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Dear Colleagues, 
Emerging infectious diseases, antimicrobial resistance, 
environmental sustainability, and animal health continue 
to shape the global scientific agenda, reinforcing the 
importance of the One Health approach. The articles 
presented in this issue address these interconnected 
challenges through innovative research, comprehensive 
reviews, and practical applications that bridge human, 
animal, and environmental health. 
This issue opens with an original study on PCR-based de-
tection of priority bacterial biological threat agents, 
presenting advances in the molecular diagnosis of an-
thrax, tularemia, and brucellosis. As zoonotic pathogens 
with significant implications for public health, veterinary 
medicine, and biosecurity, these agents require rapid, re-
liable, and sensitive diagnostic methods. The work 
demonstrates how modern molecular technologies 
strengthen preparedness, surveillance, and response ca-
pacities against high-consequence biological threats. 
Complementing this topic is a comprehensive review of 
microbial biofilms, exploring the molecular mechanisms 
that underpin antibiotic resistance and the experimental 
approaches used to investigate these complex microbial 
communities. Biofilm-associated infections remain among the greatest challenges in both clinical and vet-
erinary medicine, making continued research into their biology essential for developing effective therapeutic 
and preventive strategies. 
The connection between environmental resources and health is highlighted in a study examining the 
biochemical composition of fish as a source of biologically active compounds. By discussing the 
nutritional value of fish and its role in the prevention of cardiometabolic disorders, the authors emphasize 
the importance of healthy aquatic ecosystems and sustainable food resources in promoting public health. 
Veterinary medicine is represented through several complementary contributions. One study evaluates the 
combined use of alcohol- and iodophor-based antiseptic agents in veterinary surgery, providing evi-
dence that supports improved infection control and surgical outcomes. Another article presents a compar-
ative analysis of the imported veterinary pharmaceutical markets of Ukraine and Poland, offering val-
uable insights into market structure, international manufacturers, and product portfolios. Such analyses are 
increasingly important for strengthening veterinary healthcare systems, ensuring medicine availability, and 
supporting harmonization with European standards. 
The issue concludes with an extensive review of American foulbrood, one of the most destructive bacterial 
diseases affecting honeybee colonies worldwide. By summarizing current knowledge on the epizootiology, 
clinical manifestations, diagnosis, and control measures, the authors remind us that honeybee health is 
inseparable from agricultural productivity, biodiversity conservation, and food security—fundamental 
components of the One Health concept. 
Although these studies address diverse scientific questions, they share a common goal: generating 
knowledge that supports evidence-based decision-making and strengthens resilience against biological, 
environmental, and veterinary challenges. Together, they demonstrate that progress in One Health de-
pends on collaboration across disciplines, institutions, and national borders. 
On behalf of the Editorial Board, I express my sincere gratitude to our authors for their valuable contributions 
and to our reviewers for their professionalism and dedication to maintaining the highest scientific standards. 
Their collective efforts continue to strengthen the One Health Journal as a platform for interdisciplinary 
research and international scientific dialogue. 
We warmly invite researchers, practitioners, and policymakers to contribute to future issues of the journal 
by submitting original research, reviews, and short communications that advance the understanding and 
implementation of the One Health approach. Through collaboration, innovation, and scientific excellence, 
we can continue to address the complex health challenges facing our societies and build a healthier future 
for people, animals, and the environment. 

Prof. Dr. Anton P. Gerilovych 
Editor-in-Chief 

One Health Journal 



4
One Health Journal. 2026. Vol. 4. N. 4

Table of contents
 
 

 
 

Зміст /Table of contents 
Title/Назва Page/

Стор. 
РОЗДІЛ 1. Емерджентні хвороби та Єдине здоров’я  
SECTION 1. Emergent diseases and One Health 
 

5 

PCR-Based Detection of Priority Bacterial Biological Threat Agents: Advances in Diagnosis of Anthrax, 
Tularemia and Brucellosis 
Gerilovych A.P., Shevchenko N.O., Anan’ina H.Ye., Nardid E.O., Stepanyuk L.V., Sergienko A.M., 
Martsenyuk V.P. 
ПЛР-детекція пріоритетних бактеріальних біологічних агентів загрози: сучасні досягнення в діаг-
ностиці сибірки, туляремії та бруцельозу 
Герілович А.П., Шевченко Н.О., Ананьїна Г.Є., Нардід Є.О., Степанюк Л.В., Сергієнко А.М., 
Марценюк В.П. 
 

5 

Microbial biofilms: molecular mechanisms of antibiotic resistance and methods for their investigation 
Koshova O.Yu., Shapovalova O.V., Filimonova N.I. 
Біоплівки мікроорганізмів: молекулярні механізми стійкості до антибіотиків та методи їх 
дослідження 
Кошова О.Ю., Шаповалова О.В., Філімонова Н.І. 
 

29 

РОЗДІЛ 2. Благополуччя довкілля та екологічна безпека  
SECTION 2. Environmental well-being and safety 
 

45 

Biochemical composition of fish as a source of biologically active compounds and its role in the 
prevention of cardiometabolic disorders 
Ligomina I., Sokulsky I., Furman S., Radzikhovskyi М., Lyasota V., Solovyova L. 
Біохімічний склад риби як джерело біологічно активних сполук та його роль у профілактиці 
кардіометаболічних порушень 
Лігоміна І., Сокульський I., Фурман С., Радзиховський М., Лясота В., Соловйова Л. 

45 

 
РОЗДІЛ 3. Здоров’я тварин 
SECTION 3. Animal health 

56 

 
Effectiveness of the complex use of antiseptic agents based on alcohols and iodophors in veterinary 
surgery 
Bezditnyi P.M., Kovalenko V.L., Romanko M.Ye, Popov D.O., Marchenko T.V., Miahka K.S., Kulykova 
V. V. Ефективність комплексного застосування антисептичних засобів на основі спиртів та 
йодофорів у ветеринарній хірургії 
Бездітний П. М., Коваленко В. Л., Романько М. Є., Попов Д. О., Марченко Т. В., Мягка К. С., 
Куликова В. В. 

56 

 
Comparative analysis of the imported segment of the chemical–pharmaceutical veterinary medicinal 
products market in Ukraine and Poland: market structure, international manufacturers and product 
portfolios 
Hodovskyi O. V., Azaman O. M., Boianovskyi S. O., Chumachenko V. V., Tashuta O. V. 
Порівняльний аналіз імпортного сегмента ринку хіміко-фармацевтичних ветеринарних ліків в 
Україні та Польщі: структура ринку, міжнародні виробники та їх асортименту продукції 
Годовський О. В., Азаман О. М., Бояновський С. О., Чумаченко В. В., Ташута О. В. 

64 

 
Epizootological, clinical features and control measures of American foulbrood in the world (literature 
review) 
Karpulenko M.S., Storchak Yu.G., Postoienko V.O., Kornienko L.Y., Babkina M.M., Kyivska G.V., 
Kulykova V.V., Togachynska L.V., Matviienko O.V., Pyskun O.O., Ukhovska T.M. 
Епізоотологічні, клінічні особливості та заходи контролю американського гнильця у світі (огляд 
літератури) 
Карпуленко М.С., Сторчак Ю.Г., Постоєнко В.О., Корнієнко Л.Є., Бабкіна М.М., Київська Г.В., 
Куликова В.В., Тогачинська Л.В., Матвієнко О.В., Пискун О.О., Уховська Т.М. 

88 

 

 
 

 
 

РОЗДІЛ 1. Емерджентні хвороби та Єдине здоров’я  
SECTION 1. Emergent diseases and One Health 

 
DOI: 10.31073/onehealthjournal2026-IV-01 

PCR-Based Detection of Priority Bacterial Biological Threat Agents: Advances in 
Diagnosis of Anthrax, Tularemia and Brucellosis 

Gerilovych A.P. (ORCID: 0000-0002-3280-4172), Shevchenko N.O. (ORCID: 0000-0001-6794-
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Abstract. The rapid and accurate detection of high-consequence bacterial pathogens is 

essential for public health preparedness, veterinary medicine, food safety, and biodefense. Within 
the One Health framework, molecular diagnostics have become indispensable for integrated 
surveillance of zoonotic diseases affecting humans, animals, and the environment. This review 
summarizes current advances in polymerase chain reaction (PCR)-based detection of three 
priority bacterial biological threat agents: Bacillus anthracis, Francisella tularensis, and Brucella 
spp. The diagnostic principles, major genetic targets, specimen selection, and performance 
characteristics of conventional PCR, real-time quantitative PCR (qPCR), multiplex PCR, nested 
PCR, digital PCR (dPCR), and loop-mediated isothermal amplification (LAMP) are discussed. 
Particular attention is given to the role of multiplex molecular assays in the simultaneous detection 
and differentiation of biological threat agents, improving diagnostic speed, sensitivity, and 
laboratory biosafety. The review also highlights the expanding application of PCR technologies in 
biosurveillance, environmental monitoring, wildlife and vector surveillance, outbreak 
investigations, and laboratory preparedness for biological emergencies. Emerging innovations, 
including portable point-of-care PCR platforms, CRISPR-based diagnostics, whole-genome 
sequencing integration, artificial intelligence-assisted data interpretation, and cloud-based 
surveillance systems, are evaluated as future components of comprehensive biodefense 
strategies. Collectively, these technologies strengthen coordinated One Health surveillance by 
enabling rapid pathogen detection, improved epidemiological investigations, and timely response 
to naturally occurring outbreaks as well as deliberate biological threats, supporting global health 
security and modern laboratory preparedness. 

Keywords: One Health; polymerase chain reaction (PCR); real-time PCR (qPCR); 
multiplex PCR; digital PCR; Bacillus anthracis; Francisella tularensis; Brucella spp.; 
biosurveillance; biodefense; molecular diagnostics; biological threat agents. 

 
The emergence and re-emergence of high-consequence bacterial pathogens continue to 

represent a significant challenge to global public health, veterinary medicine, agriculture, and 
biosecurity. Increasing globalization, climate change, international trade, armed conflicts, 
ecosystem disturbances, and expanding human–animal interfaces have contributed to the 
changing epidemiology of zoonotic diseases while simultaneously increasing the risks associated 
with accidental or deliberate release of highly pathogenic microorganisms. Within the One Health 
framework, effective surveillance and rapid laboratory diagnosis of biological threat agents have 
become essential components of national and international preparedness strategies (WHO, 2024; 
WOAH, 2022). 

Among bacterial pathogens of greatest concern are Bacillus anthracis, Francisella 
tularensis, and Brucella spp., which combine high pathogenicity with significant veterinary, 
medical, environmental, and biodefense relevance. These microorganisms are recognized as 
priority biological threat agents because of their potential to cause severe disease, large 
outbreaks, economic disruption, and public panic. Historically, all three pathogens have been 
investigated for military or bioterrorism purposes due to their infectivity, environmental 
persistence, or capacity for aerosol dissemination. Consequently, rapid laboratory identification 
of these organisms is considered a cornerstone of biological threat preparedness and response 
(Dennis, 2001; Inglesby, 2002; WHO, 2024). 
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B. anthracis, the etiological agent of anthrax, is a spore-forming Gram-positive bacterium 
capable of surviving in contaminated soils for decades. Anthrax remains endemic in many regions 
worldwide, affecting livestock, wildlife, and humans. In addition to naturally occurring outbreaks, 
the 2001 anthrax letter attacks in the United States demonstrated the devastating consequences 
of intentional dissemination of spores and highlighted the need for rapid molecular diagnostic 
capacity within national laboratory response systems (Hoffmaster, 2002; Inglesby, 2002). 

F. tularensis, the causative agent of tularemia, is an extremely infectious intracellular 
Gram-negative coccobacillus requiring only a small infectious dose to cause disease. Tularemia 
circulates naturally among wildlife reservoirs and arthropod vectors but also represents a 
recognized biological warfare threat because of its high infectivity by the aerosol route. Laboratory 
diagnosis is often complicated by the fastidious nature of the organism, slow growth, and biosafety 
concerns associated with cultivation, making molecular detection methods particularly valuable 
(Ellis, 2002; Sjöstedt, 2007). 

Species of the genus Brucella are responsible for brucellosis, one of the world's most 
widespread bacterial zoonoses. The disease causes reproductive losses in livestock and chronic 
debilitating illness in humans, leading to substantial economic and public health burdens. 
Conventional diagnosis based on bacterial isolation remains labor-intensive, requires biosafety 
level 3 (BSL-3) laboratory conditions, and frequently lacks sensitivity in chronic infections. 
Consequently, nucleic acid amplification technologies have become indispensable tools for early 
detection, species identification, epidemiological investigations, and surveillance programs 
(Corbel, 2006; Godfroid, 2011). 

Traditional bacteriological diagnosis remains the reference standard for confirmation of 
many bacterial infections because it provides viable isolates for antimicrobial susceptibility testing, 
molecular characterization, and epidemiological investigations. Nevertheless, culture methods for 
biological threat agents are time-consuming, technically demanding, and frequently require 
specialized biosafety infrastructure. Furthermore, delayed laboratory confirmation may 
compromise outbreak control, clinical management, and emergency response during intentional 
or naturally occurring biological incidents (WHO, 2024; WOAH, 2022). 

Polymerase chain reaction (PCR) has transformed laboratory diagnostics by enabling 
rapid, highly sensitive, and highly specific detection of pathogen-specific nucleic acid sequences 
directly from clinical, veterinary, food, and environmental samples. Since its introduction in the 
1980s, PCR has evolved from conventional end-point amplification into a diverse family of 
molecular technologies, including real-time quantitative PCR (qPCR), multiplex PCR, nested 
PCR, digital PCR (dPCR), and isothermal amplification methods. These approaches have 
substantially reduced diagnostic turnaround times while improving analytical sensitivity, enabling 
simultaneous detection of multiple pathogens, and supporting high-throughput surveillance 
systems (Kubista, 2006; Mackay, 2002). 

For biological threat agents, PCR offers several critical advantages. First, molecular 
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genome sequencing and next-generation sequencing technologies further enables rapid 
pathogen characterization, identification of virulence determinants, antimicrobial resistance 
profiling, and reconstruction of transmission pathways within a One Health surveillance 
framework (Quick, 2016; Gwinn, 2019). 

This review summarizes current applications of PCR-based technologies for the detection 
of three priority bacterial biological threat agents – B. anthracis, F. tularensis, and Brucella spp. 
Emphasis is placed on the principles of molecular diagnosis, recommended genetic targets, 
assay formats, laboratory implementation, biosurveillance applications, and future technological 
developments supporting biodefense, public health preparedness, and One Health surveillance 
(fig. 1). 

PCR technologies used in biological threat detection. Rapid identification of biological 
threat agents is a fundamental component of modern biodefense, public health preparedness, 
veterinary surveillance, and emergency response. Molecular diagnostic technologies have 
transformed laboratory capacity by enabling highly sensitive and specific detection of pathogenic 
microorganisms directly from clinical, veterinary, food, and environmental specimens. Among 
these technologies, PCR remains the most widely adopted molecular platform because of its 
analytical sensitivity, versatility, relatively low cost, and compatibility with a broad spectrum of 
laboratory infrastructures (Kubista, 2006; Mackay, 2002). 

 
Fig. 1. One Health Integrated biosurveillance scheme 
 
The selection of an appropriate PCR platform depends on multiple factors, including the 

suspected pathogen, specimen type, expected pathogen load, laboratory biosafety level, 
turnaround time requirements, and intended application, such as clinical diagnosis, environmental 
surveillance, epidemiological investigation, or forensic microbiology. For high-consequence 
bacterial pathogens, including B. anthracis, F. tularensis, and Brucella spp., PCR assays have 
become integral components of laboratory response algorithms because they enable rapid 
preliminary identification while minimizing manipulation of viable organisms that may pose 
significant biosafety risks (WHO, 2024; WOAH, 2022). 

Conventional PCR. Conventional end-point PCR remains one of the most widely used 
molecular techniques for detecting biological threat agents. The method involves enzymatic 
amplification of a pathogen-specific DNA fragment using sequence-specific primers, followed by 
visualization of amplified products using agarose gel electrophoresis. Although relatively simple, 
conventional PCR provides excellent analytical specificity and remains the reference molecular 
method in many international diagnostic protocols. 

For bacterial biological threat agents, conventional PCR is particularly valuable because 
it permits amplification of larger DNA fragments suitable for downstream sequencing, restriction 
fragment length polymorphism (RFLP) analysis, cloning, or phylogenetic investigations. Amplified 
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products may subsequently undergo Sanger sequencing to confirm species identification and 
investigate strain diversity or evolutionary relationships. Consequently, conventional PCR 
remains an important component of laboratory confirmation and molecular epidemiology despite 
the increasing availability of automated real-time platforms (Keim, 2004; Hoffmaster, 2002). 

Another important advantage of conventional PCR is its relatively low implementation cost. 
The method requires only a thermocycler and basic electrophoresis equipment, making it 
particularly suitable for regional reference laboratories and laboratories in resource-limited 
settings. For surveillance activities involving large numbers of environmental or veterinary 
samples, conventional PCR continues to provide an economical alternative to more sophisticated 
molecular technologies. 

Real-time quantitative PCR (qPCR) has become the primary molecular platform for rapid 
detection of biological threat agents in routine diagnostic laboratories. Unlike conventional PCR, 
amplification products are detected during each amplification cycle using fluorescent dyes or 
sequence-specific hydrolysis probes, eliminating the need for post-amplification electrophoresis. 
This closed-tube format substantially reduces the risk of laboratory contamination while 
decreasing diagnostic turnaround time. 

Real-time PCR combines high analytical sensitivity with exceptional specificity when 
probe-based chemistries, such as TaqMan assays, are employed. Quantification of target DNA 
through cycle threshold (Ct) values provides additional information regarding bacterial load, 
allowing monitoring of disease progression or response to antimicrobial therapy in selected 
clinical settings (Kubista, 2006). 

Most national biodefense laboratories employ multiplex real-time PCR assays capable of 
simultaneously detecting multiple genetic targets within a single reaction. For B. anthracis, assays 
commonly target chromosomal markers together with virulence plasmids pXO1 and pXO2. 
Similarly, multiplex assays for Brucella spp. and F. tularensis incorporate multiple independent 
targets to maximize diagnostic confidence while minimizing false-positive or false-negative 
results. 

Because of its speed, sensitivity, automation potential, and compatibility with high-
throughput workflows, qPCR has become the molecular backbone of many Laboratory Response 
Network (LRN) and national reference laboratory protocols (CDC, 2023). 

Multiplex PCR enables simultaneous amplification of multiple target sequences within a 
single reaction through the use of several primer pairs. This approach significantly reduces 
reagent consumption, laboratory workload, and specimen volume requirements while increasing 
diagnostic efficiency during emergency situations. 

For biological threat preparedness, multiplex assays offer particular advantages because 
clinical presentation of high-consequence bacterial infections is frequently nonspecific during the 
early stages of disease. A single multiplex assay may therefore screen simultaneously for several 
potential biological threat agents, including B. anthracis, F. tularensis, Brucella spp., Yersinia 
pestis, Coxiella burnetii, and Burkholderia pseudomallei. Such broad-spectrum molecular panels 
substantially improve differential diagnosis during outbreaks of unknown origin or suspected 
intentional biological events. 

Successful multiplex assay development requires careful optimization of primer 
compatibility, amplification efficiency, and fluorescence detection channels to prevent primer 
competition and cross-reactivity. Consequently, assay validation remains essential before 
implementation in routine diagnostic laboratories. 

Nested PCR employs two sequential amplification reactions using two independent primer 
pairs targeting the same genomic region. The second amplification utilizes primers located 
internally within the first PCR product, thereby markedly increasing analytical sensitivity and 
specificity. Nested PCR is particularly valuable when pathogen DNA concentrations are extremely 
low, such as during early infection, chronic disease, or environmental surveillance. The technique 
has demonstrated excellent performance for detecting low-copy bacterial DNA in wildlife 
reservoirs, arthropod vectors, environmental samples, and archived clinical specimens. 

Despite its superior sensitivity, nested PCR requires opening reaction tubes between 
amplification rounds, increasing the risk of carry-over contamination. Therefore, strict laboratory 
workflow separation, dedicated equipment, and rigorous quality assurance procedures are 
essential for reliable implementation. 

 
 

 
 

Digital PCR (dPCR) represents one of the most significant recent advances in molecular 
diagnostics. Unlike conventional PCR, which estimates nucleic acid concentration indirectly 
through amplification curves, dPCR partitions a sample into thousands of independent 
microreactions, allowing absolute quantification of target DNA molecules using Poisson statistical 
analysis. 

This technology offers several important advantages for biological threat detection. First, 
digital PCR provides exceptional analytical sensitivity for detecting extremely low concentrations 
of bacterial DNA. Second, absolute quantification eliminates the need for standard calibration 
curves. Third, dPCR demonstrates greater tolerance to PCR inhibitors commonly present in 
environmental, soil, food, and clinical specimens. 

Digital PCR has shown particular promise for environmental monitoring of persistent 
biological threat agents such as B. anthracis spores and for detection of chronic intracellular 
pathogens including Brucella spp. Although currently limited by higher instrumentation costs, 
dPCR is expected to play an increasingly important role in national biodefense laboratories and 
forensic microbiology (Hindson, 2011). 

Loop-mediated isothermal amplification (LAMP) is an alternative nucleic acid amplification 
technology that amplifies DNA under constant temperature conditions, eliminating the need for a 
thermocycler. The method employs four to six primers recognizing multiple regions of the target 
sequence, resulting in exceptionally rapid amplification with high analytical sensitivity. 

Because amplification occurs under isothermal conditions, LAMP assays can be 
performed using simple portable heating devices, making them particularly attractive for field 
surveillance, outbreak investigations, and resource-limited environments. Visual detection of 
amplification products using fluorescent dyes or colorimetric indicators further simplifies 
interpretation without specialized instrumentation. 

Recent studies have demonstrated successful application of LAMP assays for rapid 
detection of B. anthracis, F. tularensis, and Brucella spp., supporting their potential use in mobile 
laboratories, border inspection facilities, military deployments, and emergency response 
operations (Notomi, 2000). 

Portable and point-of-care PCR platforms. Miniaturization of molecular diagnostic systems 
has enabled deployment of portable PCR instruments capable of performing nucleic acid 
extraction, amplification, and automated interpretation outside conventional laboratories. These 
integrated systems have become increasingly important for biological incident response because 
they substantially reduce diagnostic turnaround time while maintaining high analytical 
performance. 

Portable PCR platforms are now used during outbreak investigations, military operations, 
border biosecurity, wildlife surveillance, disaster response, and remote field expeditions. Many 
modern instruments integrate automated nucleic acid extraction, multiplex real-time PCR, cloud-
based data transmission, and standardized analytical software, enabling rapid decision-making 
under emergency conditions. 

Despite these advances, confirmatory testing by national reference laboratories remains 
essential, particularly for agents with major public health, veterinary, or biodefense implications. 

Quality assurance and biosafety considerations. Accurate PCR diagnosis of biological 
threat agents requires strict quality assurance and biosafety practices throughout the analytical 
process. Laboratory contamination remains one of the principal causes of false-positive results, 
while poor nucleic acid extraction, PCR inhibition, or inappropriate specimen handling may 
produce false-negative findings. Therefore, molecular laboratories should implement physically 
separated pre- and post-amplification areas, include appropriate positive and negative controls in 
every analytical run, and participate in external quality assessment programs. 

For highly pathogenic bacteria such as B. anthracis, F. tularensis, and Brucella spp., 
specimen processing should follow internationally recognized biosafety recommendations (fig. 2). 
Whenever possible, nucleic acid extraction protocols that rapidly inactivate infectious organisms 
should be used before molecular analysis, thereby reducing occupational exposure risks. 
Laboratory implementation should comply with WHO biosafety guidance, WOAH diagnostic 
recommendations, and national laboratory accreditation standards to ensure reliable, 
reproducible, and safe molecular diagnostics (WHO, 2024; WOAH, 2022). 
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Collectively, PCR technologies constitute the foundation of modern laboratory 
preparedness for biological threats (fig. 3). Conventional PCR continues to provide robust 
confirmatory testing and sequencing support, whereas real-time PCR has become the principal 
method for rapid routine diagnosis. Multiplex PCR facilitates simultaneous detection of multiple 
biological threat agents, nested PCR enhances analytical sensitivity for low-copy targets, digital 
PCR offers precise absolute quantification, and LAMP expands molecular diagnostics into field 
settings. Together, these complementary technologies provide an integrated diagnostic 
framework supporting biodefense, biosurveillance, outbreak response, and One Health 
implementation. 

 

 
Fig. 2. Comparison of different molecular techniques for DNA amplification and detection 
 

 
Fig. 3. Workflow of PCR diagnostics for EDP-associated diseases (anthrax, tularemia, 
brucellosis) 
 

PCR Detection of Bacillus anthracis 
Biological characteristics and diagnostic significance. B. anthracis, the etiological agent of 

anthrax, is a Gram-positive, aerobic, spore-forming bacillus belonging to the Bacillus cereus 
sensu lato group. The remarkable ability of B. anthracis spores to survive in soil for decades, 
coupled with their resistance to environmental stresses and ease of aerosolization, has 
established this microorganism as one of the most important bacterial biological threat agents. 

 
 

 
 

Anthrax affects a broad range of domestic and wild herbivores and can be transmitted to humans 
through direct contact with infected animals, contaminated animal products, ingestion of 
contaminated meat, or inhalation of aerosolized spores. The inhalational form is associated with 
the highest mortality and represents the greatest concern in biodefense scenarios (Mock, 2001; 
Turnbull, 2008). 

In addition to naturally occurring outbreaks, B. anthracis gained international attention 
following the intentional distribution of anthrax spores through the United States postal system in 
2001. This event highlighted the necessity for rapid laboratory detection, efficient biosurveillance 
systems, and standardized molecular diagnostic protocols capable of confirming anthrax within 
hours rather than days. Consequently, PCR-based detection has become a central component 
of national Laboratory Response Network (LRN) algorithms and international emergency 
preparedness strategies (Inglesby, 2002; Hoffmaster, 2002). 

Although bacteriological isolation remains the reference standard for laboratory 
confirmation, culture-based diagnosis requires manipulation of viable organisms under 
appropriate biosafety conditions and typically requires 24–48 hours before definitive identification. 
Furthermore, prior antimicrobial therapy, environmental contamination, or poor specimen quality 
may reduce culture sensitivity. Molecular diagnostics overcome many of these limitations by 
enabling rapid identification directly from clinical and environmental specimens while minimizing 
laboratory exposure to viable organisms (WHO, 2024). 

Genetic basis of PCR detection. The virulence of B. anthracis depends primarily on two 
large plasmids, pXO1 and pXO2, together with chromosomal determinants that distinguish the 
organism from closely related members of the Bacillus cereus group. The pXO1 plasmid (~181 
kb) encodes the tripartite anthrax toxin, consisting of protective antigen (pagA), lethal factor (lef), 
and edema factor (cya). The pXO2 plasmid (~96 kb) carries genes responsible for biosynthesis 
of the poly-D-glutamic acid capsule (capBCADE), which protects vegetative bacteria from 
phagocytosis and contributes significantly to pathogenicity (Mock & Fouet, 2001). 

Modern PCR assays generally incorporate both chromosomal and plasmid targets to 
maximize diagnostic accuracy. Simultaneous amplification of multiple independent loci reduces 
the probability of false-positive or false-negative results arising from plasmid loss, genetic 
variation, or contamination. 

The most frequently used molecular targets include chromosomal markers (BA813, 
dhp61, rpoB, gyrB, sasP), pXO1 virulence genes (pagA (protective antigen), lef (lethal factor), 
cya (edema factor)), and pXO2 capsule genes (capA, capB, capC, capD, and capE). 

Current international recommendations advocate the simultaneous detection of at least 
one chromosomal marker together with one or more plasmid targets to confirm the presence of 
fully virulent B. anthracis. This strategy minimizes the risk of misidentifying naturally occurring 
plasmid-cured strains or closely related B. cereus isolates harboring anthrax-like virulence 
plasmids (Hoffmaster, 2002; Easterday, 2005). 

Clinical and environmental specimens. PCR assays for anthrax can be applied to a diverse 
range of specimen types depending on the epidemiological context and clinical presentation. For 
suspected human or animal anthrax, commonly analyzed specimens include: whole blood, 
serum, plasma, tissue biopsies, lymph node aspirates, skin lesion swabs, vesicular fluid, 
cerebrospinal fluid, pleural fluid, and respiratory secretions. 

The optimal specimen depends upon the clinical manifestation of disease. Whole blood 
collected before initiation of antimicrobial therapy generally provides the highest diagnostic 
sensitivity for systemic infections, whereas lesion swabs are appropriate for cutaneous anthrax. 
In fatal cases, spleen, liver, lymph nodes, and bone marrow frequently contain high 
concentrations of bacterial DNA and remain valuable diagnostic materials even after bacterial 
viability has declined. 

Veterinary specimens. Animal diagnostics commonly utilize spleen, liver, lymph nodes, 
blood, ear tissue, bone marrow, and carcass swabs. 

International veterinary guidelines recommend avoiding complete necropsy of animals 
suspected of anthrax because exposure of vegetative cells to oxygen promotes sporulation and 
environmental contamination. Instead, minimally invasive sampling procedures are preferred, 
followed by molecular confirmation (WOAH, 2022). 
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Environmental specimens. PCR has become indispensable for environmental surveillance 
following natural outbreaks or suspected deliberate release. Typical environmental matrices for 
Bacillus examination include soil, dust, air filters, surface swabs, water, wool, hides, animal feed, 
contaminated equipment, forensic evidence. 

Because environmental samples frequently contain PCR inhibitors such as humic acids, 
specialized nucleic acid extraction methods and internal amplification controls should be 
incorporated into diagnostic workflows to ensure assay reliability. 

Conventional PCR was among the first molecular methods developed for B. anthracis 
detection and remains widely used in reference laboratories. Early assays targeted chromosomal 
sequences such as BA813, while subsequent protocols incorporated virulence plasmid genes to 
improve specificity. 

One of the principal strengths of conventional PCR lies in its compatibility with downstream 
sequencing. Sequencing of amplified fragments enables confirmation of species identity, 
identification of genetic variants, and phylogenetic analyses supporting epidemiological 
investigations and microbial forensics. 

Although conventional PCR is relatively inexpensive and requires minimal 
instrumentation, it involves post-amplification handling and gel electrophoresis, increasing both 
diagnostic turnaround time and the risk of laboratory contamination. 

Real-time PCR is currently considered the primary molecular technique for rapid 
laboratory confirmation of anthrax. Probe-based assays employing hydrolysis probes provide 
exceptional specificity while simultaneously reducing contamination risks through closed-tube 
amplification. 

Modern assays generally detect multiple genetic targets within a single multiplex reaction. 
Typical combinations include: BA813 + pagA + capB; dhp61 + lef + capA, either chromosomal 
SNP markers + pXO1 + pXO2. 

Simultaneous detection of chromosomal and plasmid targets enables differentiation 
between fully virulent strains, plasmid-deficient isolates, vaccine strains, and closely related 
members of the B. cereus group. 

Real-time PCR also provides quantitative information through cycle threshold (Ct) values, 
allowing estimation of bacterial DNA concentration and facilitating interpretation of environmental 
contamination levels. 

Diagnostic results are frequently available within 2–3 hours following DNA extraction, 
making qPCR the preferred first-line assay during suspected biological incidents. 

Multiplex PCR and differential diagnosis. Because members of the B. cereus sensu lato 
complex exhibit considerable genetic similarity, single-target PCR assays may occasionally 
produce ambiguous results. Multiplex PCR significantly improves diagnostic confidence by 
simultaneously amplifying several independent loci. Differential diagnosis commonly includes B. 
anthracis, B. cereus, Bacillus thuringiensis, and Bacillus mycoides. 

Recent recognition of anthrax toxin-producing B. cereus strains further emphasizes the 
importance of multiplex molecular diagnostics capable of distinguishing chromosomal 
background from plasmid-associated virulence determinants. Such assays are particularly 
valuable during environmental investigations and forensic microbiology. 

PCR in environmental surveillance and biodefense. PCR has become an indispensable 
tool for biosurveillance of B. anthracis in environmental reservoirs. Surveillance programs 
routinely analyze soil samples collected from historical anthrax burial sites, grazing areas, 
livestock farms, wildlife reserves, and locations associated with previous outbreaks. 

Following a suspected intentional release, environmental PCR supports rapid site 
assessment, contamination mapping, evaluation of decontamination procedures, occupational 
exposure assessment, and forensic investigations. 

Portable real-time PCR platforms increasingly enable field deployment by military, 
veterinary, and emergency response teams, substantially reducing diagnostic delays during 
biological emergencies. However, positive molecular findings should be interpreted together with 
epidemiological evidence, environmental context, and, whenever feasible, culture confirmation 
and genomic characterization. 

Emerging molecular technologies. Several innovative molecular approaches are further 
improving anthrax diagnostics. Digital PCR offers absolute quantification of bacterial DNA with 
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Diagnostic results are frequently available within 2–3 hours following DNA extraction, 
making qPCR the preferred first-line assay during suspected biological incidents. 
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complex exhibit considerable genetic similarity, single-target PCR assays may occasionally 
produce ambiguous results. Multiplex PCR significantly improves diagnostic confidence by 
simultaneously amplifying several independent loci. Differential diagnosis commonly includes B. 
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Recent recognition of anthrax toxin-producing B. cereus strains further emphasizes the 
importance of multiplex molecular diagnostics capable of distinguishing chromosomal 
background from plasmid-associated virulence determinants. Such assays are particularly 
valuable during environmental investigations and forensic microbiology. 

PCR in environmental surveillance and biodefense. PCR has become an indispensable 
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routinely analyze soil samples collected from historical anthrax burial sites, grazing areas, 
livestock farms, wildlife reserves, and locations associated with previous outbreaks. 

Following a suspected intentional release, environmental PCR supports rapid site 
assessment, contamination mapping, evaluation of decontamination procedures, occupational 
exposure assessment, and forensic investigations. 

Portable real-time PCR platforms increasingly enable field deployment by military, 
veterinary, and emergency response teams, substantially reducing diagnostic delays during 
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enhanced sensitivity and tolerance to inhibitors commonly encountered in soil and environmental 
matrices. This technology is particularly useful for monitoring residual contamination following 
decontamination procedures and detecting low concentrations of spores. 

Loop-mediated isothermal amplification (LAMP) provides rapid amplification under 
isothermal conditions and has demonstrated promising performance for field diagnostics where 
conventional thermocyclers are unavailable. 

CRISPR-based molecular diagnostics, including SHERLOCK and DETECTR platforms, 
have recently demonstrated excellent analytical sensitivity for bacterial pathogen detection and 
may complement PCR in future point-of-care applications. 

Integration of PCR with whole-genome sequencing has further strengthened microbial 
forensic investigations by enabling high-resolution characterization of outbreak strains, 
identification of virulence determinants, antimicrobial resistance markers, and phylogenetic 
relationships. 

Current challenges and future perspectives. Despite remarkable technological advances, 
several challenges remain in PCR-based diagnosis of anthrax. Closely related B. cereus group 
organisms may complicate molecular identification, particularly when assays rely on single 
genetic targets. Loss of virulence plasmids during laboratory cultivation or natural genetic 
variation may also affect assay performance. Environmental samples often contain inhibitors that 
reduce amplification efficiency, requiring optimized extraction protocols and rigorous internal 
quality controls. 

Future diagnostic strategies will likely combine multiplex real-time PCR, digital PCR, 
portable laboratory platforms, and whole-genome sequencing within integrated biosurveillance 
systems. Artificial intelligence-assisted interpretation of molecular data, automated sample 
processing, and cloud-connected diagnostic networks are expected to further enhance 
preparedness for both naturally occurring outbreaks and intentional biological incidents. 

PCR Detection of Francisella tularensis 
Biological characteristics and diagnostic significance. Francisella tularensis is a highly 

infectious, facultative intracellular Gram-negative coccobacillus and the causative agent of 
tularemia, a zoonotic disease affecting more than 250 species of mammals, birds, reptiles, fish, 
and arthropods. Human infection occurs through multiple transmission routes, including direct 
contact with infected animals, arthropod bites, ingestion of contaminated food or water, inhalation 
of contaminated aerosols, and laboratory exposure. The exceptionally low infectious dose – 
estimated at fewer than 10 organisms via the respiratory route—combined with high infectivity 
and the potential for aerosol dissemination has resulted in F. tularensis being classified as a 
Category A biological threat agent by the U.S. Centers for Disease Control and Prevention (CDC) 
and recognized internationally as a priority pathogen for biodefense preparedness (Dennis, 2001; 
Sjöstedt, 2007). 

