpr 3aABnsaT 06 OTCYTCTBUM BHELUHEro CbVIHaHCI/IpOBaHMFl npu nposegeHun mnc-

crnefoBaHus.

Kompnuxm UHmMepecos. ABTOpr AEKNapupyrT OTCYTCTBME ABHbLIX U NOTEHUMalbHbIX KOHq)J'WIKTOB NHTEpecoB, CBA-

3aHHbIX ¢ NyGnnKaument HacTosLen cTaTbu.

Ansi yumupoeanusi: Kynukos C.B., Megkosa A.1O., JlokteB M.A., CunsiwmHa J1.H., Kapataes I"W. eHeTn4eckoe pas-
Hoobpasue MyTauuii, BNUSIOWMX Ha reMONUTUYECKYI0 aKTUBHOCTL BakTepuin Bordetella pertussis npu KynsTMBuMpoBa-
HWM in vitro. XKypHan mukpobuormnoauu, anudemuonoauu u ummyHobuomnoauu. 2025;102(5):592-604.
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Introduction

The Gram-negative bacterium Bordetella pertus-
sis causes an acute contagious infectious disease in
humans called whooping cough. The genus Bordetel-
la is traditionally divided into "classical" species —
B. pertussis, B. parapertussis and B. bronchiseptica —
and "new" species — B. avium, B. petrii, B. holmesii,
B. hinzii, B. trematum and B. ansorpii. In recent years,
3 more species have been described: B. bronchialis,
B. flabilis and B. sputigena [1].

Among the virulence factors of the whooping
cough pathogen, two main groups are distinguished:
toxins and adhesins. Toxins include pertussis toxin,
adenylate cyclase toxin (ACT), tracheal cytotoxin, der-
monecrotic toxin and lipopolysaccharide endotoxin.
Adhesins include filamentous hemagglutinin, aggluti-
nogens, or fimbriae 2 and 3, the outer membrane protein
pertactin, the BrkA protein and other components of the
Bordetella type 111 secretion system. It is believed that
the hemolysin in the bacterium B. pertussis is ACT [2],
however, there is currently data on the influence of the
FhaB protein on erythrocyte hemolysis in vitro when
interacting with ACT [3].

An important feature of the genomes of bacte-
ria of the genus Bordetella is the presence of repeated
insertion sequences — IS elements — in the chromo-
some [4]. The number and diversity of IS elements dif-
fer among different members of the genus. The maxi-
mum number of IS481 and IS1002 is registered in the
B. pertussis chromosome [4]. It is believed that IS ele-
ments were involved in the evolution of bacteria of the
genus Bordetella from a common ancestor, B. bronchi-
septica [5].

The two-component system BvgAS, consisting of
the histidine kinase BvgS and the transcription regulator
protein BvgA, plays a special role in the pathogenesis
of whooping cough. The BvgAS system acts as a key
regulator, controlling the transcription process of genes
responsible for the virulence of the bacterium B. per-
tussis [6—8]. Furthermore, the BvgAS system regulates
many intracellular processes, including B. pertussis
metabolism and microbe-host interaction [8]. The level
of BvgA~P production and phosphorylation determines
the level of transcription of Bvg-dependent genes. The
level of BvgA~P phosphorylation is determined by
the activity and quantity of the BvgS phosphokinase,
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which depends on a number of factors, including cul-
ture conditions. Depending on the functioning of the
BvgAS system, B. pertussis bacteria can be in a virulent
state — Phase [ (Bvg"), an avirulent state — Phase IV
(Bvg), or an intermediate phase Bvg!, each of which
contributes to the pathogenesis of whooping cough,
the persistence of bacteria in the human body, and their
transmission to a new host.

Despite the lack of information about factors af-
fecting the BvgAS system's function in a living organ-
ism, certain conditions that alter the virulence of B. per-
tussis bacteria have been described when cultured in vi-
tro on solid media [6—8]. Thus, lowering the cultivation
temperature to 27°C, adding 50 mM magnesium sulfate
or nicotinic acid to the nutrient medium promotes the
bacteria's transition to an avirulent phase.

Changes in the phase state of B. pertussis bacteria
can occur as a result of disruption of the bvgAS viru-
lence operon structure. Two types of induced mutations
that cause changes in the phenotype of B. pertussis are
described. The first mutants without hemolytic activ-
ity (lacking zones of hemolysis on blood agar plates,
Hly™ mutants) were selected by culturing the laboratory
virulent strain B. pertussis Tohama I in the presence of
erythromycin [9]. The main phenotypic characteristic
of Hly mutants was the absence of zones of hemolysis
around individual colonies grown on Bordet—Gengou
medium supplemented with sheep blood. The frequen-
cy of Hly™ mutant detection was characterized by the
authors as 10°-107%. In 1989, a study by S. Stibitz et
al. was published, in which the region of the B. per-
tussis Tohama I mutant responsible for hemolytic ac-
tivity was mapped and sequenced. It has been shown
that Hly- mutants contained a frameshift (f.s.) muta-
tion associated with the acquisition of a cytosine in a
sequence of 6 cytosines in the bvgS gene [10]. Anoth-
er type of B. pertussis mutant in the Tohama I strain
was isolated by S. Stibitz in 1998 [11]. Mutants with
the bvgAS operon were found to be viable under se-
lective conditions characterized by the overproduction
of the mutant BvgA protein cloned within a plasmid.
The author characterized 15 B. pertussis insertion mu-
tants that survived under the specified conditions, and
corresponding sequences were identified in 7 of them.
Five mutants contained IS481, and 2 mutants contained
IS1002 at the bvgAS operon ctag site [12]. The research
has shown that B. pertussis mutants similar to those ob-
tained in in vitro experiments have been found in late-
stage whooping cough convalescents, in asymptomatic
carriers in contact with whooping cough patients [13],
and in experimental whooping cough in Old World
monkeys at a late stage of the infectious process [14].

In recent decades, various types of knockout and
regulatory mutants for the fhaB, katA, prn and brkA
virulence genes of B. pertussis, containing IS ele-
ment insertions, have been isolated from patients with
whooping cough. The accumulation of such B. pertus-
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sis mutants in the population is thought to be linked
to the widespread use of acellular pertussis vaccines in
several countries [15-18].

We have proposed a hypothesis that IS elements
are involved in the regulation of the expression of vir-
ulence genes and housekeeping genes of the whooping
cough pathogen, which is one of the mechanisms for
the long-term persistence of B. pertussis bacteria and
the formation of persistence in the human body, and
which determines the circulation and maintenance of
anthroponotic infection foci.

The aim of this study was to identify and char-
acterize spontaneous insertion mutants of B. pertussis
bacteria in the virulence genes bvgAS, cya and fhaB,
responsible for the Hly~ phenotype, which are formed
during in vitro bacterial cultivation.

Materials and methods

The study used B. pertussis strains from the Ga-
maleya Research Institute of Epidemiology and Mi-
crobiology collection: virulent B. pertussis 475 and its
isogenic attenuated B. pertussis 4MKS Str®Nal*CmR®
[19]; virulent B. pertussis laboratory strain Tohama I
and its avirulent mutants B. pertussis 347 bvg AS::TnS
StrRKmR.

B. pertussis bacteria were cultured on casein-char-
coal agar (Medgamal) supplemented with 15% sheep
blood at 35°C for 24-36 hours for culture growth and
for 72-96 hours for the formation of colony-forming
units (CFU). The number of colonies, their size, and
shape were counted and characterized visually. The
absence of extraneous microflora was monitored using
light microscopy after Gram staining.

