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Accepted 04.03.2026 Bordetella bronchiseptica is an important etiological agent of respiratory infections in companion and livestock animals
and is characterized by pronounced phenotypic plasticity regulated by the two-component BvgAS system. The stability of
the Bvg* phase determines the level of expression of adhesive and toxigenic virulence factors; however, its applied signifi-
cance for the selection of production strains for inactivated vaccines remains insufficiently studied. The aim of the study was
to determine the relationship between the stability of the Bvg* phenotype of clinical isolates of B. bronchiseptica, their adhe-
sion activity, dermonecrotic activity, ability to accumulate biomass, and induction of a specific humoral response. A com-
prehensive phenotypic analysis of 25 clinical isolates was performed using the hemagglutination reaction, an adhesion assay
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used as a tool for selecting promising production strains for the development of inactivated bacterial preparations.
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Introduction

Diseases of productive and companion animals are a widespread
problem worldwide. Infectious diseases of bacterial etiology cause
significant economic losses to the livestock industry, and control of
their occurrence and spread is one of the main tasks of veterinary spe-
cialists (Rahman et al., 2020; Zavgorodnii et al., 2021; Skowron et al.,
2023). The complexity of diagnosis and treatment of these diseases is
associated with the adaptive variability of pathogens to environmental
conditions and the development of resistance to antimicrobial agents
(Paliy, 2018; Zhang & Cheng, 2022; Paliy et al., 2024).

Bordetella bronchiseptica is a Gram-negative aerobic coccobacil-
lary microorganism that belongs to the classical representatives of the
genus Bordetella and plays a leading role in the development of res-
piratory infections in dogs, cats, pigs, rabbits, and other animal spe-
cies. In canine pathology, this pathogen is a component of the canine
infectious respiratory disease complex (CIRDC), which is characteri-
zed by polyetiology, high contagiousness, and considerable variability
in clinical course (Day et al., 2020; Kaul et al., 2025). In addition to
classical respiratory manifestations, B. bronchiseptica is capable of
causing systemic infections under immunodeficiency conditions and
can also persist in extra-host ecological niches, indicating its pronoun-
ced adaptive plasticity (Ma et al., 2022; Badhai & Das, 2023).

Modern molecular and genetic studies demonstrate considerable
genetic diversity among clinical isolates of B. bronchiseptica, inclu-
ding variability of virulence genes, the presence of mobile genetic ele-
ments, and different profiles of antimicrobial resistance (Zhang et al.,
2021; Nicholson & Share, 2024). Chen et al. (2020) showed that the

integration of temperate bacteriophages may alter the level of bacteri-
al pathogenicity, whereas Petrovic Fabijan et al. (2021) emphasized
the complex interaction between Bordetella and bacteriophages and
the potential influence of these interactions on the expression of viru-
lence factors. In addition, the study by Yi et al. (2024) demonstrated a
relationship between biofilm formation and the development of anti-
microbial resistance, highlighting the complexity of the phenotypic
organization of B. bronchiseptica populations.

The central mechanism regulating the virulence of classical Bor-
detella species is the two-component BvgAS system, which provides
phase modulation of the expression of a wide range of genes.
The structural features of the sensor kinase BvgS and the mechanisms
of signal transduction were described in detail by Dupré et al. (2021).
In addition, Luu et al. (2021) demonstrated the role of serine-, threo-
nine-, and tyrosine-phosphorylation in the coordination of Bordetella
virulence proteins. The global nature of this regulation was confirmed
in the study by Nicholson et al. (2024), which showed the involve-
ment of BvgR, RisA, and RisS in the control of transcription, intracel-
lular c-di-GMP levels, motility, and biofilm formation. At the same
time, Vondrova et al. (2026) demonstrated the complex architecture
of the c-di-GMP signaling network in classical Bordetella, which is
integrated with Bvg-dependent regulation. The possibility of pharma-
cological modulation of the BvgAS system was confirmed in the
work of Ota et al. (2025), further emphasizing its central position in
the regulatory network.

In the Bvg* phase, the expression of key adhesive determinants is
activated, particularly filamentous hemagglutinin (FHA) and pertac-
tin. Johnson et al. (2021) demonstrated the regulated processing of
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FhaB required for effective adhesion. Ma et al. (2021) confirmed the
role of pertactin in transmission and colonization, while Nash et al.
(2024) showed the interaction of FHA with adenylate cyclase toxin
on the bacterial surface. At the same time, clinical observations by
Rodriguez & Berliner (2023) indicate the influence of variability of
virulence determinants on the course of infectious outbreaks.