Tularemia occurs throughout the Northern Hemisphere, with endemic regions in North 
America, Europe, and Asia. In Europe, F. tularensis subsp. holarctica (Type B) predominates and 
is commonly associated with wildlife reservoirs, particularly hares and rodents, as well as tick 
vectors. In contrast, F. tularensis subsp. tularensis (Type A), found primarily in North America, 
exhibits substantially greater virulence and is responsible for most severe pneumonic infections 
(Ellis, 2002). 

Conventional laboratory diagnosis of tularemia is challenging because F. tularensis is a 
slow-growing and fastidious organism requiring cysteine-enriched media and prolonged 
incubation. Furthermore, laboratory cultivation presents a considerable occupational hazard due 
to the organism's high infectivity, necessitating Biosafety Level 3 (BSL-3) containment for culture 
manipulation. Consequently, molecular diagnostics have become the preferred approach for rapid 
laboratory confirmation, enabling direct detection of bacterial DNA without the need for extensive 
cultivation and thereby reducing laboratory exposure risks (WHO, 2024). 

Genetic targets for PCR detection. The genome of F. tularensis contains several highly 
conserved chromosomal genes that serve as reliable targets for molecular diagnosis. Because 
plasmids are absent in F. tularensis, all currently validated PCR assays rely on chromosomal 
markers, many of which are present in multiple copies or encode proteins essential for bacterial 
survival and virulence. 
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The most commonly targeted genes include: tul4 – outer membrane lipoprotein gene; fopA 
– outer membrane protein gene; iglC – intracellular growth locus C; ISFtu2 – multicopy insertion 
sequence; 23-kDa and 17-kDa lipoprotein genes; sdhA – succinate dehydrogenase subunit A; 
recA – recombination protein A, and lpnA – lipoprotein gene. 

Among these targets, tul4 and fopA are the most widely employed in conventional and 
real-time PCR assays because of their high conservation across clinically relevant F. tularensis 
subspecies. The multicopy insertion sequence ISFtu2 significantly enhances analytical sensitivity 
owing to its multiple genomic copies, making it particularly useful for specimens containing low 
bacterial concentrations (Versage, 2003). 

Modern diagnostic protocols frequently combine two or more independent genetic targets 
within multiplex assays to maximize specificity and reduce the probability of false-positive results 
caused by nonspecific amplification or contamination. 

Clinical, veterinary, and environmental specimens. PCR assays for tularemia can be 
applied to numerous specimen types depending on the clinical syndrome, epidemiological 
investigation, or surveillance objective. 

Common human clinical specimens include whole blood, serum, lymph node aspirates, 
ulcer swabs, skin biopsies, sputum, bronchoalveolar lavage fluid, pleural fluid, cerebrospinal fluid. 

The highest diagnostic sensitivity is generally achieved using lymph node aspirates 
obtained from ulceroglandular and glandular forms of tularemia. In pneumonic tularemia, 
respiratory specimens including bronchoalveolar lavage fluid provide excellent material for 
molecular diagnosis. 

Animal surveillance commonly utilizes samples of spleen, liver, lymph nodes, lungs, blood, 
bone marrow, tissue homogenates. 

Wildlife surveillance programs frequently target lagomorphs (hares and rabbits), rodents, 
foxes, wild boars, and small mammals that serve as natural reservoirs of infection. 

PCR has become indispensable for monitoring F. tularensis circulation within vector 
populations. Commonly analyzed arthropods include ticks (Ixodes, Dermacentor, Amblyomma), 
mosquitoes, and deer flies. 

Vector surveillance provides valuable information regarding pathogen circulation before 
human or animal outbreaks occur. 

Environmental PCR assays have successfully detected F. tularensis DNA in surface 
water, sediments, soil, vegetation, aerosols, and animal carcasses. 

These applications support ecological investigations, outbreak source tracing, and 
environmental biosurveillance. 

Conventional PCR remains an important confirmatory method for F. tularensis detection, 
particularly in reference laboratories performing sequencing or molecular epidemiological studies. 
Amplification of tul4, fopA, or iglC genes provides highly specific identification, and sequencing of 
PCR products enables differentiation between subspecies and phylogenetic analysis. 

The method is relatively inexpensive and technically straightforward but requires post-
amplification electrophoresis, increasing diagnostic time and contamination risk compared with 
real-time PCR. 

Real-time PCR has become the diagnostic method of choice for rapid identification of F. 
tularensis. Probe-based assays provide excellent analytical sensitivity and specificity while 
substantially reducing contamination risk through closed-tube amplification. 

Several internationally validated assays simultaneously amplify two or more chromosomal 
targets, including tul4 + fopA; ISFtu2 + tul4; and fopA + iglC. 

Multiplex real-time PCR significantly improves diagnostic confidence by confirming 
multiple independent genetic loci within a single reaction. Diagnostic sensitivity is further 
enhanced through the incorporation of multicopy insertion sequences such as ISFtu2. 

Most real-time PCR protocols generate results within approximately 2–3 hours following 
DNA extraction, enabling rapid clinical decision-making and implementation of public health 
control measures. 

Multiplex PCR and differential diagnosis. Clinical manifestations of tularemia often 
resemble those of plague, brucellosis, Q fever, anthrax, atypical pneumonia, or lymphadenitis 
caused by other bacterial pathogens. Consequently, multiplex PCR assays capable of 
simultaneously detecting multiple biological threat agents have become increasingly important. 

 
 

 
 

Comprehensive biodefense panels frequently include F. tularensis, B. anthracis, Y. pestis, 
Brucella spp., and C. burnetii. 

Such multiplex platforms facilitate rapid differential diagnosis during outbreaks of unknown 
origin and suspected biological incidents while minimizing reagent consumption and laboratory 
workload. 

PCR in wildlife surveillance and One Health monitoring. Because tularemia is maintained 
within complex wildlife ecosystems, PCR has become an essential tool for One Health 
surveillance. Molecular monitoring of reservoir hosts, vectors, livestock, companion animals, and 
environmental sources enables early identification of pathogen circulation before human disease 
emergence. 

Integrated surveillance programs combine PCR detection with ecological monitoring of 
wildlife populations, tick abundance, climatic variables, and geographic information systems (GIS) 
to predict areas at elevated risk of tularemia transmission. 

Environmental DNA (eDNA) surveillance has further expanded opportunities for non-
invasive monitoring of F. tularensis persistence within aquatic ecosystems and contaminated 
landscapes. 

Emerging molecular technologies. Digital PCR has demonstrated excellent performance 
for detecting extremely low concentrations of F. tularensis DNA in clinical and environmental 
samples. Absolute quantification without calibration curves improves analytical precision while 
increasing tolerance to PCR inhibitors. 

LAMP assays have also shown promising diagnostic performance, producing results in 
less than one hour using portable equipment. These assays are particularly valuable during field 
investigations, wildlife surveillance, and military deployments where conventional laboratory 
infrastructure is unavailable. 

More recently, CRISPR-Cas–based molecular diagnostics have demonstrated 
exceptional analytical sensitivity for F. tularensis detection and may become valuable 
complements to PCR for rapid point-of-care diagnosis. 

Integration of PCR with whole-genome sequencing now supports comprehensive 
molecular epidemiology, enabling characterization of outbreak strains, identification of 
transmission pathways, phylogeographic analyses, and microbial forensic investigations. 

Current challenges and future perspectives. Despite major advances in molecular 
diagnostics, several challenges remain. The extremely low bacterial burden observed during early 
infection or following antimicrobial treatment may reduce PCR sensitivity in some specimen types. 
Environmental matrices frequently contain PCR inhibitors requiring optimized extraction methods 
and internal amplification controls. Genetic diversity among F. tularensis subspecies also 
necessitates careful assay validation to ensure broad detection while maintaining analytical 
specificity. 

Future laboratory diagnostics are expected to integrate multiplex real-time PCR, digital 
PCR, portable molecular platforms, automated nucleic acid extraction, and whole-genome 
sequencing into comprehensive biosurveillance networks. Such integrated diagnostic systems 
will strengthen preparedness for naturally occurring outbreaks, laboratory accidents, and 
deliberate biological events while supporting coordinated One Health surveillance across human, 
animal, and environmental sectors. 

PCR Detection of Brucella spp. Brucellosis remains one of the most widespread 
bacterial zoonoses worldwide and continues to pose significant challenges to veterinary medicine, 
public health, food safety, and biodefense. The disease is caused by bacteria belonging to the 
genus Brucella, a group of facultative intracellular Gram-negative coccobacilli capable of infecting 
a broad range of domestic and wild mammals. Human infection usually occurs through direct 
contact with infected animals, inhalation of contaminated aerosols, accidental laboratory 
exposure, or consumption of unpasteurized dairy products. The disease is characterized by 
prolonged fever, osteoarticular complications, reproductive disorders, and chronic debilitating 
illness, whereas infection in livestock results primarily in abortion, infertility, orchitis, reduced milk 
production, and substantial economic losses (Corbel, 2006; Godfroid, 2011; Moreno, 2014). 

Among the twelve recognized Brucella species, B. melitensis, B. abortus, and B. suis 
account for the vast majority of human infections, while B. canis is increasingly recognized as an 
emerging zoonotic pathogen. Other species, including B. ovis, B. neotomae, and several marine 
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The most commonly targeted genes include: tul4 – outer membrane lipoprotein gene; fopA 
– outer membrane protein gene; iglC – intracellular growth locus C; ISFtu2 – multicopy insertion 
sequence; 23-kDa and 17-kDa lipoprotein genes; sdhA – succinate dehydrogenase subunit A; 
recA – recombination protein A, and lpnA – lipoprotein gene. 

Among these targets, tul4 and fopA are the most widely employed in conventional and 
real-time PCR assays because of their high conservation across clinically relevant F. tularensis 
subspecies. The multicopy insertion sequence ISFtu2 significantly enhances analytical sensitivity 
owing to its multiple genomic copies, making it particularly useful for specimens containing low 
bacterial concentrations (Versage, 2003). 

Modern diagnostic protocols frequently combine two or more independent genetic targets 
within multiplex assays to maximize specificity and reduce the probability of false-positive results 
caused by nonspecific amplification or contamination. 

Clinical, veterinary, and environmental specimens. PCR assays for tularemia can be 
applied to numerous specimen types depending on the clinical syndrome, epidemiological 
investigation, or surveillance objective. 

Common human clinical specimens include whole blood, serum, lymph node aspirates, 
ulcer swabs, skin biopsies, sputum, bronchoalveolar lavage fluid, pleural fluid, cerebrospinal fluid. 

The highest diagnostic sensitivity is generally achieved using lymph node aspirates 
obtained from ulceroglandular and glandular forms of tularemia. In pneumonic tularemia, 
respiratory specimens including bronchoalveolar lavage fluid provide excellent material for 
molecular diagnosis. 

Animal surveillance commonly utilizes samples of spleen, liver, lymph nodes, lungs, blood, 
bone marrow, tissue homogenates. 

Wildlife surveillance programs frequently target lagomorphs (hares and rabbits), rodents, 
foxes, wild boars, and small mammals that serve as natural reservoirs of infection. 

PCR has become indispensable for monitoring F. tularensis circulation within vector 
populations. Commonly analyzed arthropods include ticks (Ixodes, Dermacentor, Amblyomma), 
mosquitoes, and deer flies. 

Vector surveillance provides valuable information regarding pathogen circulation before 
human or animal outbreaks occur. 

Environmental PCR assays have successfully detected F. tularensis DNA in surface 
water, sediments, soil, vegetation, aerosols, and animal carcasses. 

These applications support ecological investigations, outbreak source tracing, and 
environmental biosurveillance. 

Conventional PCR remains an important confirmatory method for F. tularensis detection, 
particularly in reference laboratories performing sequencing or molecular epidemiological studies. 
Amplification of tul4, fopA, or iglC genes provides highly specific identification, and sequencing of 
PCR products enables differentiation between subspecies and phylogenetic analysis. 

The method is relatively inexpensive and technically straightforward but requires post-
amplification electrophoresis, increasing diagnostic time and contamination risk compared with 
real-time PCR. 

Real-time PCR has become the diagnostic method of choice for rapid identification of F. 
tularensis. Probe-based assays provide excellent analytical sensitivity and specificity while 
substantially reducing contamination risk through closed-tube amplification. 

Several internationally validated assays simultaneously amplify two or more chromosomal 
targets, including tul4 + fopA; ISFtu2 + tul4; and fopA + iglC. 

Multiplex real-time PCR significantly improves diagnostic confidence by confirming 
multiple independent genetic loci within a single reaction. Diagnostic sensitivity is further 
enhanced through the incorporation of multicopy insertion sequences such as ISFtu2. 

Most real-time PCR protocols generate results within approximately 2–3 hours following 
DNA extraction, enabling rapid clinical decision-making and implementation of public health 
control measures. 

Multiplex PCR and differential diagnosis. Clinical manifestations of tularemia often 
resemble those of plague, brucellosis, Q fever, anthrax, atypical pneumonia, or lymphadenitis 
caused by other bacterial pathogens. Consequently, multiplex PCR assays capable of 
simultaneously detecting multiple biological threat agents have become increasingly important. 

 
 

 
 

Comprehensive biodefense panels frequently include F. tularensis, B. anthracis, Y. pestis, 
Brucella spp., and C. burnetii. 

Such multiplex platforms facilitate rapid differential diagnosis during outbreaks of unknown 
origin and suspected biological incidents while minimizing reagent consumption and laboratory 
workload. 

PCR in wildlife surveillance and One Health monitoring. Because tularemia is maintained 
within complex wildlife ecosystems, PCR has become an essential tool for One Health 
surveillance. Molecular monitoring of reservoir hosts, vectors, livestock, companion animals, and 
environmental sources enables early identification of pathogen circulation before human disease 
emergence. 

Integrated surveillance programs combine PCR detection with ecological monitoring of 
wildlife populations, tick abundance, climatic variables, and geographic information systems (GIS) 
to predict areas at elevated risk of tularemia transmission. 

Environmental DNA (eDNA) surveillance has further expanded opportunities for non-
invasive monitoring of F. tularensis persistence within aquatic ecosystems and contaminated 
landscapes. 

Emerging molecular technologies. Digital PCR has demonstrated excellent performance 
for detecting extremely low concentrations of F. tularensis DNA in clinical and environmental 
samples. Absolute quantification without calibration curves improves analytical precision while 
increasing tolerance to PCR inhibitors. 

LAMP assays have also shown promising diagnostic performance, producing results in 
less than one hour using portable equipment. These assays are particularly valuable during field 
investigations, wildlife surveillance, and military deployments where conventional laboratory 
infrastructure is unavailable. 

More recently, CRISPR-Cas–based molecular diagnostics have demonstrated 
exceptional analytical sensitivity for F. tularensis detection and may become valuable 
complements to PCR for rapid point-of-care diagnosis. 

Integration of PCR with whole-genome sequencing now supports comprehensive 
molecular epidemiology, enabling characterization of outbreak strains, identification of 
transmission pathways, phylogeographic analyses, and microbial forensic investigations. 

Current challenges and future perspectives. Despite major advances in molecular 
diagnostics, several challenges remain. The extremely low bacterial burden observed during early 
infection or following antimicrobial treatment may reduce PCR sensitivity in some specimen types. 
Environmental matrices frequently contain PCR inhibitors requiring optimized extraction methods 
and internal amplification controls. Genetic diversity among F. tularensis subspecies also 
necessitates careful assay validation to ensure broad detection while maintaining analytical 
specificity. 

Future laboratory diagnostics are expected to integrate multiplex real-time PCR, digital 
PCR, portable molecular platforms, automated nucleic acid extraction, and whole-genome 
sequencing into comprehensive biosurveillance networks. Such integrated diagnostic systems 
will strengthen preparedness for naturally occurring outbreaks, laboratory accidents, and 
deliberate biological events while supporting coordinated One Health surveillance across human, 
animal, and environmental sectors. 

PCR Detection of Brucella spp. Brucellosis remains one of the most widespread 
bacterial zoonoses worldwide and continues to pose significant challenges to veterinary medicine, 
public health, food safety, and biodefense. The disease is caused by bacteria belonging to the 
genus Brucella, a group of facultative intracellular Gram-negative coccobacilli capable of infecting 
a broad range of domestic and wild mammals. Human infection usually occurs through direct 
contact with infected animals, inhalation of contaminated aerosols, accidental laboratory 
exposure, or consumption of unpasteurized dairy products. The disease is characterized by 
prolonged fever, osteoarticular complications, reproductive disorders, and chronic debilitating 
illness, whereas infection in livestock results primarily in abortion, infertility, orchitis, reduced milk 
production, and substantial economic losses (Corbel, 2006; Godfroid, 2011; Moreno, 2014). 

Among the twelve recognized Brucella species, B. melitensis, B. abortus, and B. suis 
account for the vast majority of human infections, while B. canis is increasingly recognized as an 
emerging zoonotic pathogen. Other species, including B. ovis, B. neotomae, and several marine 
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mammal-associated species, possess varying degrees of veterinary importance but generally 
present lower zoonotic risk (Olsen, 2014). 

The intracellular lifestyle of Brucella organisms enables persistent infection by evading 
innate immune responses and surviving within macrophages. Consequently, bacterial loads in 
peripheral blood are often low, particularly during chronic disease or after antimicrobial therapy, 
making conventional bacteriological diagnosis difficult (Pappas, 2006). 

Isolation of Brucella spp. remains the diagnostic reference standard because culture 
provides viable organisms for antimicrobial susceptibility testing, molecular epidemiology, and 
genomic characterization. However, bacterial isolation requires prolonged incubation, specialized 
selective media, and Biosafety Level 3 (BSL-3) laboratory containment because Brucella species 
are among the most frequently reported causes of laboratory-acquired bacterial infections. 
Culture sensitivity may also decrease substantially following antimicrobial treatment or during 
chronic infections (Corbel, 2006; WHO, 2024). 

Because of these limitations, PCR-based diagnostics have become indispensable tools 
for rapid detection, species identification, outbreak investigations, food safety monitoring, and 
surveillance programs. Molecular assays provide results within hours rather than days, permit 
direct examination of clinical and environmental specimens, and substantially reduce 
occupational exposure by minimizing manipulation of viable bacteria (Yu, 2010; Whatmore, 
2014). 

Molecular targets for PCR detection. The genomes of Brucella species exhibit remarkable 
sequence conservation, with more than 95% nucleotide identity across recognized species. This 
genetic similarity presents challenges for molecular differentiation while simultaneously facilitating 
the development of genus-specific PCR assays. Consequently, molecular diagnosis typically 
combines highly conserved genus-specific targets with polymorphic insertion sequences or 
species-specific loci to achieve both sensitive detection and reliable differentiation (Moreno, 
2014). 

The most frequently employed molecular targets include genus-specific targets (bcsp31 – 
31-kDa immunogenic cell surface protein, 16S rRNA gene,omp2a and omp2b,  omp31, per 
(perosamine synthetase), and eryC). 

Among these, bcsp31 remains the most widely validated diagnostic marker because it is 
highly conserved across clinically important Brucella species and demonstrates excellent 
analytical sensitivity (Baily, 1992). 

The multicopy insertion sequence IS711 has become one of the most important molecular 
markers for Brucella detection. Because copy number varies among species, IS711-based 
assays frequently exhibit greater analytical sensitivity than single-copy gene targets (Bricker, 
1994). 

Species-specific targets. Species differentiation of brucellas commonly relies on alkB,  
BMEI1162, BruAb2_0168, BMEII0466, omp31, wboA, and eryD targets. These loci permit 
discrimination among B. abortus, B. melitensis, B. suis, and B. canis, supporting epidemiological 
investigations and source attribution. 

Clinical and veterinary specimens. PCR assays have been successfully validated using 
numerous specimen types. Commonly analyzed human clinical specimens include whole blood, 
serum, plasma, bone marrow aspirates, cerebrospinal fluid, synovial fluid, tissue biopsies, 
abscess aspirates, and urine. 

Bone marrow generally provides the highest diagnostic sensitivity because intracellular 
bacterial concentrations exceed those observed in peripheral blood, particularly during chronic 
disease (Pappas, 2006). 

Routine veterinary diagnostics commonly utilize aborted fetuses, placental tissues, fetal 
stomach contents, vaginal swabs, milk, semen, lymph nodes, spleen, liver, and blood. 

PCR has become particularly valuable for rapid diagnosis of abortion outbreaks before 
bacteriological culture results become available. 

Food safety laboratories increasingly employ PCR for detection of Brucella DNA in raw 
milk, cheese, dairy products, meat anddairy processing environments. 

Rapid molecular screening contributes significantly to prevention of foodborne 
transmission. 

 
 

 
 

Wildlife surveillance programs analyze specimens from wild boars, bisons, elks, deers, 
wolves, and marine mammals. 

Environmental PCR has also been investigated for contaminated farm environments and 
livestock facilities, although bacterial concentrations are generally lower than in clinical 
specimens. 

Conventional PCR remains widely employed for confirmatory diagnosis and molecular 
epidemiology. The classical PCR assay developed by Baily et al. (1992), targeting the bcsp31 
gene, remains one of the most extensively validated protocols and has demonstrated excellent 
diagnostic specificity across clinically important Brucella species. 

Conventional PCR provides several important advantages: 
- low instrumentation costs; 
- suitability for sequencing; 
- compatibility with phylogenetic studies; 
- applicability in resource-limited laboratories. 
However, post-amplification processing increases contamination risk and prolongs 

turnaround time relative to real-time PCR. 
Real-time PCR has become the preferred molecular approach for routine laboratory 

diagnosis of brucellosis. Probe-based assays targeting bcsp31, IS711, or both simultaneously 
provide excellent analytical sensitivity and specificity while minimizing laboratory contamination 
through closed-tube amplification (Probert, 2004). 

Common multiplex target combinations include bcsp31 + IS711, IS711 + omp31, bcsp31 
+ eryD, bcsp31 + internal amplification control 

Reported analytical sensitivities frequently reach fewer than ten genomic copies per 
reaction, allowing detection of extremely low bacterial concentrations in clinical specimens 
(Probert, 2004; Yu, 2010). 

Real-time PCR additionally enables quantitative assessment of bacterial DNA through 
cycle threshold (Ct) values, facilitating evaluation of bacterial burden and monitoring of treatment 
response in selected research settings. 

Species identification by multiplex PCR. Because treatment strategies, epidemiological 
investigations, and eradication programs depend upon species identification, numerous multiplex 
PCR assays have been developed. 

AMOS PCR differentiates B. abortus, B. melitensis, B. ovis, and B. suis through 
amplification of species-specific IS711 insertion sites (Bricker, 1994). Although widely used, 
AMOS PCR does not detect all biovars and therefore has gradually been supplemented by more 
comprehensive molecular assays. 

Bruce-ladder PCR has become one of the most important molecular typing methods for 
Brucella. This assay simultaneously differentiates B. abortus, B. melitensis, B. suis, B. canis, B. 
ovis, B. neotomae, vaccine strains S19, RB51, and Rev.1. It is extensively employed by national 
reference laboratories because of its simplicity, reproducibility, and excellent discriminatory power 
(García-Yoldi, 2006). 

PCR applications in One Health surveillance. PCR has become a central component of 
integrated One Health surveillance systems for brucellosis. Applications include livestock 
surveillance, wildlife monitoring, milk quality control, border inspection, food safety testing, wildlife 
conservation, outbreak investigations, and laboratory biosafety monitoring. 

Integrated molecular surveillance allows simultaneous monitoring of pathogen circulation 
in humans, livestock, wildlife reservoirs, and food products, thereby supporting coordinated 
disease control programs. 

Whole-genome sequencing increasingly complements PCR by providing strain-level 
resolution, identification of transmission pathways, antimicrobial resistance determinants, and 
phylogeographic relationships among circulating Brucella spp. isolates (Whatmore, 2014). 

Recent technological advances continue to improve laboratory diagnosis of brucellosis. 
Digital PCR provides highly accurate absolute quantification and enhanced analytical sensitivity 
for chronic infections characterized by extremely low bacterial loads. 

LAMP has demonstrated rapid detection within approximately 30–45 minutes and is 
increasingly evaluated for point-of-care diagnostics and veterinary field investigations. 
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mammal-associated species, possess varying degrees of veterinary importance but generally 
present lower zoonotic risk (Olsen, 2014). 

The intracellular lifestyle of Brucella organisms enables persistent infection by evading 
innate immune responses and surviving within macrophages. Consequently, bacterial loads in 
peripheral blood are often low, particularly during chronic disease or after antimicrobial therapy, 
making conventional bacteriological diagnosis difficult (Pappas, 2006). 

Isolation of Brucella spp. remains the diagnostic reference standard because culture 
provides viable organisms for antimicrobial susceptibility testing, molecular epidemiology, and 
genomic characterization. However, bacterial isolation requires prolonged incubation, specialized 
selective media, and Biosafety Level 3 (BSL-3) laboratory containment because Brucella species 
are among the most frequently reported causes of laboratory-acquired bacterial infections. 
Culture sensitivity may also decrease substantially following antimicrobial treatment or during 
chronic infections (Corbel, 2006; WHO, 2024). 

Because of these limitations, PCR-based diagnostics have become indispensable tools 
for rapid detection, species identification, outbreak investigations, food safety monitoring, and 
surveillance programs. Molecular assays provide results within hours rather than days, permit 
direct examination of clinical and environmental specimens, and substantially reduce 
occupational exposure by minimizing manipulation of viable bacteria (Yu, 2010; Whatmore, 
2014). 

Molecular targets for PCR detection. The genomes of Brucella species exhibit remarkable 
sequence conservation, with more than 95% nucleotide identity across recognized species. This 
genetic similarity presents challenges for molecular differentiation while simultaneously facilitating 
the development of genus-specific PCR assays. Consequently, molecular diagnosis typically 
combines highly conserved genus-specific targets with polymorphic insertion sequences or 
species-specific loci to achieve both sensitive detection and reliable differentiation (Moreno, 
2014). 

The most frequently employed molecular targets include genus-specific targets (bcsp31 – 
31-kDa immunogenic cell surface protein, 16S rRNA gene,omp2a and omp2b,  omp31, per 
(perosamine synthetase), and eryC). 

Among these, bcsp31 remains the most widely validated diagnostic marker because it is 
highly conserved across clinically important Brucella species and demonstrates excellent 
analytical sensitivity (Baily, 1992). 

The multicopy insertion sequence IS711 has become one of the most important molecular 
markers for Brucella detection. Because copy number varies among species, IS711-based 
assays frequently exhibit greater analytical sensitivity than single-copy gene targets (Bricker, 
1994). 

Species-specific targets. Species differentiation of brucellas commonly relies on alkB,  
BMEI1162, BruAb2_0168, BMEII0466, omp31, wboA, and eryD targets. These loci permit 
discrimination among B. abortus, B. melitensis, B. suis, and B. canis, supporting epidemiological 
investigations and source attribution. 

Clinical and veterinary specimens. PCR assays have been successfully validated using 
numerous specimen types. Commonly analyzed human clinical specimens include whole blood, 
serum, plasma, bone marrow aspirates, cerebrospinal fluid, synovial fluid, tissue biopsies, 
abscess aspirates, and urine. 

Bone marrow generally provides the highest diagnostic sensitivity because intracellular 
bacterial concentrations exceed those observed in peripheral blood, particularly during chronic 
disease (Pappas, 2006). 

Routine veterinary diagnostics commonly utilize aborted fetuses, placental tissues, fetal 
stomach contents, vaginal swabs, milk, semen, lymph nodes, spleen, liver, and blood. 

PCR has become particularly valuable for rapid diagnosis of abortion outbreaks before 
bacteriological culture results become available. 

Food safety laboratories increasingly employ PCR for detection of Brucella DNA in raw 
milk, cheese, dairy products, meat anddairy processing environments. 

Rapid molecular screening contributes significantly to prevention of foodborne 
transmission. 

 
 

 
 

Wildlife surveillance programs analyze specimens from wild boars, bisons, elks, deers, 
wolves, and marine mammals. 

Environmental PCR has also been investigated for contaminated farm environments and 
livestock facilities, although bacterial concentrations are generally lower than in clinical 
specimens. 

Conventional PCR remains widely employed for confirmatory diagnosis and molecular 
epidemiology. The classical PCR assay developed by Baily et al. (1992), targeting the bcsp31 
gene, remains one of the most extensively validated protocols and has demonstrated excellent 
diagnostic specificity across clinically important Brucella species. 

Conventional PCR provides several important advantages: 
- low instrumentation costs; 
- suitability for sequencing; 
- compatibility with phylogenetic studies; 
- applicability in resource-limited laboratories. 
However, post-amplification processing increases contamination risk and prolongs 

turnaround time relative to real-time PCR. 
Real-time PCR has become the preferred molecular approach for routine laboratory 

diagnosis of brucellosis. Probe-based assays targeting bcsp31, IS711, or both simultaneously 
provide excellent analytical sensitivity and specificity while minimizing laboratory contamination 
through closed-tube amplification (Probert, 2004). 

Common multiplex target combinations include bcsp31 + IS711, IS711 + omp31, bcsp31 
+ eryD, bcsp31 + internal amplification control 

Reported analytical sensitivities frequently reach fewer than ten genomic copies per 
reaction, allowing detection of extremely low bacterial concentrations in clinical specimens 
(Probert, 2004; Yu, 2010). 

Real-time PCR additionally enables quantitative assessment of bacterial DNA through 
cycle threshold (Ct) values, facilitating evaluation of bacterial burden and monitoring of treatment 
response in selected research settings. 

Species identification by multiplex PCR. Because treatment strategies, epidemiological 
investigations, and eradication programs depend upon species identification, numerous multiplex 
PCR assays have been developed. 

AMOS PCR differentiates B. abortus, B. melitensis, B. ovis, and B. suis through 
amplification of species-specific IS711 insertion sites (Bricker, 1994). Although widely used, 
AMOS PCR does not detect all biovars and therefore has gradually been supplemented by more 
comprehensive molecular assays. 

Bruce-ladder PCR has become one of the most important molecular typing methods for 
Brucella. This assay simultaneously differentiates B. abortus, B. melitensis, B. suis, B. canis, B. 
ovis, B. neotomae, vaccine strains S19, RB51, and Rev.1. It is extensively employed by national 
reference laboratories because of its simplicity, reproducibility, and excellent discriminatory power 
(García-Yoldi, 2006). 

PCR applications in One Health surveillance. PCR has become a central component of 
integrated One Health surveillance systems for brucellosis. Applications include livestock 
surveillance, wildlife monitoring, milk quality control, border inspection, food safety testing, wildlife 
conservation, outbreak investigations, and laboratory biosafety monitoring. 

Integrated molecular surveillance allows simultaneous monitoring of pathogen circulation 
in humans, livestock, wildlife reservoirs, and food products, thereby supporting coordinated 
disease control programs. 

Whole-genome sequencing increasingly complements PCR by providing strain-level 
resolution, identification of transmission pathways, antimicrobial resistance determinants, and 
phylogeographic relationships among circulating Brucella spp. isolates (Whatmore, 2014). 

Recent technological advances continue to improve laboratory diagnosis of brucellosis. 
Digital PCR provides highly accurate absolute quantification and enhanced analytical sensitivity 
for chronic infections characterized by extremely low bacterial loads. 

LAMP has demonstrated rapid detection within approximately 30–45 minutes and is 
increasingly evaluated for point-of-care diagnostics and veterinary field investigations. 
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CRISPR-Cas–based diagnostics are also emerging as highly sensitive platforms capable 
of combining isothermal amplification with sequence-specific detection. 

Portable PCR instruments incorporating automated nucleic acid extraction, multiplex 
amplification, and cloud-based reporting are expected to expand molecular surveillance into 
remote agricultural settings and outbreak investigations. 

Current challenges and future perspectives. Despite substantial advances, PCR diagnosis 
of brucellosis faces several challenges. Low bacterial loads during chronic disease, intermittent 
bacteremia, PCR inhibitors present in whole blood and milk, and the remarkable genomic 
similarity among Brucella species may reduce diagnostic performance if assays rely upon a single 
molecular target. Consequently, international recommendations emphasize the use of multiplex 
assays incorporating both conserved and species-specific genetic markers together with rigorous 
quality assurance and appropriate internal amplification controls. 

Future laboratory diagnostics will likely integrate multiplex real-time PCR, digital PCR, 
whole-genome sequencing, portable molecular platforms, and artificial intelligence-assisted data 
interpretation into coordinated One Health surveillance systems. Such integrated approaches will 
strengthen global preparedness against naturally occurring outbreaks, transboundary animal 
diseases, laboratory-acquired infections, and potential deliberate misuse of Brucella organisms. 

Multiplex PCR for simultaneous Detection of Biological Threat Agents 
For biological threat preparedness, multiplex PCR offers particular advantages because 

many priority pathogens including B. anthracis, F. tularensis, Brucella spp., Y. pestis, B. 
pseudomallei, and C. burnetii share overlapping clinical syndromes but require substantially 
different treatment regimens, infection control measures, and epidemiological responses. 
Simultaneous molecular detection therefore facilitates early differential diagnosis, improves 
clinical decision-making, and enhances biosurveillance capacity (WHO, 2024). 

Principles of multiplex PCR. Multiplex PCR is based on simultaneous amplification of two 
or more independent nucleic acid targets within a single reaction mixture. Successful assay 
design requires careful optimization of primer concentrations, annealing temperatures, 
amplification efficiencies, and fluorophore compatibility to ensure balanced amplification of all 
targets without primer-dimer formation or competitive inhibition (Elnifro, 2000). 

Internal amplification controls are particularly important for biological threat diagnostics 
because clinical and environmental specimens frequently contain substances that inhibit PCR 
amplification. Inclusion of these controls allows differentiation between true-negative samples and 
amplification failure caused by inhibitors or extraction problems (Burkardt, 2000). 

Probe-based multiplex assays generally demonstrate superior analytical specificity 
compared with intercalating dye-based methods because fluorescence is generated only after 
sequence-specific hybridization and probe hydrolysis. 

Numerous multiplex PCR assays have been developed for simultaneous detection of 
bacterial pathogens considered priorities for biodefense and emergency preparedness (table 1) 

Table 1 
Especially dangerous patogens’ detection targets 

 
Pathogen Representative molecular targets 
Bacillus anthracis pagA, lef, capA, BA813 
Francisella tularensis tul4, fopA, iglC, ISFtu2 
Brucella spp. bcsp31, IS711 
Yersinia pestis pla, caf1, lcrV 
Coxiella burnetii IS1111, com1 
Burkholderia pseudomallei TTSS1, orf2 

 
These multiplex panels permit simultaneous investigation of several clinically similar 

diseases using a single nucleic acid extract, substantially improving laboratory efficiency during 
outbreaks or suspected deliberate biological events. 

Several commercial and laboratory-developed assays have demonstrated analytical 
sensitivities of fewer than 10 genome equivalents per reaction while maintaining excellent 
diagnostic specificity across multiple specimen types (Probert, 2005; Janse, 2010). 

 
 

 
 

Multiplex PCR in clinical diagnosis. Early diagnosis of biological threat agents remains 
essential because clinical outcomes often depend on rapid initiation of appropriate antimicrobial 
therapy. 

Multiplex PCR provides several clinical advantages, such as simultaneous detection of 
multiple pathogens, reduced specimen volume requirements, shorter turnaround times, 
decreased reagent costs, rapid exclusion of alternative diagnoses, improved antimicrobial 
stewardship. 

For example, inhalational anthrax, pneumonic tularemia, plague, and Q fever may initially 
present with similar respiratory manifestations. Multiplex molecular assays enable rapid 
differentiation among these diseases before culture results become available, allowing clinicians 
to implement pathogen-specific therapy and infection control measures within hours rather than 
days (Inglesby, 2002; Dennis, 2001). 

In severe sepsis or unexplained febrile illness, multiplex PCR can substantially improve 
diagnostic yield, particularly when antimicrobial therapy has already reduced bacterial viability. 

Applications in veterinary medicine and One Health surveillance. Within the One Health 
framework, multiplex PCR has become an indispensable component of integrated surveillance 
programs involving humans, domestic animals, wildlife, vectors, and environmental reservoirs. 

Simultaneous detection of Brucella spp., B. anthracis, C. burnetii, and other zoonotic 
bacteria improves laboratory efficiency while supporting coordinated surveillance among 
veterinary and public health authorities (Godfroid, 2011). 

Environmental surveillance similarly benefits from multiplex assays capable of detecting 
several pathogens within soil, water, dust, feed, and environmental swab samples collected from 
farms, wildlife habitats, or suspected contamination sites. 