DNA from B. pertussis bacteria was extracted
using the Sorb-B DNA extraction kit (AmpliSens).
For purification of amplification products, a DNA ex-
traction and purification kit from an agarose gel (Euro-
gen) was used.

For real-time polymerase chain reaction (QPCR),
a CFX96 Touch thermocycler (Bio-Rad) was used, and
for PCR, a device from the company Tercik was used.

The nucleotide sequence of the amplification
products was determined using a 3130 Genetic Analyz-
er (Applied Biosystems/Hitachi).

Results

Method for registering the integration of IS elements
into the bvgAS operon

Among the described mutations in the virulence
genes of the whooping cough pathogen, insertion muta-
tions — the integration of IS elements into the specific
site of the B. pertussis bvgAS operon — deserve special
attention, according to our hypothesis. In previous stud-
ies, we described a method and test systems for detect-
ing mutations in the bvgAS operon, which contains IS
elements 481 and 1002 integrated in a specific, at that
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time the only known, orientation, which we condition-
ally designated as orientation (1) [13].

To identify B. pertussis mutants containing IS ele-
ments 481 and 1002 integrations in a previously unde-
scribed opposite orientation relative to the known ori-
entation (1), we have modified a previously developed
real-time PCR system. The new orientation is provi-
sionally designated as orientation (2).

Integration of IS elements 481 and 1002 in orien-
tation (2) — IS481 (2) and 1S1002 (2), the positions of
the primers and probes are schematically represented in

Fig. 1. Table 1 presents the nucleotide sequences of the
probes and primers, including those flanking the speci-
fic NctagN sites located within the structure of the cya
and fhaB genes.

The temperature-time profile for real-time PCR
and PCR to detect [S481 and [S1002 integrations in ori-
entation (2) and at the NctagN site of the bvgAS operon
and cya and fhaB genes is presented in Table 2.

The specificity of the selected primers and probes
was confirmed by determining the nucleotide sequence
of the corresponding amplification products. The num-

Bp111
R6G481
IS 481
Bp111
ROX1002
IS 1002
Se BVG300
bvgA bvgS
CCTAGG

Fig. 1. Structure of the B. pertussis chromosome region containing the integration of IS 481 (2) or IS 1002 (2) at the cctagg
site of the bvgAS operon.
The shaded arrows indicate the position of the integrated element IS 481 (blue arrow) or IS 1002 (red arrow) within the bvgAS operon in the

cctagg site (blue solid arrows). The position of the primers used for amplification is indicated by dark pentagons. Colored triangles indicate the
position of the DNA probes used in the real-time PCR hybridization reaction.

Table 1. Nucleotide sequences of primers and probes used to detect integrations of IS elements 481 and 1002 in orientation
(2) — 1S481 (2) and IS1002 (2) — into the bvgAS, cya and fhaB genes

Primer/probe Nucleotide sequence
qPCR
Bp111 GGTCAATCGGGCATGCTTATGG
BVG300 ACGTCGAACGGAGGAATGTC

R6G481, probe
Rox1002, probe

(R6G)TCGCCGACCCCCCAGTTCACTCAAG(BHQ1)
(ROX)ACCACGCCATCGCAACTCAGGGCA(BHQ2)
PCR bvgAS::IS; PCR cya::IS; PCR fhaB::IS

CyaF CCATGTCGAGCTGGCCCGTG
CyaR GGCCACTTCTCGACCGTGCC
FhaB1-F GGCTGAGCCGTTTCGACCTT
FhaB1-R CACGGTCGTTCAGCGCAACA

S GTCGCTGGTGGAACTGATAG

F
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Table 2. Temperature-time profiles of real-time PCR and PCR for detecting IS element integrations in the NctagN site of the

bvgAS, cya and fhaB operons

Target Mpanmepsl/30Ha Temperature, °C Time, s | Number of cycles
PCR 95 300 1
q -
bugAS:1S481 (2) Bp111-BVG300/R6G481 gg gg } 40
95 300 1
gPCR ]
bvgAS:1S1002 (2) Bp111-BVG300/Rox1002 28 gg } 40
95 300 1
PCR _ 95 20
bvgAS::IS S¢BVG300 63 30 40
72 30
95 300 1
PCR
. CyaF-CyaR 95 20
cya:IS yary 67 30 40
72 30
95 300 1
PCR F- . 95 20
A FhaB1-F-FhaB1-R % 20 }40
64 30

ber of genome equivalents (GE) of B. pertussis DNA
and IS 481 (1) and IS 1002 (1) integrations were deter-
mined using the real-time PCR test systems (BpIS-Q)
and real-time PCR BpIS-INT1 [13], respectively. The
number of IS 481 (2) and IS 1002 (2) integrations was
estimated based on the values of the reaction threshold
cycle. The corresponding set of reagents, analogous to
the set for quantifying IS element integrations in orien-
tation (1), is designated as BpIS-INT2. The frequency
of integrations was calculated as before using the ratio
N, /N> where N ¢ is the number of integrations and
N, is the number of GE in 5 pL of the DNA solution
being studied.

Phenotype of B. pertussis bacteria 4MKS, 475,
Tohama I, and Tohama 347 and molecular genetic
characterization of their populations

Within the framework of this study, populations
of the laboratory strain B. pertussis Tohama I and its
Bvg™ mutant B. pertussis Tohama 347, as well as vir-
ulent bacteria B. pertussis 475 and isogenic attenuated
bacteria B. pertussis AMKS, were analyzed to identify
insertion mutants in the bvgAS, cya and fhaA virulence
genes, which are responsible for the Hly~ phenotype
that develops when B. pertussis bacteria are cultured
in vitro.

B. pertussis are slow-growing, fastidious bacteria.
For the phenotypic differentiation of the phase states of
B. pertussis bacteria when cultured on solid media with
blood added, the following characteristics of the colo-
nies can be used: size, shape, and the presence of hemo-
lysis zones. Bvg" colonies are convex, smooth, shiny,
small (1-2 mm), and form distinct zones of hemolysis;
Bvg colonies are flat, rough, larger (2.0-2.5 mm), and
do not form zones of hemolysis.

Colonies of B. pertussis bacteria grown on ca-
sein-charcoal agar (CCA) blood agar were analyzed
for the listed parameters. B. pertussis culture from an
ampoule was streaked onto a Petri dish containing CCA
agar with added blood (primary culture), and after incu-
bation at 35°C for 24-36 hours, it was re-streaked in a
dense line onto the same Petri dish (first passage). After
checking for microbiological purity using light micros-
copy, another subculture was performed (2 passage).
The 3™ passage culture was used to seed the ampoule
culture into individual colonies by the titration method
(ampoule culture analysis). Simultaneously, individual
colonies from the second passage, grown on CCA me-
dium with blood, were analyzed for morphology and
the presence of hemolysis zones. Three CFUs of each
strain meeting the criteria for virulent B. pertussis bac-
teria were streaked onto fresh blood agar plates, DNA
was extracted from the resulting culture, and the bacte-
ria were simultaneously serially diluted to form CFUs
on the blood agar medium. Colony morphology and the
presence of hemolysis zones were analyzed (culture
analysis from individual colonies). This study charac-
terized 500-1000 CFU of each strain of virulent and
attenuated B. pertussis bacteria, grown from ampoule
cultures and individual colonies.