Dermonecrotic toxin is another Bvg-regulated factor reflecting
the active virulent state of the bacterium. Jang et al. (2024) demon-
strated the structural and immunological characteristics of the toxin in
clinical isolates, whereas Gutierrez et al. (2024) confirmed the role of
BvgR in maintaining the virulent phenotype. Belhart et al. (2023)
showed that diguanylate cyclases can influence secretory systems and
immune responses, integrating environmental signals with virulence
programs.

Biofilm formation and the ability to accumulate biomass are con-
sidered important factors of persistence (Kolchyk et al., 2022). Mugni
et al. (2025) demonstrated the role of albumin and calcium in the re-
gulation of biofilm formation through signaling molecules, whereas
Price & Skaar (2025) described metal-induced mechanisms of bio-
film structure stabilization. Yasholaghi Sharahi et al. (2025) systema-
tized the mechanisms of biofilm dispersion and their therapeutic po-
tential. At the same time, Ma et al. (2022) demonstrated the ability of
Bordetella to interact with amoebae, indicating evolutionarily devel-
oped regulatory flexibility and the potential stability of Bvg-depen-
dent phenotypic programs.

From the perspective of vaccinology, the preservation of the full
spectrum of Bvg-regulated antigens is critically important. Gestal
etal. (2022) demonstrated the formation of a long-lasting Th17-me-
diated response under conditions of expression of the complete viru-
lence profile. Jang et al. (2025) confirmed the effectiveness of vac-
cines based on outer membrane proteins. Lee & Joo (2023) described
the immunomodulatory properties of the lipopolysaccharide of
B. bronchiseptica, whereas Pérez-Ortega et al. (2021, 2023) demon-
strated the possibility of reducing its endotoxin activity through lipid
A engineering without loss of immunogenicity. Miguelena Chamorro
etal. (2023) and Munoz Navarrete et al. (2025) emphasize the need to
revise the antigenic composition of vaccines considering the regulato-
ry plasticity of Bordetella.

Despite the considerable number of molecular and genomic stud-
ies, the applied significance of Bvg* phase stability for the selection of
production strains remains insufficiently studied. Most studies focus
on pathogenesis or antimicrobial resistance (Zhang et al., 2021; Ni-
cholson & Shore, 2024), whereas the integral relationship between
phenotypic stability, expression of virulence factors, and the ability to
induce a humoral immune response requires systematic analysis.
In particular, it remains insufficiently clarified whether the stability of
the Bvg" phenotype of clinical isolates of B. bronchiseptica is associ-
ated with their immunogenic properties and whether phenotypic anal-
ysis can be used as a practical criterion for selecting promising pro-
duction strains.

In this regard, the aim of the present study was to comprehensive-
ly assess the relationship between the stability of the Bvg* phenotype
of clinical isolates of B. bronchiseptica, their adhesion activity, der-
monecrotic activity, ability to accumulate biomass, and induction of a
specific humoral immune response, with subsequent substantiation of
the feasibility of using phenotypic screening as a tool for selecting
promising production strains for the development of inactivated bac-
terial preparations.

Materials and methods

Al experimental studies involving laboratory animals were con-
ducted in accordance with the general principles of bioethics. All pro-
cedures involving experimental animals were approved by the Bio-
ethics Commission of the National Scientific Center “Institute of
Experimental and Clinical Veterinary Medicine” (Kharkiv, Ukraine).
Particular attention was given to procedures that could potentially
cause discomfort or pain to the animals, including intradermal admi-
nistration of culture supernatants and immunization with inactivated
bacterial preparations. All manipulations were performed under con-
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ditions aimed at minimizing stress and suffering of the animals.
The study was conducted in accordance with the European Conven-
tion for the Protection of Vertebrate Animals used for Experimental
and Other Scientific Purposes (Simmonds, 2017).

The study included 25 clinical isolates of B. bronchiseptica ob-
tained from dogs and cats with clinical signs of respiratory syndrome
during 2023-2025. The microorganism cultures are stored in the col-
lection of the National Scientific Center "Institute of Experimental
and Clinical Veterinary Medicine" (Kharkiv) (Table 1).