Biodefense, biosurveillance, and laboratory response. One of the most important 
applications of multiplex PCR is laboratory preparedness for biological incidents. During 
suspected bioterrorism events, emergency laboratories must rapidly determine whether a 
biological threat agent has been intentionally released while simultaneously excluding naturally 
occurring infectious diseases. 

Multiplex PCR has therefore become an integral component of national biodefense 
programs, including the United States Laboratory Response Network (LRN), the European LRN, 
and similar national reference laboratory systems. 

Following notification of a suspected biological event, multiplex PCR supports rapid 
laboratory triage, preliminary pathogen identification, confirmation of multiple high-priority agents, 
environmental contamination assessment, monitoring of decontamination procedures, 
epidemiological investigations, and microbial forensic investigations. 

Portable multiplex PCR instruments further enable deployment of molecular diagnostics 
to field hospitals, military operations, border inspection stations, and emergency response units, 
substantially reducing diagnostic delays during public health emergencies (CDC, 2023; WHO, 
2024). 

Technical challenges and assay validation. Despite their considerable advantages, 
multiplex PCR assays require extensive analytical validation before routine implementation. 

Major technical challenges include primer competition, unequal amplification efficiency, 
fluorescence channel overlap, reduced sensitivity for low-copy targets, nonspecific amplification, 
PCR inhibition by clinical or environmental matrices. 

International validation guidelines recommend evaluation of analytical sensitivity, 
analytical specificity, inclusivity, exclusivity, repeatability, reproducibility, limit of detection (LOD), 
robustness, and inter-laboratory reproducibility. 

Quality assurance should also include standardized extraction procedures, internal 
amplification controls, external quality assessment, and compliance with ISO/IEC 17025 
laboratory accreditation requirements (Bustin, 2009; Burkardt, 2000). 

New technologies. Recent advances in molecular diagnostics are expanding the 
capabilities of multiplex pathogen detection. 

High-order multiplex real-time PCR platforms can simultaneously detect more than 20 
bacterial, viral, and parasitic pathogens using advanced fluorescence chemistries and automated 
interpretation algorithms. 
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Multiplex PCR in clinical diagnosis. Early diagnosis of biological threat agents remains 
essential because clinical outcomes often depend on rapid initiation of appropriate antimicrobial 
therapy. 

Multiplex PCR provides several clinical advantages, such as simultaneous detection of 
multiple pathogens, reduced specimen volume requirements, shorter turnaround times, 
decreased reagent costs, rapid exclusion of alternative diagnoses, improved antimicrobial 
stewardship. 

For example, inhalational anthrax, pneumonic tularemia, plague, and Q fever may initially 
present with similar respiratory manifestations. Multiplex molecular assays enable rapid 
differentiation among these diseases before culture results become available, allowing clinicians 
to implement pathogen-specific therapy and infection control measures within hours rather than 
days (Inglesby, 2002; Dennis, 2001). 

In severe sepsis or unexplained febrile illness, multiplex PCR can substantially improve 
diagnostic yield, particularly when antimicrobial therapy has already reduced bacterial viability. 

Applications in veterinary medicine and One Health surveillance. Within the One Health 
framework, multiplex PCR has become an indispensable component of integrated surveillance 
programs involving humans, domestic animals, wildlife, vectors, and environmental reservoirs. 

Simultaneous detection of Brucella spp., B. anthracis, C. burnetii, and other zoonotic 
bacteria improves laboratory efficiency while supporting coordinated surveillance among 
veterinary and public health authorities (Godfroid, 2011). 

Environmental surveillance similarly benefits from multiplex assays capable of detecting 
several pathogens within soil, water, dust, feed, and environmental swab samples collected from 
farms, wildlife habitats, or suspected contamination sites. 

Biodefense, biosurveillance, and laboratory response. One of the most important 
applications of multiplex PCR is laboratory preparedness for biological incidents. During 
suspected bioterrorism events, emergency laboratories must rapidly determine whether a 
biological threat agent has been intentionally released while simultaneously excluding naturally 
occurring infectious diseases. 

Multiplex PCR has therefore become an integral component of national biodefense 
programs, including the United States Laboratory Response Network (LRN), the European LRN, 
and similar national reference laboratory systems. 

Following notification of a suspected biological event, multiplex PCR supports rapid 
laboratory triage, preliminary pathogen identification, confirmation of multiple high-priority agents, 
environmental contamination assessment, monitoring of decontamination procedures, 
epidemiological investigations, and microbial forensic investigations. 

Portable multiplex PCR instruments further enable deployment of molecular diagnostics 
to field hospitals, military operations, border inspection stations, and emergency response units, 
substantially reducing diagnostic delays during public health emergencies (CDC, 2023; WHO, 
2024). 

Technical challenges and assay validation. Despite their considerable advantages, 
multiplex PCR assays require extensive analytical validation before routine implementation. 

Major technical challenges include primer competition, unequal amplification efficiency, 
fluorescence channel overlap, reduced sensitivity for low-copy targets, nonspecific amplification, 
PCR inhibition by clinical or environmental matrices. 

International validation guidelines recommend evaluation of analytical sensitivity, 
analytical specificity, inclusivity, exclusivity, repeatability, reproducibility, limit of detection (LOD), 
robustness, and inter-laboratory reproducibility. 

Quality assurance should also include standardized extraction procedures, internal 
amplification controls, external quality assessment, and compliance with ISO/IEC 17025 
laboratory accreditation requirements (Bustin, 2009; Burkardt, 2000). 

New technologies. Recent advances in molecular diagnostics are expanding the 
capabilities of multiplex pathogen detection. 

High-order multiplex real-time PCR platforms can simultaneously detect more than 20 
bacterial, viral, and parasitic pathogens using advanced fluorescence chemistries and automated 
interpretation algorithms. 
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Digital multiplex PCR combines the advantages of partition-based absolute quantification 
with simultaneous detection of multiple genetic targets, providing exceptional analytical sensitivity 
for low-abundance pathogens. 

Microfluidic "lab-on-a-chip" systems integrate nucleic acid extraction, amplification, and 
automated interpretation within disposable cartridges, reducing operator variability and 
contamination risk. 

CRISPR-Cas diagnostics are also being combined with multiplex amplification 
technologies to achieve rapid sequence-specific detection with analytical sensitivities 
approaching those of quantitative PCR. 

Furthermore, integration of multiplex PCR with next-generation sequencing (NGS) 
provides complementary capabilities. While multiplex PCR enables rapid pathogen identification 
within hours, whole-genome sequencing offers comprehensive characterization of isolates, 
including strain typing, antimicrobial resistance determinants, virulence profiling, and phylogenetic 
relationships (Gwinn, 2019). 

Future perspectives. Future biodefense diagnostics are expected to combine multiplex 
real-time PCR, digital PCR, portable molecular platforms, artificial intelligence-assisted 
interpretation, and cloud-based surveillance systems into integrated laboratory response 
networks. Automated sample processing, standardized analytical workflows, and interoperability 
among veterinary, medical, environmental, and forensic laboratories will further strengthen 
preparedness for emerging infectious diseases and deliberate biological incidents. 

Within the One Health paradigm, multiplex PCR will continue to serve as the primary 
frontline molecular technology for rapid detection of priority biological threat agents. Its ability to 
simultaneously identify multiple pathogens, reduce diagnostic turnaround times, and support 
coordinated surveillance across human, animal, and environmental sectors makes it 
indispensable for modern biosurveillance and biodefense. Continued improvements in assay 
design, instrument portability, and molecular integration with genomic technologies are expected 
to further enhance its role in global health security. 

PCR in biosurveillance and One Health 
The increasing frequency of emerging infectious diseases, zoonotic spillover events, 

antimicrobial resistance, ecosystem disturbances, and intentional biological threats has 
fundamentally transformed approaches to infectious disease surveillance. Modern 
biosurveillance extends beyond traditional disease reporting systems and incorporates real-time 
laboratory diagnostics, molecular epidemiology, genomic surveillance, environmental monitoring, 
and integrated data analysis to rapidly detect biological hazards affecting humans, animals, 
plants, and ecosystems. Within this framework, polymerase chain reaction (PCR) has become 
one of the most important technologies supporting early warning systems and coordinated 
responses to biological threats (Morse, 2012; WHO, 2024). 

PCR-based diagnostics provide rapid, sensitive, and specific detection of pathogens 
directly from clinical, veterinary, food, wildlife, vector, and environmental samples. Compared with 
conventional microbiological methods, PCR significantly shortens diagnostic turnaround time 
while allowing detection of pathogens that are difficult to culture, present in low concentrations, 
or rendered nonviable following antimicrobial treatment. These characteristics make PCR 
particularly valuable during outbreaks involving high-consequence pathogens, where timely 
laboratory confirmation directly influences public health interventions, infection control measures, 
and emergency response activities (Kubista, 2006; Mackay, 2002). 

For bacterial biological threat agents such as B. anthracis, F. tularensis, and Brucella spp., 
PCR has become the primary frontline laboratory method for rapid presumptive identification. 
Molecular confirmation within hours enables immediate implementation of containment 
measures, initiation of appropriate antimicrobial therapy, activation of epidemiological 
investigations, and deployment of national emergency response systems (Inglesby, 2002; 
Dennis, 2001). 

Approximately 60% of known human infectious diseases and more than 75% of emerging 
infectious diseases originate from animals, emphasizing the interconnected nature of human, 
animal, and environmental health (Taylor, 2001; Jones, 2008). Recognition of these complex 
interactions has led to the adoption of the One Health concept, which promotes interdisciplinary 

 
 

 
 

collaboration among physicians, veterinarians, microbiologists, epidemiologists, ecologists, 
environmental scientists, and public health authorities. 

The One Health approach recognizes that surveillance systems cannot operate 
independently within human or veterinary medicine. Instead, integrated monitoring of wildlife 
reservoirs, livestock, companion animals, vectors, food products, water resources, and 
environmental matrices is necessary to identify emerging biological threats before widespread 
transmission occurs (Destoumieux-Garzón, 2018). 

PCR technologies have become central to One Health implementation because 
standardized molecular assays can be applied across multiple host species and environmental 
sources. This allows direct comparison of molecular surveillance data generated from humans, 
domestic animals, wildlife, arthropod vectors, and environmental samples using harmonized 
laboratory protocols and quality assurance systems (WOAH, 2022). For anthrax, PCR enables 
rapid confirmation of outbreaks among livestock while minimizing laboratory handling of viable 
spores. For tularemia, molecular surveillance of wildlife reservoirs and arthropod vectors provides 
early warning of increased transmission risk. In brucellosis control programs, PCR facilitates rapid 
identification of infected herds and supports eradication strategies through early detection before 
widespread dissemination occurs (Godfroid, 2011; Olsen, 2014). 

Integrated laboratory reporting between veterinary and human public health sectors 
represents one of the principal strengths of One Health biosurveillance, allowing coordinated 
responses to zoonotic disease emergence. 

Wildlife populations constitute important reservoirs for numerous bacterial biological threat 
agents. Molecular surveillance of free-ranging wildlife provides valuable epidemiological 
information regarding pathogen maintenance, geographic distribution, seasonal dynamics, and 
emergence of new transmission foci. 

PCR has been successfully applied for surveillance of wild herbivores infected with B. 
anthracis; hares, rabbits, and rodents carrying F. tularensis; wild boar, elk, bison, deer, and 
marine mammals infected with Brucella spp.; tick populations harboring F. tularensis; wildlife 
mortality events of unknown etiology. 

Because many wildlife reservoirs remain asymptomatic or exhibit limited clinical signs, 
PCR enables pathogen detection before widespread transmission to domestic animals or humans 
occurs. 

Vector surveillance similarly relies heavily upon PCR detection. Molecular screening of 
ticks, mosquitoes, biting flies, fleas, and other arthropods allows estimation of pathogen 
prevalence, identification of geographic hotspots, and evaluation of vector competence. 
Combined with ecological modeling and climate data, molecular vector surveillance contributes 
substantially to predictive risk assessment (Kilpatrick, 2012). 

Environmental surveillance has become an increasingly important component of 
biodefense and infectious disease preparedness. PCR permits direct detection of pathogen DNA 
in environmental matrices without requiring cultivation, making it particularly suitable for 
organisms that persist outside their hosts or are difficult to isolate. 

For B. anthracis, environmental PCR supports investigation of contaminated grazing 
areas, historical burial grounds, livestock facilities, and sites of suspected intentional release. 
Detection of F. tularensis DNA in water sources, sediments, or wildlife habitats contributes to 
ecological surveillance and outbreak source attribution. Molecular detection of Brucella DNA in 
dairy products, livestock environments, and food-processing facilities supports food safety 
programs and zoonotic disease prevention (WHO, 2024; WOAH, 2022). 

Environmental biosurveillance has become increasingly important following natural 
disasters, armed conflicts, flooding events, and ecosystem disturbances that may alter pathogen 
ecology and increase opportunities for zoonotic transmission. 

Rapid molecular diagnostics constitute one of the cornerstones of national and 
international biodefense preparedness. Following the 2001 anthrax attacks, numerous countries 
strengthened laboratory response systems through establishment of coordinated reference 
laboratory networks capable of rapidly identifying biological threat agents using standardized 
molecular methods (Inglesby, 2002). 

The United States LRN, the European laboratory preparedness framework, and 
comparable national reference laboratory systems utilize validated PCR assays as first-line 
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Digital multiplex PCR combines the advantages of partition-based absolute quantification 
with simultaneous detection of multiple genetic targets, providing exceptional analytical sensitivity 
for low-abundance pathogens. 

Microfluidic "lab-on-a-chip" systems integrate nucleic acid extraction, amplification, and 
automated interpretation within disposable cartridges, reducing operator variability and 
contamination risk. 

CRISPR-Cas diagnostics are also being combined with multiplex amplification 
technologies to achieve rapid sequence-specific detection with analytical sensitivities 
approaching those of quantitative PCR. 

Furthermore, integration of multiplex PCR with next-generation sequencing (NGS) 
provides complementary capabilities. While multiplex PCR enables rapid pathogen identification 
within hours, whole-genome sequencing offers comprehensive characterization of isolates, 
including strain typing, antimicrobial resistance determinants, virulence profiling, and phylogenetic 
relationships (Gwinn, 2019). 

Future perspectives. Future biodefense diagnostics are expected to combine multiplex 
real-time PCR, digital PCR, portable molecular platforms, artificial intelligence-assisted 
interpretation, and cloud-based surveillance systems into integrated laboratory response 
networks. Automated sample processing, standardized analytical workflows, and interoperability 
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preparedness for emerging infectious diseases and deliberate biological incidents. 
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antimicrobial resistance, ecosystem disturbances, and intentional biological threats has 
fundamentally transformed approaches to infectious disease surveillance. Modern 
biosurveillance extends beyond traditional disease reporting systems and incorporates real-time 
laboratory diagnostics, molecular epidemiology, genomic surveillance, environmental monitoring, 
and integrated data analysis to rapidly detect biological hazards affecting humans, animals, 
plants, and ecosystems. Within this framework, polymerase chain reaction (PCR) has become 
one of the most important technologies supporting early warning systems and coordinated 
responses to biological threats (Morse, 2012; WHO, 2024). 

PCR-based diagnostics provide rapid, sensitive, and specific detection of pathogens 
directly from clinical, veterinary, food, wildlife, vector, and environmental samples. Compared with 
conventional microbiological methods, PCR significantly shortens diagnostic turnaround time 
while allowing detection of pathogens that are difficult to culture, present in low concentrations, 
or rendered nonviable following antimicrobial treatment. These characteristics make PCR 
particularly valuable during outbreaks involving high-consequence pathogens, where timely 
laboratory confirmation directly influences public health interventions, infection control measures, 
and emergency response activities (Kubista, 2006; Mackay, 2002). 

For bacterial biological threat agents such as B. anthracis, F. tularensis, and Brucella spp., 
PCR has become the primary frontline laboratory method for rapid presumptive identification. 
Molecular confirmation within hours enables immediate implementation of containment 
measures, initiation of appropriate antimicrobial therapy, activation of epidemiological 
investigations, and deployment of national emergency response systems (Inglesby, 2002; 
Dennis, 2001). 

Approximately 60% of known human infectious diseases and more than 75% of emerging 
infectious diseases originate from animals, emphasizing the interconnected nature of human, 
animal, and environmental health (Taylor, 2001; Jones, 2008). Recognition of these complex 
interactions has led to the adoption of the One Health concept, which promotes interdisciplinary 

 
 

 
 

collaboration among physicians, veterinarians, microbiologists, epidemiologists, ecologists, 
environmental scientists, and public health authorities. 

The One Health approach recognizes that surveillance systems cannot operate 
independently within human or veterinary medicine. Instead, integrated monitoring of wildlife 
reservoirs, livestock, companion animals, vectors, food products, water resources, and 
environmental matrices is necessary to identify emerging biological threats before widespread 
transmission occurs (Destoumieux-Garzón, 2018). 

PCR technologies have become central to One Health implementation because 
standardized molecular assays can be applied across multiple host species and environmental 
sources. This allows direct comparison of molecular surveillance data generated from humans, 
domestic animals, wildlife, arthropod vectors, and environmental samples using harmonized 
laboratory protocols and quality assurance systems (WOAH, 2022). For anthrax, PCR enables 
rapid confirmation of outbreaks among livestock while minimizing laboratory handling of viable 
spores. For tularemia, molecular surveillance of wildlife reservoirs and arthropod vectors provides 
early warning of increased transmission risk. In brucellosis control programs, PCR facilitates rapid 
identification of infected herds and supports eradication strategies through early detection before 
widespread dissemination occurs (Godfroid, 2011; Olsen, 2014). 

Integrated laboratory reporting between veterinary and human public health sectors 
represents one of the principal strengths of One Health biosurveillance, allowing coordinated 
responses to zoonotic disease emergence. 

Wildlife populations constitute important reservoirs for numerous bacterial biological threat 
agents. Molecular surveillance of free-ranging wildlife provides valuable epidemiological 
information regarding pathogen maintenance, geographic distribution, seasonal dynamics, and 
emergence of new transmission foci. 

PCR has been successfully applied for surveillance of wild herbivores infected with B. 
anthracis; hares, rabbits, and rodents carrying F. tularensis; wild boar, elk, bison, deer, and 
marine mammals infected with Brucella spp.; tick populations harboring F. tularensis; wildlife 
mortality events of unknown etiology. 

Because many wildlife reservoirs remain asymptomatic or exhibit limited clinical signs, 
PCR enables pathogen detection before widespread transmission to domestic animals or humans 
occurs. 

Vector surveillance similarly relies heavily upon PCR detection. Molecular screening of 
ticks, mosquitoes, biting flies, fleas, and other arthropods allows estimation of pathogen 
prevalence, identification of geographic hotspots, and evaluation of vector competence. 
Combined with ecological modeling and climate data, molecular vector surveillance contributes 
substantially to predictive risk assessment (Kilpatrick, 2012). 

Environmental surveillance has become an increasingly important component of 
biodefense and infectious disease preparedness. PCR permits direct detection of pathogen DNA 
in environmental matrices without requiring cultivation, making it particularly suitable for 
organisms that persist outside their hosts or are difficult to isolate. 

For B. anthracis, environmental PCR supports investigation of contaminated grazing 
areas, historical burial grounds, livestock facilities, and sites of suspected intentional release. 
Detection of F. tularensis DNA in water sources, sediments, or wildlife habitats contributes to 
ecological surveillance and outbreak source attribution. Molecular detection of Brucella DNA in 
dairy products, livestock environments, and food-processing facilities supports food safety 
programs and zoonotic disease prevention (WHO, 2024; WOAH, 2022). 

Environmental biosurveillance has become increasingly important following natural 
disasters, armed conflicts, flooding events, and ecosystem disturbances that may alter pathogen 
ecology and increase opportunities for zoonotic transmission. 

Rapid molecular diagnostics constitute one of the cornerstones of national and 
international biodefense preparedness. Following the 2001 anthrax attacks, numerous countries 
strengthened laboratory response systems through establishment of coordinated reference 
laboratory networks capable of rapidly identifying biological threat agents using standardized 
molecular methods (Inglesby, 2002). 

The United States LRN, the European laboratory preparedness framework, and 
comparable national reference laboratory systems utilize validated PCR assays as first-line 
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diagnostic tools for high-consequence pathogens. Standardized molecular protocols facilitate 
interoperability among laboratories while ensuring consistent analytical performance during 
biological emergencies (CDC, 2023). 

Because PCR substantially reduces diagnostic turnaround time compared with 
conventional bacteriology, it plays a critical role in protecting first responders, healthcare workers, 
laboratory personnel, and the general public during suspected biological incidents. 

Although PCR provides rapid pathogen detection, it typically targets predefined genetic 
markers and therefore offers limited genomic information. Consequently, modern biosurveillance 
increasingly integrates PCR with whole-genome sequencing (WGS) and metagenomic 
approaches. 

PCR serves as the initial screening technology, whereas WGS provides comprehensive 
characterization of confirmed isolates, including: 

- strain typing; 
- phylogenetic relationships; 
- antimicrobial resistance determinants; 
- virulence gene profiles; 
- outbreak reconstruction; 
- microbial forensic evidence. 

For B. anthracis, genomic sequencing has enabled high-resolution phylogeographic 
analyses and forensic attribution of outbreak strains (Keim, 2004). Similar genomic approaches 
have improved understanding of Brucella transmission dynamics and F. tularensis population 
structure across diverse geographic regions (Whatmore, 2014; Vogler, 2009). 

The combination of rapid PCR screening and comprehensive genomic analysis provides 
an optimal strategy for both routine surveillance and emergency response. 

Recent technological advances continue to strengthen molecular biosurveillance. 
Portable real-time PCR platforms now enable field deployment during outbreak 

investigations, military operations, wildlife surveillance, and disaster response. Automated nucleic 
acid extraction systems have reduced operator variability while improving laboratory throughput. 

Digital PCR provides highly sensitive absolute quantification of pathogen DNA and 
demonstrates improved tolerance to environmental inhibitors. CRISPR-Cas–based diagnostics 
are emerging as complementary technologies capable of rapid sequence-specific detection with 
minimal instrumentation. 

Artificial intelligence and machine learning are increasingly being integrated with PCR-
generated laboratory data, geographic information systems (GIS), climate datasets, and wildlife 
surveillance records to predict outbreak emergence and identify areas at elevated epidemiological 
risk (Carlson, 2022). 

Cloud-based laboratory information systems further facilitate rapid sharing of molecular 
surveillance data among local, national, and international public health authorities, strengthening 
coordinated responses under the International Health Regulations (2005) and the One Health 
Joint Plan of Action (WHO, FAO, UNEP, & WOAH, 2022). 

Future directions. 
The rapid evolution of molecular biology, bioinformatics, microfluidics, and genomic 

technologies is reshaping the future of laboratory diagnostics for biological threat agents. 
Although real-time PCR remains the cornerstone of rapid detection for B. anthracis, F. tularensis, 
and Brucella spp., emerging technologies are expanding diagnostic capabilities beyond simple 
pathogen identification toward comprehensive biosurveillance, real-time epidemiological 
intelligence, and integrated One Health monitoring. Future laboratory systems are expected to 
combine highly sensitive nucleic acid amplification with automation, genomic sequencing, artificial 
intelligence, and digital connectivity, creating comprehensive platforms capable of responding 
rapidly to naturally occurring outbreaks as well as deliberate biological incidents (Gwinn, 2019; 
WHO, 2024). 

Digital PCR (dPCR) is expected to become an increasingly important component of 
laboratory diagnostics for biological threat agents. Unlike quantitative real-time PCR, which 
estimates nucleic acid concentration using amplification kinetics, dPCR partitions nucleic acid 
molecules into thousands of independent reactions, allowing absolute quantification based on 
Poisson statistics (Hindson, 2011). 

 
 

 
 

For biological threat surveillance, digital PCR offers several important advantages: 
− absolute quantification without calibration curves; 
− improved analytical sensitivity; 
− greater tolerance to PCR inhibitors; 
− improved reproducibility among laboratories; 
− enhanced detection of low-copy-number pathogens. 

These characteristics are particularly valuable for pathogens such as Brucella spp., which 
frequently occur at low concentrations in chronic infections, and for environmental monitoring of 
B. anthracis spores, where bacterial DNA may be present in extremely small quantities. Digital 
PCR also has considerable potential for validating environmental decontamination following 
biological incidents and monitoring residual contamination after remediation procedures (Huggett, 
2015). 

Although currently associated with higher instrumentation costs and lower throughput than 
conventional qPCR, continued technological improvements are expected to facilitate broader 
implementation within national reference laboratories and biodefense programs. 

Point-of-Care and Portable PCR technologies. One of the most significant developments 
in molecular diagnostics is the increasing availability of portable PCR systems suitable for 
deployment outside conventional laboratories. 

Modern field-deployable molecular platforms integrate: 
− automated nucleic acid extraction; 
− multiplex real-time PCR; 
− battery-powered operation; 
− cloud-based reporting; 
− automated result interpretation. 

Portable PCR substantially reduces diagnostic turnaround times by eliminating specimen 
transport delays and enabling laboratory confirmation directly at the point of sample collection. 
Such capabilities are especially important during suspected deliberate biological releases, where 
rapid risk assessment is essential for protecting first responders and implementing public health 
interventions (Drain, 2014). 

Future portable diagnostic platforms are expected to incorporate fully integrated sample 
preparation, multiplex amplification, automated quality control, and wireless transmission of 
diagnostic results into national biosurveillance networks. 

CRISPR-based molecular diagnostics. CRISPR-Cas technology has emerged as one of 
the most promising innovations in molecular diagnostics. Systems such as SHERLOCK (Specific 
High-sensitivity Enzymatic Reporter unLOCKing) and DETECTR (DNA Endonuclease-Targeted 
CRISPR Trans Reporter) combine isothermal amplification with sequence-specific CRISPR-
mediated detection, providing exceptionally high analytical sensitivity and specificity (Gootenberg, 
2017; Chen, 2018). 

Potential advantages include: 
− rapid detection within 30–60 minutes; 
− minimal instrumentation; 
− single-nucleotide discrimination; 
− compatibility with portable diagnostic devices; 
− multiplex detection of multiple pathogens. 

Although currently undergoing validation for many bacterial pathogens, CRISPR-based 
diagnostics are expected to complement rather than replace PCR. PCR will likely remain the 
primary frontline diagnostic technology because of its established regulatory acceptance, 
standardized protocols, and extensive laboratory infrastructure. Nevertheless, CRISPR assays 
may become particularly valuable for rapid field confirmation of biological threat agents during 
emergency response operations. 

Integration with Whole-genome sequencing PCR provides rapid detection but targets 
predefined genetic regions and therefore cannot identify previously unknown pathogens or 
characterize complete genomes. Consequently, WGS is increasingly being integrated into 
molecular diagnostic workflows. 
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This complementary strategy enables rapid initial diagnosis while providing 
comprehensive genomic characterization for outbreak investigations and microbial forensic 
analysis. 

For B. anthracis, WGS facilitates discrimination among closely related strains, 
identification of single nucleotide polymorphisms (SNPs), and forensic attribution during 
suspected intentional releases (Keim, 2004). For F. tularensis and Brucella spp., genomic 
sequencing supports phylogeographic analyses, source attribution, transmission mapping, and 
surveillance of emerging genetic variants (Whatmore, 2014). 

Portable nanopore sequencing technologies have further expanded opportunities for near 
real-time genomic surveillance during outbreaks and public health emergencies (Quick, 2016). 

Artificial intelligence and bioinformatics. Artificial intelligence (AI) and machine learning 
are expected to transform biosurveillance by integrating molecular laboratory results with 
epidemiological, ecological, environmental, and geospatial data. 

Potential applications include: 
− automated interpretation of multiplex PCR data; 
− prediction of disease emergence; 
− identification of outbreak clusters; 
− geographic risk mapping; 
− optimization of laboratory workflows; 
− automated quality assurance; 
− anomaly detection in surveillance systems. 

Machine learning algorithms can combine PCR data with climate variables, wildlife 
distribution, vector abundance, livestock movement, and human demographic information to 
generate predictive models identifying regions at elevated risk for biological threat emergence 
(Carlson, 2022). 

As laboratory information systems become increasingly interconnected, AI-assisted 
surveillance will facilitate earlier detection of unusual epidemiological events while improving 
allocation of public health resources. 

Metagenomics and unbiased pathogen detection. Although targeted PCR assays remain 
indispensable for rapid diagnosis, they require prior knowledge of the pathogen being 
investigated. Metagenomic NGS addresses this limitation by enabling unbiased detection of all 
nucleic acids present within a specimen. 

Future diagnostic strategies will increasingly integrate PCR with metagenomic 
sequencing. PCR will remain advantageous for rapid screening, routine diagnostics, high-
throughput surveillance, low-cost testing. Metagenomic sequencing will complement PCR 
through detection of novel pathogens, identification of mixed infections, characterization of 
complete microbial communities, discovery of antimicrobial resistance genes, investigation of 
unexplained disease outbreaks. 

The combined use of targeted PCR and unbiased sequencing is expected to substantially 
strengthen preparedness for emerging infectious diseases and previously unrecognized 
biological threats (Chiu, 2019). 

Integrated One Health surveillance networks. Future biosurveillance systems will 
increasingly operate within integrated digital infrastructures connecting human health, veterinary 
medicine, environmental monitoring, food safety, and wildlife surveillance. 

PCR-generated laboratory results will be incorporated into centralized surveillance 
platforms alongside genomic sequencing data, wildlife monitoring, vector surveillance, eDNA, 
remote sensing, meteorological observations, geographic information systems (GIS),electronic 
health records. 

Such integrated systems will improve early detection of zoonotic disease emergence while 
facilitating coordinated responses across multiple governmental sectors. 

International initiatives including the International Health Regulations (2005), the Global 
Health Security Agenda (GHSA), the Quadripartite One Health Joint Plan of Action (WHO, FAO, 
UNEP, & WOAH), and the World Organisation for Animal Health's international laboratory 
networks increasingly emphasize interoperable molecular surveillance capable of supporting 
global health security (WHO, 2022). 
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Standardization and Global Laboratory Preparedness. Continued harmonization of 
molecular diagnostic protocols represents another important future priority. International 
standardization will facilitate comparison of surveillance data among laboratories while improving 
analytical reproducibility. 

Future developments should emphasize internationally validated PCR protocols; 
harmonized quality assurance systems; external proficiency testing; standardized reference 
materials; automated reporting systems; interoperability among laboratory information systems; 
integration with genomic databases. 

Expansion of laboratory capacity in low- and middle-income countries will also strengthen 
global preparedness for biological threats by improving early detection of emerging pathogens 
before international dissemination. 

Conclusions.PCR has evolved from a laboratory research technique into the central 
molecular technology supporting global biosurveillance, biodefense, and One Health 
implementation. Over the coming decade, PCR is expected to remain the primary frontline 
diagnostic platform because of its speed, analytical sensitivity, robustness, and adaptability 
across clinical, veterinary, food, wildlife, and environmental applications. 

Future laboratory diagnostics will increasingly integrate multiplex real-time PCR, digital 
PCR, CRISPR-based detection, portable molecular devices, whole-genome sequencing, artificial 
intelligence, and cloud-based surveillance systems into comprehensive biosurveillance networks. 
Rather than replacing PCR, these emerging technologies will complement and extend its 
capabilities, enabling earlier detection, more precise characterization, and more effective control 
of biological threat agents. 

Within the One Health framework, integrated molecular surveillance combining PCR with 
genomic epidemiology, environmental monitoring, and predictive analytics will play an 
increasingly important role in protecting human, animal, and ecosystem health against naturally 
occurring zoonoses, emerging infectious diseases, laboratory accidents, and deliberate biological 
threats. Continued investment in laboratory infrastructure, international collaboration, 
standardized diagnostic protocols, and workforce training will be essential for strengthening global 
preparedness and ensuring rapid, coordinated responses to future biological emergencies. 
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Резюме. Швидке та точне виявлення бактеріальних патогенів високої небезпеки 

є критично важливим для забезпечення готовності систем громадського здоров’я, 
ветеринарної медицини, безпечності харчових продуктів та біозахисту. У межах 
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концепції «Єдине здоров’я» (One Health) молекулярна діагностика стала невід’ємним 
інструментом інтегрованого епідеміологічного нагляду за зоонозними захворюваннями, 
що становлять загрозу для здоров’я людей, тварин і довкілля. У цьому огляді 
узагальнено сучасні досягнення щодо застосування методів полімеразної ланцюгової 
реакції (ПЛР) для виявлення трьох пріоритетних бактеріальних біологічних агентів 
загрози: Bacillus anthracis, Francisella tularensis та Brucella spp. Розглянуто принципи 
молекулярної діагностики, основні генетичні мішені, вибір клінічного матеріалу та 
діагностичні характеристики класичної ПЛР, ПЛР у режимі реального часу (qPCR), 
мультиплексної ПЛР, вкладеної (nested) ПЛР, цифрової ПЛР (dPCR) та ізотермічної 
петльової ампліфікації (LAMP). Особливу увагу приділено ролі мультиплексних 
молекулярних тестів для одночасного виявлення та диференціації біологічних агентів 
загрози, що забезпечує підвищення швидкості, чутливості та безпечності лабораторної 
діагностики. Також висвітлено розширення сфер застосування ПЛР-технологій у 
біологічному нагляді, моніторингу довкілля, дослідженні диких тварин і переносників, 
розслідуванні спалахів захворювань та забезпеченні лабораторної готовності до 
надзвичайних біологічних ситуацій. Проаналізовано перспективні напрями розвитку, 
зокрема портативні платформи ПЛР для діагностики за місцем надання допомоги (point-
of-care), CRISPR-асоційовані методи молекулярної діагностики, інтеграцію з 
повногеномним секвенуванням, використання штучного інтелекту для аналізу даних та 
хмарних систем епідеміологічного нагляду як складових сучасних стратегій біозахисту. 
У сукупності ці технології сприяють зміцненню інтегрованого нагляду в рамках концепції 
«Єдине здоров’я», забезпечуючи швидке виявлення патогенів, удосконалення 
епідеміологічних досліджень і своєчасне реагування як на природні спалахи інфекційних 
хвороб, так і на навмисне застосування біологічних агентів, що підсилює глобальну 
безпеку здоров’я та сучасну систему лабораторної готовності. 

Ключові слова: Єдине здоров’я; полімеразна ланцюгова реакція (ПЛР); ПЛР у 
режимі реального часу (qPCR); мультиплексна ПЛР; цифрова ПЛР (dPCR); Bacillus 
anthracis; Francisella tularensis; Brucella spp.; біологічний нагляд; біозахист; молекулярна 
діагностика; біологічні агенти загрози 
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Abstract. By performing a literature review, to summarize current evidence on the 
molecular mechanisms underlying biofilm-associated resistance to antibacterial agents and to 
analyze laboratory approaches used for biofilm cultivation, visualization, and antimicrobial 
susceptibility assessment. An analytical review of Ukrainian and international publications on 
biofilms, antimicrobial resistance, and biofilm research methods was performed. Sources were 
identified through open scientific databases and library resources, including PubMed, Google 
Scholar, ScienceDirect, SpringerLink, Scopus, and domestic library collections. The search 
strategy included terms related to biofilms, bacterial biofilms, antimicrobial resistance, antibiotic 
tolerance, molecular resistance mechanisms, biofilm research methods, and biofilm-associated 
infections. The review demonstrates that biofilm resistance is a multifactorial phenomenon 
generated by the combined action of several protective layers. A central role belongs to the 
extracellular matrix, which contains exopolysaccharides, proteins, lipids, and extracellular DNA 
and acts as both a structural scaffold and a diffusion barrier. Biofilm tolerance is further reinforced 
by marked spatial and metabolic heterogeneity, limited antibiotic penetration into deeper layers, 
the emergence of dormant persister cells, reduced growth activity, efflux-mediated drug removal, 
enzymatic antibiotic inactivation, target modification, and dissemination of antibiotic resistance 
genes. Together, these factors markedly decrease the susceptibility of biofilm-embedded 
microorganisms compared with planktonic cells. The paper also systematizes the main laboratory 
models used to study biofilms. Static systems, including tube assays, Congo Red Agar, and 
microtiter plate methods, are suitable for primary screening and quantitative biomass 
assessment, but only partially reproduce the gradients and hydrodynamic conditions typical of 
natural and clinical environments. Dynamic models, such as flow-cell systems, drip-flow reactors, 
rotating disk reactors, and CDC biofilm reactors, allow mature biofilms to be formed under 
controlled flow and shear conditions, although they require more complex instrumentation. 
Special attention is given to methods for testing biofilm susceptibility, including CFU counting, 
MBEC-based approaches, MBC-B determination, and metabolic viability assays, which provide a 
more informative comparison of antibiotic activity against planktonic and biofilm populations. 
Biofilm-associated resistance cannot be attributed to a single determinant, since it arises from the 
interaction between matrix-mediated protection, physiological heterogeneity, adaptive phenotypic 
states, and genetic resistance mechanisms. Existing in vitro models have significantly improved 
the study of biofilm biology and antimicrobial susceptibility, yet none is universally applicable to 
all research and clinical tasks. Further development of standardized and reproducible methods 
that retain ecological and clinical relevance is essential for better diagnostics and for designing 
more effective strategies against biofilm-associated infections. 