Phenotypic and molecular biological analysis
was performed on B. pertussis bacteria dried at differ-
ent times in different laboratories. The vast majority of
B. pertussis AMKS and B. pertussis 475 ampoule cul-
tures from the 3™ passage contained bacteria in the viru-
lent Bvg" phase; IS element integration into the bvgAS
operon was detected by real-time PCR at a low frequen-
cy — less than 10 per bacterial cell. In the ampoule
culture spreads, all the colonies that grew had a Bvg*
phenotype.
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In certain cases, in B. pertussis 4MKS bacteria
from the 3rd passage of an ampoule culture dried more
than 4 years ago, the total frequency of insertion mu-
tants in both orientations was (2-5) x 102 (Table 3).
During sieving, approximately 2—-3% of Hly-CFU were
recorded. The colonies were flat and rough in shape and
2.0-2.5 mm in size, while Hly* colonies were 1-2 mm.

Similar results were obtained in a study of am-
poule cultures of B. pertussis Tohama 1. The frequency
of IS481 (1) integrations into the bvgAS operon, detect-
ed by real-time PCR, ranged from 10~ per bacterium
to several percent. No integrations of other IS elements
were found in the B. pertussis Tohama | bacteria. The
maximum number of non-hemolytic CFU, reaching
95% of the total number of colonies, was identified
when bacteria dried on April 13, 1974 (30 years ago)
were streaked. The frequency of IS element integra-
tions into the hvgAS operon was 4 x 107 per bacterium
(Table 3).

B. pertussis Tohama 347 bvgAS::Tn5 strain was
expected not to form zones of hemolysis, and the size
and shape of the colonies corresponded to the Bvg™ phe-
notype. The frequency of integrations in all B. pertussis
Tohama 347 cultures analyzed by real-time PCR was
less than 10 per bacterium.

A similar study was conducted with cultures
grown from individual Hly" colonies of B. pertussis
475, B. pertussis 4AMKS, and B. pertussis Tohama 1.
When each strain of bacteria was streaked from indi-
vidual colonies onto CCA medium with added blood
from 10° CFU, no colonies that did not form zones of
hemolysis were observed. The size and shape of the
colonies corresponded to the Bvg™ phenotype described
above. The frequency of IS element integration into the
bvgAS operon did not exceed 10107 per bacterium.

Colonies of Hly™ strains of B. pertussis AMKS and
B. pertussis Tohama I were selectively subjected to fur-
ther analysis. 46 colonies of each strain were transferred
to Petri dishes containing CCA with blood and antibio-
tics to test their antibiotic resistance and hemolytic abi-
lity. As a result, all individual B. pertussis 4AMKS colo-
nies were resistant to streptomycin, nalidixic acid, and
chloramphenicol, while B. pertussis Tohama | bacteria
were sensitive to all antibiotics tested. The identified

antibiotic resistance is fully consistent with the char-
acteristics of the parent strains B. pertussis 4AMKS and
B. pertussis Tohama 1. Colonies of both strains main-
tained a pronounced Hly~ phenotype in the replicates.

In PCR with SF-BVG300 primers on DNA ex-
tracted from the 3™ passage of ampoule cultures and
the CFU of the tested strains, no large fragments were
detected, despite the presence of IS element integra-
tion in some bacteria within the population. The ab-
sence of amplification products with the insert is due
to the significantly lower efficiency of amplifying
large fragments compared to small fragments without
an insert.

Thus, in the cultures of virulent and attenuated
B. pertussis strains analyzed, grown from ampoule cul-
tures, Hly- mutants lacking hemolytic activity and con-
taining IS element integrations in the bvgAS operon are
detected with varying frequency. Cultures grown from
single bacterial colonies are homogeneous and contain
insertion mutants at a frequency of less than 10 per
bacterium. Bacterial populations grown from individu-
al colonies contain non-hemolytic bacteria colonies of
the Hly™ phenotype in insufficient numbers for pheno-
typic analysis.

Molecular genetic characterization of Hly- mutants
of B. pertussis 4MKS and Tohama |

DNA was extracted from 40 replicas of each
strain of B. pertussis AMKS and B. pertussis Tohama
I, with an Hly phenotype. The obtained samples were
analyzed using PCR with the primers SF-BVG300,
FhaB1-F-FhaB1-R, and CyaF-CyaR.

The size of the amplification products from the
SF-BVG300 primer-investigated Hly mutants of B.
pertussis AMKS was approximately 1300 bp in 25% (10
clones) and approximately 300 bp in 75% (30 clones).

Table 4 presents the results of the PCR product
analysis of some Hly™ clones of B. pertussis 4MKS
with primers SF-BVG300, FhaB1-F-FhaB1-R, and
CyaF-CyaR.

Integration into the cya gene was not detected in
any of the clones, whereas integration into the fhaB gene
was recorded in 26 out of 30 Hly~ mutants of B. pertus-
sis 4AMKS that did not contain IS element integration

Table 3. The proportion of Hly~ colonies and the registration of IS element integration events in the bvgAS operon of B.
pertussis 475, B. pertussis 4MKS and B. pertussis Tohama | strains when cultured on CCA blood agar

Ampoule culture

Culture from CFU

Strain
Hly=,% bvgAS :1S* Hly-, % bvgAS ::1S*
B. pertussis 475 N/A 5x10° N/A 3x10°
B. pertussis 4MKS 2 (2-5) x 102 N/A 2x 10+
B. pertussis Tohama | 95 4 x 102 N/A 5x 10+
B. pertussis Tohama 347 100 <10° 100 <10

Note. *The total integration frequency for all IS elements is given. DNA extracted from the 3 passage of the ampoule culture or colonies was

used for PCR; N/A — not found.
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in the bvgAS operon. For 3 Hly mutants, the nucleotide
sequence of the amplification products of the fhaB gene
fragment, 1300 bp in size, has been determined. In all
cases, [S481 (1) was found integrated at a specific site,
fhaB.

Clone #33, which did not contain integrations in
the bvgAS or fhaB genes, was found to have a 2-nu-
cleotide deletion near the cctage site in the bvgS gene
(Fig. 2). In 3 Hly clones (No. 32-2, 15-2, and 17-2),
no IS element integrations or other nucleotide sequence
disruptions were detected in the analyzed amplicons.

Out of 10 insertion Hly-BvgAS mutants with a
specific nucleotide sequence, 5 contain an IS481 in-
sertion (2), and 5 mutants contain an IS1002 insertion
(1). Fig. 3 shows a fragment of the sequence containing
IS481 (2) at a specific site in the hvgAS operon.

Among the analyzed Hly clones, no integrations
of IS1002 (2) and 1S481 (1) were detected, whereas the
corresponding integrations are recorded in the popula-
tion when analyzed by real-time PCR.

a
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The PCR products of 40 analyzed Hly- mutants of
B. pertussis Tohama I, using primer pairs SF-BVG300,
FhaB1-F-FhaB1-R, and CyaF-CyaR, had a size close
to the calculated one — approximately 300 bp, 388
bp, and 261 bp, respectively. Nucleotide sequencing
of 3 amplicons: bvgAS, cya and fhaB confirmed the ab-
sence of IS element integrations in them and did not
reveal any structural alterations compared to the native
sequence.