Table 1
Clinical isolates of B. bronchiseptica used in the study

Isolate ID Host species Year of isolation  Sample source
Bb-01 dog 2023 nasal swab
Bb-02 dog 2023 nasal swab
Bb-03 cat 2023 tracheal swab
Bb-04 dog 2023 nasal swab
Bb-05 cat 2023 nasal swab
Bb-06 dog 2024 nasal swab
Bb-07 dog 2024 tracheal swab
Bb-08 cat 2024 nasal swab
Bb-09 dog 2024 nasal swab
Bb-10 cat 2024 nasal swab
Bb-11 dog 2024 tracheal swab
Bb-12 dog 2024 nasal swab
Bb-13 cat 2024 nasal swab
Bb-14 dog 2024 nasal swab
Bb-15 dog 2024 tracheal swab
Bb-16 cat 2025 nasal swab
Bb-17 dog 2025 nasal swab
Bb-18 dog 2025 tracheal swab
Bb-19 cat 2025 nasal swab
Bb-20 dog 2025 nasal swab
Bb-21 dog 2025 nasal swab
Bb-22 cat 2025 tracheal swab
Bb-23 dog 2025 nasal swab
Bb-24 cat 2025 nasal swab
Bb-25 dog 2025 tracheal swab

The species identity of the isolates was confirmed based on mor-
phological, cultural, and biochemical characteristics in accordance
with generally accepted diagnostic criteria for the identification of
Bordetella spp. (Zhang et al., 2021; Nicholson & Shore, 2024).

The isolates were cultivated in liquid Stainer-Scholte medium
(Stainer & Scholte, 1971) at a temperature of 35.5 + 0.5 °C for 24 h
under aerobic submerged cultivation on an orbital shaker (220 rpm).
Biomass accumulation was determined using the method of serial
tenfold dilutions followed by plating onto solid nutrient medium and
counting colony-forming units (CFU). The results were expressed as
log CFU/mL in accordance with standard microbiological methods
for the cultivation of Bordetella spp. (Johnson et al., 2021; Ma et al.,
2021).

Hemagglutination was performed using a 1.0% suspension of
sheep erythrocytes. Hemagglutination was used as a screening test to
assess the expression of surface adhesins of B. bronchiseptica associ-
ated with the Bvg* phenotype (Johnson et al., 2021; Nash et al.,
2024). The reaction is based on the ability of bacterial cells to bind
erythrocytes and induce their aggregation, which is mediated by ad-
hesive proteins, particularly filamentous hemagglutinin. The bacterial
suspension was mixed with erythrocytes and incubated at room tem-
perature. The presence of visible agglutination was interpreted as a
positive result.

Adhesion activity was determined in an interaction assay with
Vero cell line cells. After incubation and removal of non-adherent
bacteria, the degree of attachment was evaluated using a semi-quanti-
tative scale from O to 3 scores according to previously described me-
thodological approaches (Johnson et al., 2021; Nash et al., 2024).
The assessment was performed based on the number of bacterial cells
adhering to the surface of Vero cells:

0 —no adhesion;

1 —weak adhesion (1-10 bacterial cells per Vero cell);

2 —moderate adhesion (10-50 bacterial cells per Vero cell);

3 —intensive adhesion (>50 bacterial cells per Vero cell).
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Phenotypic tests (hemagglutination, determination of adhesion
activity, and biomass accumulation) were performed in three indepen-
dent replicates.

Dermonecrotic activity was evaluated using culture superatants of
24-hour cultures of B. bronchiseptica isolates obtained after cultivati-
on in liquid Stainer-Scholte medium followed by centrifugation to re-
move bacterial cells. Before collecting the supernatant, the concentra-
tion of the bacterial suspension was standardized to 1 x 108 CFU/mL.
Twenty-five experimental groups of outbred laboratory mice were
formed (n = 250), with 10 animals in each group. Each group re-
ceived the culture supernatant of the corresponding isolate. Addition-
ally, one control group (n = 10) was formed, whose animals received
sterile physiological saline. The supernatant was administered intra-
dermally in a volume of 0.1 mL after preliminary dilution 1:4 in ster-
ile physiological saline. The diameter of the necratic lesion (mm) was
measured 24 hours after administration according to previously de-
scribed methods for evaluating dermonecrotic activity of Bordetella
(Dupré et al., 2021; Jang et al., 2024). For each isolate, the assessment
was performed in a group of 10 animals, and the results were ex-
pressed as the mean diameter of the necrotic lesion.

The isolates were classified as demonstrating a stable Bvg* phe-
notype based on a combination of phenotypic characteristics: positive
hemagglutination reaction; high adhesion activity (> 2 scores); pro-
nounced dermonecrotic activity (> 6 mm diameter of necrotic lesion);
and high biomass accumulation (> 8.5 log CFU/mL). These selection
criteria were based on functional indicators of the expression of Bvg-
regulated virulence factors and are consistent with experimental mo-
dels for evaluating adhesive and toxigenic properties of Bordetella de-
scribed in previous studies (Johnson et al., 2021; Jang et al., 2024,
Nicholson et al., 2024).