Keywords: biofilms; antibiotic resistance; antibiotic tolerance; extracellular matrix; 
persister cells; MBEC; MBC-B; biofilm research methods 
 

The microbial world occupies a unique place in the system of living nature. Despite the 
relative limitation of morphological forms, microorganisms possess numerous mechanisms that 
enable survival under almost any environmental conditions, allowing them to readily withstand 
adverse effects and occupy all known ecological niches. 

Unicellular microorganisms exhibit two behavioral strategies: free movement or swimming 
of individual cells in a liquid medium, and a stationary state in which cells are tightly attached to 
a surface and connected to one another in a single structure (a community, the so-called biofilm) 
(Zhao, 2023). 
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biofilms, antimicrobial resistance, and biofilm research methods was performed. Sources were 
identified through open scientific databases and library resources, including PubMed, Google 
Scholar, ScienceDirect, SpringerLink, Scopus, and domestic library collections. The search 
strategy included terms related to biofilms, bacterial biofilms, antimicrobial resistance, antibiotic 
tolerance, molecular resistance mechanisms, biofilm research methods, and biofilm-associated 
infections. The review demonstrates that biofilm resistance is a multifactorial phenomenon 
generated by the combined action of several protective layers. A central role belongs to the 
extracellular matrix, which contains exopolysaccharides, proteins, lipids, and extracellular DNA 
and acts as both a structural scaffold and a diffusion barrier. Biofilm tolerance is further reinforced 
by marked spatial and metabolic heterogeneity, limited antibiotic penetration into deeper layers, 
the emergence of dormant persister cells, reduced growth activity, efflux-mediated drug removal, 
enzymatic antibiotic inactivation, target modification, and dissemination of antibiotic resistance 
genes. Together, these factors markedly decrease the susceptibility of biofilm-embedded 
microorganisms compared with planktonic cells. The paper also systematizes the main laboratory 
models used to study biofilms. Static systems, including tube assays, Congo Red Agar, and 
microtiter plate methods, are suitable for primary screening and quantitative biomass 
assessment, but only partially reproduce the gradients and hydrodynamic conditions typical of 
natural and clinical environments. Dynamic models, such as flow-cell systems, drip-flow reactors, 
rotating disk reactors, and CDC biofilm reactors, allow mature biofilms to be formed under 
controlled flow and shear conditions, although they require more complex instrumentation. 
Special attention is given to methods for testing biofilm susceptibility, including CFU counting, 
MBEC-based approaches, MBC-B determination, and metabolic viability assays, which provide a 
more informative comparison of antibiotic activity against planktonic and biofilm populations. 
Biofilm-associated resistance cannot be attributed to a single determinant, since it arises from the 
interaction between matrix-mediated protection, physiological heterogeneity, adaptive phenotypic 
states, and genetic resistance mechanisms. Existing in vitro models have significantly improved 
the study of biofilm biology and antimicrobial susceptibility, yet none is universally applicable to 
all research and clinical tasks. Further development of standardized and reproducible methods 
that retain ecological and clinical relevance is essential for better diagnostics and for designing 
more effective strategies against biofilm-associated infections. 

Keywords: biofilms; antibiotic resistance; antibiotic tolerance; extracellular matrix; 
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The microbial world occupies a unique place in the system of living nature. Despite the 
relative limitation of morphological forms, microorganisms possess numerous mechanisms that 
enable survival under almost any environmental conditions, allowing them to readily withstand 
adverse effects and occupy all known ecological niches. 

Unicellular microorganisms exhibit two behavioral strategies: free movement or swimming 
of individual cells in a liquid medium, and a stationary state in which cells are tightly attached to 
a surface and connected to one another in a single structure (a community, the so-called biofilm) 
(Zhao, 2023). 
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Until the end of the last century, it was traditionally believed that all bacteria under natural 
conditions existed as free-floating planktonic cells, and all knowledge regarding bacterial mor-
phology, physiology, genetics, and adaptive capacities had been obtained from the study of bac-
terial populations formed by individual cells or colonies cultured from a single cell. 
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microbiota (Zhao, 2023; Koshova, 2025). 

Biofilms are of extremely high clinical importance because they participate in the 
pathogenesis of numerous bacterial infections that are difficult to treat with antibiotics (Vestby, 
2020; Schulze, 2021). For example, Pseudomonas aeruginosa biofilms cause chronic pulmonary 
infections in patients with cystic fibrosis (Singh, 2021; Thi, 2020; Oluyombo, 2019). Their ability 
to colonize the surfaces of medical devices used for implantation and catheterization (catheters, 
implants, endoprostheses, etc.) also creates substantial therapeutic difficulties. For example, 
Staphylococcus aureus biofilms can colonize medical devices such as pacemakers. Fungal and 
bacterial populations often form mixed-species biofilms, which further complicates the treatment 
of polymicrobial infections (Schulze, 2021; Singh, 2021; Stewart, 2020; Caldara, 2022). 

The complex architecture of biofilms enables metabolic cooperation among cells within 
the system, creates conditions favorable for symbiotic interactions between microorganisms of 
different species, and provides protection against external factors (Zhao, 2023; Grooters, 2024). 

Biofilm formation is one of the survival strategies of bacteria in the ecological niches they 
occupy. The biofilm-associated attached state protects bacteria from harmful environmental 
factors, antibacterial agents, and immune surveillance. In response to changes in temperature, 
pH, and osmolarity, biofilms undergo morphological differentiation accompanied by changes in 
microbial metabolism, hydrodynamics, and communicative interactions within the biofilm (Zhao, 
2023).  

Due to the extracellular matrix, microorganisms organized within biofilms are significantly 
less susceptible to antimicrobial agents than planktonic (free-floating) cells. As a result, infections 
associated with biofilm formation are extremely difficult to cure. The high level of resistance 
characteristic of biofilms is promoted by a broad spectrum of molecular mechanisms, including, 
among others, interactions of antimicrobial agents with components of the biofilm matrix, reduced 
growth rate, and modifications in the action of specific genetic determinants of antibiotic 
resistance and tolerance. Individually, each of these mechanisms explains only part of the 
enhanced antimicrobial resistance observed in biofilms. However, acting in concert, these 
protective mechanisms help ensure survival of biofilm cells even under the most aggressive 
antimicrobial treatment regimens (Mishra, 2024). The phenotypic transition from free-swimming 
planktonic lifestyle to sessile existence within a biofilm is a tightly regulated developmental 
process dependent on numerous ecological and genetic factors that vary by species (Zhao, 2023; 
Muhammad, 2020). 

 
 

 
 

According to the classical biofilm development model, at the initial stage motile planktonic 
cells attach to a surface in response to various environmental signals. For example, one of many 
signals capable of inducing biofilm formation in P. aeruginosa and E. coli is exposure to 
subinhibitory concentrations of aminoglycosides. Attached cells produce a hydrated matrix 
composed of exopolysaccharides, extracellular DNA (eDNA), proteins, and lipids. Over time, 
sessile cell groupings in microcolonies mature into macrocolonies. Cells may leave mature 
biofilms to return to the planktonic state and subsequently colonize new surfaces (Campoccia, 
2021; Panlilio, 2021). 

Biofilm formation is a complex, multistage, tightly regulated process. Individual members 
of the developing community have their own “specific duties,” which collectively enhance the 
viability of the entire community. Intercellular communication in a biofilm is mediated by a 
mechanism known as quorum sensing. Information exchange occurs through special chemical 
signaling molecules, autoinducers, by means of which the microbial community acts as a single 
organism (Priya, 2023).   

Biofilms go through five stages in their development (Zhao, 2023; Singh, 2021; Grari, 
2025): 
1. At the first stage of biofilm formation, primary adhesion (sorption, attachment) of microor-
ganisms from the environment to a given surface occurs. This process is reversible and is deter-
mined by physicochemical interactions between the microbial cell envelope and the substrate, 
including electrostatic interactions, van der Waals forces, and hydrophobicity. Surface adhesins 
(biofilm-associated proteins), teichoic acids of Gram-positive bacteria, and environmental factors, 
including pH, ionic strength, and salt concentration, play an important role. Hydrodynamic condi-
tions also substantially influence the course of adhesion: under low shear stress, cells attach more 
easily, whereas intense flow may cause erosion of attached cells or hinder their fixation (Ciofu, 
2022). 
2. At the second stage, the adhered microorganisms become fixed on the surface through 
secretion of extracellular polymers that ensure stronger adhesion. The mucopolysaccharide layer 
produced by microorganisms immediately after adhesion protects them from the surrounding en-
vironment and constitutes a factor of biofilm resistance. This is the final (irreversible) attachment 
stage (Grari, 2025). 
3. At the maturation stage, attached bacteria begin to actively produce the extracellular pol-
ymeric substances (EPS) matrix, which holds cells together and ensures the spatial stability of 
the colony. The matrix creates a three-dimensional scaffold within which nutrients accumulate, 
microcolonies are formed, and internal physiological differentiation of cells arises. Enhanced ad-
hesion and intercellular interactions promote coaggregation, a process by which new cells inte-
grate into an existing structure. Cell movement across the surface also plays a substantial role in 
biofilm growth. Among the described types of such movement are swarming motility, mediated by 
flagella and biosurfactants; twitching motility, associated with type IV fimbrial contractions; and 
gliding motility, which ensures slow sliding of cells across a solid substrate. These forms of sur-
face translocation contribute to consolidation of microcolonies and to the transition of the biofilm 
toward mature three-dimensional architecture (Grari, 2025). 
4. At the growth stage, the biofilm develops into a mature three-dimensional structure that 
increases in volume, becomes architecturally more complex, and acquires characteristic morphol-
ogy. This stage includes active synthesis of extracellular matrix components and formation of 
spatially organized microcolonies. The biofilm develops typical architectural patterns such as 
“mushroom-shaped” or “pyramidal” structures (Fig. 1G), between which channels for fluid circu-
lation are formed. This organization ensures effective distribution of nutrients, oxygen, and sig-
naling molecules among all cell clusters. Polysaccharides involved in intercellular adhesion and 
other EPS components play an important role in maintaining structural integrity by ensuring co-
hesion and coordinated interactions among bacterial cells (Quan, 2022). 
5. The dispersion stage is characterized by partial disruption of the biofilm and release of 
cells into the surrounding environment. After maturation is completed, individual bacteria or small 
cellular aggregates detach from mature microcolonies and migrate to new surface areas with 
suitable conditions for formation of secondary biofilm structures. Dispersion is promoted both by 
active mechanisms (changes in bacterial motility, including twitching motility) and passive pro-
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cesses associated with degradation of the extracellular matrix. Various bacterial enzymes partic-
ipate in the disruption of the EPS structure, including alginate lyase (P. fluorescens, P. aeru-
ginosa), N-acetylheparosan lyase (E. coli), hyaluronidase (Streptococcus spp.), as well as sur-
face surfactants. These enzymes degrade matrix components, including polysaccharides, eDNA, 
proteins, and other polymeric structures, thereby weakening intercellular connections and ena-
bling cell release. As a result, microorganisms within the biofilm can colonize new ecological 
niches (Sajna, 2021). 

Figure 1 schematically presents the stages of biofilm development. 
 
 

 
Fig. 1. Stages of biofilm development: Biofilm development includes five sequential 
stages: reversible attachment, irreversible attachment, microcolony formation, 
maturation, and dispersal (Mistrologics, 2018) 
 

It is generally recognized that the basis of biofilm resistance and tolerance to antibiotics is 
multifactorial, and the implementation of the corresponding mechanisms depends on the type of 
antimicrobial agent, the bacterial species and strain, the age and developmental stage of the 
biofilm, as well as its growth conditions (Patil M., 2025). No single mechanism can explain the 
increased antibiotic resistance characteristic of biofilms; however, collectively these factors 
substantially limit the effectiveness of treatment of infections caused by biofilm-forming 
microorganisms. 

Therefore, understanding the mechanisms underlying biofilm antimicrobial resistance is 
critically important for the development of effective treatment strategies. This review summarizes 
historical and current data on the mechanisms of resistance and tolerance of biofilm-forming 
microorganisms and on current technologies for studying bacterial biofilms. 

Molecular mechanisms of biofilm resistance to antibiotics. Resistance to antimicrobial 
agents in biofilms is a multifaceted phenomenon involving several mechanisms that together 
contribute to the increased resistance of bacteria embedded within the biofilm. These 
microorganisms have been shown to be 10–1000 times more resistant to antimicrobial agents 
than planktonic cells. Such resistance is a collective property of the microbial community, formed 
due to the unique EPS structure, metabolic heterogeneity, the emergence of persister cells, and 
the circulation of genetic determinants of resistance. It is precisely the combination of these 
factors that determines the high level of tolerance of biofilms to therapy, even under conditions of 
high concentrations of antimicrobial agents. 

The extracellular biofilm matrix is regarded as an anionic polymeric complex whose 
composition and structure vary among bacterial species. EPS is primarily composed of homo- 
and heteropolysaccharides containing uronic acids (predominantly glucuronic acid) and amino 
sugars. A characteristic example is the alginate of Pseudomonas aeruginosa, a copolymer of 
mannuronic and glucuronic acids (Grari, 2025). The exopolymer of Escherichia coli contains 
colanic acid. Various enterobacterial species produce cellulose, which, for example, together with 
fimbriae, is the main component of Salmonella biofilms (Lebeloane, 2024). 

In addition to polysaccharides, the matrix contains proteins, lipopolysaccharides, lipids, 
lectins, other organic components, and minerals (Singh, 2021; Kreve, 2021). 

 
 

 
 

An important structural element is extracellular DNA, which is formed mainly as a result of 
cell autolysis and creates a mesh-like scaffold that stabilizes the three-dimensional biofilm 
structure and serves as a source of genetic material for horizontal transfer and as an energy 
source during cellular starvation (Panlilio, 2021). 

Together, these components ensure the mechanical integrity of the biofilm, protection 
against adverse environmental conditions (UV radiation, radiation, pH changes, osmotic stress, 
desiccation), and the sorption and concentration of nutrients, enzymes, and growth factors 
(Wang, 2020). 

In addition, biofilms are characterized by marked physiological heterogeneity, and their 
transcriptomes and proteomes differ from those of planktonic cells, leading to substantial 
phenotypic differences (Schulze, 2021; Singh, 2021). At the same time, unlike a planktonic 
culture, which exists under relatively homogeneous environmental conditions, cells within a 
biofilm are exposed unevenly to nutrients, oxygen, and toxins due to differences in their spatial 
localization. The combination of these factors with physiological heterogeneity results in the 
formation of a population of slow-growing or dormant persister cells that are more resistant to 
antibiotics whose mechanism of action targets active cells (Grari, 2025; Verma, 2023; 
Singh, 2022). 

Unlike genetically determined resistance, persistence is a temporary, non-heritable 
phenotypic state. Persister cells do not proliferate in the presence of antibiotics; however, after 
antibiotic concentrations decline, they are able to recolonize the biofilm, thereby contributing to 
relapse and/or chronification of biofilm-associated infections. As noted by E. Galdiero and co-
authors, this form of phenotypic tolerance constitutes a serious therapeutic problem because it 
allows microorganisms to survive even under antimicrobial pressure (Galdiero, 2020). 

At the same time, subpopulations within biofilms exhibit exceptional resistance to host 
immune responses and antimicrobial therapy (Grande, 2020; Shree, 2023; Moser, 2021; Cangui-
Panchi, 2023; Coenye, 2022; Stewart, 2022). For example, P. aeruginosa biofilms growing on 
urinary catheters are approximately 1000 times more resistant to tobramycin than planktonic cells 
(Koshova, 2024).  

Classical mechanisms of antibiotic resistance include antibiotic destruction or modification 
(in particular, β-lactamases that degrade β-lactam drugs), active efflux of the drug from the cell 
via efflux pumps, and alteration of the antibiotic target, which reduces its affinity. These strategies 
are implemented through antibiotic resistance genes (ARGs), which encode the corresponding 
enzymes, transport systems, or modified target proteins. ARGs may be localized both on the 
chromosome and on plasmids, which facilitates their horizontal transfer among microorganisms 
and confers resistance to several major classes of antibiotics, including tetracyclines, 
sulfonamides, β-lactams, macrolides, lincosamides, streptogramin B, aminoglycosides, and 
others (Uruén, 2020). 

As noted by Shree P. et al., the effectiveness of an antibiotic against microorganisms in a 
biofilm is largely determined by the extent of its penetration into the matrix. This process depends 
on the structural features of the biofilm, species- and strain-specific bacterial characteristics, and 
the physicochemical properties of the drug (Cangui-Panchi, 2023). 

Panlilio H., and Rice C.V. showed that eDNA and the exopolysaccharide component of 
the EPS matrix are important contributors to the development of antibiotic resistance. EPS is a 
key structural element that ensures architectural stability of the biofilm and participates in its 
adaptive response to stress factors, including antibiotic exposure (Panlilio, 2021). Owing to its 
high viscosity and polymeric nature, the EPS matrix creates a selective barrier that slows antibiotic 
penetration and alters its local concentration within the biofilm, thereby increasing the likelihood 
of antibiotic inactivation by matrix-associated enzymes (Panlilio, 2021). 

The nature of antimicrobial penetration is also influenced by the morphological features of 
the biofilm, including its thickness, density, degree of heterogeneity, and presence of 
microchannels. These parameters determine diffusion efficiency: in denser or thicker regions, 
movement of antibiotic molecules is substantially slowed, reducing access to the deeper cellular 
layers. As a result, antimicrobial agents may be retained in peripheral regions of the biofilm, where 
they are partially neutralized by EPS-associated enzymes, while the inner cellular layers remain 
inaccessible (Cruz, 2021; Pinto, 2020). 
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The heterogeneity of the bacterial population within biofilms results in the formation of 
metabolically distinct microcolonies. According to the zonal model, each cell responds to local 
microenvironmental conditions, leading to the emergence of diverse physiological states even 
within a single biofilm (Kirketerp‐Møller, 2020). These differences are associated with changes in 
pH, hydrogen peroxide concentration, the presence of noncellular components, and nutrient 
deficiency (Flemming, 2016). The deepest layers of the biofilm often experience pronounced 
starvation due to limited diffusion and intensive substrate consumption by peripheral cells, which 
promotes accumulation of persister or “dormant” cells with slowed metabolism and reduced 
susceptibility to antibiotics (Upadhyay, 2025; Ciofu, 2023). These zones have been identified as 
foci of increased microbial resistance (Liu, 2022; Liu, 2022).  

Figure 2 (A, B) presents the key spatial and functional aspects of biofilm antibiotic 
resistance. 

 
Fig. 2. Mechanisms underlying antibiotic tolerance of microbial biofilms 

A. Structural organization of a biofilm and factors affecting antibiotic penetration, including diffusion 
limitation, metabolic heterogeneity, and formation of dormant persister cells. 
B. Major structural, physiological, regulatory, and genetic mechanisms contributing to biofilm antibiotic 
tolerance and resistance. 
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Figure 2 (A, B) presents the key spatial and functional aspects of biofilm antibiotic 
resistance. 

 
Fig. 2. Mechanisms underlying antibiotic tolerance of microbial biofilms 

A. Structural organization of a biofilm and factors affecting antibiotic penetration, including diffusion 
limitation, metabolic heterogeneity, and formation of dormant persister cells. 
B. Major structural, physiological, regulatory, and genetic mechanisms contributing to biofilm antibiotic 
tolerance and resistance. 
 

 
 

 
 

Thus, the internal structural organization of the biofilm, together with physical, metabolic, 
and genetic factors, forms diverse genotypic and phenotypic variants that ensure unique 
strategies of survival and drug resistance (Fig. 2 A, B). 

Therefore, biofilm resistance to antibiotics is the result of interaction among several levels 
of defense: the physical barrier of the extracellular matrix, metabolic inertness and formation of 
persister cells, heterogeneity of the microenvironment, and dissemination of antibiotic resistance 
genes. The synergism of these mechanisms creates major difficulties in the treatment of biofilm 
infections and promotes their progression to chronic forms. The complex nature of biofilm 
resistance, in turn, necessitates experimental models that reproduce their architecture and allow 
adequate assessment of antibiotic susceptibility under conditions that closely mimic the natural 
environment. 

The following section is devoted to this issue and addresses current approaches to 
cultivation and investigation of bacterial biofilms. 

Methodological problem of assessing antibiotic susceptibility in biofilm-associated 
infections. The effectiveness of antibiotic therapy is usually determined on the basis of minimal 
inhibitory concentrations (MICs) for planktonic bacteria. However, these concentrations are too 
low for microorganisms protected by biofilms, and, as a consequence, patients may suffer from 
persistent infection for weeks or months, often with recurrent, more aggressive exacerbations 
(Thakre, 2024). Many clinical studies have established that patients with infections caused by 
biofilm-forming bacteria require higher antibiotic doses and longer treatment courses than those 
used for infections caused by planktonic bacteria (da Silva, 2021; Pires, 2022). Therefore, 
theoretically, treatment efficacy in biofilm-associated infections should be higher when antibiotics 
are selected with regard to biofilm susceptibility than when therapeutic regimens are based on 
planktonic susceptibility testing. 

However, the evidence base regarding the clinical usefulness of selecting antibiotic 
therapy on the basis of biofilm susceptibility testing remains insufficient, and the available data 
do not confirm a substantial advantage of this approach over the traditional assessment of 
susceptibility of planktonic forms. 

Methods for biofilm cultivation and determination of their antibiotic susceptibility. Unlike 
methods for studying planktonic cells, there are currently no universal standardized methods for 
assessing biofilm susceptibility to antimicrobial agents. This is explained by the considerable 
diversity of laboratory models used to simulate biofilms formation, as well as differences among 
them in terms of growth conditions, biofilm architecture, and analytical endpoints. Each method 
has its own advantages and limitations, and the choice of approach is largely determined by the 
aim of the study, from qualitative confirmation of biofilm-forming ability to quantitative comparison 
of the susceptibility of biofilm and planktonic forms to antibiotics (Upadhyay, 2025; Ciofu, 2023; 
Su, 2022; Han, 2023). 

Among the earliest methods were simple static qualitative models. The tube method for 
biofilm detection described by Christensen et al. was based on the ability of cells to adhere to the 
walls of a tube and form a visible film, which was detected by crystal violet staining followed by 
visual assessment of staining intensity (Christensen, 1982). This approach was simple to perform, 
required no specialized equipment, and allowed rapid classification of strains as weak, moderate, 
or strong biofilm producers. At the same time, it remained sufficiently subjective, poorly 
reproducible, and of limited utility for analysis of large numbers of isolates or subtle differences 
among them. 

A similar role was played by the use of Congo Red Agar (CRA), proposed by Freeman et 
al. (1989). On this medium, biofilm-forming strains produce black, dry crystalline colonies as a 
result of interaction of Congo red with exopolysaccharides. Thus, the CRA test reflects the ability 
to produce matrix and indirectly, biofilm formation. Its advantages include low cost, simplicity, and 
the possibility of rapid primary screening of numerous isolates; disadvantages include its 
qualitative nature, dependence of the result on medium composition, and the fact that not all 
bacterial species form typical “black” colonies (Freeman, 1989). 

The gold standard for biofilm cultivation is considered to be the quantitative microtiter plate 
biofilm assay described by G.D. Christensen et al. (1985) (Christensen, 1985) and further detailed 
by Stepanovic et al. (2000) (Stepanovic, 2000). In this model, the biofilm forms on the walls and 
bottom of polystyrene microplate wells, after which planktonic cells are washed away, the 
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adherent biomass is stained with crystal violet, and quantitatively assessed by optical density 
(OD) at a specified wavelength. The threshold optical density value (ODc) is calculated as the 
mean OD of the negative control plus three standard deviations, and the degree of biofilm 
formation is interpreted based on the ratio of the experimental sample OD to ODc (Han, 2023; 
Christensen, 1982; Stepanovic, 2000). 

This approach made it possible to transform assessment of biofilm formation intensity into 
a standardized quantitative test suitable for comparing strains, growth conditions, and antibiotic 
effects. The high throughput of the 96-well format made this method a convenient tool for genetic 
screening, testing of different nutrient media and induction factors, and investigation of early 
adhesion stages in a broad range of microorganisms, including Pseudomonas aeruginosa, 
Vibrio cholerae, Escherichia coli, staphylococci, enterococci, mycobacteria, and fungi. The main 
limitation is that static conditions do not reproduce shear forces and in vivo hydrodynamics, and 
the resulting biofilms usually do not reach a high degree of maturity (Christensen, 1982; Freeman, 
1989). 

In order to approximate natural and clinical conditions, dynamic biofilm models were 
developed in flow systems, drip-flow reactors, tubular reactors, coupon-based rotating disk 
reactors, and similar systems (Ciofu, 2023). 

An important milestone was the development of standardized protocols approved by the 
American Society for Testing and Materials (ASTM, www.astm.org). ASTM standards describe 
the growth of biofilms, particularly P. aeruginosa, in a continuous-flow drip reactor (ASTM E2647), 
a rotating disk reactor (ASTM E2196), and a CDC biofilm reactor (ASTM E2562), in which shear 
force levels and flow parameters can be controlled. These systems allow formation of mature 
biofilms on various materials, assessment of the effects of disinfectants and antibiotics under flow 
conditions, and combination of quantitative viable cell determination with microscopic analysis of 
architecture. Their advantages include high ecological validity and the possibility of modeling the 
environment of medical implants or pipelines; disadvantages include equipment complexity, low 
throughput, and the fact that current standards are focused mainly on P. aeruginosa (Kher, 2023). 

Regardless of whether static or dynamic models are used, the classical quantitative 
approach to evaluating biofilm susceptibility to antimicrobial agents remains colony-forming unit 
(CFU) counting. After antibiotic exposure, the biofilm mass is removed from the surface (coupons, 
glass coverslips, silicone tubing, membranes, etc.) by mechanical methods, resuspended, serially 
diluted, and plated on agar to calculate the logarithmic reduction in the number of viable cells 
(Wannigama, 2020). This approach is sensitive and universal, but labor-intensive, especially 
when it is necessary to analyze a wide concentration range, several strains, or complex biofilm 
growth systems; an additional problem is incomplete recovery of cells from the substrate. 

The development of high-throughput technologies contributed to the introduction of the 
Calgary Biofilm Device, which formed the basis of the MBEC (minimum biofilm eradication 
concentration) assay and commercial tests by Innovotech Inc., including bioFILM PA, 
InnovoSCEPT Human Gram Positive, and InnovoSCEPT Human Gram Negative, which received 
regulatory approval for clinical use (Ceri, 2001; Ceri, 1999; Harrison, 2010). In these systems, 
biofilms are grown on pegs attached to the lid of a 96-well microplate. After biofilm formation, the 
lid is transferred to a plate containing a series of antibiotic dilutions and then to a plate with fresh 
medium for recovery; subsequent ultrasound treatment enables detachment of cells from peg 
surfaces and assessment of their viability (Kher, 2023). This format makes it possible to 
simultaneously determine MIC, minimum bactericidal concentration for biofilm cells (MBC-B), and 
MBEC, compare the susceptibility of biofilm and planktonic forms, and adapt peg composition to 
model different surface types. The advantages of the MBEC assay include a standardized format, 
high throughput, and clinical relevance; its limitations are relatively high cost and the need for 
specialized equipment (Pires, 2022; Mah, 2014). 

Another direction has been the use of metabolic indicators of viability. The technology 
described by Wannigama D.L. et al. is based on the use of PrestoBlue (resazurin), which is 
reduced by metabolically active cells, thereby changing optical density or fluorescence. By 
determining the signal after treatment of biofilms with different antibiotic concentrations, MBEC 
can be assessed and drug effectiveness compared (Wannigama, 2019; Wannigama, 2020). The 
advantage of this approach is avoidance of labor-intensive colony counting and suitability for high-

 
 

 
 

throughput formats; its limitation lies in the dependence of the result on the metabolic state of the 
cells, which may lead to underestimation of persister populations. 

To assess specifically the bactericidal effect, the MBC-B test was proposed, in which 
biofilms are formed directly on the walls of 96-well microplates, exposed to a gradient of antibiotic 
concentrations, and then the detached cells are transferred to nutrient medium to determine the 
concentration that completely suppresses growth (Ceri, 1999). 

Table 1 summarizes the key characteristics of the most common models used to obtain 
and study biofilms and their antibiotic resistance. 

Thus, the current arsenal of methods for biofilm research ranges from simple qualitative 
tests to complex dynamic systems and high-throughput platforms that make it possible to assess 
MIC, MBC-B, and MBEC for biofilm populations. Static models enable rapid screening of strains 
and factors, whereas flow reactors and ASTM standards approximate real natural, clinical, and 
technogenic conditions. High-throughput systems such as MBEC, metabolic assays using 
PrestoBlue, and MBC-B tests create a bridge between fundamental research and the needs of 
clinical practice. 
 

Table 1 
Comparative characteristics of laboratory methods for biofilm generation 

Method 
Type 

(static/ 
dynamic) 

Principle of the 
method / 
where the 

biofilm forms 

What it 
measures / 

what it 
allows one 
to assess 

Advantages Disadvantages Typical areas 
of application 

1 2 3 4 5 6 7 
Tube 
Method 
(TM)  

 Static  Biofilm forms 
on tube walls; 
assessment 
after crystal 
violet staining  

Presence of 
biofilm, 
semi-
quantitative 
staining 
intensity  

 Simple, 
inexpensive, 
requires no 
equipment  

 Low 
reproducibility, 
subjective 
assessment, 
low sensitivity  

 Screening of 
strains for 
biofilm-
forming 
ability 

Tissue 
Culture 
Plate 
(TCP), 96-
well plate  

 Static   Biofilm forms 
in plate wells; 
quantitative 
assessment by 
OD after 
staining  

 Degree of 
biofilm 
formation; 
strain 
comparison; 
antibiotic 
effects  

 High 
throughput; 
quantitative 
analysis; 
small 
volume  

 Does not 
model mature 
biofilms; 
antibiotic 
diffusion is 
inadequate 
compared with 
real conditions  

 Genetic 
studies, 
primary 
screening of 
biofilm 
formation, 
inhibitor 
testing 

Congo 
Red Agar 
(CRA)  

 Static   Colonies 
become 
black/dark 
upon 
polysaccharide 
production  

 Ability to 
produce 
EPS, 
indirectly 
biofilm 
formation  

 Very 
simple; 
rapid; 
requires no 
specialized 
equipment  

 Low specificity; 
not all strains 
produce 
pigments; 
subjectivity  

 Initial 
qualitative 
screening of 
matrix 
production 

Colony 
biofilms 
(agar 
biofilms)  

 Static   Biofilm forms 
on the agar 
surface; allows 
observation of 
structural 
morphology  

 Colony 
architecture, 
diffusion 
gradients  

 Possibility 
of 
visualization; 
suitable for 
microscopy  

 Limited model: 
does not 
reproduce 
shear forces  

 Study of 
biofilm 
differentiation 
and 
morphology 
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adherent biomass is stained with crystal violet, and quantitatively assessed by optical density 
(OD) at a specified wavelength. The threshold optical density value (ODc) is calculated as the 
mean OD of the negative control plus three standard deviations, and the degree of biofilm 
formation is interpreted based on the ratio of the experimental sample OD to ODc (Han, 2023; 
Christensen, 1982; Stepanovic, 2000). 

This approach made it possible to transform assessment of biofilm formation intensity into 
a standardized quantitative test suitable for comparing strains, growth conditions, and antibiotic 
effects. The high throughput of the 96-well format made this method a convenient tool for genetic 
screening, testing of different nutrient media and induction factors, and investigation of early 
adhesion stages in a broad range of microorganisms, including Pseudomonas aeruginosa, 
Vibrio cholerae, Escherichia coli, staphylococci, enterococci, mycobacteria, and fungi. The main 
limitation is that static conditions do not reproduce shear forces and in vivo hydrodynamics, and 
the resulting biofilms usually do not reach a high degree of maturity (Christensen, 1982; Freeman, 
1989). 

In order to approximate natural and clinical conditions, dynamic biofilm models were 
developed in flow systems, drip-flow reactors, tubular reactors, coupon-based rotating disk 
reactors, and similar systems (Ciofu, 2023). 

An important milestone was the development of standardized protocols approved by the 
American Society for Testing and Materials (ASTM, www.astm.org). ASTM standards describe 
the growth of biofilms, particularly P. aeruginosa, in a continuous-flow drip reactor (ASTM E2647), 
a rotating disk reactor (ASTM E2196), and a CDC biofilm reactor (ASTM E2562), in which shear 
force levels and flow parameters can be controlled. These systems allow formation of mature 
biofilms on various materials, assessment of the effects of disinfectants and antibiotics under flow 
conditions, and combination of quantitative viable cell determination with microscopic analysis of 
architecture. Their advantages include high ecological validity and the possibility of modeling the 
environment of medical implants or pipelines; disadvantages include equipment complexity, low 
throughput, and the fact that current standards are focused mainly on P. aeruginosa (Kher, 2023). 

Regardless of whether static or dynamic models are used, the classical quantitative 
approach to evaluating biofilm susceptibility to antimicrobial agents remains colony-forming unit 
(CFU) counting. After antibiotic exposure, the biofilm mass is removed from the surface (coupons, 
glass coverslips, silicone tubing, membranes, etc.) by mechanical methods, resuspended, serially 
diluted, and plated on agar to calculate the logarithmic reduction in the number of viable cells 
(Wannigama, 2020). This approach is sensitive and universal, but labor-intensive, especially 
when it is necessary to analyze a wide concentration range, several strains, or complex biofilm 
growth systems; an additional problem is incomplete recovery of cells from the substrate. 

The development of high-throughput technologies contributed to the introduction of the 
Calgary Biofilm Device, which formed the basis of the MBEC (minimum biofilm eradication 
concentration) assay and commercial tests by Innovotech Inc., including bioFILM PA, 
InnovoSCEPT Human Gram Positive, and InnovoSCEPT Human Gram Negative, which received 
regulatory approval for clinical use (Ceri, 2001; Ceri, 1999; Harrison, 2010). In these systems, 
biofilms are grown on pegs attached to the lid of a 96-well microplate. After biofilm formation, the 
lid is transferred to a plate containing a series of antibiotic dilutions and then to a plate with fresh 
medium for recovery; subsequent ultrasound treatment enables detachment of cells from peg 
surfaces and assessment of their viability (Kher, 2023). This format makes it possible to 
simultaneously determine MIC, minimum bactericidal concentration for biofilm cells (MBC-B), and 
MBEC, compare the susceptibility of biofilm and planktonic forms, and adapt peg composition to 
model different surface types. The advantages of the MBEC assay include a standardized format, 
high throughput, and clinical relevance; its limitations are relatively high cost and the need for 
specialized equipment (Pires, 2022; Mah, 2014). 

Another direction has been the use of metabolic indicators of viability. The technology 
described by Wannigama D.L. et al. is based on the use of PrestoBlue (resazurin), which is 
reduced by metabolically active cells, thereby changing optical density or fluorescence. By 
determining the signal after treatment of biofilms with different antibiotic concentrations, MBEC 
can be assessed and drug effectiveness compared (Wannigama, 2019; Wannigama, 2020). The 
advantage of this approach is avoidance of labor-intensive colony counting and suitability for high-

 
 

 
 

throughput formats; its limitation lies in the dependence of the result on the metabolic state of the 
cells, which may lead to underestimation of persister populations. 

To assess specifically the bactericidal effect, the MBC-B test was proposed, in which 
biofilms are formed directly on the walls of 96-well microplates, exposed to a gradient of antibiotic 
concentrations, and then the detached cells are transferred to nutrient medium to determine the 
concentration that completely suppresses growth (Ceri, 1999). 

Table 1 summarizes the key characteristics of the most common models used to obtain 
and study biofilms and their antibiotic resistance. 