Given the presence of IS element integrations in
the bvgAS operon in 4% of the B. pertussis Tohama I
bacterial population and their absence in the DNA of
bacteria with the Hly~ phenotype, we searched for IS
element integrations in the bvgAS operon in bacte-
ria with the Hly" phenotype. PCR with SF-BVG300
primers on DNA extracted from 12 CFU with the Hly*
phenotype revealed products approximately 1300 bp in
size in 5 (41.7%) CFU, presumably containing an IS
element insertion at the analyzed site. qPCR analysis
confirmed that all of them contain an IS481 (1) integra-

GGAACTGATAGACCTCGCCAAACGCAACAATCTCGCCTAGCGCCGCGCATGCCCGCCCCGCACCG
CCTGTACCCCCGCAGTCTGATCTGCCTGGCTCAGGCGCTATTGGCATGGGCTTTGCtgGCATGGGC

GCCCGCGCA

b

GGAACTGATAGACCTCGCCAAACGCAACAATCTCGCCTAGCGCCGCGCATGCCCGCCCCGCACCG
CCTGTACCCCCGCAGTCTGATCTGCCTGGCTCAGGCGCTATTGGCATG

Fig. 2. Sequence fragment of the wild-type bvgAS operon of B. pertussis (a) and the Hly mutant B. pertussis No. 33 (b).

Nucleotide sequences of the bvgAS operon are shown in capital letters; ATG is the methionine codon of the bvgAS gene; tg is a deletion;
CCTAGC is a specific integration site for IS elements.

Table 4. Results of PCR analysis of DNA from B. pertussis 4MKS clones with the Hly~ phenotype (selectively)

Clone number on strain

Genes, mutation types

templates

bvgAS::IS fhaB:1S cya:1S
1S481 (2)* N/A* N/A
1S481 (2)* N/A N/A
49 1S481 (2)* N/A N/A
48 1S481 (2)* N/A N/A
22 1S481 (2)* N/A N/A
9 1S1002 (1)* N/A N/A
10 1S1002 (1)* N/A N/A
32 1S1002 (1) * N/A N/A
34 1S1002 (1) * N/A N/A
43 1S1002 (1) * N/A N/A
31 N/A* 1S481 (1)* N/A
33 ATG* HO N/A
3-2 N/A* 1S481 (1) * N/A
32-2 N/A* N/A* N/A
15-2 N/A* N/A N/A
17-2 N/A* N/A N/A
28-2 N/A 1S481 (1) * N/A

Note. *The structure has been confirmed by sequencing. N/A — integration was not found by PCR.



KYPHAJ1 MUKPOBUOJIOTUN, SMTMAEMNONOTUUN N UMMYHOBUOJOIUI. 2025; 102(5)

DOI: https://doi.org/10.36233/0372-9311-734

599

OPUTVHANbHbBIE NCCJTIEAOBAHNA

atttccagtttctcaaatccggttcggatgaaccatgcatacaacctattgaatctTcacaCCTAGCGCCGCGCATGCCCG
CCCCGCACCGCCTGTACCCCCGCAGTCTGATCTGCCTGGCTCAGGCGCTATTGGCATG

tgaaccatgcatacaacctattgaatctTcacacctaacgagcacggacttctccgcgccacgcgggacgcgaagaacgceccggac
aggccgceggttaccaacatggtatccggecgggcetggtigecgtcgececgegegecgceatccggecatcgecgecccaaccacgga

ggacccgcacatg ttgagcaac

Fig. 3. Sequence fragments of the bvgAS operon of B. pertussis 4MKS HIly- mutant, clone 49 (a), and an insertion mutant
of B. pertussis with 1S481 integrated into a degenerate ccfaac site located upstream the start of transcription
of the bteA gene (b) [16].

The sequence of the bvgAS operon is indicated in capital letters, and the specific integration site CCTAGC is underlined; the sequence of the

bteA gene is italicized, and the specifically degenerate integration site cctaac is underlined; the methionine start codons of the proteins VvgS

and BteA are in bold; the 3' end sequence of IS481(1) is indicated in lowercase letters; and the presumed transcription start is indicated by a
bold capital letter T.

tion into the bvgAS operon. Sequencing of the 1300 bp
PCR products of SF-BVG300 confirmed the presence
of the IS481 insertion in 3 of them (1) and the preserva-
tion of the native sequence around the integration site.

Thus, the emergence of B. pertussis bacteria with
the Hly™ phenotype when cultured on solid media is not
only due to previously known frameshift mutations in
bvgS, deletions and insertions in the hvg4 gene, inte-
gration of IS481 (2) and IS1002 (1) into the interge-
nic space of the bvgAS operon, or deletions in the bvgS
gene, which were found in this study, but also to newly
identified insertions of IS elements into the fhaB gene.
The insertion of 1S481 (1) into the hvgAS operon of
B. pertussis Tohama I does not lead to the formation of
a pronounced Hly™ phenotype in the bacteria. PCR ana-
lysis of virulence gene fragments bvgAS, cya and fhaB,
containing specific NctageN sites, did not reveal any
visible structural changes in the analyzed gene regions
in Hly” mutants of B. pertussis Tohama .

Discussion

A previous study conducted by us showed that a
population of virulent B. pertussis bacteria cultured on
solid CCA medium is not homogeneous; it contained
a certain proportion of mutants characterized by IS el-
ement insertions at a specific site in the bvgAS oper-
on. Such mutants were not only described by us, but
were also obtained and characterized under selective
conditions by S. Stibitz et al. In our studies, insertion
mutants of BvgAS were found in convalescents and
contacts of whooping cough patients, and in laboratory
animals in the late stages of whooping cough infection.
The qPCR test system we developed earlier, used in
the experiments, allowed for the detection of IS1002
and IS481 integration events in only one orientation,
which we designated as (1). We hypothesized that IS
elements are capable of moving and integrating into a
specific site within the bvgAS operon in reverse orienta-
tion (2). Therefore, this study aims to develop a method
for identifying integration events of IS elements into
the bvgAS operon in orientation (2) and to register the
corresponding insertion mutants of B. pertussis when

cultured in vitro.

The same primers and probes complementary to
the IS element sequences were used for PCR and the
registration of amplification products resulting from
the integration of IS elements in both orientations, but
in pairs with primer SF for orientation (1) and with
BVG300 for orientation (2) (Fig. 1). To estimate the
number of integrations in the orientation (2) in this
study, the values of the reaction threshold cycle were
used instead of calibration curves, as in previous ex-
periments, which slightly reduces the accuracy of the
integration quantification.

In independent experiments, when screening bac-
teria of all strains grown from CFU, except for B. per-
tussis Tohama 347, the frequency of integration events
detected by real-time PCR did not differ significantly
from what we had previously determined and was 10—
1075 per bacterium.

In this study, we analyzed B. pertussis 4AMKS and
B. pertussis 475 cultures dried at different times in our
laboratory, as well as B. pertussis 475 cultures obtained
at different times from various sources, including the
L.A. Tarasevich State Research Institute of Standard-
ization and Control of Medical Biological Preparations
collection. IS element integrations were identified in
all ampoule cultures in both orientations (1) and (2).
During the analysis of 16 preparations, IS1002 integra-
tion into the HvgAS operon was absent in 7 of them,
either in one or both of the orientations studied. IS481
integration was present in the bvgAS operon in orienta-
tion (1) in 75% of cases and in orientation (2) in 25%
of cases. Integration of IS 481 was not detected in only
one ampoule culture of B. pertussis strain 475. In 25%
of cases, IS1002 (1) integration was not detected, and
in 3 (16%) samples, neither IS1002 (1) nor IS1002 (2)
integrations were detected. Thus, the frequency of IS
element detection in the bvgAS operon of two isogenic
strains is reduced in the sequences 1S481 (1), [S481 (2),
IS1002 (1) and IS1002 (2). The reliability and signif-
icance of the identified patterns for other B. pertussis
strains remain to be determined in subsequent studies.