To assess immunogenicity, an inactivated bacterial suspension of
B. bronchiseptica isolates standardized to a concentration of
1 x 108CFU/mL prior to inactivation was used. Inactivation was
carried out using a 0.3% formalin solution for 24 hours at 37.0 £
0.5 °C followed by sterility control of the preparation.

For immunization, 25 experimental groups of outbred laboratory
mice were formed (n = 250), with 10 animals in each group. Each
group received an inactivated bacterial preparation obtained from the
corresponding clinical isolate of B. bronchiseptica, standardized to a
concentration of 1 x 108 CFU/mL before inactivation. Additionally,
one control group (n = 10) was formed, whose animals received ster-
ile physiological saline. The inactivated bacterial preparation was
administered subcutaneously at a dose of 0.5 mL twice with an inter-
val of 14 days. The level of specific IgG antibodies was determined
using enzyme-linked immunosorbent assay (ELISA). The results
were evaluated based on optical density values measured at a wave-
length of 450 nm (ODaso) according to previously described ap-
proaches for assessing the humoral immune response in infections
caused by B. bronchiseptica (Gestal et al., 2022; Jang et al., 2025).

Before performing parametric analysis, the normality of data dis-
tribution was assessed using the Shapiro-Wilk test. Variables with
normal distribution were analyzed using one-way analysis of variance
(one-way ANOVA). For semi-quantitative indicators (adhesion acti-
vity), the non-parametric Mann-Whitney test was used. Correlation
analysis was performed by determining the Pearson correlation coef-
ficient (r). ROC analysis was applied to evaluate the predictive ability
of phenotypic indicators for identifying isolates with a stable Bvg+
phenotype with determination of the area under the ROC curve
(AUC) and the 95% confidence interval. Statistical significance was
considered estrablished at P <0.05.

Results

The studied clinical isolates of B. bronchiseptica demonstrated
different growth intensities in liquid medium. The values of biomass
accumulation ranged from 7.39 to 9.05 log CFU/mL, indicating het-
erogeneity of the growth characteristics of the studied Bordetella po-
pulation. Individual values of biomass accumulation for B. bronchi-
septica isolates were determined (Table 2), and a comparative analy-
sis of the obtained data was also performed (Table 3).

Table 2
Biomass accumulation of clinical isolates
of B. bronchiseptica (mean + SD, n = 3)

Isolate Biomass, log CFU/mL
Bb-01 8.72+0.18
Bb-02 7.86+021
Bb-03 891+017
Bb-04 763+0.19
Bb-05 9.05+0.23
Bb-06 8.18+0.20
Bb-07 8.83+0.16
Bb-08 752+022
Bb-09 841+025
Bb-10 7.74+019
Bb-11 8.02+0.17
Bb-12 8.55+0.21
Bb-13 7.81+0.18
Bb-14 8.27+0.23
Bb-15 8.47+0.24
Bb-16 7.39+0.20
Bb-17 8.09+0.19
Bb-18 7.61+0.18
Bb-19 8.88+0.17
Bb-20 768+021
Bb-21 8.16 +0.22
Bb-22 7.54+0.20
Bb-23 8.34+0.23
Bb-24 7.92+0.18
Bb-25 8.65+0.19

The mean value of biomass accumulation in the Bvg* group was
8.9 £ 0.3 log CFU/mL, whereas in the other isolates the values were
lower and mainly ranged from 7.39 to 8.88 log CFU/mL. The highest
biomass accumulation values were observed in isolates Bb-01, Bb-03,
Bb-05, Bb-07, and Bb-19. It should be noted that some isolates (Bb-
12 and Bb-25) demonstrated a relatively high level of biomass accu-
mulation (> 8.5 log CFU/mL); however, they did not meet the other
phenotypic criteria of the Bvg* phase and therefore were not classi-
fied in this group.

Table 3
Comparative analysis of biomass accumulation
in B. bronchiseptica isolates (mean + SD)

Group Biomass, log CFU/mL
Bvg* isolates (n =5) 89103
Other isolates (n = 20) 7.8+05*

Note: *P < 0.05 (one-way ANOVA).