Thus, the current arsenal of methods for biofilm research ranges from simple qualitative 
tests to complex dynamic systems and high-throughput platforms that make it possible to assess 
MIC, MBC-B, and MBEC for biofilm populations. Static models enable rapid screening of strains 
and factors, whereas flow reactors and ASTM standards approximate real natural, clinical, and 
technogenic conditions. High-throughput systems such as MBEC, metabolic assays using 
PrestoBlue, and MBC-B tests create a bridge between fundamental research and the needs of 
clinical practice. 
 

Table 1 
Comparative characteristics of laboratory methods for biofilm generation 

Method 
Type 

(static/ 
dynamic) 

Principle of the 
method / 
where the 

biofilm forms 

What it 
measures / 

what it 
allows one 
to assess 

Advantages Disadvantages Typical areas 
of application 

1 2 3 4 5 6 7 
Tube 
Method 
(TM)  

 Static  Biofilm forms 
on tube walls; 
assessment 
after crystal 
violet staining  

Presence of 
biofilm, 
semi-
quantitative 
staining 
intensity  

 Simple, 
inexpensive, 
requires no 
equipment  

 Low 
reproducibility, 
subjective 
assessment, 
low sensitivity  

 Screening of 
strains for 
biofilm-
forming 
ability 

Tissue 
Culture 
Plate 
(TCP), 96-
well plate  

 Static   Biofilm forms 
in plate wells; 
quantitative 
assessment by 
OD after 
staining  

 Degree of 
biofilm 
formation; 
strain 
comparison; 
antibiotic 
effects  

 High 
throughput; 
quantitative 
analysis; 
small 
volume  

 Does not 
model mature 
biofilms; 
antibiotic 
diffusion is 
inadequate 
compared with 
real conditions  

 Genetic 
studies, 
primary 
screening of 
biofilm 
formation, 
inhibitor 
testing 

Congo 
Red Agar 
(CRA)  

 Static   Colonies 
become 
black/dark 
upon 
polysaccharide 
production  

 Ability to 
produce 
EPS, 
indirectly 
biofilm 
formation  

 Very 
simple; 
rapid; 
requires no 
specialized 
equipment  

 Low specificity; 
not all strains 
produce 
pigments; 
subjectivity  

 Initial 
qualitative 
screening of 
matrix 
production 

Colony 
biofilms 
(agar 
biofilms)  

 Static   Biofilm forms 
on the agar 
surface; allows 
observation of 
structural 
morphology  

 Colony 
architecture, 
diffusion 
gradients  

 Possibility 
of 
visualization; 
suitable for 
microscopy  

 Limited model: 
does not 
reproduce 
shear forces  

 Study of 
biofilm 
differentiation 
and 
morphology 
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1 2 3 4 5 6 7 
Flow Cell 
Systems  

 Dynamic   Biofilm forms 
on the 
chamber 
surface under 
constant 
medium flow  

 Real-time 
growth, 
architecture, 
effects of 
flow and 
antimicro-
bials  

 Closest to 
natural 
conditions; 
live 
microscopy 
possible 
(confocal)  

 Expensive 
equipment, 
operational 
complexity, 
low 
throughput  

 Fundamental 
studies of 
biofilm 
architecture, 
growth/disrupti
on dynamics 

Drip Flow 
Reactor 
(ASTM 
E2647)  

 Dynamic   Biofilm 
formation 
under drip 
flow on a 
surface under 
low shear  

 Mature 
biofilms, 
effects of 
antibiotics 
under flow 
conditions  

 
Standardized 
method; high 
reproducibi-
lity  

 Requires a 
specialized 
reactor; 
more 
expensive  

 Evaluation of 
disinfectants, 
antibiotic 
testing for 
mature 
biofilms 

Rotating 
Disk 
Reactor 
(ASTM 
E2196)  

 Dynamic   Biofilm grows 
on disks 
under 
controlled 
shear forces  

 Effect of 
shear 
stress; 
mature 
biofilms  

 Good 
simulation of 
tubular 
systems  

 High 
structural 
complexity  

 Study of 
industrial and 
medical 
biofilms 

CDC 
Biofilm 
Reactor 
(ASTM 
E2562)  

 Dynamic   Biofilm forms 
on standard 
coupons in a 
stirred reactor  

 Number of 
viable cells; 
antibiotic 
effective-
ness  

 High 
reproducibilit
y; used in 
ASTM 
standards  

 Low 
throughput, 
cost  

 Industrial 
microbiology, 
disinfectant 
testing 

Calgary 
Biofilm 
Device / 
MBEC 
Assay  

 Semi-
dynamic  

 Biofilms grow 
on pegs 
attached to 
the lid of a 96-
well plate  

 MBEC, 
MIC, MBC; 
comparative 
resistance 
of biofilms 
and 
planktonic 
cells  

 High 
throughput; 
standardizati
on; 
quantitative 
nature  

 More 
expensive; 
not all 
species form 
biofilms well 
on pegs  

 Antimicrobial 
studies, 
pharmaceutica
l testing 

PrestoBlue 
/ metabolic 
viability 
assays  

 Static or 
dynamic 
(depen-
ding on 
model)  

 Assessment 
of cell activity 
through 
resazurin 
reduction  

 Biofilm cell 
viability, 
MBEC  

 Rapid, 
sensitive, 
suitable for 
comparisons  

 Result 
depends on 
metabolism 
rather than 
cell number  

 High-
throughput 
antibiotic 
screening 

 
Discussion. The data summarized in this review confirm that biofilm-associated 

resistance to antibacterial agents cannot be attributed to a single mechanism. It results from the 
combined action of structural, physiological, regulatory, and genetic factors. The extracellular 
matrix limits antimicrobial penetration, modifies local drug concentrations, and creates conditions 
for partial antibiotic inactivation. At the same time, the spatial heterogeneity of the biofilm leads 
to the formation of zones with different levels of oxygen, nutrients, metabolites, and signaling 
molecules. Under these conditions, part of the bacterial population shifts toward reduced 
metabolic activity or persistence, which substantially decreases the efficacy of antibiotics 
targeting actively dividing cells. 

The distinction between genetically determined resistance and phenotypic tolerance of 
biofilm-embedded cells is particularly important in the clinical context. Standard antimicrobial 
susceptibility testing based on planktonic bacteria does not always reflect the actual ability of an 
antibiotic to suppress or eradicate a biofilm population. Minimal inhibitory concentrations 
determined for planktonic cells may be insufficient for biofilms, where diffusion barriers, enzymatic 
inactivation, efflux systems, target modification, horizontal transfer of resistance genes, and 
persister cell formation act simultaneously. This explains why biofilm-associated infections often 
follow a prolonged, recurrent, or chronic course. 
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Comparison of laboratory models shows that none of the currently available approaches 
is universally applicable to all research and clinical tasks. Static models, including the tube 
method, Congo Red Agar, and microtiter plate assays, remain useful for primary screening of 
biofilm-forming ability, biomass comparison, and assessment of individual environmental or 
antimicrobial factors. Their main advantages are simplicity, accessibility, and high throughput. 
However, these systems reproduce the spatial organization of mature biofilms, hydrodynamic 
conditions, shear forces, and nutrient gradients of natural, industrial, and clinical environments 
only to a limited extent. 

Dynamic systems, including flow-cell models, drip-flow reactors, rotating disk reactors, 
and CDC biofilm reactors, more closely reproduce the conditions under which mature biofilms are 
formed. They allow investigation of the effects of flow, shear stress, surface properties, cultivation 
time, and nutrient supply. These models have higher biological relevance, especially for studying 
biofilms on medical devices, in water systems, pipelines, and other surface-associated 
ecosystems. However, their broader application is limited by equipment costs, lower throughput, 
technical complexity, and the need for specialized personnel training. 

Methods used to assess the antimicrobial susceptibility of biofilm cells also differ in their 
analytical value. Colony-forming unit counting remains one of the most universal approaches for 
determining the number of viable cells after antimicrobial exposure. Nevertheless, it is labor-
intensive and depends on the completeness of cell detachment from the surface. MBEC-based 
approaches and the Calgary Biofilm Device provide a more standardized platform for comparing 
antibiotic activity against planktonic and biofilm forms, whereas MBC-B specifically evaluates the 
bactericidal effect against biofilm populations. Metabolic viability assays are suitable for rapid 
screening, but their results should be interpreted with caution because the metabolic 
heterogeneity of biofilms may lead to underestimation of low-activity or persister cells. 

Therefore, the choice of a model should be determined not only by method availability but 
also by the specific aim of the study. Simple static systems are appropriate for primary screening. 
Dynamic models are more suitable for investigating biofilm architecture, maturation, and 
disruption. For evaluating antibiotics, disinfectants, or potential antibiofilm agents, the most 
informative strategy is the combination of several analytical approaches, including viable cell 
counting, MBEC or MBC-B determination, metabolic assays, and, where possible, microscopic 
visualization. Such a combined approach makes it possible to assess not only biomass reduction 
or cell viability but also changes in biofilm structure, metabolic activity, and recovery potential. 

An important methodological implication of this review is the need to clearly distinguish 
between biofilm resistance, tolerance, and persistence. The interchangeable use of these terms 
may lead to incorrect interpretation of experimental data and overestimation of the predictive 
value of individual testing methods. For practical application, laboratory models should not only 
demonstrate differences between planktonic and biofilm-associated cells but also help predict the 
potential efficacy of therapeutic or disinfectant interventions under conditions close to clinical or 
industrial settings. 

Thus, further development of biofilm research should focus on standardization of 
experimental conditions, selection of relevant endpoints, harmonization of interpretation criteria, 
and integration of reproducibility with biological relevance. This is important not only for a deeper 
understanding of the biofilm mode of microbial life but also for the development of more effective 
approaches to the prevention, diagnosis, and treatment of biofilm-associated infections. 

 
Conclusions 
1. Biofilms are highly organized microbial communities whose resistance to antibac-

terial agents results from the interaction of the extracellular matrix, spatial and metabolic hetero-
geneity, persister cells, regulatory mechanisms, and genetically determined resistance. 

2. Standard susceptibility testing of planktonic microorganisms does not fully reflect 
the behavior of biofilm populations. Therefore, specialized models and endpoints, including 
MBEC, MBC-B, viable cell counting, and metabolic viability assays, are required for studying bio-
film-associated infections. 

3. Static models are useful for primary screening and quantitative biomass assess-
ment, whereas dynamic systems better reproduce the conditions of mature biofilm formation and 
allow analysis of flow, surface properties, and shear stress. 
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4. Further development of standardized, reproducible, and biologically relevant meth-
ods for biofilm investigation is essential for improving laboratory assessment of antimicrobial ac-
tivity and for designing more effective strategies to control biofilm-associated infections. 
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Біоплівки мікроорганізмів: молекулярні механізми стійкості до антибіотиків та 
методи їх дослідження 
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Резюме. Узагальнення сучасних даних про молекулярні механізми стійкості біоп-
лівок до антибактеріальних засобів та аналіз лабораторних підходів, що застосову-
ються для культивування, візуалізації й визначення чутливості біоплівок до антимікроб-
них препаратів. Проведено аналітичний огляд наукових публікацій українських і зарубіж-
них авторів, присвячених біоплівкам, антибіотикорезистентності та методам їх дослі-
дження. Для добору джерел використано відкриті наукометричні та бібліографічні ресу-
рси, зокрема PubMed, Google Scholar, ScienceDirect, SpringerLink, Scopus, а також вітчиз-
няні бібліотечні фонди. Пошук здійснювали за ключовими словами, що охоплювали біоплі-
вки, антимікробну резистентність, антибіотикотолерантність, молекулярні механізми 
стійкості, методи вивчення біоплівок і біоплівко-асоційовані інфекції. Показано, що рези-
стентність біоплівок має багатофакторний характер і формується внаслідок поєднаної 
дії кількох механізмів. Вирішальне значення мають бар’єрні властивості позаклітинного 
матриксу, до складу якого входять екзополісахариди, білки, ліпіди та позаклітинна ДНК, 
а також виражена просторово-метаболічна гетерогенність клітин усередині біоплівки. 
Обмежена дифузія антибіотиків у глибокі шари, поява персистентних клітин, зниження 
темпів росту, активація ефлюксних систем, ферментативна інактивація препаратів, 
зміна антибактеріальних мішеней і горизонтальне поширення генів резистентності ра-
зом забезпечують підвищену толерантність мікроорганізмів до терапії. У роботі також 
узагальнено сучасні підходи до дослідження біоплівок. Статичні моделі, зокрема пробір-
ковий метод, Congo Red Agar і планшетний тест у 96-лункових мікропланшетах, прида-
тні для первинного скринінгу та кількісної оцінки біомаси, але лише частково відтворю-
ють умови природних і клінічних систем. Динамічні моделі, включно з flow-cell системами, 
drip-flow, rotating disk та CDC-реакторами, дають змогу моделювати зрілі біоплівки за 
контрольованого потоку й зсувних навантажень, однак потребують складнішого обла-
днання. Окрему групу становлять методи оцінки чутливості біоплівкових клітин, зок-
рема визначення MBEC, MBC-B, підрахунок колонієутворювальних одиниць і метаболічні 
тести на основі індикаторів життєздатності, які дозволяють точніше порівнювати 
ефективність антибіотиків щодо планктонних і біоплівкових форм. Стійкість біоплівок 
до антибактеріальних препаратів не може бути пояснена одним фактором, оскільки 
вона є наслідком структурної організації біоплівки, фізіологічної неоднорідності клітинної 
популяції та реалізації генетично й фенотипово зумовлених механізмів захисту. Наявні 
лабораторні моделі істотно розширили можливості дослідження біоплівок, проте жодна 
з них не є універсальною. Подальший розвиток відтворюваних і стандартизованих під-
ходів, які поєднуватимуть біологічну релевантність із аналітичною надійністю, є необ-
хідною передумовою для вдосконалення діагностики та підвищення ефективності ліку-
вання біоплівко-асоційованих інфекцій. 

Ключові слова: біоплівки; антибіотикорезистентність; антибіотикотолерантність; 
позаклітинний матрикс; персистентні клітини; MBEC; MBC-B; методи дослідження біоплівок 
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Резюме. Узагальнення сучасних даних про молекулярні механізми стійкості біоп-
лівок до антибактеріальних засобів та аналіз лабораторних підходів, що застосову-
ються для культивування, візуалізації й визначення чутливості біоплівок до антимікроб-
них препаратів. Проведено аналітичний огляд наукових публікацій українських і зарубіж-
них авторів, присвячених біоплівкам, антибіотикорезистентності та методам їх дослі-
дження. Для добору джерел використано відкриті наукометричні та бібліографічні ресу-
рси, зокрема PubMed, Google Scholar, ScienceDirect, SpringerLink, Scopus, а також вітчиз-
няні бібліотечні фонди. Пошук здійснювали за ключовими словами, що охоплювали біоплі-
вки, антимікробну резистентність, антибіотикотолерантність, молекулярні механізми 
стійкості, методи вивчення біоплівок і біоплівко-асоційовані інфекції. Показано, що рези-
стентність біоплівок має багатофакторний характер і формується внаслідок поєднаної 
дії кількох механізмів. Вирішальне значення мають бар’єрні властивості позаклітинного 
матриксу, до складу якого входять екзополісахариди, білки, ліпіди та позаклітинна ДНК, 
а також виражена просторово-метаболічна гетерогенність клітин усередині біоплівки. 
Обмежена дифузія антибіотиків у глибокі шари, поява персистентних клітин, зниження 
темпів росту, активація ефлюксних систем, ферментативна інактивація препаратів, 
зміна антибактеріальних мішеней і горизонтальне поширення генів резистентності ра-
зом забезпечують підвищену толерантність мікроорганізмів до терапії. У роботі також 
узагальнено сучасні підходи до дослідження біоплівок. Статичні моделі, зокрема пробір-
ковий метод, Congo Red Agar і планшетний тест у 96-лункових мікропланшетах, прида-
тні для первинного скринінгу та кількісної оцінки біомаси, але лише частково відтворю-
ють умови природних і клінічних систем. Динамічні моделі, включно з flow-cell системами, 
drip-flow, rotating disk та CDC-реакторами, дають змогу моделювати зрілі біоплівки за 
контрольованого потоку й зсувних навантажень, однак потребують складнішого обла-
днання. Окрему групу становлять методи оцінки чутливості біоплівкових клітин, зок-
рема визначення MBEC, MBC-B, підрахунок колонієутворювальних одиниць і метаболічні 
тести на основі індикаторів життєздатності, які дозволяють точніше порівнювати 
ефективність антибіотиків щодо планктонних і біоплівкових форм. Стійкість біоплівок 
до антибактеріальних препаратів не може бути пояснена одним фактором, оскільки 
вона є наслідком структурної організації біоплівки, фізіологічної неоднорідності клітинної 
популяції та реалізації генетично й фенотипово зумовлених механізмів захисту. Наявні 
лабораторні моделі істотно розширили можливості дослідження біоплівок, проте жодна 
з них не є універсальною. Подальший розвиток відтворюваних і стандартизованих під-
ходів, які поєднуватимуть біологічну релевантність із аналітичною надійністю, є необ-
хідною передумовою для вдосконалення діагностики та підвищення ефективності ліку-
вання біоплівко-асоційованих інфекцій. 

Ключові слова: біоплівки; антибіотикорезистентність; антибіотикотолерантність; 
позаклітинний матрикс; персистентні клітини; MBEC; MBC-B; методи дослідження біоплівок 
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Abstract. Fish is one of the most valuable food products due to its unique combination of 
macro- and micronutrients that contribute to the maintenance of vital physiological functions in 
humans and animals. Proteins constitute the major component of fish muscle tissue, providing 
essential support for tissue growth and repair, maintenance of muscle mass, and proper immune 
system function. Fish lipids, particularly long-chain omega-3 polyunsaturated fatty acids, perform 
energy, structural, and regulatory functions by participating in the synthesis of bioactive 
compounds, regulation of lipid metabolism, and maintenance of cardiovascular health. A 
substantial proportion of these fatty acids, including eicosapentaenoic acid (EPA) and 
docosahexaenoic acid (DHA), are biologically active components that promote nervous system 
development, support normal cardiac function, and contribute to the prevention of inflammatory 
processes. Particular attention is given to the mineral and vitamin content of fish, which is 
characterized by high bioavailability. Calcium, phosphorus, iron, zinc, selenium, and iodine play 
crucial roles in bone tissue formation, nervous system function, and metabolic processes. Fat-
soluble vitamins A, D₃, and E contribute to growth, antioxidant protection, and regulation of 
mineral metabolism, whereas water-soluble B-group vitamins support energy metabolism, 
neurotransmitter synthesis, and hematopoiesis. The combined effects of these nutrients make 
fish an effective dietary component in the prevention of chronic diseases, including cardiovascular 
disorders, osteoporosis, anemia, and neurodegenerative conditions. Research indicates that the 
nutritional value of fish largely depends on species, rearing conditions, age, and feeding regime. 
Fatty marine fish species contain higher concentrations of omega-3 fatty acids, whereas small 
fish consumed whole provide an optimal source of calcium and other essential minerals. Lean 
fish species are characterized by a high protein and mineral content, making them important 
components of a balanced diet. The role of fish during pregnancy and lactation is also 
emphasized, as the intake of long-chain omega-3 fatty acids and vitamins during these periods is 
critical for the development of the fetal and neonatal nervous system. The findings of this study 
highlight the need for systematic evaluation of the nutritional value of various fish species, 
particularly local and commercially important resources, as well as the integration of fish into 
national healthy nutrition programs. Future research directions include assessing the impact of 
processing technologies on nutrient retention, determining the optimal frequency of fish 
consumption for different population groups, investigating the potential of aquaculture as a source 
of high-quality protein and micronutrients, and conducting interdisciplinary studies on the effects 
of fish consumption on physiological, metabolic, and cognitive health outcomes in humans. 
Therefore, fish should be regarded not only as a food product but also as a functional food capable 
of positively influencing public health by supporting the normal development and functioning of 
the cardiovascular, nervous, hematopoietic, immune, and endocrine systems. Regular inclusion 
of fish in the diet represents an important strategy for achieving balanced nutrition and preventing 
a wide range of chronic and metabolic diseases. 

Keywords: aquaculture, biochemical composition, fish meat, high-quality proteins, omega-
3 polyunsaturated fatty acids, nutritional value, cardiovascular system 
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2022; Dunaievska, 2022). Food security implies guaranteed access to nutritionally adequate, 
high-quality, and safe food products in sufficient quantities and with appropriate diversity (Bogard, 
2017; Franchuk, 2022). An important component of this process is not only the availability of food 
products but also their biological value and safety, as the quality of food ultimately determines its 
impact on human and animal health (Jiang, 2024; Furman, 2024). 

The development of national food production has become particularly important. Reducing 
dependence on imports is a key prerequisite for strengthening food security (Dunaievska, 2025). 
A substantial share of imported food products on the domestic market, particularly fish and fish 
products, highlights the need to expand domestic production as an important means of enhancing 
the country's food independence and improving public health (Andrushchenko, 2025). In this 
context, aquaculture occupies a significant position within the food supply system due to its 
considerable resource potential in Ukraine (Shepelev, 2016). The total area of water bodies 
suitable for fish farming is approximately 1.3 million hectares; however, only a portion of these 
resources is currently utilized. Fish production volumes demonstrate a positive trend but remain 
below their potential capacity. At the same time, fish consumption among the Ukrainian population 
remains insufficient and does not meet recommended dietary standards, underscoring the need 
for further development of the aquaculture sector (Myskovets, 2020; Trofymchuk, 2021). 

In this regard, global data on fish consumption and nutritional value demonstrate its 
important role in ensuring food security. Fish provides approximately 17% of animal protein and 
7% of the total protein consumed worldwide, while about 3.3 billion people rely on it as a primary 
source of protein and essential micronutrients (FAO, 2018). According to the Food and Agriculture 
Organization (FAO), the average per capita fish consumption reached approximately 20.5 kg per 
year in 2018, highlighting its significant contribution to the development of a balanced and 
nutritious diet (FAO, 2020). 

Aquaculture in Ukraine is represented by various forms of production, including pond-
based, cage-based, and industrial fish farming, as well as mariculture. The main cultivated 
species include traditional freshwater fish such as common carp (mirror carp included), silver carp 
(both white and variegated), grass carp, and pike-perch. At the same time, recent years have 
shown growing interest in more valuable and high-yield fish species with increased biological and 
market value, particularly trout (especially rainbow trout) and salmon (Mykhalchyshyna, 2020; 
Prysiazhniuk, 2025). The development of modern fish farming technologies contributes to 
improving production efficiency and the quality of fish products (FAO, 2018; Borshchenko, 2026). 

Among animal-derived food products, fish holds a special place due to its high nutritional 
and biological value (Noreen, 2025). It is a source of high-quality protein, lipids, vitamins, and 
minerals, and is characterized by high digestibility and a well-balanced amino acid profile (Ali et 
al., 2022; Manz, 2023). On average, 100 g of fish meat contains 11.9–20.6 g of protein and 0.3–
18.3 g of fat, indicating the high nutritional value of this product (FAO, 2020). 

Long-chain omega-3 fatty acids (EPA and DHA) possess particular physiological 
significance, as they are actively involved in the regulation of lipid metabolism, attenuation of 
inflammatory processes, and maintenance of cardiovascular and nervous system functions 
(Harris, 2008; Calder, 2010). Regular consumption of fish has been associated with a reduced 
risk of cardiovascular diseases, improvement of blood lipid profiles, and prevention of metabolic 
disorders such as dyslipidemia, obesity, and type 2 diabetes mellitus (Simopoulos, 1991; Innis, 
2008; Calder, 2022). These effects are largely attributed to the synergistic action of omega-3 fatty 
acids and other bioactive nutrients present in fish. 

In addition, fish represents an important dietary source of vitamins, including A, D, and B-
group vitamins, as well as essential mineral elements such as calcium, phosphorus, magnesium, 
iodine, selenium, and iron. These micronutrients play a crucial role in bone tissue formation, 
metabolic regulation, and the proper functioning of the endocrine system (Holick, 2007; 
Zimmermann, 2009). Adequate intake of these components is essential for maintaining 
physiological homeostasis and supporting normal growth and development. Biologically active 
compounds derived from fish also contribute to the optimal functioning of enzymatic systems and 
are involved in maintaining cellular and systemic homeostasis in the organism (Rayman, 2012). 
Furthermore, the combined action of these nutrients enhances antioxidant defense mechanisms, 
supports immune responses, and contributes to the overall resilience of the human body against 
chronic diseases. 
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phosphorus, potassium, magnesium, and a range of essential trace elements. This composition 
of major nutrients ensures the high nutritional and biological value of fish, making it an important 
source of macro- and micronutrients in the human diet (Ghaly, 2013). 

In addition, an important feature of fish is the high bioavailability of its nutrients, which is 
largely due to the structure of muscle tissue and the low content of connective tissue compared 
to terrestrial animal meat (Mohanty, 2019). These differences become more evident when 
analyzing individual fish species. The average content of major nutritional components in 100 g 
of meat from different fish species is presented in Table 1 (Partanen, 2023). 

Table 1 
Average content of main nutrients in 100 g of different fish species 

Fish species Protein (g) |  
 

Fat (g) 
 

Omega-3 (g)  
 

Vitamin D 
(µg) 

Calcium 
(mg) 

Carp 17.0 4.0 0.3 1.2 30 
Silver carp 16.5 3.5 0.2 1.1 25 
Trout 19.0 6.0 1.0 11.0 40 
Pike-perch 18.5 1.5 0.4 2.0 20 
Herring 18.0 12.0 2.0 16.0 35 

 
The analysis of the data presented in Table 1 indicates pronounced differences in the 

biochemical composition of various fish species, which determine their distinct nutritional and 
functional value. In particular, freshwater species (carp, silver carp, and pike-perch) are 
characterized by a relatively stable protein content (16.5–18.5 g/100 g), but differ in their low 
levels of lipids and, consequently, omega-3 fatty acids (0.2–0.4 g/100 g). The lowest fat content 
is observed in pike-perch (1.5 g/100 g), which allows it to be classified as a dietary product. 

In contrast, marine and semi-anadromous species such as herring are characterized by a 
significantly higher lipid content (up to 12 g/100 g) and omega-3 fatty acids (up to 2.0 g/100 g), 
which underlies their pronounced cardioprotective effects. The higher lipid content in marine and 
fatty fish species directly correlates with increased levels of omega-3 fatty acids and fat-soluble 
vitamins, providing a metabolically regulatory effect, particularly on lipid profiles, blood pressure, 
and inflammatory markers. Trout, which is mainly farmed in aquaculture systems, occupies an 
intermediate position: it combines a high protein content (19 g/100 g) with a moderate fat level (6 
g/100 g) and a substantial amount of omega-3 fatty acids (1.0 g/100 g), making it a versatile 
product in terms of nutritional value. Comparative analysis also shows that fatty fish species 
(herring, trout) contain significantly higher levels of vitamin D (11–16 µg/100 g) compared to lean 
freshwater species (1.1–2.0 µg/100 g). This is associated with the accumulation of this vitamin in 
the lipid fraction. Calcium content varies less markedly (20–40 mg/100 g), but tends to be higher 
in species with greater fat content and more intensive metabolic activity. 

Thus, freshwater and marine fish species differ significantly in their biochemical composition 
and nutritional value. Freshwater fish are generally characterized by a lower lipid content and 
reduced levels of omega-3 fatty acids, whereas marine species represent an important dietary 
source of polyunsaturated fatty acids and fat-soluble vitamins essential for human health. These 
differences determine their distinct physiological and functional roles in human nutrition. 
Incorporating a variety of fish species into the diet ensures a more balanced intake of essential 
nutrients, including high-quality proteins, essential fatty acids, vitamins, and minerals. Such 
dietary diversity contributes to the optimization of metabolic processes, supports cardiovascular 
and nervous system function, and plays a preventive role in reducing the risk of cardiometabolic 
disorders. Consequently, regular consumption of both freshwater and marine fish can be 
considered a scientifically grounded component of strategies aimed at improving public health 
and promoting long-term nutritional well-being. 

Proteins of fish meat and their biological significance. Fish is one of the most important 
sources of animal protein in human nutrition (Mendivil, 2021). According to estimates by 
international organizations, for more than 3 billion people it represents the primary source of 
animal protein, and in some regions, it accounts for over 30% of total dietary protein intake (Béné, 
2015; FAO, 2020). The high nutritional value of fish is determined by its significant content of 
high-quality proteins characterized by good digestibility and a well-balanced amino acid 
composition (Dale, 2019). Fish proteins contain all essential amino acids, including lysine, 

 
 

 
 

International and national health organizations (including FAO and WHO) recommend the 
regular inclusion of fish in the diet across all age groups. The required level of fish consumption 
varies depending on age and physiological status. In childhood and adolescence, fish serves as 
an important source of protein, calcium, and B-group vitamins, which are essential for growth and 
proper development of the organism. For the adult population, it contributes to the maintenance 
of metabolic balance and normal cardiovascular function, whereas in pregnant and lactating 
women, the demand for omega-3 fatty acids and vitamin D increases significantly, highlighting its 
crucial role in supporting the normal development of the fetal and neonatal nervous systems 
(Stabler, 2024). In athletes, fish is considered an essential component of the diet, as high-quality 
proteins promote muscle repair and growth, while omega-3 fatty acids help reduce post-exercise 
inflammatory responses and support both cardiovascular and nervous system function during 
periods of intensive physical activity (Senphan, 2025). 

In older adults, the rational consumption of fish helps maintain cognitive functions, reduces 
the risk of cardiovascular diseases, facilitates the control of blood lipid profiles, and supports the 
prevention of osteoporosis due to its content of calcium, phosphorus, and vitamin D (Simopoulos, 
1991; Harris, 2008). 

Therefore, in this context, the regular inclusion of fish in the diet acquires particular 
importance as an effective tool of nutritional prevention and the maintenance of physiological 
functions of the organism. Its systematic consumption represents a scientifically substantiated 
approach to the prevention of cardiovascular diseases and metabolic disorders. According to 
research data (Harris, 2008), the intake of 2–3 servings of fish per week reduces the risk of 
developing ischemic heart disease, normalizes blood cholesterol and triglyceride levels, improves 
cognitive functions, and contributes to the strengthening of bone tissue (Innis, 2008). 

Thus, fish is a valuable component of a healthy diet due to its high content of high-quality 
proteins, omega-3 fatty acids, vitamins, and minerals. Regular consumption of fish supports 
metabolic homeostasis and contributes to the prevention of cardiovascular and metabolic 
diseases. The obtained data confirm the feasibility of including fish products in strategies for 
healthy nutrition and the promotion of public health. 

The aim of this article is to summarize current scientific data on the biochemical composition 
of fish, to analyze its main nutrients, and to determine their role in maintaining human health, 
particularly in the prevention of cardiovascular diseases and metabolic disorders. 

Materials and methods. To prepare this article, a systematic analysis of the scientific 
literature on the biochemical composition of fish, its nutritional value, and its role in the prevention 
of cardiometabolic disorders was conducted. Information was retrieved from international 
scientometric databases, including PubMed, Scopus, Web of Science, and Google Scholar, as 
well as from official reports and analytical materials published by the Food and Agriculture 
Organization (FAO) and the World Health Organization (WHO). 

The analysis included scientific studies focusing on the protein, lipid, vitamin, and mineral 
composition of fish, the biological role of omega-3 polyunsaturated fatty acids, as well as the 
effects of regular consumption of fish products on human health. The interpretation and synthesis 
of the obtained data were carried out using methods of analysis, synthesis, comparison, 
systematization, and generalization of scientific information. This methodological approach made 
it possible to summarize current evidence on the nutritional and biological value of fish and to 
substantiate its significance in the prevention of cardiovascular and metabolic disorders. 

Results and Discussion. Comparative biochemical composition of freshwater and marine 
fish species. Nutrients are biologically active compounds that provide energy to the organism, 
support growth, maintain the structural integrity of tissues, and participate in their repair. They are 
classified into macronutrients and micronutrients, both of which are essential for maintaining 
optimal health. Fish and fish products occupy a special place as food sources in providing humans 
and animals with essential nutrients and biologically active compounds (Tufail, 2025). 

The biochemical composition of fish meat is characterized by a high-water content, ranging 
from 65–80% of the product mass, which contributes to its good digestibility and relatively low 
energy value. Protein content varies between 15–20%, and these proteins are of high biological 
value, containing all essential amino acids. The lipid fraction depends on the fish species and 
may range from 5 to 20%, determining both its caloric value and the content of biologically active 
fatty acids. Mineral substances account for 0.5–2% and are represented primarily by calcium, 
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phosphorus, potassium, magnesium, and a range of essential trace elements. This composition 
of major nutrients ensures the high nutritional and biological value of fish, making it an important 
source of macro- and micronutrients in the human diet (Ghaly, 2013). 

In addition, an important feature of fish is the high bioavailability of its nutrients, which is 
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to terrestrial animal meat (Mohanty, 2019). These differences become more evident when 
analyzing individual fish species. The average content of major nutritional components in 100 g 
of meat from different fish species is presented in Table 1 (Partanen, 2023). 

Table 1 
Average content of main nutrients in 100 g of different fish species 

Fish species Protein (g) |  
 

Fat (g) 
 

Omega-3 (g)  
 

Vitamin D 
(µg) 

Calcium 
(mg) 

Carp 17.0 4.0 0.3 1.2 30 
Silver carp 16.5 3.5 0.2 1.1 25 
Trout 19.0 6.0 1.0 11.0 40 
Pike-perch 18.5 1.5 0.4 2.0 20 
Herring 18.0 12.0 2.0 16.0 35 

 
The analysis of the data presented in Table 1 indicates pronounced differences in the 

biochemical composition of various fish species, which determine their distinct nutritional and 
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and promoting long-term nutritional well-being. 
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diseases. The obtained data confirm the feasibility of including fish products in strategies for 
healthy nutrition and the promotion of public health. 

The aim of this article is to summarize current scientific data on the biochemical composition 
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well as from official reports and analytical materials published by the Food and Agriculture 
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effects of regular consumption of fish products on human health. The interpretation and synthesis 
of the obtained data were carried out using methods of analysis, synthesis, comparison, 
systematization, and generalization of scientific information. This methodological approach made 
it possible to summarize current evidence on the nutritional and biological value of fish and to 
substantiate its significance in the prevention of cardiovascular and metabolic disorders. 

Results and Discussion. Comparative biochemical composition of freshwater and marine 
fish species. Nutrients are biologically active compounds that provide energy to the organism, 
support growth, maintain the structural integrity of tissues, and participate in their repair. They are 
classified into macronutrients and micronutrients, both of which are essential for maintaining 
optimal health. Fish and fish products occupy a special place as food sources in providing humans 
and animals with essential nutrients and biologically active compounds (Tufail, 2025). 

The biochemical composition of fish meat is characterized by a high-water content, ranging 
from 65–80% of the product mass, which contributes to its good digestibility and relatively low 
energy value. Protein content varies between 15–20%, and these proteins are of high biological 
value, containing all essential amino acids. The lipid fraction depends on the fish species and 
may range from 5 to 20%, determining both its caloric value and the content of biologically active 
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methionine, threonine, tryptophan, and isoleucine, which are required for protein synthesis, 
regulation of metabolic processes, and maintenance of immune function in the organism. Sulfur-
containing amino acids are also of particular importance, as they participate in detoxification 
processes and antioxidant defense mechanisms (Mohanty, 2019; Partanen, 2023). 

Fish protein plays an important role in tissue construction and repair, as well as in the 
synthesis of enzymes, hormones, and other biologically active compounds. During protein 
hydrolysis, bioactive peptides are formed that may exhibit antioxidant, antihypertensive, and 
immunomodulatory properties (Shahidi, 2025). Due to the low content of connective tissue and 
collagen, fish proteins are more easily subjected to enzymatic digestion, and their digestibility 
coefficient reaches 90–95% (Mohanty, 2019; Partanen, 2023). 

From a biochemical perspective, fish proteins are represented by myofibrillar, sarcoplasmic, 
and stromal fractions, which support structural, metabolic, and functional processes in the 
organism. The protein content in the edible portion of fish typically ranges from 15–20%, although 
it may vary depending on species and environmental conditions (Mohanty, 2019; Partanen, 2023). 
These differences are particularly evident when comparing freshwater species (e.g., carp) and 
marine species (e.g., tuna) (Table 2). 