Among the analyzed Hly™ clones of B. pertussis
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4MKS ampoule cultures, no integrations of IS1002 (2)
and [S481 (1) were detected (Table 4), while they are
identified by real-time PCR in the overall population
of B. pertussis 4MKS. Presumably, such insertion mu-
tants are among the bacteria with the Hly* phenotype.
Analysis of 10 colonies forming zones of hemolysis did
not reveal any changes in the size of the corresponding
amplicon, indicating a low percentage of possible inser-
tion mutants in the Hly" clone population. The results of
gqPCR analysis of the bacterial population, including the
studied Hly~ and Hly" clones, support this conclusion:
the frequency of detection of IS1002 (2) and IS481
(1) integrations is 10 times lower than that of IS1002
(1) and IS481 (2), which are detected at a frequency
of approximately 10 per bacterium. However, finding
integrants without phenotypic markers at the expected
frequency of less than 107 per bacterium appears diffi-
cult. For this reason, Hly" clones with possible IS1002
(2) and IS481 (1) integrations were excluded from this
study.

In the B. pertussis Tohama I bacterial population,
only IS481 (1) integration was detected in the hbvgAS
operon, and no IS1002 integrations were found. When
streaking the test cultures grown from CFU on blood
agar, no colonies with the Hly~ phenotype were detect-
ed, which is consistent with the frequency of integra-
tion events identified by real-time PCR. The fact that
IS481 (1) is predominantly integrated into a specific
site within the HvgAS operon of B. pertussis Tohama I
bacteria, as well as the different integration frequencies
of [S481 and IS1002 in isogenic variants of B. pertussis
strain 475, requires further study and may be related to
the specific movement characteristics of IS elements in
different strains.

The frequency of IS481 integration in B. per-
tussis Tohama 347 bacteria cultures grown from am-
poules and colonies is approximately 100 times lower
(10°-1077 per bacterium) than in isogenic virulent B.
pertussis Tohama I bacteria. This fact was noted by us
in previous studies [20, 21]. Analysis of the B. pertus-
sis Tohama 347 DNA amplification product with SF-
BVG300 primers showed that the Tn5 insertion in the
bvgAS operon is located outside the analyzed fragment
of the virulence operon and is likely unable to prevent
the movement of IS elements into the analyzed site.
This circumstance indicates the dependence of transpo-
sition frequency on the integrity of the bvgAS operon. It
should be noted that we were unable to register a depen-
dence of the IS element transposition frequency in the
bvgAS operon on modulating conditions when culturing
B. pertussis Tohama I, 4MKS, and 475 bacteria in the
presence of MgSO, and at reduced temperature. On the
one hand, this observation does not support the depen-
dence of transposition on modulating conditions, and
on the other hand, considering the identified decrease in
integration frequency in B. pertussis Tohama 347, it can
be suggested that the BvgA and BvgS proteins are not
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directly involved in the regulation of transposition. The
empirical result obtained requires further study.

The high frequency of B. pertussis insertion mu-
tants we found in certain ampoule cultures suggests a
strong dependence of the transposition frequency on
the bacterial culture conditions, including, likely, with-
in the host organism. This circumstance may be respon-
sible for the instability in obtaining frameshift mutants
and their revertants, as noted by A. Weiss et al. [9].

Thus, the presented results show that our proposed
real-time PCR test systems allow for the detection of IS
element integration events in both orientations within
the bvgAS operon. The frequency of their transposition
depends on the genotype, including the integrity of the
virulence operon, and the conditions under which the
bacteria are cultured.

Analysis of the structure of the virulence gene
fragments bvgAS, cya and fhaB in Hly- mutants showed
that they contain the integration of IS481 (2) or IS1002
(1) at a specific cctagc site in the bvgAS operon (B.
pertussis AMKS), or IS481 (1) at a similar site in fhaB
(B. pertussis Tohama I). Four Hly mutants were also
found whose chromosomes do not have insertions in
the virulence gene fragments tested. A 2-nucleotide de-
letion was found in the hvgS$ gene of one of them, which
disrupts the expression of the BvgS phosphokinase in-
volved in the regulation of a large number of pertus-
sis pathogen genes, including all virulence genes. In 3
out of 4 Hly mutants, the methods used did not reveal
any abnormalities in the structure of the bvgAS or fhaB
genes. There were no integrations into the cya gene in
any of the analyzed clones. It is likely that these 3 mu-
tants contain the IS element insertions in the bvg4 gene
characterized by S. Stibitz, or other mutations, such as
frameshift mutations in the bvgS gene, which were not
identified using the methods employed.

The presence of an IS element integrated into the
intergenic space of the bvgAS operon, blocking the
transcription of the bvgS gene, appears to be a perfectly
expected reason for the formation of the Hly~ mutant
phenotype of B. pertussis 4AMKS. However, there are
several examples of [S481 integration into specific sites
located upstream of the brkA, kat and bvgS genes, at
least, not accompanied by the termination of their ex-
pression [16, 18, 20, 22]. In one study, not only was
the hypothesis formulated that transcription from a pro-
moter located at the end of IS481 regulates the expres-
sion of the brkA gene product, but the start of the cor-
responding transcript was also determined (Fig. 2). The
promoter identified by the authors is located at the same
end of IS481 (2) in the genome of clone 49 of B. per-
tussis 4AMKS, but it apparently does not provide a suf-
ficient level of bvgS gene transcription, resulting in the
formation of the Hly~ phenotype of clone 49 (Fig. 2).
It can be assumed that the disruption of the bvgS gene
transcription in mutants containing the IS1002 insertion
(1) occurs by the same mechanism or as a result of its
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complete cessation. The lack of experimental data on
the presence of promoters within the IS1002 structure
currently prevents a definitive conclusion. Apparently,
in this way, the IS481 insertion ensures the transcrip-
tion of the hvgS gene and the differential expression of
virulence genes in selected S. Stibitz mutants, manifest-
ed by the preservation but significant reduction in the
expression of the p#x genes and a less pronounced re-
duction in fha [20]. An interesting case of transcription
regulation is discussed by A. D'Halluin et al. [22]. Re-
gulation of fim2 gene transcription/translation is shown
as a result of antisense RNA synthesis from the [S481
internal promoter integrated upstream of the fim2 gene.
It is suggested that the described changes in the regu-
lation of B. pertussis virulence genes, particularly the
bvgAS operon, may be one of the "triggering" mech-
anisms for the formation of B. pertussis persistence in
the body of its only host — humans. Or they can in-
crease the viability of bacteria outside the body, facili-
tating the transmission of infection to a new susceptible
organism.

In all Hly- mutants containing an insertion in the
fhaB gene, [S481 integration was detected (1). Because
the integrations are located within the coding sequence
of the fhaB gene, they disrupt its transcription and
translation, regardless of the direction of the IS element
integration. While the link between mutations in the bv-
gAS operon and the Hly~ phenotype appears obvious,
the effect of a knockout mutation in the fhaB gene on B.
pertussis hemolytic activity requires further investiga-
tion. According to current understanding, the FhaB pro-
tein is not directly related to the hemolysis reaction of
blood erythrocytes. This function is attributed to ACT,
specifically its C-terminal region. However, recent data
suggest that the FhaB protein interacts with ACT. Most
likely, the hemolytic activity of ACT in vitro is realized
after interaction with filamentous hemagglutinin on the
surface of the bacterial cell and delivery of ACT into
the eukaryotic cell [3].