The results of hemagglutination testing showed that a positive
hemagglutination reaction was observed in isolates Bb-01, Bb-03,
Bb-05, Bb-07, Bb-12, Bb-19, Bb-23, and Bb-25, whereas the other
studied isolates (Bb-02, Bb-04, Bb-06, Bb-08, Bb-09, Bb-10, Bb-11,
Bb-13, Bb-14, Bb-15, Bb-16, Bb-17, Bb-18, Bb-20, Bb-21, Bb-22,
and Bb-24) did not exhibit hemagglutinating activity. The obtained
results indicate that hemagglutinating activity was characteristic only
for a portion of the studied B. bronchiseptica isolates. A positive hem-
agglutination reaction was observed in 9 (36%) of the 25 studied iso-
lates, which may indicate variability in the expression of surface ad-
hesive factors in clinical strains.

The results of determining the adhesive activity of clinical iso-
lates of B. bronchiseptica in the interaction assay with Vero cell line
cells demonstrated pronounced variability of this parameter. High ad-
hesive activity (3 scores) was observed in isolates Bb-01, Bb-03, Bb-
05, Bb-07, and Bb-19. Moderate adhesion (2 scores) was observed in
isolates Bb-06, Bb-12, Bb-15, Bb-21, Bb-23, and Bb-25. The other
studied isolates (Bb-02, Bb-04, Bb-08, Bb-09, Bb-10, Bb-11, Bb-13,
Bb-14, Bb-16, Bb-17, Bb-18, Bb-20, Bb-22, and Bb-24) were charac-
terized by low adhesive activity (1 score). No isolates with complete
absence of adhesion (0 scores) were detected in this study. The distri-
bution of isolates according to the level of adhesive activity showed
that low adhesion (1 score) was observed in 14 isolates (56%), mod-
erate adhesion (2 scores) in 6 isolates (24%), whereas high adhesive
activity (3 scores) was detected in 5 isolates (20%) (Table 4).
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Table 4
Distribution of clinical isolates
of B. bronchiseptica according to adhesion activity (n = 3)

Adhesion score Number of isolates %
1 (low) 14 56
2 (moderate) 6 24
3 (high) 5 20

The analysis of the obtained results showed variability in adhe-
sive activity among the studied clinical isolates of B. bronchiseptica.
A portion of the isolates (44%) was characterized by a high capacity
for attachment to Vero cells (2-3 scores), whereas the majority of iso-
lates (56%) demonstrated low adhesive activity (1 score). The highest
adhesion values were observed in isolates Bb-01, Bb-03, Bb-05, Bb-
07, and Bb-19. A comparative analysis of the mean values of adhe-
sive activity between groups of clinical isolates of B. bronchiseptica
was performed (Table 5).

Table 5
Comparative analysis of adhesion activity
of B. bronchiseptica isolates (score, mean + SD, n = 3)

typic variability in the main virulence indicators. Five isolates (Bb-01,
Bb-03, Bb-05, Bb-07, and Bb-19) demonstrated increased values of
adhesive activity, dermonecrotic activity, and biomass accumulation
capacity. These isolates exhibited a combination of characteristics ty-
pical of the active Bvg* phenotype. Immunization with inactivated
bacterial preparations obtained from these isolates was accompanied
by a higher level of induction of specific IgG antibodies compared
with other isolates. The performed correlation analysis confirmed the
presence of a positive relationship between dermonecrotic activity
and the level of specific antibodies.

Table 6
Dermonecrotic activity of clinical isolates
of B. bronchiseptica (mean + SD, n = 10)

Group Adhesion activity
Bvg* isolates (n =5) 26+04
Other isolates (n = 20) 14+05*

Note: see Table 3.

The obtained results indicate that clinical isolates of B. bronchi-
septica with a stable Bvg* phenotype are characterized by significant-
ly higher adhesive activity compared with other isolates. This may be
associated with active expression of Bvg-regulated adhesive factors,
particularly filamentous hemagglutinin and pertactin, which ensure
effective attachment of bacteria to epithelial cells.

It was established that the studied clinical isolates of B. bronchi-
septica exhibit different levels of dermonecrotic activity (Table 6).
The results presented in Table 6 indicate that clinical isolates of
B. bronchiseptica are characterized by varying levels of dermonecro-
tic activity. The largest diameter of necrotic lesions was observed
after administration of supernatants from isolates Bb-01, Bb-03, Bb-
05, Bb-07, and Bb-19, indicating their increased dermonecrotic activi-
ty. The mean dermonecrotic activity in the group of isolates with a
stable Bvg* phenotype was 8.2 + 1.1 mm, whereas in the other iso-
lates this value was 3.9 + 0.8 mm (Table 7).

To assess the immunogenic potential of clinical isolates of
B. bronchiseptica, five isolates characterized by the most pronounced
phenotypic properties were selected, as well as two isolates with lo-
wer indicators for comparison (Table 8). The analysis of the obtained
data showed that isolates with a stable Bvg* phenotype were charac-
terized by a higher level of induction of specific antibodies compared
with other isolates. The mean optical density value in the Bvg* group
was 0.88 + 0.12 ODaso, whereas in the other isolates this value did not
exceed 0.54 +0.11 ODa4so (Table 9).