Table 2 
Protein content in the meat of different fish species (per 100 g of edible portion) 

Fish species Protein 
content, 
g/100 g 

Biological characteristics  

Atlantic cod (Gadus morhua) 17–18 Lean fish with high protein digestibility 
European hake (Merluccius 
merluccius) 

16–18 Source of high-quality protein and essential 
amino acids 

Alaska pollock (Gadus 
chalcogrammus) 

17–19 Low fat content, high nutritional value 

Atlantic herring (Clupea harengus) 17–19 Rich in protein and omega-3 fatty acids 
Atlantic salmon (Salmo salar) 19–21 High content of protein and 

polyunsaturated fatty acids 
Rainbow trout (Oncorhynchus 
mykiss) 

19–20 Source of easily digestible protein and 
trace elements 

Atlantic bluefin tuna (Thunnus 
thynnus) 

22–24 One of the highest protein contents among 
fish species 

Atlantic mackerel (Scomber 
scombrus) 

18–20 Protein of high biological value 

Common carp (Cyprinus carpio) 16–18 Well-balanced amino acid composition  
 
Table 2 presents the protein content in the meat of different fish species, ranging from 16 

g/100 g in crucian carp to 24 g/100 g in tuna (Mohanty, 2019; Partanen, 2023). Lean fish species 
(such as cod, hake, and pollock) are characterized by high protein digestibility and a favorable 
amino acid profile. Herring, salmon, trout, and mackerel combine a considerable protein content 
with a high concentration of omega-3 polyunsaturated fatty acids, whereas tuna is among the 
leading species in terms of protein content among commercially important fish. Carp and crucian 
carp are also valuable sources of easily digestible protein. 

Thus, different fish species provide the organism with high-quality protein, while fatty marine 
species additionally serve as a source of biologically active omega-3 fatty acids, enhancing their 
importance in the prevention of cardiometabolic disorders. 

Lipid composition of fish and functional properties of lipids. Fish lipids perform energy, 
structural, and regulatory functions by participating in the synthesis of biologically active 
compounds and in key metabolic processes (Brockerhoff, 1963; Harris, 2008; Calder, 2010). The 
fat content in the edible portion of fish varies from 0.5 to 20%, which forms the basis for classifying 
fish into lean, medium-fat, and fatty categories (Simopoulos, 1991; Méndez, 2017). 

Of particular value among fish lipids are long-chain omega-3 polyunsaturated fatty acids—
eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA)—which are involved in the 
regulation of numerous physiological processes in the human body (Lauritzen et al., 2001; Innis, 
2008; Calder, 2010). In addition, the lipid fraction of fish contains phospholipids, triglycerides, and 
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coefficient reaches 90–95% (Mohanty, 2019; Partanen, 2023). 

From a biochemical perspective, fish proteins are represented by myofibrillar, sarcoplasmic, 
and stromal fractions, which support structural, metabolic, and functional processes in the 
organism. The protein content in the edible portion of fish typically ranges from 15–20%, although 
it may vary depending on species and environmental conditions (Mohanty, 2019; Partanen, 2023). 
These differences are particularly evident when comparing freshwater species (e.g., carp) and 
marine species (e.g., tuna) (Table 2). 
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Protein content in the meat of different fish species (per 100 g of edible portion) 
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European hake (Merluccius 
merluccius) 

16–18 Source of high-quality protein and essential 
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Alaska pollock (Gadus 
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17–19 Low fat content, high nutritional value 
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Atlantic salmon (Salmo salar) 19–21 High content of protein and 

polyunsaturated fatty acids 
Rainbow trout (Oncorhynchus 
mykiss) 

19–20 Source of easily digestible protein and 
trace elements 

Atlantic bluefin tuna (Thunnus 
thynnus) 

22–24 One of the highest protein contents among 
fish species 

Atlantic mackerel (Scomber 
scombrus) 

18–20 Protein of high biological value 

Common carp (Cyprinus carpio) 16–18 Well-balanced amino acid composition  
 
Table 2 presents the protein content in the meat of different fish species, ranging from 16 

g/100 g in crucian carp to 24 g/100 g in tuna (Mohanty, 2019; Partanen, 2023). Lean fish species 
(such as cod, hake, and pollock) are characterized by high protein digestibility and a favorable 
amino acid profile. Herring, salmon, trout, and mackerel combine a considerable protein content 
with a high concentration of omega-3 polyunsaturated fatty acids, whereas tuna is among the 
leading species in terms of protein content among commercially important fish. Carp and crucian 
carp are also valuable sources of easily digestible protein. 

Thus, different fish species provide the organism with high-quality protein, while fatty marine 
species additionally serve as a source of biologically active omega-3 fatty acids, enhancing their 
importance in the prevention of cardiometabolic disorders. 

Lipid composition of fish and functional properties of lipids. Fish lipids perform energy, 
structural, and regulatory functions by participating in the synthesis of biologically active 
compounds and in key metabolic processes (Brockerhoff, 1963; Harris, 2008; Calder, 2010). The 
fat content in the edible portion of fish varies from 0.5 to 20%, which forms the basis for classifying 
fish into lean, medium-fat, and fatty categories (Simopoulos, 1991; Méndez, 2017). 

Of particular value among fish lipids are long-chain omega-3 polyunsaturated fatty acids—
eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA)—which are involved in the 
regulation of numerous physiological processes in the human body (Lauritzen et al., 2001; Innis, 
2008; Calder, 2010). In addition, the lipid fraction of fish contains phospholipids, triglycerides, and 

 
 

 
 

cholesterol, which ensure the structural integrity of cell membranes, facilitate the transport of fat-
soluble vitamins, support energy metabolism, and contribute to the synthesis of biologically active 
compounds (Calder, 2010). The main omega-3 fatty acids in fish and their biological significance 
are presented in Table 3. 

Table 3 presents the main omega-3 fatty acids in fish and their biological significance. The 
most important among them are eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), 
which contribute to the maintenance of the cardiovascular, nervous, and immune systems. Alpha-
linolenic acid (ALA) serves as a precursor of EPA and DHA and is involved in the regulation of 
lipid metabolism (Harris, 2001; Innis, 2008; Calder, 2010). 

Omega-3 fatty acids in fish, primarily EPA and DHA, contribute to the regulation of lipid 
metabolism, reduction of inflammatory processes, and support of cardiovascular and nervous 
system functions (Galli, 2009; Turunen, 2013; Tatoli, 2025). In combination with antioxidants such 
as vitamin E and selenium, they provide cellular protection against oxidative stress and may 
reduce the risk of cardiometabolic disorders (Lauritzen, 2001). 

Table 3 
Main omega-3 fatty acids in fish and their biological significance 

Fatty acid Chemical 
formula Main functions in the organism 

Eicosapentaenoic acid (EPA) C20:5 n-3 
Reduction of blood triglyceride levels, anti-
inflammatory effects, decreased risk of 
cardiovascular diseases 

Docosahexaenoic acid (DHA) C22:6 n-3 Brain development, nervous system function, 
visual system formation 

Alpha-linolenic acid (ALA) C18:3 n-3 Precursor of EPA and DHA, regulation of lipid 
metabolism 

 
The biological value of fish lipids largely depends on processing and cooking methods, as 

high temperatures may reduce the content of polyunsaturated fatty acids (Lauritze, 2001). In 
addition, fish is an important source of vitamin D, calcium, and other essential nutrients (Lu, 2007; 
Noreen, 2025). Considering its high nutritional value, international and national health 
organizations recommend the regular inclusion of fish products in the diet. Recommended fish 
consumption levels are presented in Table 4 (Harris, 2008; Calder, 2010). 

The data presented in Table 4 indicate that the recommended levels of fish consumption 
depend on age and physiological status, with the highest requirements observed in pregnant and 
lactating women. Regular fish consumption ensures an adequate intake of omega-3 fatty acids, 
fat-soluble vitamins, and other biologically active compounds that support the cardiovascular, 
nervous, and immune systems and contribute to the prevention of chronic diseases. 

Table 4 
Recommended daily fish intake for different population groups 

Population group Recommendations (g/day) 
Children 1–3 years 30–50 
Children 4–12 years 50–70 
Adults 100–150 
Pregnant and lactating women 150–200 

 
Carbohydrates in fish. Carbohydrates in fish are mainly represented by glycogen, which 

accumulates in muscle tissue and internal organs. Their content in most fish species is low and 
ranges from 0.1 to 1.5% of the edible portion mass (Mohanty, 2019). The primary function of 
glycogen is to provide energy requirements and support metabolic processes (Lauritzen, 2001). 
Glycogen content may vary depending on fish species and metabolic characteristics (Zou, 2025). 

Despite its relatively low concentration, fish carbohydrates serve as an easily digestible 
source of energy and contribute to the overall nutritional value of fish products (Polakof, 2012). 

Mineral and vitamin composition of fish. Fish is an important source of minerals and vitamins 
involved in the regulation of metabolic processes and the maintenance of physiological functions 
of the organism (Bermejo, 2025). The mineral elements in fish are characterized by high 
bioavailability and play a significant role in bone tissue formation, maintenance of water-
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electrolyte balance, and proper functioning of the nervous and cardiovascular systems (Rayman, 
2012). 

Fish provides essential minerals such as calcium, phosphorus, iron, zinc, selenium, and 
iodine, which are necessary for the normal functioning of the human body (Table 5) (Rayman, 
2012; Lall, 2021). 

As shown by the data in Table 5, fish is an important source of bioavailable mineral 
substances that are involved in the regulation of key physiological processes. Calcium and 
phosphorus contribute to bone tissue formation and energy metabolism, while magnesium 
supports the proper functioning of the nervous and cardiovascular systems (Masuyama, 2003; 
Gutiérrez, 2020). 

In addition to minerals, fish is also an important source of vitamins that perform regulatory 
functions (Table 6). The vitamins present in fish include both fat-soluble vitamins (A, D, E) and 
water-soluble vitamins (B group), making this food product a versatile source for meeting the 
body’s requirements for these essential compounds (Holick, 2007; Stabler, 2013). 

The analysis of the data presented in Table 6 indicates that fish is an important source of 
fat-soluble vitamins A, D, and E, as well as B-group vitamins. Vitamins A and D are predominantly 
concentrated in fatty fish species and fish oil; vitamin A supports visual function, growth, and 
immune system activity, whereas vitamin D regulates calcium and phosphorus metabolism and 
contributes to the maintenance of bone tissue (Underwood, 1996; Holick, 2022). Vitamin E 
performs an antioxidant function, protecting cells from oxidative stress (Calder, 2017). 

 
Table 5 

Main minerals in fish and their functions 
Mineral  Average content 

(mg/100 g)  
Main functions in the organism 

Calcium (Ca) 50–150 Bone and teeth formation, muscle contraction, 
cardiac activity 

Phosphorus (P) 200–300 Energy metabolism (ATP), bone and teeth 
formation 

Iron (Fe) 1,0–2,5 Oxygen transport, hemoglobin synthesis, immune 
system function 

Zinc (Zn) 0,5–1,2 Enzymatic activity, immune function, tissue 
growth 

Selenium (Se) 15–35 µg Antioxidant protection, thyroid gland function 
Iodine (I) 15–50 µg Synthesis of thyroid hormones, brain development 

 
Table 6 

Main vitamins in fish and their biological role 
Vitamin  Content (per 100 g)  Main functions 

A (retinol) 100–500 µg Vision, growth and development, 
immune function 

D3 (cholecalciferol) 5–20 µg Regulation of calcium and 
phosphorus, bone health 

E (tocopherol) 1–3 mg Antioxidant protection, immunity 
B1 (thiamine) 0,1–0,3 mg Energy metabolism, nervous system 
B2 (riboflavin) 0,1–0,2 mg Enzyme synthesis, energy 

metabolism 
B3 (niacin)B3  2–5 mg Metabolism, cholesterol regulation  
B6 (pyridoxine) 0,1–0,5 mg Amino acid metabolism, 

neurotransmitter synthesis 
B12 (cobalamin) 2–7 µg Hematopoiesis, nervous system, DNA 

synthesis 
Folic acid 10–50 µg Nucleic acid synthesis, fetal 

development 
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B-group vitamins are involved in energy metabolism, hematopoiesis, and nervous system 
function; in particular, vitamin B12 and folic acid are critically important for DNA synthesis and the 
prevention of anemia (Stabler, 2013). Overall, fish provides the organism with a complex of 
vitamins necessary for maintaining essential physiological functions and preventing deficiency 
states. 

Thus, fish is a valuable source of vitamins and minerals, which underpins its role in 
supporting the function of major body systems and in the prevention of metabolic disorders. 

Conclusions. Fish is a valuable food product due to its high content of high-quality protein, 
lipids, omega-3 polyunsaturated fatty acids, vitamins, and minerals. It provides a range of 
biologically active compounds (EPA, DHA, vitamins A, D, E, B-group vitamins, calcium, 
phosphorus, iron, selenium, iodine), which are involved in the regulation of key physiological 
processes and the maintenance of cardiovascular, nervous, and immune system functions. 

Regular consumption of fish contributes to the prevention of cardiometabolic disorders, 
osteoporosis, anemia, and other chronic diseases, while also having a positive effect on 
metabolism and overall physiological status. It has been established that different fish species 
vary in their nutrient composition, which justifies the inclusion of both marine and freshwater fish 
in the human diet. Small fish species consumed whole are of particular value, as they provide an 
additional source of highly bioavailable minerals. 

Thus, fish should be regarded not only as a food product but also as a functional food with 
preventive potential against chronic diseases. 

The prospect of further research 
Further research should focus on an in-depth investigation of the biochemical composition 

of different fish species, the bioavailability of their key nutrients, and the impact of regular fish 
consumption on the prevention of cardiometabolic disorders. The obtained findings will contribute 
to the scientific substantiation of rational dietary approaches for the population. 
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кислоти омега-3, виконують енергетичну, структурну та регуляторну роль, беручи участь 
у синтезі біологічно активних сполук, регуляції обміну ліпідів та підтримці серцево-судинної 
системи. Значна частина цих жирних кислот, таких як ейкозапентаєнова (EPA) та 
докозагексаєнова (DHA), є біологічно активними компонентами, які сприяють розвитку 
нервової системи, нормалізації функції серця та профілактиці запальних процесів. Окрему 
увагу приділено вмісту мінералів і вітамінів у рибі, які характеризуються високою 
біодоступністю. Кальцій, фосфор, залізо, цинк, селен та йод відіграють ключову роль у 
формуванні кісткової тканини, функціонуванні нервової системи та обміні речовин. 
Жиророзчинні вітаміни A, D3 та E забезпечують розвиток, антиоксидантний захист і 
регуляцію мінерального обміну, тоді як водорозчинні вітаміни групи B підтримують 
енергетичний обмін, синтез нейротрансмітерів та кровотворення. Комплексний вплив цих 
компонентів робить рибу ефективним елементом профілактики хронічних захворювань, 
включаючи серцево-судинні патології, остеопороз, анемію та нейродегенеративні розлади. 
Дослідження показують, що харчова цінність риби значною мірою залежить від виду, умов 
утримання, віку та характеру живлення риби. Жирні види морської риби містять більшу 
кількість омега-3 кислот, тоді як дрібні види, що споживаються цілими, забезпечують 
оптимальне надходження кальцію та інших мінералів. Нежирні види риби відзначаються 
високим вмістом білку та мінеральних речовин, що робить їх важливими для збалансованого 
харчування. Підкреслюється також роль риби у період вагітності та лактації, оскільки 
надходження довголанцюгових омега-3 кислот і вітамінів у цей період критично важливе для 
розвитку нервової системи плода та новонародженого. Висновки роботи акцентують увагу 
на необхідності систематичного вивчення харчової цінності різних видів риби, зокрема 
локальних і комерційних ресурсів, а також на перспективі інтеграції риби у національні 
програми здорового харчування. Перспективи подальших досліджень включають оцінку впливу 
технологій обробки на збереження поживних речовин, визначення оптимальної частоти 
споживання риби для різних груп населення, вивчення потенціалу аквакультури як джерела 
білку та мікронутрієнтів, а також міждисциплінарні дослідження впливу риби на фізіологічні, 
метаболічні та когнітивні показники здоров’я людини. Таким чином, риба виступає не лише 
харчовим продуктом, а й функціональною їжею, здатною позитивно впливати на стан 
здоров’я населення, підтримуючи нормальний розвиток і функціонування серцево-судинної, 
нервової, кровотворної, імунної та ендокринної систем. Регулярне включення риби до раціону 
є важливим кроком у формуванні збалансованого харчування та профілактиці широкого 
спектра хронічних і метаболічних захворювань. 
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in veterinary surgical practice, as well as to determine their synergistic antimicrobial activity 
against clinical veterinary isolates. Additionally, the study investigated the effect of the combined 
antiseptic regimen on the incidence of postoperative infectious complications, wound healing 
rates, and local tolerability in animals following surgical procedures. The study was conducted in 
two phases—laboratory and clinical. In the laboratory phase, the minimum inhibitory 
concentrations of antiseptic agents were determined using the serial two-fold dilution method in 
accordance with EUCAST recommendations. Clinical isolates of Staphylococcus aureus MRSA, 
Escherichia coli ESBL+, Pseudomonas aeruginosa, Streptococcus canis, Klebsiella pneumoniae, 
Candida albicans, and Aspergillus fumigatus were used as test cultures. Synergistic interactions 
between the agents were evaluated using the checkerboard assay with calculation of the FIC 
index. Bactericidal activity was determined using a quantitative suspension method based on the 
reduction in microbial load. The clinical part of the study was conducted on 60 animals (dogs and 
cats), which were randomly assigned to four groups of 15 animals each. In the experimental 
group, a combined antiseptic regimen was used; in the control groups, chlorhexidine, povidone-
iodine, or decamethoxin was used. The study assessed the rate of primary wound healing, the 
development of infectious complications, the level of bacterial contamination, the duration of 
healing, and local tissue reactions. Statistical analysis of the results was performed using 
parametric and nonparametric methods. It was found that the combined use of an alcohol-based 
antiseptic and an iodophore preparation provided greater antimicrobial activity compared to the 
use of individual antiseptics.  The reduction in microbial load for most bacterial isolates exceeded 
99.97%. The FIC values for the combinations studied ranged from 0.33 to 0.44, indicating a 
synergistic effect. The combination regimen demonstrated the most pronounced activity against 
antibiotic-resistant strains of Staphylococcus aureus MRSA and Escherichia coli ESBL+. In the 
clinical part of the study, animals in the experimental group showed a higher rate of primary wound 
healing and fewer postoperative infectious complications compared to the control groups. The 
average wound healing time in the experimental group was shorter, and the level of bacterial 
contamination on the third day after surgery was lower. Signs of local tissue irritation were minimal 
and were not accompanied by clinically significant toxic reactions. The results of the studies 
indicate the promise of the combined use of alcohol-based and iodophore antiseptics in veterinary 
surgery. The sequential application of these agents provides a synergistic antimicrobial effect, 
helps reduce the incidence of postoperative infectious complications, and shortens wound healing 
time. The studied regimen is characterized by satisfactory local tolerability and can be considered 
a promising direction for improving antiseptic support in veterinary surgical procedures. 
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In veterinary surgical practice, the selection of antiseptics and disinfectants is critical for 
preventing postoperative complications. The choice of agent usually depends on the object being 
treated: the surgical site, the surgeon’s hands, or the instruments. Therefore, surgical infection 
remains one of the most serious complications in small and large animal veterinary practice. 
According to a number of studies, the incidence of purulent-inflammatory complications following 
elective surgical procedures in dogs and cats ranges from 4.8% to 18.6%, depending on the 
degree of wound contamination and the adequacy of the antiseptic protocol (Sørensen, 2024; 
Verwilghen, 2026). At the same time, the growing resistance of clinical isolates to traditional 
antiseptics—in particular, chlorhexidine, quaternary ammonium compounds, and guanidine 
derivatives—requires the search for alternative or combined regimens for the use of antiseptics 
(Marchionatti, 2022). 

Alcohol-based preparations containing ethanol and isopropanol exhibit a rapid and potent 
bactericidal effect, but have a limited duration of action and a narrow spectrum of fungicidal 
activity (Turner, 2019). In contrast, iodine-containing preparations (iodophors) are characterized 
by a broad antimicrobial spectrum—bactericidal, virucidal, and fungicidal—as well as sustained 
efficacy in the presence of organic matter (Välkki, 2020). Combining these two mechanisms of 
action is a theoretically sound strategy for enhancing the effectiveness of antiseptic protection in 
the operating room. 

ErsoDez HPS is an alcohol-based hand sanitizer designed for hygienic and surgical hand 
disinfection of staff, including in veterinary clinics and agribusiness facilities. Iodasan is an 
iodophore-based disinfectant for veterinary facilities and is approved for the treatment of livestock 
facilities, surgical sites, and wounds. 

Despite the widespread empirical use of these agents in clinical practice, their comparative 
and overall efficacy in a surgical context remains understudied. There is a lack of data on the 
synergistic interaction of the components when used sequentially, as well as a lack of clinical 
comparison with the drugs Betadine and Decasan. This determined the aim and objectives of this 
study. 

The aim of the study was to conduct a laboratory and clinical evaluation of the efficacy 
and safety of the combined use of an alcohol-based antiseptic and an iodophore-based 
disinfectant in veterinary surgery, compared with standard antiseptic schemes. 

Materials and Methods. The study used an alcohol-based antiseptic preparation 
containing ethanol, propan-2-ol, and 2-phenoxyethanol (ErsoDez HPS), as well as an iodophore-
based disinfectant with an active iodine content of at least 3% (Iodasan). Chlorhexidine 
digluconate 0.5%, povidone-iodine 10% (Betadine), and decamethoxine 0.02% (Decasan) were 
used as comparators. 

Minimum inhibitory concentrations (MICs) were determined using the serial two-fold 
dilution method in Mueller–Hinton broth, in accordance with the recommendations EUCAST 
(2022). Clinical isolates were studied Staphylococcus aureus MRSA (n=10), Escherichia coli 
ESBL+ (n=8), Pseudomonas aeruginosa (n=8), Streptococcus canis (n=7), Klebsiella 
pneumoniae (n=6), Candida albicans (n=5) and Aspergillus fumigatus (n=4) (EN 12353:2021; 
Buonavoglia, 2007; Kovalenko, 2014). 

Synergy between the drugs was assessed using the checkerboard assay, with calculation 
of the fractional inhibitory concentration index (FIC index). An FIC value ≤ 0.5 was interpreted as 
synergy (Odds, 2003). Bactericidal activity was assessed using a quantitative suspension test 
method (EN 1040:2019) by determining the log reduction in CFU after contact with the antiseptic 
for a specified time (30 s for ErsoDez HPS; 30 min for Iodasan at the corresponding 
concentrations) (EN 1040:2019; DSTU EN 1040:2004). 

The clinical study was conducted in 2023–2024 at veterinary clinics in Kyiv. The study 
included 60 animals (35 dogs and 25 cats) that underwent elective or emergency surgical 
procedures classified as contamination classes I–II. 

The animals were divided into 4 groups of 15 individuals each using simple randomization: 
Group I – combined use of an alcohol-based antiseptic and an iodophore agent (ErsoDez HPS + 
Iodasan); Group II – 0.5% chlorhexidine digluconate; Group III – 10% povidone-iodine (Betadine); 
Group IV – 0.02% decamethoxin (Decasan). A standardized protocol for anesthesia, aseptic 
techniques, and antibiotic prophylaxis was used in all groups. 

 
 

 
 

The primary endpoints were the rate of primary wound healing and the number of 
infectious complications. Secondary endpoints included the level of bacterial contamination of the 
wound, the duration of healing, and local tissue reactions. 

This study was conducted in accordance with the provisions of the European Convention 
for the Protection of Vertebrate Animals Used for Experimental and Other Scientific Purposes, as 
well as the Law of Ukraine “On the Protection of Animals from Cruel Treatment.” 

Statistical analysis was performed using the R software package, version 4.3.2. The 
normality of the distribution was assessed using the Shapiro–Wilk test. To compare quantitative 
variables, the Mann–Whitney U test or the Student’s t-test was used, depending on the type of 
data distribution. Categorical variables were analyzed using Fisher’s exact test. Results are 
presented as M ± SD or n (%). Given the pilot nature of the study and the limited sample size, the 
primary focus was on assessing clinical trends and between-group differences. A p-value of <0.05 
was considered statistically significant. 

Results. The results of a comparative study of the bactericidal activity of antiseptics 
against clinical veterinary isolates are presented in table 1. It was found that ErsoDez HPS, in its 
ready-to-use form, achieves a reduction in CFU of at least 99.75–99.99% against the tested 
bacteria within 30 seconds. The disinfectant “Iodasan” at a concentration of 0.5% demonstrates 
comparable or higher activity during a 30-minute contact period and is effective against fungi, 
which ErsoDez HPS does not achieve under similar conditions against microfungi. 

The most significant benefit is observed with the sequential (combined) use of both agents: 
the reduction in CFU is ≥ 99.97% for all bacterial agents and ≥ 99.5% for fungal agents, which 
statistically exceeds the results of the monotherapy of each drug (p < 0.01) and the control 
chlorhexidine (p < 0.05).  

Table 1 
Antimicrobial activity of the tested agents (% reduction in microorganisms) 

Microorganism / Virus 
ErsoDez 
HPS (30 

sec.) 

Iodasan 
0.5 % (30 

min) 
Combination 
(sequential) 

Combination 
(sequential) 0.5 

% (control) 

Staphylococcus aureus 
(MRSA) 99.97 % 99.95 % 99.99 % 99.92 % 

Escherichia coli (ESBL+) 99.94 % 99.93 % 99.99 % 99.87 % 

Pseudomonas aeruginosa 99.81 % 99.88 % 99.97 % 99.74 % 

Streptococcus canis 99.99 % 99.98 % >99.99 % 99.96 % 

Klebsiella pneumoniae 99.75 % 99.79 % 99.96 % 99.68 % 

Candida albicans 95.4 % 99.6 % 99.9 % 94.1 % 

Aspergillus fumigatus 82.3 % 99.1 % 99.7 % 78.6 % 
The results of the determination of MIC and FIC indices for the combination of ErsoDez 

HPS + Iodasan are presented in table 2. The FIC index for all tested microorganisms ranged from 
0.33 to 0.44, which meets the criterion for synergism (FIC ≤ 0.5) according to the EUCAST 
methodology. The most pronounced synergism was observed for Staphylococcus aureus MRSA 
(FIC = 0.33) and Streptococcus canis (FIC = 0.33), which is clinically significant for veterinary 
surgical practice. 

The clinical results of the antiseptic regimens studied in 60 animals are summarized in 
table 3. In the group receiving the combined use of the alcohol-based antiseptic ErsoDez and the 
iodophore preparation Iodasan, primary wound healing on the 7th day was observed in 13 of 15 
animals (86.7%), whereas in the chlorhexidine, povidone-iodine, and decamethoxin groups, this 
figure was 11/15 (73.3%), 10/15 (66.7%), and 12/15 (80.0%), respectively. 

The incidence of postoperative infectious complications in the experimental group was the 
lowest, at 1 case out of 15 animals (6.7%). In the comparison groups, this rate ranged from 2/15 
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(13.3%) in the chlorhexidine group to 4/15 (26.7%) in the povidone-iodine group. In the 
decamethoxin group, postoperative complications were recorded in 3 out of 15 animals (20.0%). 

The average wound healing time in the combined antiseptic group was 6.8 ± 0.4 days, 
which was shorter than in the chlorhexidine (9.2 ± 0.6 days), povidone-iodine (9.7 ± 0.7 days), 
and decamethoxin (8.4 ± 0.5 days) groups. In addition, animals in the experimental group showed 
the lowest level of bacterial wound contamination on the third day after surgery—12 ± 4 CFU/cm², 
whereas in the chlorhexidine, povidone-iodine, and decamethoxin groups, this figure was 89 ± 
18, 102 ± 22, and 54 ± 11 CFU/cm², respectively. 

Table 2 
Minimum inhibitory concentrations and FIC index 

Microorganism 
MIC 

ErsoDez 
(μL/mL) 

MIC 
Iodasa

n ( 
mg/L of 
iodine) 

MIC  
combi-
nations 

MIC 
chlorhexidine 

(mcg/mL) 
Synergism 
(FIC-index) 

S. aureus MRSA 2.5 1.8 0.9 / 0.7 4.0 0.36 
(Synergism) 

E. coli ESBL+ 3.1 2.2 1.2 / 0.9 6.2 0.39 
(Synergism) 

P. aeruginosa 5.0 3.5 2.2 / 1.4 8.0 0.44 
(Synergism) 

Candida albicans 12.5 6.2 5.0 / 2.5 32.0 0.40 
(Synergism) 

Streptococcus canis 1.8 1.2 0.6 / 0.5 2.5 0.33 
(Synergism) 

Table 3 
Clinical efficacy of antiseptic schemes (n = 60, (M ± SD)) 

Index 
ErsoDez + 
Iodasan 
(n=15) 

Chlorhexi-
dine 

 0,5 % (n=15) 
Betadine  

10 % (n=15) 
Decasan 

 0,02 % (n=15) 
Initial wound healing on the 
7th day, n (%) 13 (86.7 %) 11 (73.3 %) 10 (66.7 %) 12 (80.0 %) 

Postoperative infectious 
complications, n (%) 1 (6.7 %) 2 (13.3 %) 4 (26.7 %) 3 (20.0 %) 

Average wound healing 
time, days 6.8 ± 0.4 9.2 ± 0.6 9.7 ± 0.7 8.4 ± 0.5 

Bacterial contamination of 
the wound on the third day, 
CFU/cm² 

12 ± 4 89 ± 18 102 ± 22 54 ± 11 

Tissue irritation reaction, 
points (0–3)  0.3 ± 0.1 0.7 ± 0.2 1.1 ± 0.3 0.5 ± 0.2 

Animals with no bacterial 
growth in swabs on day 7,  
n (%) 

13 (86.7 %) 9 (60.0 %) 10 (66.7 %) 11 (73.3 %) 

An assessment of local tolerability showed that the combined antiseptic regimen was 
associated with minimal tissue irritation. The mean local reaction score in the experimental group 
was 0.3 ± 0.1 points, whereas in the chlorhexidine, povidone-iodine, and decamethoxin groups, 
it was 0.7 ± 0.2; 1.1 ± 0.3; and 0.5 ± 0.2 points, respectively. 

On the 7th day after surgery, no bacterial growth was observed in swabs taken from the 
wound surface in 13 of 15 animals (86.7%) in the experimental group. In the control groups, the 
corresponding rate was lower, at 60.0% in the chlorhexidine group, 66.7% in the povidone-iodine 
group, and 73.3% in the decamethoxin group.Given the limited sample size, the results should 

 
 

 
 

be interpreted as indicating a trend toward greater clinical efficacy of the combined antiseptic 
regimen compared to the use of individual antiseptic agents. 

A comparative analysis of the safety profiles of the study agents is presented in Table 4. 
ErsoDez HPS did not cause any allergic reactions or significant signs of local irritation in any 
case. Iodasan, when used at a 0.5% concentration for wound treatment, also did not cause 
clinically significant tissue reactions in most animals. At the same time, Betadine 10% 
demonstrated the highest incidence of allergic reactions (11.4%) and impaired wound healing 
(20.0%), which is consistent with literature data on the cytotoxicity of concentrated iodophors 
(Ortega-Llamas, 2022). 

Table 4 
Safety and tolerability profile of the studied antiseptic schemes (n = 60) 

Safety criterion ErsoDez + 
Iodasan 

Chlorhexidine 
0.5 % 

Betadine 10 
% 

Decasan 
0.02 % 

Irritation of the 
mucous membranes Absent Poor Mild Poor 

Systemic resorptive 
toxicity Not detected Not detected Single cases Not detected 

Allergic reactions at 
the application site 0/15 (0 %) 1/15 (5.7 %) 2/15 (11.4 %) 1/15 (2.9 %) 

Impaired healing 
(fibrosis) 1/15 (2.9 %) 2/15 (14.3 %) 3/15 (20.0 %) 1/15 (8.6 %) 

Overall assessment 
of tolerability (1–5) 4.8 ± 0.2 3.9 ± 0.3 3.4 ± 0.4 4.2 ± 0.3 

Based on the results obtained, an optimal step-by-step protocol for the combined use of 
ErsoDez HPS and Iodasan in veterinary surgery has been developed (Table 5). The key principles 
of the protocol are: rapid hygienic hand antisepsis with an alcohol-based agent before surgery 
and between procedures; iodine-based treatment of the surgical field with a minimum exposure 
time of 30 minutes; and aerosol disinfection of the premises after surgery. 

Table 5 
Recommended protocol for the combined use of ErsoDez HPS and Iodasan in a 

veterinary surgical clinic 

Stage Preparation Application method Standard / 
Concentration Exposition 

1 
ErsoDez HPS 
 (ready-to-use 

solution) 

Applied to the hands of 
the surgeon 3–5 ml 1–2 min 

2 Iodasan 0.5 %  
solution 

Irrigation of the surgical 
field 200–300 ml/m² 30 min 

3 Iodasan 0.3 %  
solution 

Wound irrigation during 
surgery as needed Intraoperatively 

4 ErsoDez HPS Hand hygiene between 
procedures 3–5 ml 1–2 ml 

5 Iodasan 0.5 % 
solusion 

Postoperative wound 
care 50–100 ml 30 min 

6 Iodasan aerosol 50 % Aerosol disinfection of 
the operating room 2–4 ml/m³ 30 min 
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Discussion. The results obtained are consistent with current understanding of the 
mechanisms of action of alcohol-based and iodine-based antiseptics and confirm the advisability 
of their combined use in veterinary surgical practice. Alcohols (ethanol, isopropanol) denature the 
proteins of microbial cells and destroy the lipid envelope of viruses, providing a virtually 
instantaneous (within 30–60 sec.) bactericidal effect (Kampf, 2016; Turner, 2019). However, 
alcohols have limited residual activity and insufficient fungicidal potential against spore-forming 
fungi. Iodine, on the other hand, acts by oxidizing the thiol groups of enzymes and nucleic acids 
in microorganisms, which accounts for its broad and long-lasting spectrum of activity (Välkki, 
2020; Mönch, 2024). 

The synergistic effect we observed (FIC index 0.33–0.44) with the sequential use of 
ErsoDez HPS and Iodasan is likely explained by the fact that the alcohol component, by damaging 
the cell wall and membranes of microorganisms, increases permeability for the subsequent 
iodine-containing agent, thereby enhancing its effect. A similar phenomenon for combinations of 
alcohols with halogen-containing antiseptics is described in the works of Bodega-Azuara et al. 
and Mönch et al. for hospital isolates in human medicine, confirming an interspecies pattern 
(Bodega-Azuara, 2024; Mönch, 2024). 

The clinical results of our study demonstrate a significant advantage of the combination 
schemes over chlorhexidine monotherapy (77.1% primary healing), which is consistent with data 
(Marchionatti, 2024) reporting a primary healing rate of 79.3% with the use of chlorhexidine in 
orthopedic veterinary surgery. The lower efficacy of chlorhexidine in our study may be partially 
explained by the increasing resistance of MRSA isolates to this antiseptic, as confirmed by a 
number of studies (Chen, 2020; Marchionatti, 2022). For comparison, the Staphylococcus aureus 
MRSA bacterial isolate in our sample had a chlorhexidine MIC of 4.0 μg/mL—above the threshold 
value for susceptible strains. 

It is noteworthy that Betadine 10% exhibited the poorest safety profile: 11.4% of allergic 
reactions and 20.0% of healing complications, which may be associated with the cytotoxic effect 
of concentrated povidone-iodine on fibroblasts and neutrophils. This effect is well documented in 
the literature (Ortega-Llamas, 2022; Abbood, 2023) and supports the use of lower concentrations 
of iodophors (0.3–0.5%)—such as those in Iodasan—or their use in combination with an alcohol-
based antiseptic. Decasan (0.02% dequalinium chloride) showed intermediate results, consistent 
with the data (Spettel, 2022). 

Another key advantage of Iodasan is its effectiveness in aerosol disinfection of operating 
rooms, which addresses yet another link in the chain of operating room biosafety (Augustin, 
2023). 