The absence of the described bvgAS::1S481 or
bvgAS::1S1002 insertion mutants among the bacteria
isolated from whooping cough patients is noteworthy,
while clinical isolates containing IS element insertions
in the fhaB, prn genes and those involved in the regula-
tion of kat4 and brkA have been described in the liter-
ature [16, 18, 20, 22]. In the experiments of this study,
such mutant bacteria bvgAS::1S481 (1) were detected
in populations of B. pertussis bacteria persisting in the
bodies of whooping cough convalescents and asymp-
tomatic carriers. It can be assumed that this state of the
whooping cough pathogen is optimal for persistence
in the human body and survival in the external envi-
ronment, and upon entering a susceptible organism,
precise excision of the IS element (or inversion) oc-
curs, the bacteria regain their virulence, the organism
is infected, and the disease develops. A similar role is
assigned to bacteria in a state of reduced virulence by

M.R. Farman et al., who studied the transcription pro-
files of a large group of genes in B. pertussis bacteria
inside macrophages [23]. Our demonstration of the ex-
istence (accumulation) of Bvg-mutants of B. pertussis
at late stages of infection suggests a regulatory role for
IS element integrations in the formation of persistent
bacteria in the human body and possibly their involve-
ment in bacterial transmission to a new host. It can be
expected that the precise excision of an IS element from
a virulence operon restores its structure and the abil-
ity of the bacteria to cause disease. The mechanisms
and conditions that typically cause rare events of pre-
cise exclusion remain unclear. It is also unclear at what
stage of pathogen persistence or transmission it occurs.
The ability of the IS element to be precisely excised
was previously demonstrated by us in the Escherichia
coli model [21, 24].

The results of the analysis of Hly™ mutants of B.
pertussis Tohama I, which we registered in approxi-
mately 95% of the analyzed individual colonies grown
from one of the series of lyophilized cultures from the
Gamaleya Research Institute of Epidemiology and Mi-
crobiology Museum, appear unexpected. Among 40
Hly™ colonies, no B. pertussis mutants containing inte-
grations in the specific NctagN sequence in the bvgAS,
cya and fhaB genes were found. The mutations respon-
sible for the genotype formation of the Hly clones of B.
pertussis Tohama [ isolated by us remain unidentified.
It is quite likely that they, like the 3 unidentified muta-
tions in Hly™ clones of B. pertussis 4AMKS, belong to the
class of reading frame shift mutations in the bvgS gene,
insertions in the specific site of bvgA4, or contain other
unidentified disruptions in the structure of the bvgAS
operon, the fhaB gene or the cya gene.

The absence of integrations at the cctagg site of
the bvgAS operon analyzed in Hly™ colonies against the
background of their reliable detection by PCR in the
population before its dispersion (up to 4% IS481 inte-
grations (1)) allowed us to suggest that integrations at
the corresponding site may be present in the genome
of some bacteria that have retained hemolytic activity
(with the Hly" phenotype). Indeed, among the Hly* phe-
notype bacteria, 41.7% of insertion mutants containing
IS481 (1) in the bvgAS operon were found, while the
native sequence of the operon around the integration
site was preserved. Considering the analysis above and
the orientation of IS481, it can be expected that an ef-
fective promoter, which ensures the transcription of the
bvgS gene and the Hly" phenotype in B. pertussis inser-
tion mutants, is located at the end of the IS481 element
opposite to that described by H. Han et al. [18] and in a
study by S. Stibitz, who showed a differential decrease
in the expression of the fhaB and ptx genes and less
pronounced zones of hemolysis in B. pertussis insertion
mutant bacterial colonies [12].

For a more detailed characterization of the bv-
gAS::1S481(1) Hly" phenotype mutant, we have
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planned a comparative study of the toxic activity of
pertussis toxin and dermonecrotic toxin, agglutination
titers, and electron microscopic analysis of the mor-
phology and structure of B. pertussis Tohama I and its
mutant genotype, as well as a bioinformatics analysis
of the IS481 sequence aimed at identifying and com-
paring the putative promoters located at the ends of
the IS elements.

Thus, during in vitro cultivation of B. pertussis
bacteria, IS481 integrations (1) are more frequently de-
tected in the bvgAS operon, which we previously iden-
tified in the genomes of B. pertussis bacteria isolated
from whooping cough convalescents and experimental
animals. Previous data on the analysis of the integration
events of IS elements in one orientation (1) largely re-
flect the accumulation dynamics of all bvgAS::IS inser-
tion mutants in B. pertussis bacteria.

Conclusion

The data obtained allow for several significant
conclusions to be drawn regarding the characteristics
of B. pertussis IS elements:

* IS clements are capable of moving between
specific sites on the B. pertussis chromosome,
causing gene inactivation or changes in their
transcriptional regulation when the bacteria are
cultured in vitro;

* the frequency of IS element movement and the
types of spontaneous mutations they induce
depend on the genotype and culture conditions
of B. pertussis bacteria;

» factors influencing the frequency of IS element
movement and the formation of spontaneous,
insertion, or other mutations induced by IS
elements require further study;

* during the cultivation and storage of B. pertussis
bacteria, conditions may arise that induce the
formation of a population heterogeneous in
the structure of fhaB, bvgAS and likely other
bacterial virulence genes;

* the movement of IS elements to a specific site in
the intergenic space of the bvgAS operon leads to
changes in the regulation of virulence genes and
other bvg-dependent genes, possibly ensuring
the long-term persistence of B. pertussis bacteria
in the host organism.

CIINCOK UCTOYHHUKOB | REFERENCES

1. Vandamme P.A., Peeters C., Cnockaert M., et al. Bordetella
bronchialis sp. nov., Bordetella flabilis sp. nov. and Bordetella
sputigena sp. nov., isolated from human respiratory specimens,
and reclassification of Achromobacter sediminum Zhang et al.
2014 as Verticia sediminum gen. nov., comb. nov. Int. J. Syst.
Evol. Microbiol. 2015;65(10):3674-82.

DOI: https://doi.org/10.1099/ijsem.0.000473

2. Guiso N. Bordetella adenylate cyclase-hemolysin toxins. Toxins
(Basel). 2017,9(9):277.

DOI: https://doi.org/10.3390/toxins9090277

ORIGINAL RESEARCHES

3. Nash Z.M., Inatsuka C.S., Cotter P.A., et al. Bordetella
filamentous hemagglutinin and adenylate cyclase toxin
interactions on the bacterial surface are consistent with
FhaB-mediated delivery of ACT to phagocytic cells. mBio.
2024;15(5):¢0063224.

DOTI: https://doi.org/10.1128/mbio.00632-24

4. Parkhill J., Sebaihia M., Preston A., et al. Comparative analysis
of the genome sequences of Bordetella pertussis, Bordetella
parapertussis and Bordetella bronchiseptica. Nat. Genet.
2003;35(1):32—40. DOI: https://doi.org/10.1038/ng1227

5. Weigand M.R., Peng Y., Loparev V., et al. The history of
Bordetella pertussis genome evolution includes structural
rearrangement. J. Bacteriol. 2017;199(8):e00806—16.

DOTI: https://doi.org/10.1128/JB.00806-16

6. Chen Q., Stibitz S. The BvgASR virulence regulon of Bordetella
pertussis. Curr. Opin. Microbiol. 2019;47:74-81.
DOI: https://doi.org/10.1016/j.mib.2019.01.002

7. Boulanger A., Chen Q., Hinton D.M., et al. /n vivo phos-
phorylation dynamics of the Bordetella pertussis virulence-
controlling response regulator BvgA. Mol. Microbiol.
2013;88(1):156—72. DOI: https://doi.org/10.1111/mmi.12177

8. Belcher T., Dubois V., Rivera-Millot A., et al. Pathogenicity and
virulence of Bordetella pertussis and its adaptation to its strictly
human host. Virulence. 2021;12(1):2608-32.