Correlation analysis revealed positive relationships between the
main phenotypic characteristics of clinical isolates of B. bronchisepti-
ca. The strongest correlation was observed between dermonecrotic
activity and the level of specific IgG (r = 0.61; P < 0.01), indicating a
possible association between the toxigenic properties of the isolates
and their immunogenic potential. Moderate positive correlations were
also observed between adhesive activity and dermonecrotic activity
(r=10.58; P <0.05), as well as between adhesion and IgG level (r =
0.54; P < 0.05). The relationship between biomass accumulation and
the other indicators was less pronounced (r = 0.44-0.49), but was also
positive in nature (Table 10, Fig. 1).

To evaluate the predictive ability of phenotypic markers for iden-
tifying isolates with a stable Bvg* phenotype, ROC analysis was per-
formed. The obtained results demonstrated sufficiently high diagnos-
tic accuracy of the studied indicators. The area under the ROC curve
was 0.84 (95% CI 0.70-0.98; P = 0.01), indicating good predictive
performance of the phenotypic characteristics (Fig. 2).

The generalization of the obtained results indicates that clinical
isolates of B. bronchiseptica are characterized by pronounced pheno-

Isolate Diameter of necrosis, mm

Bb-01 8.4+042
Bb-02 32031
Bb-03 8.1+0.38
Bb-04 29+0.27
Bb-05 9.0+045
Bb-06 41+034
Bb-07 78+0.36
Bb-08 35029
Bb-09 3.7+£033
Bb-10 3.1+0.28
Bb-11 34+0.30
Bb-12 45+037
Bb-13 3.6+0.26
Bb-14 331024
Bb-15 4.2+0.32
Bb-16 2.7+023
Bb-17 3.8+031
Bb-18 3.0+027
Bb-19 8.6+£040
Bb-20 3.1+£0.29
Bb-21 44+035
Bb-22 3.2+0.28
Bb-23 46+033
Bb-24 35+0.26
Bb-25 4.0+034
Table 7

Comparative analysis of dermonecrotic activity
of B. bronchiseptica isolates (mean + SD, n = 3)

Group Dermonecrotic activity, mm
Bvg* isolates (n =5) 82+11
Other isolates (n = 20) 3.9+08**

Note: **P < 0.01 (one-way ANOVA).

Table 8
Immunogenic activity of selected clinical isolates
of B. bronchiseptica (mean £ SD, n = 10)

Isolate Phenotype 19G, ODsso
Bb-01 Bvg* 0.89+£0.08
Bb-03 Bvg* 0.92+0.10
Bb-05 Bvg* 0.90 £0.09
Bb-07 Bvg* 0.87 £0.07
Bb-19 Bvg* 0.88+£0.08
Bb-04 Bvg-/ non-Bvg phenotype 0.52 £0.06
Bb-11 Bvg~/ non-Bvg phenotype 0.49 +0.05
Table 9

Comparative analysis of IgG antibody levels
induced by B. bronchiseptica isolates (mean + SD, n = 3)

Group 19G level, ODsso
Bvg* isolates (n = 5) 0.88+0.12
Other isolates (n = 20) 0.54 £0.11*

Note: see Table 3.

Discussion

The obtained results demonstrate a statistically significant relati-
onship between the stability of the Bvg* phenotype of clinical isolates
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of B. bronchiseptica and their adhesive activity, dermonecrotic activi-
ty, ability to accumulate biomass, and induction of a specific humoral
immune response. Significant differences between the groups were
observed (P < 0.05), and large effect sizes (Cohen’s d > 0.8) confirm
the biological significance of phenotypic stratification of the isolates
and indicate the systemic nature of regulatory differences. Similar
phenotypic heterogeneity of clinical strains has been described by
Wang et al. (2020), Zhang et al. (2021), and Kameyama et al. (2022),
which is consistent with the concept of adaptive plasticity of Bordetel-
la. In addition, Badhai & Das (2023), based on genomic analysis, de-
monstrated the diversity of virulence determinants and adaptive traits
of B. bronchiseptica outside the host organism, which confirms the
high ecological and phenotypic plasticity of this species.