Conclusions.  
1. The combined sequential use of an alcohol-based antiseptic and an iodophore-based 

disinfectant provides a synergistic antimicrobial effect against clinical veterinary isolates. 
2. In a clinical research, the combined antiseptic scheme was associated with a reduction 

in the incidence of postoperative infectious complications and shorter wound healing times. 
3. The studied drugs were characterized by a satisfactory local tolerability profile and did 

not cause any clinically significant toxic reactions. 
Conflict of interest. One of the authors is affiliated with the manufacturer of the drugs 

under study. The other authors declare no conflict of interest. 
Funding. This study was conducted without separate grant funding. 
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Резюме. Метою роботи було провести лабораторне та клінічне оцінювання 
ефективності комплексного застосування спиртовмісного антисептичного препарату 
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ізолятів. Додатково досліджували вплив комбінованої антисептичної схеми на частоту 
післяопераційних інфекційних ускладнень, швидкість загоєння ран та локальну 
переносимість у тварин після оперативних втручань. Дослідження виконували у два 
етапи – лабораторний та клінічний. У лабораторній частині визначали мінімальні 
інгібіторні концентрації антисептичних препаратів методом серійних двократних 
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Abstract. Ukraine's progress towards European Union integration has created a need for 
a comprehensive evaluation of the national veterinary medicinal products (VMPs) market and its 
comparison with those of EU Member States. This study aimed to compare the imported segment 
of the chemical–pharmaceutical veterinary medicinal products market in Ukraine and the Republic 
of Poland by analysing its geographical structure, the composition of international manufacturers, 
and the breadth of their product portfolios. The study was based on the official State Registers of 
VMPs in Ukraine and the Republic of Poland (March, 2026). Only imported chemical–
pharmaceutical veterinary medicinal products (CP-VMPs) were included in the analysis. 
Bibliographic and content analysis, together with classification, systematisation, structural and 
comparative analyses, descriptive statistics, and graphical methods, were applied. In addition, a 
set of structural indicators was developed to evaluate geographical diversification, manufacturer 
density, and portfolio depth within the imported market segment. Imported CP-VMPs accounted 
for 487 of 1,186 registered products (41.1 %) in Ukraine and 1,587 of 1,795 (88.4 %) in Poland. 
The Ukrainian imported segment comprised products from 122 manufacturers representing 39 
exporting countries, whereas the Polish market included products from 180 manufacturers 
representing 22 countries. The average number of manufacturers per exporting country was 3.13 
in Ukraine and 8.18 in Poland, while the average number of products per manufacturer reached 
4.0 and 8.82, respectively. The corresponding average numbers of products per exporting country 
were 12.49 and 72.14. These findings demonstrate two distinct models of market organisation. 
Ukraine is characterised by broad geographical diversification combined with relatively shallow 
manufacturer portfolios, whereas the Polish market demonstrates a substantially higher 
concentration of international manufacturers and considerably deeper product portfolios despite 
a smaller number of exporting countries. Although both markets share a largely common group 
of leading international manufacturers, the ten largest companies market considerably broader 
product portfolios in Poland (49 – 138 registered products) than in Ukraine (15–46 registered 
products). The study proposes a novel set of structural indicators for evaluating imported 
veterinary pharmaceutical markets by distinguishing geographical diversification, portfolio 
saturation, and manufacturer presence. The findings indicate that the principal difference between 
the Ukrainian and Polish markets lies not in the composition of international manufacturers but in 
the depth and completeness of their product portfolios. 
Keywords: veterinary medicinal products; chemical–pharmaceutical veterinary medicinal 
products; veterinary pharmaceutical market; imported products; international manufacturers; 
product portfolio; market structure; State Register; Ukraine; Poland 

 
The market for veterinary medicinal products (VMPs) constitutes a fundamental 

component of the systems that safeguard animal health, biosecurity, and food security. Its 
structural organisation directly influences the effectiveness of disease prevention and treatment, 
the resilience of livestock production systems, and the competitiveness of animal-derived 
products in both domestic and international markets. 

Against the backdrop of the continuing globalisation of the pharmaceutical sector and 
Ukraine's progressive integration into the European Union, effective regulation of the VMPs 
market has become increasingly important. The development of the national VMP market is 
shaped by the interaction between internal factors, including domestic manufacturing capacity 
and regulatory policy, and external drivers such as international trade, dependence on imported 
VMPs, and the gradual harmonisation of national legislation with the European Union regulatory 
framework. 
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Despite the availability of the State Register of VMPs and other publicly accessible 
information sources, comprehensive investigations into the structural characteristics of the 
Ukrainian VMP market remain scarce. Most published studies have focused on regulatory issues 
or the quality of VMPs, whereas comparatively little attention has been paid to the market's 
structural organisation, the geographical distribution of product origins, the balance between 
imported and domestically manufactured VMPs, or their distribution across pharmacological 
groups. Consequently, several important aspects of the organisation and composition of the 
Ukrainian veterinary pharmaceutical market remain insufficiently understood. 

The need for a comprehensive evaluation of the Ukrainian VMP market has become 
particularly pressing during the ongoing transformation of the national regulatory framework 
governing CP-VMPs, which entered a new phase in 2026. These reforms are intended to 
modernise the regulation of VMPs circulation and progressively align Ukrainian legislation with 
the regulatory standards of the European Union. In the absence of a systematic understanding of 
the market's current structure and composition, the development of evidence-based regulatory 
policies, strategic planning for the veterinary pharmaceutical sector, and the identification of 
priorities for strengthening domestic manufacturing capacity become considerably more 
challenging. 

Jaime et al. investigated the factors limiting access to VMPs in sub-Saharan Africa. The 
authors demonstrated that the persistent shortage of authorised VMPs is driven by a combination 
of limited market size, dependence on imports, fragmented procurement and distribution systems, 
inadequate regulatory capacity, and the low commercial attractiveness of smaller national 
markets. Importantly, they concluded that the existence of a regulatory framework alone does not 
guarantee the availability of a broad range of authorised VMPs. Instead, market accessibility 
depends on the interaction between economic viability, resilient supply chains, and effective 
regulatory oversight (Jaime, 2022). 

The importance of ensuring both the availability and quality of VMPs has also been 
highlighted by Vidhamaly et al., who reviewed the global occurrence of substandard and falsified 
VMPs. Their study demonstrated that evidence regarding the quality of VMPs remains 
fragmented, posing significant risks to animal health, livestock productivity, food security, and the 
emergence of antimicrobial resistance. The authors emphasised the need to strengthen post-
authorisation quality surveillance, veterinary pharmacovigilance systems, and international 
information exchange. Similar conclusions were reached by Mekasha et al., whose review of 
veterinary pharmacovigilance in East Africa identified robust regulatory systems as a prerequisite 
for the effective monitoring and management of safety issues associated with CP-VMPs. They 
further argued that addressing existing shortcomings in veterinary pharmacovigilance requires a 
multidisciplinary strategy involving legislators, regulatory authorities, veterinary professionals, 
researchers, and other stakeholders. These findings are consistent with those reported by 
Abbood et al., who emphasised that effective medicines policy should ensure not only the safety, 
quality, and efficacy of medicinal products but also the accuracy, transparency, and accessibility 
of medicine-related information. Collectively, these studies demonstrate that the effective 
functioning of the VMPs market depends not only on marketing authorisation procedures but also 
on the maturity of pharmacovigilance systems, the effectiveness of post-authorisation 
surveillance, the availability of VMPs, and the overall quality of regulatory governance 
(Vidhamaly, 2022; Abbood, 2022; Mekasha, 2024). 

The State Register of VMPs provides a comprehensive inventory of VMPs that are legally 
authorised for circulation within a country and therefore represents a valuable resource for 
analysing the structure of the legitimate market. However, the existence of an official register 
alone cannot guarantee the quality of VMPs available throughout the distribution chain in the 
absence of effective regulatory control. Pons-Hernandez et al. estimated that the illegal trade in 
VMPs accounts for approximately 3 % of the global veterinary pharmaceutical market, 
corresponding to an annual economic loss of US $ 1 – 2 billion. The authors identified unofficial 
online marketplaces and social media platforms as the principal channels for the distribution of 
illegal products. Consequently, official VMP registers remain an essential source for evaluating 
the legal market segment, identifying potential gaps in the availability of authorised VMPs, and 
supporting the detection of counterfeit and illegally distributed products (Pons-Hernandez, 2023). 

 
 

 
 

Using a systems-based approach, Kang et al. evaluated the long-term outcomes of the 
national post-authorisation surveillance programme for CP-VMPs in the Republic of Korea. Their 
findings demonstrated that routine market sampling combined with laboratory verification of active 
substance content provides an effective mechanism for identifying non-compliant batches and 
counterfeit VMPs. The study highlighted the essential role of continuous post-authorisation 
surveillance in maintaining the quality and safety of authorised VMPs throughout their lifecycle 
(Kang, 2017). 

Evidence from developing countries further suggests that the composition of the 
authorised VMPs market may differ substantially from actual patterns of product distribution and 
use. Dione et al. investigated antimicrobial supply chains in small-scale livestock production 
systems in Uganda and traced the movement of veterinary antimicrobials from importers and 
wholesalers to retailers and livestock producers. The authors identified several critical 
weaknesses, including inadequate professional oversight of medicine supply, inappropriate 
product selection, and the considerable influence of commercial availability on prescribing and 
purchasing decisions. These findings emphasise that comprehensive analyses of national VMPs 
markets, together with systematic quality surveillance – including  both imported and domestically 
manufactured antimicrobial VMPs – and effective regulatory governance are essential for 
safeguarding animal health and promoting the responsible use of veterinary medicines (Dione, 
2021). 

The value of administrative market data has also been demonstrated by Murungi et al., 
who assessed antimicrobial consumption in the Ugandan veterinary sector using official import 
statistics. Their study showed that import data can provide a robust quantitative description of 
market structure and support objective assessments of market composition. A similar 
methodological approach was adopted by Tomas et al., who analysed veterinary antimicrobial 
sales in Serbia using harmonised European indicators expressed as milligrams per Population 
Correction Unit (mg/PCU). Their work demonstrated that administrative datasets can be 
transformed from descriptive records into analytical tools capable of identifying structural 
imbalances and facilitating meaningful comparisons between national veterinary pharmaceutical 
markets. Together, these studies support the use of official registers and administrative 
databases as reliable sources for evidence-based analyses of VMPs markets (Tomas, 2024; 
Murungi, 2025). 

The importance of post-marketing quality surveillance has been further demonstrated by 
Fimbo et al., who evaluated the quality of VMPs available on the Tanzanian market. The authors 
identified quality deficiencies in a proportion of the sampled products, highlighting the continued 
importance of regulatory oversight and systematic quality control in ensuring the safety, efficacy, 
and reliability of VMPs. Their findings further indicate that marketing authorisation alone cannot 
guarantee consistent product quality throughout the supply chain, reinforcing the need for 
continuous post-authorisation monitoring as an integral component of veterinary medicines 
regulation (Fimbo, 2022). 

Comparable methodological approaches have also been applied to pharmaceutical 
market analyses in Ukraine. Semenchuk et al. investigated the product range of systemic 
antifungal and antibacterial medicinal products and evaluated the extent to which the Ukrainian 
pharmaceutical market corresponds to European markets, using Poland as a comparative model. 
The authors reported that the Ukrainian market was adequately supplied with both therapeutic 
groups but remained highly dependent on imported products, with import shares of 71 % and 77 
%, respectively. Their findings further demonstrated a high degree of similarity between the 
Ukrainian and Polish pharmaceutical markets for these categories of medicinal products 
(Semenchuk, 2024). 

Similar evidence has been reported for other therapeutic areas. Palamar et al., in their 
assessment of the Ukrainian market for anti-anaemic medicinal products, identified a shortage of 
combination formulations within this therapeutic group. Likewise, Saliy et al. analysed the product 
range of plasma-derived medicinal products available on the Ukrainian pharmaceutical market 
and found that products derived from animal plasma accounted for only 14 % of the total market 
and were represented exclusively by immunoglobulin preparations. The authors also highlighted 
the absence of domestic technologies for manufacturing plasma-derived medicinal products from 
bovine plasma. Collectively, these studies demonstrate that systematic analyses of 
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assessment of the Ukrainian market for anti-anaemic medicinal products, identified a shortage of 
combination formulations within this therapeutic group. Likewise, Saliy et al. analysed the product 
range of plasma-derived medicinal products available on the Ukrainian pharmaceutical market 
and found that products derived from animal plasma accounted for only 14 % of the total market 
and were represented exclusively by immunoglobulin preparations. The authors also highlighted 
the absence of domestic technologies for manufacturing plasma-derived medicinal products from 
bovine plasma. Collectively, these studies demonstrate that systematic analyses of 
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pharmaceutical markets provide valuable evidence for identifying deficiencies in product 
availability, technological gaps in domestic manufacturing, and opportunities to strengthen 
national medicines supply. The same methodological principles are directly applicable to VMPs 
(Palamar, 2020; Saliy, 2020). 

The strategic importance of market structure has been further highlighted by Uahupirapi 
et al., who investigated the causes of medicine shortages in Namibia. Their study identified 
dependence on imported medicinal products as one of the principal determinants of market 
vulnerability to external disruptions, emphasising that market resilience should be assessed not 
only in quantitative terms but also from a strategic perspective. Within the European context, 
Čudina et al. developed a methodological framework for identifying shortages of VMPs across 
European countries and demonstrated that significant supply gaps may persist even in well-
developed pharmaceutical markets. Complementing these findings, Stasi examined the 
determinants of veterinary medicinal product pricing within the European Union and demonstrated 
that regulatory, economic, and market-related factors collectively shape both market structure 
and the availability of VMPs. Taken together, these studies indicate that comprehensive structural 
analyses of VMPs markets are essential for identifying supply vulnerabilities, supporting 
evidence-based regulatory decision-making, and strengthening the resilience of national 
veterinary pharmaceutical systems (Uahupirapi, 2025; Stasi; Čudina, 2026). 

One of the most extensively investigated areas of veterinary pharmaceutical research 
concerns the monitoring of antimicrobial VMPs. Van Boeckel et al. demonstrated a global 
increase in antimicrobial use in food-producing animals, highlighting the growing importance of 
systematic surveillance of VMPs markets and antimicrobial consumption. At the European level, 
the European Surveillance of Veterinary Antimicrobial Consumption (ESVAC) programme 
coordinated by the European Medicines Agency (EMA) provides harmonised data on veterinary 
antimicrobial sales across European countries. These reports enable comparative assessments 
of market structure, temporal trends, and national patterns of antimicrobial use, thereby providing 
an important evidence base for regulatory decision-making and antimicrobial stewardship (Van 
Boeckel, 2015). 

The reliability of administrative data used for market surveillance has also attracted 
considerable scientific attention. Udhwani et al., analysing the Norwegian Veterinary Prescription 
Register for 2023, identified several limitations related to reporting completeness, data accuracy, 
and the recording of antibacterial medicines and fish vaccines (Udhwani, 2025). Their findings 
emphasise the importance of critical evaluation and cross-validation of administrative datasets 
before they are used for market analysis. Similar concerns were raised by Glavind et al., who 
evaluated the use of Danish veterinary prescription data for monitoring antimicrobial consumption 
in companion animals (Glavind, 2022). In contrast, Sander et al. demonstrated that the German 
veterinary medicines sales surveillance system has evolved into a robust and reliable monitoring 
framework supported by high-quality data providers (Sander, 2026). The authors concluded that 
the validated dataset enables detailed analyses of long-term trends, supports evidence-based 
policy evaluation regarding antimicrobial use, and provides valuable information for assessing the 
potential environmental impact of veterinary antibiotics. Furthermore, the sustained reduction in 
veterinary antibiotic sales observed during the monitoring period reflects the effectiveness of 
regulatory interventions and changing prescribing practices aimed at mitigating antimicrobial 
resistance. 

At the global level, the World Organisation for Animal Health (WOAH) has established an 
internationally recognised methodological framework for collecting and analysing data on the use 
of veterinary antimicrobial agents. WOAH reports consistently demonstrate substantial disparities 
in access to VMPs and considerable variation in countries' dependence on imported medicines. 
Complementing these findings, Suryawanshi et al. conducted a comparative review of veterinary 
medicines regulatory systems in the European Union, the United States, the United Kingdom, 
Japan, Australia, and India. Their analysis highlighted marked differences in marketing 
authorisation procedures, quality, safety and efficacy assessment, and the implementation of 
international regulatory harmonisation. The authors concluded that further development of 
veterinary pharmacopoeias, specialised pharmacovigilance systems, and coordinated regulatory 
frameworks remains essential for improving the effectiveness, transparency, and resilience of 
VMPs markets worldwide (Suryawanshi, 2024). 

 
 

 
 

The contemporary VMPs market is shaped by the complex interaction of regulatory, 
economic, and epidemiological factors. The availability of VMPs depends not only on marketing 
authorisation but also on the manufacturing specialisation of pharmaceutical companies, the 
structure of imports, the capacity of the national market, the efficiency of distribution systems, and 
the ability of regulatory authorities to ensure effective post-authorisation quality surveillance. 
Evidence from the published literature indicates that these factors become particularly apparent 
when comparing countries operating under different regulatory and market conditions. 

Despite the growing body of research addressing individual aspects of veterinary 
pharmaceutical markets, no published studies have comprehensively combined the analysis of 
official State Registers of VMPs from two countries with a comparative assessment of the 
geographical structure of imports, the representation of international manufacturers, and the 
characteristics of their product portfolios. Consequently, important structural features of VMPs 
markets remain insufficiently characterised, particularly with regard to the imported segment of 
CP-VMPs. 

Therefore, although considerable progress has been made in understanding specific 
components of veterinary pharmaceutical markets, comprehensive comparative investigations 
into the structural organisation of the imported segment of CP-VMPs remain scarce. Addressing 
this knowledge gap, the present study provides a comparative analysis of the imported  
CP-VMPs markets of Ukraine and Poland, with particular emphasis on the geographical 
distribution of exporting countries, the market presence of international manufacturers, and the 
structural characteristics of their product portfolios. By generating an integrated evidence base 
for comparative market assessment, this study aims to support evidence-based regulatory 
decision-making and contribute to the further development of the veterinary pharmaceutical 
sector in Ukraine. 

The aim of this study was to identify the structural patterns governing the imported 
segment of the CP-VMPs markets of Ukraine and the Republic of Poland through a comparative 
analysis of product range, international manufacturers, and their product portfolios, and to 
evaluate the degree of structural similarity between the two markets. 
To achieve this aim, the following objectives were established: 

1. To characterise the structure of the imported segment of the CP-VMPs markets of Ukraine 
and the Republic of Poland using official State Registers of VMPs  

2. To identify the leading international manufacturers of CP-VMPs and evaluate their contri-
bution to the product range available in the studied markets.  

3. To analyse the product portfolios of international manufacturers and determine the degree 
of market concentration and manufacturer specialisation in Ukraine and the Republic of 
Poland.  

4. To perform a comparative structural analysis of the imported segment of the CP-VMPs 
markets of both countries and identify common patterns and key structural differences.  

5. To evaluate the organisational characteristics of the imported segment of the VMPs mar-
kets of Ukraine and the Republic of Poland and formulate general conclusions regarding 
their structural organisation. 
Materials and methods. This retrospective cross-sectional comparative study was based 

on data extracted from the official State Registers of VMPs of Ukraine and the Republic of Poland, 
both current as of March 2026. Data for Ukraine were obtained from the State Register of VMPs 
maintained in accordance with the requirements of the Law of Ukraine No. 1206, whereas data 
for Poland were obtained from The Register of Medicinal Products Authorised for Marketing in 
the Republic of Poland. 

The analysis included exclusively imported CP-VMPs authorised for marketing in the 
respective countries. Veterinary immunobiological products, disinfectants, insectoacaricides, 
rodenticides, and domestically manufactured VMPs were excluded from the analysis. 

The analytical framework comprised a comparative structural assessment of the imported 
segment of the CP-VMPs market in Ukraine and the Republic of Poland. The analysis focused 
on product range, geographical distribution of exporting countries, representation of international 
manufacturers, characteristics of manufacturers' product portfolios, and indicators describing 
market structure and concentration. 
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and the Republic of Poland using official State Registers of VMPs  

2. To identify the leading international manufacturers of CP-VMPs and evaluate their contri-
bution to the product range available in the studied markets.  

3. To analyse the product portfolios of international manufacturers and determine the degree 
of market concentration and manufacturer specialisation in Ukraine and the Republic of 
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markets of both countries and identify common patterns and key structural differences.  
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maintained in accordance with the requirements of the Law of Ukraine No. 1206, whereas data 
for Poland were obtained from The Register of Medicinal Products Authorised for Marketing in 
the Republic of Poland. 

The analysis included exclusively imported CP-VMPs authorised for marketing in the 
respective countries. Veterinary immunobiological products, disinfectants, insectoacaricides, 
rodenticides, and domestically manufactured VMPs were excluded from the analysis. 

The analytical framework comprised a comparative structural assessment of the imported 
segment of the CP-VMPs market in Ukraine and the Republic of Poland. The analysis focused 
on product range, geographical distribution of exporting countries, representation of international 
manufacturers, characteristics of manufacturers' product portfolios, and indicators describing 
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Data extracted from the official registers were standardised and classified according to 
the country of origin, international manufacturer, and product characteristics. Descriptive 
structural analyses were subsequently performed to evaluate the composition of the imported 
market segment and to identify similarities and differences between the VMPs markets of the two 
countries. 

The study employed a combination of general scientific and specialised research 
methods. Bibliographic analysis was used to evaluate the published scientific literature and 
establish the theoretical framework of the study. Content analysis was applied to extract and 
process information from the official State Registers of VMPs. Classification and systematisation 
methods were used to organise VMPs according to exporting country, manufacturer, and product 
range. Comparative and structural analyses were performed to evaluate market composition, 
manufacturer representation, product portfolios, and market concentration. Descriptive statistical 
methods were applied to calculate absolute frequencies and relative proportions (%), while 
graphical methods were used to present the results. 

The study has several limitations. First, the official State Registers describe legally 
authorised VMPs but do not confirm their actual availability on the market. Second, the number 
of registered VMPs does not reflect sales volumes, market shares, or product utilisation in either 
physical or monetary terms. Finally, the analysis represents a cross-sectional assessment based 
on the status of the official registers in March 2026 and therefore does not account for subsequent 
changes in product registrations. 

Results. To enable direct comparison of the VMPs markets of Ukraine and the Republic 
of Poland, all products recorded in the official State Registers were classified into three 
harmonised functional groups: 1 - chemical–pharmaceutical veterinary medicinal products, 2 - 
immunobiological veterinary medicinal products, and 3 - disinfectants, insectoacaricides, and 
rodenticides. This unified classification eliminated differences arising from national registration 
practices and provided a consistent framework for comparative structural analysis. 

As of March 2026, the State Register of VMPs of Ukraine included 1,995 authorised 
VMPs, whereas the corresponding register of the Poland contained 2,637 products, exceeding 
the Ukrainian register by 642 authorised products (Table 1). These findings indicate that the 
Polish veterinary pharmaceutical market is characterised by a substantially broader officially 
authorised product range than that of Ukraine. 

Table 1  
Distribution of registered VMPs in Ukraine and the Republic of Poland by functional 

group 
Group of veterinary 
medicinal products 

Ukraine Republic of Poland 
CP-VMPs % CP-VMPs % 

1 1186 59  1795 68 
2 484 24  496 19 
3 330 17  346 13 
Total 1995 100 2637 100  

 
The functional composition of both markets was dominated by CP-VMPs, which 

represented the largest product category in each country (Fig. 1). However, their proportion was 
considerably higher in Poland than in Ukraine (68 % vs. 59 %), indicating a stronger emphasis on 
the chemical–pharmaceutical segment within the Polish veterinary pharmaceutical market. In 
contrast, the Ukrainian market demonstrated relatively greater representation of 
immunobiological products and products belonging to the third functional group, resulting in a 
more balanced functional distribution of authorised VMPs. 

Analysis of the official State Registers of VMPs of Ukraine and the Republic of Poland 
revealed substantial differences in the relative proportions of imported and domestically 
manufactured CP-VMPs in the two countries (Table 2, Fig. 2). 

Comparative analysis revealed fundamental differences in the market structure of  
CP-VMPs according to product origin. In Ukraine, imported CP-VMPs accounted for 41 % of the 
product range, whereas in the Republic of Poland they represented 88 %. These findings indicate 
the existence of two distinct models of market formation for CP-VMPs. The Ukrainian market is 
characterised by a model dominated by domestic production while maintaining a substantial 

 
 

 
 

proportion of imported products, whereas the Polish market is predominantly oriented towards 
products manufactured by international companies. 

 

 
 

Fig. 1. Analysis of the functional structure of the medicinal products markets 
in Ukraine and Poland 

 
Table 2 

Comparative characteristics of the market structure for CP-VMPs in Ukraine and the 
Republic of Poland according to product origin 

Parameters Ukraine Poland 
Imported VMPs  487 1587 
Domestically manufactured VMPs 699 208 
Total 1186 1795 

Note: According to the official State Registers, some VMPs are manufactured domestically as 
well as imported. 

 

 
Fig. 2. Proportion of imported and domestically manufactured CP-VMPs registered 

in Ukraine and Poland 
 

At the same time, the characteristics of the official State Registers of VMPs should be 
taken into consideration. Some VMPs may be recorded simultaneously as domestically 
manufactured and imported products, reflecting the localisation of specific manufacturing 
operations or the registration of the same veterinary medicinal product by different manufacturers. 
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Consequently, the total number of VMPs classified according to product origin may exceed the 
overall number of products registered in the official State Registers. 

These findings provided the basis for the subsequent analysis of the imported segment of 
the VMPs market in Ukraine and the Republic of Poland, which constitutes the primary focus of 
the present study. 

A comparative analysis was subsequently conducted to evaluate the market structure of  
CP-VMPs in Ukraine and the Republic of Poland according to the number of exporting countries 
and manufacturers whose products are listed in the official State Registers (Table 3). 

Table 3 
Structural indicators of the imported segment of the CP-VMPs market 

in Ukraine and the Poland 

Country Ukraine Poland 
Ratio of 

difference 
(times) 

Number of countries exporting CP-VMPs 39 22 1.77 
Number of manufacturers exporting CP-VMPs 122 180 1.45 
Average number of manufacturers per exporting 
country 3.13 8.18 2.6 

Average number of CP-VMPs per manufacturer 3.93 8.82 2.2 
Average number of CP-VMPs per exporting 
country 12.49 72.14 5.78 

The imported segment of the Ukrainian market comprises products from 122 
manufacturers originating from 39 countries, whereas the market of the Republic of Poland 
includes products from 180 manufacturers representing 22 countries. Thus, the Ukrainian market 
is characterised by broader geographical diversification of import sources, exceeding that of the 
Polish market by 1.77-fold, while the Polish market, despite involving fewer exporting countries, 
includes 1.45 times more international manufacturers than the Ukrainian market. 

The calculated structural indicators confirm fundamentally different models of formation of 
the imported market segments in the two countries. In particular, the average number of 
manufacturers per exporting country in Poland was 8.18, which was 2.6-fold higher than the 
corresponding value for Ukraine (3.13). This indicates a substantially higher level of 
representation of manufacturers from each exporting country in the Polish market. 

A similar pattern was observed when assessing the average number of CP-VMPs per 
manufacturer. In Ukraine, each international manufacturer was represented by an average of 3.93 
registered VMPs, whereas in the Republic of Poland this value was 2.2-fold higher (8.82). This 
indicates a greater breadth of product portfolios among international companies represented in 
the Polish market. 

The most pronounced difference was identified in the average number of CP-VMPs per 
exporting country. This indicator was 12.49 for Ukraine and 72.14 for the Republic of Poland, 
representing a 5.78-fold difference. These findings indicate that the Polish market is shaped by a 
substantially more intensive presence of international manufacturers and broader product 
portfolios within a limited number of exporting countries. 

Overall, the imported segment of the Ukrainian CP-VMPs market is characterised by 
greater geographical diversification, whereas the market of the Republic of Poland demonstrates 
a higher intensity of representation of international manufacturers and greater concentration of 
their product ranges. This difference reflects distinct models of formation of the imported segment 
of the veterinary pharmaceutical market in the countries studied and provides an important basis 
for further analysis of the structure of international manufacturers and their product portfolios. 
Analysis of the geographical structure of the CP-VMPs segment imported into Ukraine (Table 4) 
demonstrated a high level of international diversification with in this market segment. 

The largest representation in terms of the number of manufacturers was observed for 
France and Spain, each with 15 manufacturers, accounting for 12.30 % of all foreign 
manufacturers. France was also the leading country in terms of the number of registered  
CP-VMPs, with 90 products representing (15.63 %) of the imported market segment. Spain 
ranked second with 54 registered products (9.38 %). Other leading exporting countries included 
Germany, with 13 manufacturers and 46 registered products; the Netherlands, with 8 

 
 

 
 

manufacturers and 28 products; Italy, with 6 manufacturers and 26 products; and Poland, with 5 
manufacturers and 22 products. Collectively, these countries constitute the core of European 
exports of CP-VMPs to Ukraine. 

Table 4 
Geographical structure of the imported segment of CP-VMPs registered in Ukraine 

No 
 Exporting country 

Number of 
manufacturers 

exporting  
CP-VMPs to Ukraine 

% 
Number of  
CP-VMPs 

exported to 
Ukraine 

% 

1 2 3 4 5 6 
1 France 15 12.30 90 15.63 
2 Spain 15 12.30 54 9.38 
3 Germany 13 10.66 46 7.99 
4 Netherlands 8 6.56 28 4.86 
5 Italy 6 4.92 26 4.51 
6 Poland 5 4.10 22 3.82 
7 China 5 4.10 7 1.22 
8 Belgium 4 3.28 24 4.17 
9 Republic of Korea 4 3.28 24 4.17 

10 US 4 3.28 17 2.95 
11 Brazil 4 3.28 5 0.87 
12 Bulgaria 3 2.46 22 3.82 
13 India 3 2.46 6 1.04 
14 Croatia 2 1.64 27 4.69 
15 Czech Republic 2 1.64 24 4.17 
16 Romania 2 1.64 21 3.65 
17 Turkey 2 1.64 18 3.13 
18 Vietnam 2 1.64 17 2.95 
19 Jordan 2 1.64 7 1.22 
20 Austria 2 1.64 3 0.52 
21 Slovenia 1 0.82 46 7.99 
22 Estonia 1 0.82 8 1.39 
23 United Kingdom 1 0.82 6 1.04 
24 Hungary 1 0.82 5 0.87 
25 Peru 1 0.82 4 0.69 
26 Finland 1 0.82 4 0.69 
27 El Salvador 1 0.82 3 0.52 
28 Australia 1 0.82 1 0.17 
29 Greece 1 0.82 1 0.17 
30 Denmark 1 0.82 1 0.17 
31 Ireland 1 0.82 1 0.17 
32 Latvia 1 0.82 1 0.17 
33 Mexico 1 0.82 1 0.17 
34 New Zealand 1 0.82 1 0.17 
35 Portugal 1 0.82 1 0.17 
36 Puerto Rico 1 0.82 1 0.17 
37 Serbia 1 0.82 1 0.17 
38 Syrian Arab Republic 1 0.82 1 0.17 
39 Switzerland 1 0.82 1 0.17 

Particular attention should be given to Slovenia, which is represented by only one 
manufacturer yet accounts for 46 registered products, representing almost 8 % of the imported 
market segment. This finding indicates a highly concentrated product portfolio within a single 
manufacturer and demonstrates that the number of manufacturers does not necessarily correlate 
directly with the number of registered CP-VMPs. 
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manufacturers and 28 products; Italy, with 6 manufacturers and 26 products; and Poland, with 5 
manufacturers and 22 products. Collectively, these countries constitute the core of European 
exports of CP-VMPs to Ukraine. 

Table 4 
Geographical structure of the imported segment of CP-VMPs registered in Ukraine 

No 
 Exporting country 

Number of 
manufacturers 

exporting  
CP-VMPs to Ukraine 

% 
Number of  
CP-VMPs 

exported to 
Ukraine 

% 

1 2 3 4 5 6 
1 France 15 12.30 90 15.63 
2 Spain 15 12.30 54 9.38 
3 Germany 13 10.66 46 7.99 
4 Netherlands 8 6.56 28 4.86 
5 Italy 6 4.92 26 4.51 
6 Poland 5 4.10 22 3.82 
7 China 5 4.10 7 1.22 
8 Belgium 4 3.28 24 4.17 
9 Republic of Korea 4 3.28 24 4.17 

10 US 4 3.28 17 2.95 
11 Brazil 4 3.28 5 0.87 
12 Bulgaria 3 2.46 22 3.82 
13 India 3 2.46 6 1.04 
14 Croatia 2 1.64 27 4.69 
15 Czech Republic 2 1.64 24 4.17 
16 Romania 2 1.64 21 3.65 
17 Turkey 2 1.64 18 3.13 
18 Vietnam 2 1.64 17 2.95 
19 Jordan 2 1.64 7 1.22 
20 Austria 2 1.64 3 0.52 
21 Slovenia 1 0.82 46 7.99 
22 Estonia 1 0.82 8 1.39 
23 United Kingdom 1 0.82 6 1.04 
24 Hungary 1 0.82 5 0.87 
25 Peru 1 0.82 4 0.69 
26 Finland 1 0.82 4 0.69 
27 El Salvador 1 0.82 3 0.52 
28 Australia 1 0.82 1 0.17 
29 Greece 1 0.82 1 0.17 
30 Denmark 1 0.82 1 0.17 
31 Ireland 1 0.82 1 0.17 
32 Latvia 1 0.82 1 0.17 
33 Mexico 1 0.82 1 0.17 
34 New Zealand 1 0.82 1 0.17 
35 Portugal 1 0.82 1 0.17 
36 Puerto Rico 1 0.82 1 0.17 
37 Serbia 1 0.82 1 0.17 
38 Syrian Arab Republic 1 0.82 1 0.17 
39 Switzerland 1 0.82 1 0.17 

Particular attention should be given to Slovenia, which is represented by only one 
manufacturer yet accounts for 46 registered products, representing almost 8 % of the imported 
market segment. This finding indicates a highly concentrated product portfolio within a single 
manufacturer and demonstrates that the number of manufacturers does not necessarily correlate 
directly with the number of registered CP-VMPs. 
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A similar pattern was observed for Croatia, which has only two manufacturers but 27 
registered products, and for the Czech Republic, with two manufacturers and 24 registered 
products. These findings indicate that some countries maintain a relatively limited number of 
manufacturers while demonstrating high registration activity in the Ukrainian market. 
In contrast, several countries were represented by only a single manufacturer and a single 
registered product. These included Australia, Greece, Denmark, Ireland, Latvia, Mexico, New 
Zealand, Portugal, Puerto Rico, Serbia, the Syrian Arab Republic, and Switzerland. Their 
presence was therefore limited and contributed only marginally to the imported market segment. 

Overall, the imported segment of the Ukrainian CP-VMPs market is characterised by a 
pronounced European core, dominated by France, Spain, Germany, the Netherlands, Italy, and 
Poland. At the same time, several countries with relatively few manufacturers, particularly 
Slovenia, Croatia, and the Czech Republic, exhibit highly concentrated product portfolios. 

Analysis of the geographical structure of the imported CP-VMPs segment registered in 
the Republic of Poland (Table 5) likewise demonstrated a high level of international diversification. 
Imported CP-VMPs originated from manufacturers located in 22 countries, confirming the broad 
integration of the Polish veterinary pharmaceutical market into the international system of VMP 
production and distribution. 

The largest numbers of exporting manufacturers supplying the Republic of Poland 
originated from Spain, with 30 manufacturers (17.86 % of the total), followed by Germany with 25 
(14.88 %), France with 22 (13.10 %), Italy with 16 (9.52 %), and the Netherlands with 14 
manufacturers (8.33 %). Collectively, these five countries account for more than 63 % of all foreign 
manufacturers of CP-VMPs represented in the Polish register. 

Table 5 
Geographical structure of the imported segment of CP-VMPs registered in Poland 

No Exporting 
country 

Number of 
manufacturers 

represented in the 
imported CP-VMPs in 

Poland 

% 
Number of 
registered  

CP-VMPs in Poland 
% 

1 2 3 4 5 6 
1 Spain 30 17.86 285 14.22 
2 Germany 25 14.88 333 16.62 
3 France 22 13.10 312 15.57 
4 Italy 16 9.52 113 5.64 
5 Netherlands 14 8.33 379 18.91 
6 Ireland 10 5.95 153 7.63 
7 Belgium 9 5.36 78 3.89 
8 United Kingdom 9 5.36 20 1.00 
9 Hungary 8 4.76 31 1.55 

10 Austria 4 2.38 45 2.25 
11 Portugal 3 1.79 5 0.25 
12 Romania 3 1.79 5 0.25 
13 Finland 3 1.79 26 1.30 
14 Sweden 3 1.79 7 0.35 
15 Slovenia 2 1.19 58 2.89 
16 Croatia 2 1.19 78 3.89 
17 Bulgaria 1 0.60 37 1.85 
18 Greece 1 0.60 1 0.05 
19 Denmark 1 0.60 2 0.10 
20 Estonia 1 0.60 16 0.80 
21 Czech Republic 1 0.60 20 1.00 

Note. Some products are manufactured by multiple producers, so the number of available 
preparations exceeds the number listed in the registry. 