DOI: https://doi.org/10.1080/21505594.2021.1980987

9. Weiss A.A., Falkow S. Genetic analysis of phase change in
Bordetella pertussis. Infect. Immun. 1984;43(1):263-9.

DOI: https://doi.org/10.1128/iai.43.1.263-269.1984

10. Stibitz S., Aaronson W., Monack D., et al. Phase variation in

Bordetella pertussis by frameshift mutation in a gene for a novel
two-component system. Nature. 1989;338(6212):266-9.
DOI: https://doi.org/10.1038/338266a0

11. Stibitz S. IS481 and IS1002 of Bordetella pertussis create a

6-base-pair duplication upon insertion at a consensus target site.
J. Bacteriol. 1998;180(18):4963—6.
DOTI: https://doi.org/10.1128/JB.180.18.4963-4966.1998

12. Stibitz S. Mutations affecting the alpha subunit of Bordetella

pertussis RNA polymerase suppress growth inhibition conferred
by short C-terminal deletions of the response regulator BvgA.
J. Bacteriol. 1998;180(9):2484-92.

DOI: https://doi.org/10.1128/JB.180.9.2484-2492.1998

13. Hecrepoga 10.B., Menkosa A.I1O., babauenko U.B. u np. K-

HHUKO-THAarHOCTHYECKOE 3HAYCHHE T'eHETHYECKHUX MapKepoB
Bordetella pertussis y KOHTaKTHBIX JIMI] B CEMCHHBIX OYarax.
JKypuan ungpexmonocuu. 2019;11(1):17-24. Nesterova Yu.V.,,
Medkova A.Yu., Babachenko 1.V., et al. Clinical-diagnostic
value of Bordetella pertussis genetic markers in contact persons
in familial foci. Journal Infectology. 2019;11(1):17-24.

DOTI: https://doi.org/10.22625/2072-6732-2019-11-1-17-24
EDN: https://elibrary.ru/ubtkhk

14. Kaparaes ['1., Cunsimmna JI.H., Meaxosa A.1O. u ap. Mucep-

[MOHHAs WHAKTHBALUs OIEPOHA BHUPYICHTHOCTH B IOMYIIs-
UK TepcucTupyomux Oaxrepuit Bordetella pertussis. Iene-
muxa. 2016;52(4):422-30. Karataev G.I., Sinyashina L.N.,
Medkova A.Yu., et al. Insertional inactivation of virulence
operon in population of persistent Bordetella pertussis bacteria.
Genetika. 2016;52(4):422-30.

DOTI: https://doi.org/10.7868/S0016675816030085

EDN: https://elibrary.ru/vvgoit

15. Weigand M.R., Pawloski L.C., Peng Y., et al. Screening and

genomic characterization of filamentous hemagglutinin-deficient
Bordetella pertussis. Infect. Immun. 2018;86(4):c00869-17.
DOTI: https://doi.org/10.1128/IAL.00869-17

16. DeShazer D., Wood G.E., Friedman R.L. Molecular charac-

terization of catalase from Bordetella pertussis: identification
of the katA promoter in an upstream insertion sequence. Mol.
Microbiol. 1994;14(1):123-30.

DOTI: https://doi.org/10.1111/j.1365-2958.1994.tb01272.x



KYPHAJ1 MUKPOBUOJIOTUN, SMTMAEMNONOTUUN N UMMYHOBUOJOIUI. 2025; 102(5)

DOI: https://doi.org/10.36233/0372-9311-734

603

OPUTVHANbHbBIE NCCJTIEAOBAHNA

17.

18.

19.

20.

Ma L., Caulfield A., Dewan K.K., et al. Pertactin-deficient Bor-
detella pertussis, vaccine-driven evolution, and reemergence of
pertussis. Emerg. Infect. Dis. 2021;27(6):1561-6.

DOTI: https://doi.org/10.3201/eid2706.203850

Han H.J., Kuwae A., Abe A., et al. Differential expression
of type III effector BteA protein due to IS481 insertion in
Bordetella pertussis. PLoS One. 2011;6(3):e17797.

DOI: https://doi.org/10.1371/journal.pone.0017797

Cemun E.I', Cunsiiuna JIL.H., Meaxosa A.YO. u np. Kouctpy-
UpOBaHHE PEKOMOMHAHTHBIX aTTEHYWPOBAHHBIX OaKTepHil
Bordetella pertussis renoruna ptxP3. JKypnan muxpobuono-
euu, snudemuonoeuu u ummynodouonoeuu. 2018;95(4):33-41.
Semin E.G., Sinyashina L.N., Medkova A.Y., et al. Construction
of recombinant attenuated Bordetella pertussis bacteria of
ptxP3 genotype. Journal of Microbiology, Epidemiology and
Immunobiology. 2018;95(4):33-41.

DOI: https://doi.org/10.36233/0372-9311-2018-4-33-41

EDN: https://elibrary.ru/npsjcf

Cunsimmaa JILH., Boponnos B.B, Cemun E.I. u np. Bvg-nera-
THBHAs PETYJSLHS EPEMELLCHHH TOBTOPSIOIIMXCS TTOCIIEI0Ba-
TeNbHOCTEH B KieTKax B. pertussis. [ enemuxa.2005;41(12):1-9.
EDN: https://elibrary.ru/hswjwl Sinyashina L.N., Voron-
tsov V.V, Semin E.G., et al. Bvg-negative regulation of repeated
sequence transposition in Bordetella pertussis cells. Russian
Journal of Genetics. 2005;41(12):1-9.

EDN: https://elibrary.ru/ljjdgb

21.

22.

23.

24.

CusoB W.I", bonpmakosa T.H., Kaparaes I.V. Unurterpamms n
BHYTPHMOJIEKYJSIPHOE TIE€peMEIleHne TpaHCcmo3oHa TnBp3
B. pertussis B knetkax E. coli K-12, myranTtHbIx no 6enxy Hpr
dbocdoenonmupysar-3aBucumoii hocdorpancdepasHoii cucre-
MsL. [ enemuka.2001;37(7):900-7. Sivov I.G., Bol'shakova T.N.,
Karataev G.I. Integration and intramolecular transposition
of the TnBp3 transposon from B. pertussis in E. coli K-12
cells mutant for the Hpr protein of the phosphoenolpyruvate-
dependent phosphotransferase system. Russian Journal of
Genetics. 2001;37(7):900-7.

D'Halluin A., Petratkova D., Curnova L., et al. An IS element-
driven antisense RNA attenuates the expression of serotype 2
fimbriae and the cytotoxicity of Bordetella pertussis. Emerg.
Microbes Infect. 2025;14(1):2451718.

DOI: https://doi.org/10.1080/22221751.2025.2451718

Farman M.R., Petrackova D., Kumar D., et al. Avirulent
phenotype promotes Bordetella pertussis adaptation to the
intramacrophage environment. Emerg. Microbes Infect.
2023;12(1):e2146536.

DOI: https://doi.org/10.1080/22221751.2022.2146536

Cusos I.I", Kaparaes I'U., bensisckuii O.A. MHTerpauus rias-
MHUZIBI B XpoMocomy E. coli K12, oGycnoBineHHas TpaHCII030-
HOM Bordetella. Monexynapnas ecenemuxa, MuxpooOuonro2us
u eupyconoeusi. 2000;(2):33-6. Sivov 1.G., Karataev G.I.,
Belyavsky O.A. Integration of a plasmid into the E. coli K12
chromosome mediated by a Bordetella transposon. Molecular
Genetics, Microbiology and Virology. 2000;(2):33-6.