Table 10
Correlation analysis of phenotypic characteristics
of B. bronchiseptica isolates (Pearson correlation coefficients, n =7)

Parameter Adhesion Dermonecrosis Biomass  1gG
Adhesion (score) 1.000 0.580* 0.460 0.540*
Dermonecrosis, mm 0.580* 1.000 0.490 0.610**

0.490 1.000 0.440
0.610** 0.440 1.000

Biomass, log CFU/mL 0.460
IgG, ODsso 0.540*

Note: *—P < 0.05; **~ P <0.01.
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Fig. 1. Correlation between dermonecratic activity and specific IgG
levels (Pearson’s r=0.61, R2=0.37, y=0.045x + 0.21, P=0.01)

1.0

0.8

o
o

True Positive Rate
I~
=
L

0.2

0.0

T T
0.0 0.2 0.4 0.6 0.8 1.0
False Positive Rate

Fig. 2. Receiver operating characteristic (ROC) curve evaluating the
predictive performance of phenotypic markers for identification of
isolates with stable Bvg* phenotype (AUC = 0.84; 95% CI 0.70-0.98)

Within the framework of the study, a primary phenotypic analysis
of 25 clinical isolates was performed with a comprehensive evaluati-
on of Bvg-regulated virulence factors. Five isolates were classified as
demonstrating a stable Bvg* phenotype based on a combination of
characteristics (positive hemagglutination reaction, high adhesion to
Vero cells, increased dermonecrotic activity, and intensive biomass
accumulation). Such an integrated approach minimizes the risk of er-
roneous phenotypic interpretation and is consistent with the recom-
mendations for comprehensive characterization of isolates (Chen
etal.,, 2020; Tabatabaei & Rohani, 2022; Cole et al., 2024). In the

context of polyetiological respiratory infections in dogs, the necessity
for accurate differentiation of B. bronchiseptica from other pathogens of
the canine infectious respiratory disease complex (CIRDC) has also
been emphasized by Kaul et al. (2025), which further justifies the use
of standardized phenotypic and molecular identification algorithms.

The BvgAS system is the central global regulator of virulence in
classical Bordetella species. The structural mechanisms underlying
activation of the sensor kinase BvgS were described in detail by Dupré
et al. (2021). Luu et al. (2021) demonstrated the importance of post-
translational phosphorylation in the coordination of Bordetella viru-
lence proteins. Nicholson et al. (2024) showed the involvement of
BvgR, RisA, and RisS in the global control of transcription, intracel-
lular ¢c-di-GMP levels, and biofilm formation. Ota et al. (2025) con-
firmed the possibility of pharmacological modulation of the BvgAS
system, further emphasizing its central role in the regulatory network.
Thus, the stability of the Bvg* phase reflects systemic activation of
both virulence and metabolic programs.

The adhesive activity of isolates with a stable Bvg* phenotype
was significantly higher (2.6 + 0.4 vs 1.4 £ 0.5; P = 0.018). This is
consistent with the Bvg-dependent expression of filamentous hemag-
glutinin and pertactin. Johnson et al. (2021) demonstrated the role of
FhaB processing, whereas Nash et al. (2024) described the interaction
between FHA and adenylate cyclase toxin. Ma et al. (2021) confir-
med the importance of pertactin in transmission and colonization.
In addition, Rodriguez & Berliner (2023) emphasized the clinical
consequences of variability in adhesive determinants, while Petrovic
Fabijan et al. (2021) highlighted the possible influence of mabile ge-
netic elements on virulence.

The dermonecrotic activity of supernatants from Bvg* isolates
was significantly higher (8.2 + 1.1 vs 3.9+ 0.8 mm; P = 0.031). Regu-
lation of dermonecrotic toxin through the BvgAS system has been
confirmed by Dupré et al. (2021) and Guitierrez et al. (2024). Jang
etal. (2024) demonstrated structural and immunological differences
of dermonecratic toxin, whereas Belhart et al. (2023) reported the in-
fluence of signaling molecules on virulence systems. Reduced activi-
ty observed in some isolates may reflect a partial transition to the
Bvg or intermediate phase.

Higher biomass accumulation in Bvg* isolates (8.7 £ 0.3 vs 7.8 +
0.5 log CFU/mL; P = 0.021) indicates the involvement of the BvgAS
system in physiological adaptation. Mugni et al. (2025) and VVondrova
et al. (2026) described the regulation of biofilm formation through c-
di-GMP signaling. Perslow et al. (2025) demonstrated the role of
BvgS in morphological adaptations. Yi et al. (2024) and Tang et al.
(2026) associated biofilm formation with antimicrobial resistance.
Price & Skaar (2025) and Yasbolaghi Sharahi et al. (2025) emphasi-
zed the role of stress-related mechanisms in the stabilization of bacte-
rial populations. In addition, interactions of B. bronchiseptica with
protozoan organisms and its ability to survive in extra-host niches, de-
scribed by Ma et al. (2022), indicate evolutionarily developed regula-
tory flexibility that may indirectly influence the stability of Bvg-de-
pendent phenotypic programs.