604

JOURNAL OF MICROBIOLOGY, EPIDEMIOLOGY AND IMMUNOBIOLOGY. 2025; 102(5)

DOI: https://doi.org/10.36233/0372-9311-734

Information about the authors

Sergey V. Kulikov — junior researcher, Laboratory of bacterial ge-
netics, Department of medical microbiology, National Research Cen-
ter for Epidemiology and Microbiology named after N.F. Gamaleya,
Moscow, Russia, stromdang@mail.ru,
https://orcid.org/0000-0001-7478-3624

Alisa Yu. Medkova®™ — Cand. Sci. (Med.), senior researcher, Labo-
ratory of bacterial genetics, Department of medical microbiology, Na-
tional Research Center for Epidemiology and Microbiology named
after N.F. Gamaleya, Moscow, Russia, baburida@yandex.ru,
https://orcid.org/0000-0002-1509-0622

Matvej A. Loktev — research assistant, Laboratory of bacterial genet-
ics, Department of medical microbiology, National Research Center
for Epidemiology and Microbiology named after N.F. Gamaleya, Mos-
cow, Russia, m_loktevOO@mail.ru,
https://orcid.org/0009-0002-5128-7681

Lyudmila N. Sinyashina — Dr. Sci. (Med.), leading researcher, Labo-
ratory of bacterial genetics, Department of medical microbiology, Na-
tional Research Center for Epidemiology and Microbiology named
after N.F. Gamaleya, Moscow, Russia, vasilissa7777@yandex.ru,
https://orcid.org/0000-0003-1708-5453

Gennady |. Karataev — Dr. Sci. (Biol.), leading researcher, Head,
Laboratory of bacterial genetics, Department of medical microbiology,
National Research Center for Epidemiology and Microbiology named
after N.F. Gamaleya, Moscow, Russia,

karataevgi@rambler.ru, https://orcid.org/0000-0001-8771-6092

Authors’ contribution: Kulikov S.V. — preparation and conducting
of microbiological and molecular genetic studies, analysis of literature
data, analysis of experimental data, and preparation of the manu-
script of an article; Medkova A.Yu. — conducting molecular genetic
research, analyzing literature data and experimental data, formatting
and editing the manuscript of the article, and preparing graphical
material and tables; Loktev M.A. — conducting microbiological and
molecular genetic research, and working with literature; Sinyashi-
na L.N. — idea and concept of the study, preparation and conducting
of microbiological research, analysis and discussion of the results
obtained, review and editing of the manuscript; Karataev G.I. — man-
agement, idea, concept, research planning, analysis of the obtained
results, comparison of the obtained data with the data from the world
literature, review of the manuscript of the article, approval of the final
version for publication. All of the authors confirm that they meet the
International Committee of Medical Journal Editors criteria for author-
ship, made a substantial contribution to the conception of the article,
acquisition, analysis, interpretation of data for the article, drafting and
revising the article, final approval of the version to be published.
The article was submitted 05.08.2025;
accepted for publication 14.10.2025;
published 31.10.2025

ORIGINAL RESEARCHES

WHdopmaumsa 06 aBTopax

Kynukoe Cepeeli Bsa4ecnagoguy — M. H. c. nab. reHeTUKM GakTepuii
oTaena meguumHckon Mukpobuonorum HALGOM um. H.®. Mamanen,
Mocksa, Poccus, stromdang@mail.ru,
https://orcid.org/0000-0001-7478-3624

Medkoea Anuca FOpbesHa™ — KkaHf,. MeA. Hayk, C. H. C. nab. reHe-
TUkM BakTepuii otaena meguumHckon Mukpobuonorun HALIOM mm.
H.®. lamanen, Mockea, Poccus, baburida@yandex.ru,
https://orcid.org/0000-0002-1509-0622

Jlokmee Mameel AHOpeesuy — nabopaHT-uccnegoBatens nab.
reHetTukn Gaktepun HALIGM um. H.®. Namanen, Mocksa, Poccus,
m_loktevOO@mail.ru, https://orcid.org/0009-0002-5128-7681

CuHswuHa JTrodmuna HukonaeeHa — p[-p mMep. Hayk, B. H. c. nab.
reHeTukn GakTepuii otaena MeauumMHcko Mukpobuonorum HALIOM
um. H.®. Namanewn, Mocksa, Poccus, vasilissa7777@yandex.ru,
https://orcid.org/0000-0003-1708-5453

Kapamaes eHHaduli MeaHosu4y — O-p Guon. Hayk, B. H. C., PyKOBO-
auTenb Nab. reHeTyky GakTepuii oTaena MeauUMHCKON MUKpobuono-
mm HALUBM mm. H.®. Mamanen, Mockea, Poccus,
karataevgi@rambler.ru, https://orcid.org/0000-0001-8771-6092

Yyacmue aemopos: Kynukos C.B. — nogrotoBka v nposegeHue
MWUKPOBMONOrMYECKNX 1 MONMEKYNSPHO-TEHETUYECKNX NCCIEAOBAHUN,
aHanu3 AaHHbIX nuMTepaTypbl U MOMYyYEHHbIX 3KCMEepUMEHTanbHbIX
[OaHHbIX, NOAroToBKa pykonucy ctatbn; Medkosa A.FO. — npoBege-
HUE MOMNEKYNspHO-reHEeTUYECKUX WCCrefoBaHWi, aHanuM3 AaHHbIX
nuTepaTypbl U NOSyYEHHbIX 3KCNepUMEHTanbHbIX AaHHbIX, 0OPM-
neHne N pegakTUpOBaHWE PYKOMUCKU CTaTbM, MOArOTOBKa rpadude-
cKoro matepuana u Tabnuu; Slokmee M.A. — npoBegeHne Mukpobuo-
NOTNYECKMX U MOMNEKYNSAPHO-TeHETMYECKNX nccnenoBaHuii, pabora ¢
nutepatypow; CuHawuHa J1.H. — naest n KoHUenuus uccnenoBaHus,
NoArotToBka M npoBedeHue MUKPOOUONOrnyeckux WUccneaoBaHum,
aHanu3 u obcyxaeHvne NornyYeHHbIX pe3ynsTaToB, peLeH3npoBaHme
1 pefakTupoBaHue pykonucu; Kapamaes /. — pykoBOACTBO, naes,
KOHLenuus, NNaHupoBaHne nccrefoBaHusi, aHanua nonyyYeHHbIX pe-
3ynbTaToB, COMOCTaBNEHNE NOMYyYEeHHbIX AaHHbIX C AAaHHBIMU MUPO-
BOW nuUTepaTypbl, peLeH3MpoBaHne pykonucu ctatbi, yTBEpXAeHe
OKOHYaTenNbHOro BapvaHTta ansi nybnukauun. Bce aBTOpbl NoaTeep-
XOaloT COOTBETCTBME CBOEro aBTOPCTBA KpuTepusMm MexayHapoa-
HOro KOMUTETA PegaKkTOPOB MEAULUMHCKUX XYPHANoB, BHECNM CyLLe-
CTBEHHbI BKMNag B NpPOBEAEHUE MOWCKOBO-aHanNMTUYeckon paboTbl
1 NOoAroToBKYy CTaTbW, NPOYNM U ogobpunu uHanbHy Bepcuo Ao
nyénukaumu.
CraTbsa noctynuna B pegakumio 05.08.2025;
npuHsiTa k nybnukauum 14.10.2025;
onybnukosaHa 31.10.2025