A key finding of the present study was the significantly higher
level of specific 1gG following immunization with preparations de-
rived from Bvg* isolates (0.88 + 0.12 vs 0.54 + 0.11; P = 0.015). Ges-
tal et al. (2022) demonstrated the formation of a Th17-mediated im-
mune response when the full virulence profile is preserved. Jang et al.
(2025) confirmed the effectiveness of vaccines based on outer mem-
brane proteins (OMPs). Lee & Joo (2023) described the immunomo-
dulatory properties of lipopolysaccharide (LPS), whereas Pérez-Orte-
ga et al. (2021, 2023) demonstrated the possibility of reducing its en-
dotoxicity while maintaining immunogenicity. Miguelena Chamorro
etal. (2023) and Mufioz Navarrete et al. (2025) emphasize the need to
revise the antigenic composition of vaccines taking into account the
regulatory plasticity of Bordetella species.

The established correlation between dermonecrotic activity and
IgG levels (r = 0.61; P = 0.01) indicates coordinated expression of
Bvg-regulated factors. Considering the global regulatory function of
the BvgAS system (Luu et al., 2021; Nicholson et al., 2024), it can be
assumed that the active Bvg* phase ensures coordinated synthesis of
several immunodominant proteins, forming an integrated immunoge-
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nic effect. Such consistency of phenotypic indicators is biologically
expected, since most of the studied virulence factors of B. bronchisep-
tica are under the control of the global regulatory BvgAS system,
which coordinates the expression of adhesive, toxigenic, and metabol-
ic bacterial programs. ROC analysis (AUC = 0.84; 95% CI 0.70—
0.98; P = 0.01) confirmed the good predictive ability of the phenoty-
pic markers. In the context of genetic diversity, mobile genetic ele-
ments, and antimicrobial resistance (Nicholson et al., 2024; Yi et al.,
2024; Tang et al., 2026), the implementation of standardized phenoty-
pic screening may have practical value for optimizing the selection of
production strains.

Thus, the stability of the Bvg" phenotype of clinical isolates of
B. bronchiseptica is associated with increased expression of adhesive
and toxigenic factors, a greater capacity for biomass accumulation,
and a significantly higher induction of the humoral immune response.
The obtained data substantiate the feasibility of including phenotypic
screening in the algorithm for selecting promising production strains
for the development of inactivated bacterial preparations.

Despite the statistically significant results obtained, the study has
several limitations. First, the sample of clinical isolates was relatively
small (n = 25), which may limit the generalization of the results to a
broader population of B. bronchiseptica from different geographical
regions and production conditions. Second, the phenotypic assess-
ment of Bvg" phase stability was based on functional tests without
direct molecular analysis of gene expression within the Bvg regulato-
ry cascade, which does not allow a complete characterization of the
transcriptional profile of the isolates. In addition, immunogenicity was
evaluated based on the level of specific IgG in a laboratory model
without analysis of the cellular immune response and without con-
ducting an infection challenge study, which does not allow a defini-
tive assessment of the protective efficacy of the obtained preparations.
Further studies should therefore focus on expanding the isolate sam-
ple size, incorporating molecular-genetic methods to verify Bvg*
status, and evaluating protective efficacy in target animal species.

Conclusion

It was established that the stability of the Bvg* phenotype of cli-
nical isolates of Bordetella bronchiseptica is associated with complex
activation of Bvg-regulated virulence determinants, manifested by in-
creased adhesive activity, more pronounced dermonecrotic activity,
and more intensive biomass accumulation.

Isolates with a stable Bvg* phenotype were characterized by a
significantly higher level of induction of the specific humoral immune
response following immunization with inactivated preparations, indi-
cating their increased immunogenic potential and functional integra-
tion of Bvg-dependent factors.

The identified correlation between dermonecrotic activity and
1gG levels confirms the coordinated expression of virulence and im-
munodominant components within the Bvg+ phase, while the results
of ROC analysis demonstrate sufficient predictive accuracy of the
phenotypic markers.

The obtained data substantiate the feasibility of using phenotypic
screening of Bvg* phase stability as a practical tool for selecting pro-
mising production strains for the development of inactivated bacterial
preparations and expand the understanding of the applied significance
of BvgAS regulation in vaccinology.

The authors declare they have no conflict of interest.
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