The distribution of registered CP-VMPs, however, differs from the distribution of 
manufacturers. The broadest product portfolios were observed for the Netherlands, with 379 
registered products (18.91 %), followed by Germany with 333 (16.62 %), France with 312 (15.57 

 
 

 
 

%), and Spain with 285 (14.22 %). Thus, despite having fewer manufacturers than Spain, 
companies from the Netherlands maintain the largest product portfolio among all exporting 
countries.  

At the same time, several countries represented by a relatively small number of 
manufacturers contribute substantially to the range of CP-VMPs available in the Polish market. 
Ireland, for example, is represented by 10 manufacturers exporting 153 CP-VMPs, whereas 
Croatia and Slovenia, despite having only two manufacturers each, account for 78 and 58 
registered products, respectively. A similar pattern was observed for the Czech Republic, where 
a single manufacturer is represented by 20 registered CP-VMPs. 

Several countries exhibited limited representation in terms of both the number of 
manufacturers and the number of registered CP-VMPs. These included Greece, Denmark, 
Portugal, Romania, and Sweden, each contributing only marginally to the composition of the 
Polish market. 

Some countries, particularly Hungary and Austria, were represented by only a single 
manufacturer and a single registered product, indicating their negligible contribution to this 
segment of the Polish market. 

Overall, the geographical structure of the imported CP-VMPs segment in Poland is 
dominated by manufacturers from Western European countries. However, the contribution of 
individual countries is determined not only by the number of manufacturers but also by the scale 
of their product portfolios, which represents an important indicator of the development of the 
veterinary pharmaceutical industry within those countries. 

The analyses of the functional structure of the CP-VMPs markets in Ukraine and the 
Republic of Poland, the balance between imported and domestically manufactured products, and 
the geographical structure of the imported market segment identified the principal patterns 
underlying the composition of the CP-VMPs markets in the two countries. Nevertheless, 
geographical analysis characterises the market only at the level of exporting countries and does 
not reflect the contribution of individual manufacturers to the composition of registered  
CP-VMPs. 

Accordingly, the next stage of the study focused on analysing the product portfolios of 
manufacturers whose CP-VMPs are represented in the markets of Ukraine and the Republic of 
Poland. This approach enables a more detailed evaluation of market structure, the composition 
of international manufacturers and the characteristics of their product portfolios, the identification 
of leading international manufacturers, and the assessment of the degree of diversification of their 
product portfolios across the two countries. 

Analysis of the product portfolios of manufacturers represented in the Ukrainian and Polish 
markets (Table 6) revealed substantial differences not only in the number of international 
companies but also in the scale of their commercial presence, as reflected by the number of 
registered CP-VMPs. 

 
Table 6 

Analysis of the product portfolios of manufacturers of CP-VMPs represented in the 
markets of Ukraine and the of Poland 

 
Exporting 
country Manufacturer 

Number of registered  
CP-VMPs 

in Ukraine in Poland 

Australia Bioproperties Pty Ltd  1 
Peptech Animal Health Pty Limited 1  

Austria 

AniMed Service AG  2 
Intervet GesmbH 1 18 
Sanochemia Pharmazeutika AG  1 
VetViva Richter GmbH  2 24 

Belgium Kela Laboratoria N.V.  7 
V.M.D. n.v.  24 

Belgium 
Boehringer Ingelheim Veterinary Medicine 
Belgium NV 

 1 

CID LINES NV/SA 3  
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A similar pattern was observed for Croatia, which has only two manufacturers but 27 
registered products, and for the Czech Republic, with two manufacturers and 24 registered 
products. These findings indicate that some countries maintain a relatively limited number of 
manufacturers while demonstrating high registration activity in the Ukrainian market. 
In contrast, several countries were represented by only a single manufacturer and a single 
registered product. These included Australia, Greece, Denmark, Ireland, Latvia, Mexico, New 
Zealand, Portugal, Puerto Rico, Serbia, the Syrian Arab Republic, and Switzerland. Their 
presence was therefore limited and contributed only marginally to the imported market segment. 

Overall, the imported segment of the Ukrainian CP-VMPs market is characterised by a 
pronounced European core, dominated by France, Spain, Germany, the Netherlands, Italy, and 
Poland. At the same time, several countries with relatively few manufacturers, particularly 
Slovenia, Croatia, and the Czech Republic, exhibit highly concentrated product portfolios. 

Analysis of the geographical structure of the imported CP-VMPs segment registered in 
the Republic of Poland (Table 5) likewise demonstrated a high level of international diversification. 
Imported CP-VMPs originated from manufacturers located in 22 countries, confirming the broad 
integration of the Polish veterinary pharmaceutical market into the international system of VMP 
production and distribution. 

The largest numbers of exporting manufacturers supplying the Republic of Poland 
originated from Spain, with 30 manufacturers (17.86 % of the total), followed by Germany with 25 
(14.88 %), France with 22 (13.10 %), Italy with 16 (9.52 %), and the Netherlands with 14 
manufacturers (8.33 %). Collectively, these five countries account for more than 63 % of all foreign 
manufacturers of CP-VMPs represented in the Polish register. 

Table 5 
Geographical structure of the imported segment of CP-VMPs registered in Poland 

No Exporting 
country 

Number of 
manufacturers 

represented in the 
imported CP-VMPs in 

Poland 

% 
Number of 
registered  

CP-VMPs in Poland 
% 

1 2 3 4 5 6 
1 Spain 30 17.86 285 14.22 
2 Germany 25 14.88 333 16.62 
3 France 22 13.10 312 15.57 
4 Italy 16 9.52 113 5.64 
5 Netherlands 14 8.33 379 18.91 
6 Ireland 10 5.95 153 7.63 
7 Belgium 9 5.36 78 3.89 
8 United Kingdom 9 5.36 20 1.00 
9 Hungary 8 4.76 31 1.55 

10 Austria 4 2.38 45 2.25 
11 Portugal 3 1.79 5 0.25 
12 Romania 3 1.79 5 0.25 
13 Finland 3 1.79 26 1.30 
14 Sweden 3 1.79 7 0.35 
15 Slovenia 2 1.19 58 2.89 
16 Croatia 2 1.19 78 3.89 
17 Bulgaria 1 0.60 37 1.85 
18 Greece 1 0.60 1 0.05 
19 Denmark 1 0.60 2 0.10 
20 Estonia 1 0.60 16 0.80 
21 Czech Republic 1 0.60 20 1.00 

Note. Some products are manufactured by multiple producers, so the number of available 
preparations exceeds the number listed in the registry. 

The distribution of registered CP-VMPs, however, differs from the distribution of 
manufacturers. The broadest product portfolios were observed for the Netherlands, with 379 
registered products (18.91 %), followed by Germany with 333 (16.62 %), France with 312 (15.57 

 
 

 
 

%), and Spain with 285 (14.22 %). Thus, despite having fewer manufacturers than Spain, 
companies from the Netherlands maintain the largest product portfolio among all exporting 
countries.  

At the same time, several countries represented by a relatively small number of 
manufacturers contribute substantially to the range of CP-VMPs available in the Polish market. 
Ireland, for example, is represented by 10 manufacturers exporting 153 CP-VMPs, whereas 
Croatia and Slovenia, despite having only two manufacturers each, account for 78 and 58 
registered products, respectively. A similar pattern was observed for the Czech Republic, where 
a single manufacturer is represented by 20 registered CP-VMPs. 

Several countries exhibited limited representation in terms of both the number of 
manufacturers and the number of registered CP-VMPs. These included Greece, Denmark, 
Portugal, Romania, and Sweden, each contributing only marginally to the composition of the 
Polish market. 

Some countries, particularly Hungary and Austria, were represented by only a single 
manufacturer and a single registered product, indicating their negligible contribution to this 
segment of the Polish market. 

Overall, the geographical structure of the imported CP-VMPs segment in Poland is 
dominated by manufacturers from Western European countries. However, the contribution of 
individual countries is determined not only by the number of manufacturers but also by the scale 
of their product portfolios, which represents an important indicator of the development of the 
veterinary pharmaceutical industry within those countries. 

The analyses of the functional structure of the CP-VMPs markets in Ukraine and the 
Republic of Poland, the balance between imported and domestically manufactured products, and 
the geographical structure of the imported market segment identified the principal patterns 
underlying the composition of the CP-VMPs markets in the two countries. Nevertheless, 
geographical analysis characterises the market only at the level of exporting countries and does 
not reflect the contribution of individual manufacturers to the composition of registered  
CP-VMPs. 

Accordingly, the next stage of the study focused on analysing the product portfolios of 
manufacturers whose CP-VMPs are represented in the markets of Ukraine and the Republic of 
Poland. This approach enables a more detailed evaluation of market structure, the composition 
of international manufacturers and the characteristics of their product portfolios, the identification 
of leading international manufacturers, and the assessment of the degree of diversification of their 
product portfolios across the two countries. 

Analysis of the product portfolios of manufacturers represented in the Ukrainian and Polish 
markets (Table 6) revealed substantial differences not only in the number of international 
companies but also in the scale of their commercial presence, as reflected by the number of 
registered CP-VMPs. 

 
Table 6 

Analysis of the product portfolios of manufacturers of CP-VMPs represented in the 
markets of Ukraine and the of Poland 

 
Exporting 
country Manufacturer 

Number of registered  
CP-VMPs 

in Ukraine in Poland 

Australia Bioproperties Pty Ltd  1 
Peptech Animal Health Pty Limited 1  

Austria 

AniMed Service AG  2 
Intervet GesmbH 1 18 
Sanochemia Pharmazeutika AG  1 
VetViva Richter GmbH  2 24 

Belgium Kela Laboratoria N.V.  7 
V.M.D. n.v.  24 

Belgium 
Boehringer Ingelheim Veterinary Medicine 
Belgium NV 

 1 

CID LINES NV/SA 3  
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Exporting 
country Manufacturer 

Number of registered  
CP-VMPs 

in Ukraine in Poland 
DeLaval NV 3  
Global Stem Cell Technology (G.S.T.) NV  1 
Kela NV 17 6 
Laboratoria Smeets BVBA  2 
Pfizer Manufacturing Belgium NV  2 
Purna Pharmaceuticals NV  2 
Zoetis Belgium SA 1 33 

Bulgaria 
Biovet AD 20 37 
Primavet-Sofia Ltd. 1  
Vetprom AD 1  

Brazil 

Boehringer Ingelheim Animal Health do Brasil 
Ltda. 2  

Elanco Saúde Animal Ltda. 1  
Fibro Saúde Animal Internacional Ltda. 1  
Inovat Indústria Farmacêutica Ltda. 1  

United Kingdom 

Aesica Queenborough Limited  1 
Argenta Dundee Limited  2 
Battle, Hayward & Bower Ltd.  1 
Cod Beck Blenders, Cod Beck Estate  5 
Dales Pharmaceuticals Ltd. 6 2 
Elanco UK AH Limited, Elanco Spoke Operations  6 
Penn Pharmaceuticals Services  1 
Pfizer Limited  1 
Surepharm Services Limited  1 

Vietnam Vemedim Animal Health JSC 16  
Vemedim Corporation 1  

Greece Provet S.A. 1  
VETHELLAS S.A.  1 

Denmark Pharmacosmos A/S 1 2 
Estonia Interchemie Werken “De Adelaar” Eesti AS 8 16 

India 
Concept Pharmaceuticals Ltd. 3  
VEKO Care Pvt. Ltd. 2  
Zenex Animal Health India Private Limited 1  

Ireland 

Cross Vetpharm Group Ltd.  3 
Acorn Regulatory Consultancy Services  1 
Ballinskelligs Veterinary Products  1 
Bimeda Animal Health Limited  11 
Bimeda Chemicals Export Ltd. 1  
Chanelle Medical  1 
Chanelle Pharmaceuticals Manufacturing Ltd.  48 
Forte Healthcare Limited  1 
Norbrook Laboratories Limited  43 
Norbrook Manufacturing Ltd.  34 
Univet Limited  10 

Italy 

ACME Drugs S.r.I.  3 
ACS Dobfar S.p.A  3 
Bieffe Medital S.p.A.  3 
Ceva Salute Animale S.p.A.  6 
CHEMIFARMA S.p.A.  2 
Corden Pharma S.P.A.  2 
Fatro S.p.A. 13 34 
Friulchem S.p.A. 1  
Haupt Pharma Latina S.r.l. 7 15 
Industria Italiana Integratori Trei S.p.A. 2 5 
Intervet Productions S.r.l. 1  
Intervet Productions S.r.l.  6 

 
 

 
 

Exporting 
country Manufacturer 

Number of registered  
CP-VMPs 

in Ukraine in Poland 
IZO S.R.  1 
Pfizer Italia S.r.l.  15 
Tubilux Pharma S.p.A  1 
Vetem S.p.A. 2 6 

Jordan Arab Veterinary Industrial Company (AVICO) 1  
Jordan Vet & Agri Med Industries Co. (JOVAC) 6  

Spain 

Andres Pintaluba S.A.  5 
B. Braun Medical S.A.  2 
Bieffe Medital S.A.  6 
Bioquim S.A. 1  
CENAVISA, S.L.  7 
Chemical Ibérica PV, S.L.  5 
Cubus Lab, S.A. 1  
Divasa-Farmavic S.A.  6 
EquiCord S.L  1 
EquiCord-YMAS  1 
Global Vet Health SL  1 
Industrial Veterinaria, S.A. (INVESA) 15 58 
Kern Pharma, S.L. 2  
Kersia Ibérica, S.L.U. 1  
Labiana Life Sciences, S.A. 6 20 
Labiana Pharmaceuticals, S.L.U.  1 1 
Laboratori Fundació Dau  6 
Reig Jofre Laboratory, S.A.  3 
Calier Laboratories, S.A. 7 25 
Laboratorios Dr. Esteve S.A.  1 
Hipra Laboratories, S.A. 2 7 
Karizoo Laboratories, S.A. 2 21 
Laboratorios Maymó S.A.U. 1 11 
Laboratorios Ovejero S.A.  2 
Laboratorios Syva, S.A. 5 17 
Laboratorium Sanitatis S.L.  4 
Livisto Int'l, S.L. 1  
Mevet S.A.U  18 
Recipharm Parets S.L.U.  1 
S.P. Veterinaria S.A.  21 
Sanofi-Aventis S.A.  1 
Super’s Diana S.L. 1 2 
Zoetis Manufacturing & Research Spain S.L. 8 11 

People’s 
Republic of 

China 

Shandong Qilu King-Phar Pharmaceutical Co., 
Ltd. 1  

Shanxi Beipeng Pharmaceutical Co., Ltd. 1  
Shenzhou Wega Biotechnology Co., Ltd. 1  
Sichuan Vanov Animal Health Co., Ltd. 1  
Zhejiang Dayang Biotech Group Co., Ltd. 3  

Republic of 
Korea 

Dong Bang Co., Ltd. 7  
Han Dong Co., Ltd. 6  
Korea ThumbVet Co., Ltd. 3  
Woogene B&G Co., Ltd. 8  

Latvia SIA “Farma Pet GiGi”  1  
Mexico Boehringer Ingelheim Promeco, S.A. de C.V. 1  

Netherlands 

Alfasan International B.V. 1 4 
Alfasan Nederland BV  64 
Dopharma B.V. (Dopharma Research B.V.) 7 38 
Eurovet Animal Health B.V. 3 43 

Netherlands Feramed  1 
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Exporting 
country Manufacturer 

Number of registered  
CP-VMPs 

in Ukraine in Poland 
DeLaval NV 3  
Global Stem Cell Technology (G.S.T.) NV  1 
Kela NV 17 6 
Laboratoria Smeets BVBA  2 
Pfizer Manufacturing Belgium NV  2 
Purna Pharmaceuticals NV  2 
Zoetis Belgium SA 1 33 

Bulgaria 
Biovet AD 20 37 
Primavet-Sofia Ltd. 1  
Vetprom AD 1  

Brazil 

Boehringer Ingelheim Animal Health do Brasil 
Ltda. 2  

Elanco Saúde Animal Ltda. 1  
Fibro Saúde Animal Internacional Ltda. 1  
Inovat Indústria Farmacêutica Ltda. 1  

United Kingdom 

Aesica Queenborough Limited  1 
Argenta Dundee Limited  2 
Battle, Hayward & Bower Ltd.  1 
Cod Beck Blenders, Cod Beck Estate  5 
Dales Pharmaceuticals Ltd. 6 2 
Elanco UK AH Limited, Elanco Spoke Operations  6 
Penn Pharmaceuticals Services  1 
Pfizer Limited  1 
Surepharm Services Limited  1 

Vietnam Vemedim Animal Health JSC 16  
Vemedim Corporation 1  

Greece Provet S.A. 1  
VETHELLAS S.A.  1 

Denmark Pharmacosmos A/S 1 2 
Estonia Interchemie Werken “De Adelaar” Eesti AS 8 16 

India 
Concept Pharmaceuticals Ltd. 3  
VEKO Care Pvt. Ltd. 2  
Zenex Animal Health India Private Limited 1  

Ireland 

Cross Vetpharm Group Ltd.  3 
Acorn Regulatory Consultancy Services  1 
Ballinskelligs Veterinary Products  1 
Bimeda Animal Health Limited  11 
Bimeda Chemicals Export Ltd. 1  
Chanelle Medical  1 
Chanelle Pharmaceuticals Manufacturing Ltd.  48 
Forte Healthcare Limited  1 
Norbrook Laboratories Limited  43 
Norbrook Manufacturing Ltd.  34 
Univet Limited  10 

Italy 

ACME Drugs S.r.I.  3 
ACS Dobfar S.p.A  3 
Bieffe Medital S.p.A.  3 
Ceva Salute Animale S.p.A.  6 
CHEMIFARMA S.p.A.  2 
Corden Pharma S.P.A.  2 
Fatro S.p.A. 13 34 
Friulchem S.p.A. 1  
Haupt Pharma Latina S.r.l. 7 15 
Industria Italiana Integratori Trei S.p.A. 2 5 
Intervet Productions S.r.l. 1  
Intervet Productions S.r.l.  6 

 
 

 
 

Exporting 
country Manufacturer 

Number of registered  
CP-VMPs 

in Ukraine in Poland 
IZO S.R.  1 
Pfizer Italia S.r.l.  15 
Tubilux Pharma S.p.A  1 
Vetem S.p.A. 2 6 

Jordan Arab Veterinary Industrial Company (AVICO) 1  
Jordan Vet & Agri Med Industries Co. (JOVAC) 6  

Spain 

Andres Pintaluba S.A.  5 
B. Braun Medical S.A.  2 
Bieffe Medital S.A.  6 
Bioquim S.A. 1  
CENAVISA, S.L.  7 
Chemical Ibérica PV, S.L.  5 
Cubus Lab, S.A. 1  
Divasa-Farmavic S.A.  6 
EquiCord S.L  1 
EquiCord-YMAS  1 
Global Vet Health SL  1 
Industrial Veterinaria, S.A. (INVESA) 15 58 
Kern Pharma, S.L. 2  
Kersia Ibérica, S.L.U. 1  
Labiana Life Sciences, S.A. 6 20 
Labiana Pharmaceuticals, S.L.U.  1 1 
Laboratori Fundació Dau  6 
Reig Jofre Laboratory, S.A.  3 
Calier Laboratories, S.A. 7 25 
Laboratorios Dr. Esteve S.A.  1 
Hipra Laboratories, S.A. 2 7 
Karizoo Laboratories, S.A. 2 21 
Laboratorios Maymó S.A.U. 1 11 
Laboratorios Ovejero S.A.  2 
Laboratorios Syva, S.A. 5 17 
Laboratorium Sanitatis S.L.  4 
Livisto Int'l, S.L. 1  
Mevet S.A.U  18 
Recipharm Parets S.L.U.  1 
S.P. Veterinaria S.A.  21 
Sanofi-Aventis S.A.  1 
Super’s Diana S.L. 1 2 
Zoetis Manufacturing & Research Spain S.L. 8 11 

People’s 
Republic of 

China 

Shandong Qilu King-Phar Pharmaceutical Co., 
Ltd. 1  

Shanxi Beipeng Pharmaceutical Co., Ltd. 1  
Shenzhou Wega Biotechnology Co., Ltd. 1  
Sichuan Vanov Animal Health Co., Ltd. 1  
Zhejiang Dayang Biotech Group Co., Ltd. 3  

Republic of 
Korea 

Dong Bang Co., Ltd. 7  
Han Dong Co., Ltd. 6  
Korea ThumbVet Co., Ltd. 3  
Woogene B&G Co., Ltd. 8  

Latvia SIA “Farma Pet GiGi”  1  
Mexico Boehringer Ingelheim Promeco, S.A. de C.V. 1  

Netherlands 

Alfasan International B.V. 1 4 
Alfasan Nederland BV  64 
Dopharma B.V. (Dopharma Research B.V.) 7 38 
Eurovet Animal Health B.V. 3 43 

Netherlands Feramed  1 
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Exporting 
country Manufacturer 

Number of registered  
CP-VMPs 

in Ukraine in Poland 
Floris Veterinary Products B.V.  5 
Interchemie werken “De Adelaar” BV 1 8 
Intervet International B.V. 6 9 
Intracare B.V.  1 
Jurox (Ireland) Limited  1 
Kepro  1 
LelyPharma B.V. 3 138 
Piramal Critical Care B.V.  3 
Produlab Pharma B.V. 2 63 
Weyx-Pharma B.V. 5  

New Zealand Argenta Manufacturing Limited 1  
Peru Pharmadix Corp S.A.C. 4  

Puerto Rico Boehringer Ingelheim Animal Health Puerto Rico 
LLC 1  

El Salvador Livisto, S.A. de C.V. 3  
Serbia Evrotom d.o.o. 1  

Germany 

aniMedica GmbH 2 48 
aniMedica Herstellung GmbH 11 56 
Artesan Pharma GmbH & Co. KG  7 
bela-pharm GmbH & Co. KG 2 13 
Heel GmbH for Biological Remedies 8  
Boehringer Ingelheim Vetmedica GmbH 1 17 
Braun Melsungen AG  2 
Bremer Pharma GmbH  2 
Catalent Germany Schorndorf GmbH  3 
Ceva Tiergesundheit (Riems) GmbH  1 
Corden Pharma GmbH 1 6 
CP-Pharma Handelsgesellschaft mbH  60 
Dreluso Pharmazeutika Dr. Elten & Sohn GmbH  1 
Haupt Pharma Wuelfing GmbH  1 
IDT Biologika GmbH 1 9 
Intervet International GmbH 8 16 
Kersia Deutschland GmbH 1  
Klifovet GmbH (Klifovet AG)  6 
Klocke Pharma-Service GmbH  4 
KVP Pharma + Veterinary Products GmbH 7 31 
Lindopharm GmbH  4 
Lohmann Pharma Herstellung GmbH 1 1 
Meda Manufacturing GmbH  1 
Serumwerk Bernburg AG  1 
TAD Pharma GmbH  27 
Vet Pharma Friesoythe GmbH 2 7 
Veyx-Pharma GmbH 1 12 
Economic Cooperative of German Veterinary 
Surgeons eG (WDT) 

 7 

Poland 

Biowet Puławy Sp. z o.o. 5  
Drwalewskie Bioveterinary Industry Works S.A. 2  
Kersia Polska Sp. z o.o. 3  
Okoniewscy Vetos-Farma Pharmaceutical 
Company Ltd 1  

Vetoquinol Biowet Sp. z o.o. 11  
Lusomedicamenta - Sociedade Técnica 
Farmacêutica S.A.  3 

Sofarimex Industria Quimica e Farmaceutica Ltd  1 
ZOOPAN – Produtos Pecuários, S.A.  1 
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Exporting 
country Manufacturer 

Number of registered  
CP-VMPs 

in Ukraine in Poland 
Floris Veterinary Products B.V.  5 
Interchemie werken “De Adelaar” BV 1 8 
Intervet International B.V. 6 9 
Intracare B.V.  1 
Jurox (Ireland) Limited  1 
Kepro  1 
LelyPharma B.V. 3 138 
Piramal Critical Care B.V.  3 
Produlab Pharma B.V. 2 63 
Weyx-Pharma B.V. 5  

New Zealand Argenta Manufacturing Limited 1  
Peru Pharmadix Corp S.A.C. 4  

Puerto Rico Boehringer Ingelheim Animal Health Puerto Rico 
LLC 1  

El Salvador Livisto, S.A. de C.V. 3  
Serbia Evrotom d.o.o. 1  

Germany 

aniMedica GmbH 2 48 
aniMedica Herstellung GmbH 11 56 
Artesan Pharma GmbH & Co. KG  7 
bela-pharm GmbH & Co. KG 2 13 
Heel GmbH for Biological Remedies 8  
Boehringer Ingelheim Vetmedica GmbH 1 17 
Braun Melsungen AG  2 
Bremer Pharma GmbH  2 
Catalent Germany Schorndorf GmbH  3 
Ceva Tiergesundheit (Riems) GmbH  1 
Corden Pharma GmbH 1 6 
CP-Pharma Handelsgesellschaft mbH  60 
Dreluso Pharmazeutika Dr. Elten & Sohn GmbH  1 
Haupt Pharma Wuelfing GmbH  1 
IDT Biologika GmbH 1 9 
Intervet International GmbH 8 16 
Kersia Deutschland GmbH 1  
Klifovet GmbH (Klifovet AG)  6 
Klocke Pharma-Service GmbH  4 
KVP Pharma + Veterinary Products GmbH 7 31 
Lindopharm GmbH  4 
Lohmann Pharma Herstellung GmbH 1 1 
Meda Manufacturing GmbH  1 
Serumwerk Bernburg AG  1 
TAD Pharma GmbH  27 
Vet Pharma Friesoythe GmbH 2 7 
Veyx-Pharma GmbH 1 12 
Economic Cooperative of German Veterinary 
Surgeons eG (WDT) 

 7 

Poland 

Biowet Puławy Sp. z o.o. 5  
Drwalewskie Bioveterinary Industry Works S.A. 2  
Kersia Polska Sp. z o.o. 3  
Okoniewscy Vetos-Farma Pharmaceutical 
Company Ltd 1  

Vetoquinol Biowet Sp. z o.o. 11  
Lusomedicamenta - Sociedade Técnica 
Farmacêutica S.A.  3 

Sofarimex Industria Quimica e Farmaceutica Ltd  1 
ZOOPAN – Produtos Pecuários, S.A.  1 

 
 

 
 

Exporting 
country Manufacturer 

Number of registered  
CP-VMPs 

in Ukraine in Poland 
Lusomedicamenta – Sociedade Técnica 
Farmacêutica, S.A. 1  

Romania 

Crida Pharm S.R.L. 19  
CRIDA PHARM S.R.L.  1 
Pasteur Filiala Filipesti S.A. 2 2 
Vim Spectrum  2 

Syrian Arab 
Republic 

AVICO Veterinary Pharmaceuticals Factory 1  

Slovenia Lek Pharmaceuticals d.d.  1 
KRKA, d.d., Novo mesto 46 57 

Croatia Genera Inc. 4 52 
Krka-Farma d.o.o. 

23 26 

USA 

Bayer HealthCare LLC 1  
Ridley USA Inc. 1  
TriRx Shawnee LLC 1  
Zoetis Inc. 14  

Turkey ALKE Health Products Industry and Trade Inc. 11  
Arion Pharmaceuticals Industry and Trade Inc. 7  

Hungary 

Alpha-Vet Veterinary Ltd.  2 
ALPHA-VET Animal Health Ltd.  1 
Alpha-Vet Kft.  1 
ALPHAVET Zrt.  3 
Analkrom Ltd.  1 
Ceva Phylaxia Co. Ltd.  1 
Lavet Pharmaceuticals Ltd. 5 21 
Pernix Pharma Gyógyszergyártó Kft.  1 

Finland 
Galene Pharma Oy  1 
Orion Corporation 4 22 
Oy Medfiles Ltd  3 

France 

AB7 SANTE  2 
ALFAMED  4 
Ardepharm 1  
Boehringer Ingelheim Animal Health France SCS 5 5 
Cebiphar  1 
Cenexi  1 
Centre for Pharmaceutical Specialities  2 
Ceva Sante Animale S.A. 24 85 
Delpharm Huningue S.A.S. 1 1 
Dopharma France SAS 8 9 
Elanco France S.A.S. 5 43 
Europeenne de Pharmacotechnie – 
Europhartech  3 

Fareva Amboise 1 11 
FC France SAS 1 1 
Haupt Pharma Livron  1 
Huvepharma SA 3 7 
Intervet Productions S.A. 3 5 
IPRED SAS 3  
Laboratoires Biove  9 
Merial S.A.S.  15 
PHARMASTER+  1 
TriRx Segre 1 5 
Valdepharm 1  
Vetoquinol S.A. 14 49 
Virbac S.A. 19 52 
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Exporting 
country Manufacturer 

Number of registered  
CP-VMPs 

in Ukraine in Poland 

Czech Republic 

AVEFLOR, a.s. 1  
Bioveta, a.s. 15 20 
Cymedica spol. s r.o. 5  
Tekro spol. s r.o. 3  

Switzerland Dr E. Graeub AG 1  

Sweden 
Apotek Produktion & Laboratorier AB  1 
Bioglan AB  1 
PHARMAGAL, spol. s r.o.  5 

 
Analysis of the structure of foreign manufacturers of imported CP-VMPs registered in 

Ukraine demonstrated a markedly uneven contribution of individual companies to the imported 
market segment. While numerous manufacturers are represented by only one or a few products, 
a relatively small group of companies accounts for a substantial proportion of the registered 
product portfolio. 

The undisputed market leader is the Slovenian company KRKA, d.d., Novo mesto, with 
46 registered CP-VMPs. Other leading manufacturers include Ceva Sante Animale S.A. (France; 
24 products), Genera Inc. (Croatia; 23), Biovet AD (Bulgaria; 20), Crida Pharm S.R.L. (Romania) 
and Virbac S.A. (France), each represented by 19 products, followed by Kela NV (Belgium) with 
17 registered products. These findings indicate that the imported segment of the Ukrainian market 
is characterised by strong competition among a relatively small number of major manufacturers 
offering broad product portfolios across diverse therapeutic categories. 

Most international manufacturers are represented in both the Ukrainian and Polish 
markets; however, the extent of their product portfolios differs considerably. In general, the 
leading manufacturers have substantially larger registered product portfolios in Poland than in 
Ukraine. The greatest differences were observed among manufacturers with the largest product 
portfolios. 

The Ukrainian imported CP-VMPs market nevertheless includes several manufacturers 
with relatively extensive product portfolios, most notably KRKA d.d., Ceva Santé Animale, KRKA-
Farma d.o.o., Biovet AD, Crida Pharm S.R.L., Virbac S.A., Vemedim Animal Health JSC, Zoetis 
Inc., and Kela N.V., each represented by 15 to 46 registered CP-VMPs. 

Conversely, a considerable proportion of international manufacturers are represented in 
Ukraine by only one or a few registered CP-VMPs, whereas the same companies market 
substantially broader product portfolios in Poland. This pattern is particularly evident among 
manufacturers from Germany, the Netherlands, France, Spain, Italy, Ireland, Finland, Hungary, 
and several other countries. 

Particular attention should be paid to the fact that several manufacturers are present 
exclusively in one of the two analysed markets. Specifically, manufacturers from Australia, China, 
Türkiye, Jordan, the Republic of Korea, Peru, Poland, and the United States are represented only 
in Ukraine, whereas numerous manufacturers from the Netherlands, Germany, France, Spain, 
Italy, Ireland, the United Kingdom, and several other countries supply products exclusively to the 
Polish market. This finding indicates a higher level of diversification of international suppliers 
within the Polish market. 

Overall, the analysis of manufacturers' product portfolios demonstrates that the principal 
difference between the two markets lies in the scale of manufacturers' market presence. The 
Polish imported CP-VMPs market is characterised by substantially broader product portfolios of 
international manufacturers and a more comprehensive utilisation of their product range. In 
contrast, although the Ukrainian market includes suppliers from a wider range of countries, most 
international manufacturers are represented by only a limited number of registered CP-VMPs. 
These findings suggest that the Polish market has reached a higher level of product portfolio 
maturity and concentration, whereas the Ukrainian market is characterised by a more fragmented 
structure of imported product supply. 

The results further indicate that the international segment of the Polish VMPs market is 
dominated by leading European manufacturers whose products are also widely represented 
across other European Union markets. The high representation of manufacturers from the 

 
 

 
 

Netherlands, France, Germany, Spain, Slovenia, and Ireland confirms the leading role of these 
countries in supplying modern VMPs and reflects the strong integration of the Polish market into 
the European pharmaceutical landscape. 

The analysis of product portfolios among international manufacturers revealed 
considerable heterogeneity in their representation across the two markets. However, evaluation 
of individual manufacturers alone is insufficient to provide an objective assessment of the 
structure of the international market segment, as the overall product landscape is largely 
determined by companies with the most extensive product portfolios. Therefore, the next stage 
of the study involved ranking manufacturers of CP-VMPs according to the number of registered 
products and identifying the ten leading companies within the international market segments of 
Ukraine and the Republic of Poland (Table 7). 

Table 7  
Top ten companies in the international segments of the Ukrainian 

and Polish markets for CP-VMPs 

No. 
Ukraine Poland 

Manufacturer (country) No. of  
CP-VMPs Manufacturer (country) No. of 

CP-VMPs 
1 KRKA, d.d., Novo mesto 

(Slovenia) 46 LelyPharma B.V. (Netherlands) 138 

2 Ceva Santé Animale (France) 24 Ceva Santé Animale S.A. 
(France) 85 

3 KRKA-FARMA d.o.o. (Croatia) 23 Alfasan Nederland BV 
(Netherlands) 64 

4 Biovet AD (Bulgaria) 20 Produlab Pharma B.V. 
(Netherlands) 63 

5 Crida Pharm S.R.L. (Romania) 19 CP-Pharma Handelsgesellschaft 
mbH (Germany) 60 

6 Virbac S.A. (France) 19 Industrial Veterinaria, S.A. (Spain) 58 
7 Kela NV (Belgium) 17 Krka, d.d., Novo mesto (Slovenia) 57 

8 Vemedim Animal Health JSC 
(Vietnam) 16 Virbac S.A. (France) 52 

9 Industrial Veterinaria, S.A. 
(INVESA) (Spain) 15 Genera Inc. (Croatia) 52 

10 Bioveta, a.s. (Czech Republic) 15 Vetoquinol S.A. (France) 49 
 The obtained results reveal substantial differences in the structure of the leading 

manufacturers in the two national markets. Although many international companies rank among 
the leading manufacturers in both Ukraine and the Republic of Poland, the scale of their product 
portfolios differs considerably. 

In the Ukrainian market, the Slovenian company KRKA, d.d., Novo mesto ranks first with 
46 registered CP-VMPs, almost doubling the number registered by the second-ranked company, 
Ceva Santé Animale S.A. (France), with 24 products. The top five manufacturers also include 
KRKA-FARMA d.o.o. (Croatia; 23 products), Biovet AD (Bulgaria; 20), and Crida Pharm S.R.L. 
(Romania) together with Virbac S.A. (France), each represented by 19 registered products. This 
distribution indicates the absence of a high degree of market concentration among the leading 
manufacturers in Ukraine. 

In contrast, the Polish market is clearly dominated by the Dutch company LelyPharma 
B.V., with 138 registered CP-VMPs. Ceva Santé Animale S.A. (France) ranks second with 85 
products, while the third and fourth positions are occupied by the Dutch companies Produlab 
Pharma B.V. (64 products) and Alfasan Nederland B.V. (63 products), respectively. The top ten 
also include CP-Pharma Handelsgesellschaft mbH (Germany), Industrial Veterinaria S.A. (Spain), 
KRKA, d.d., Novo mesto (Slovenia), Virbac S.A. (France), Genera Inc. (Croatia), and Vetoquinol 
S.A. (France). 

A comparative analysis of the leading manufacturers in the CP-VMPs markets 
demonstrates pronounced differences in the concentration of product portfolios. In Ukraine, the 
difference between the first- and tenth-ranked manufacturers is 31 products (46 versus 15), 
whereas in the Republic of Poland the corresponding difference reaches 89 products (138 versus 
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Analysis of the structure of foreign manufacturers of imported CP-VMPs registered in 

Ukraine demonstrated a markedly uneven contribution of individual companies to the imported 
market segment. While numerous manufacturers are represented by only one or a few products, 
a relatively small group of companies accounts for a substantial proportion of the registered 
product portfolio. 

The undisputed market leader is the Slovenian company KRKA, d.d., Novo mesto, with 
46 registered CP-VMPs. Other leading manufacturers include Ceva Sante Animale S.A. (France; 
24 products), Genera Inc. (Croatia; 23), Biovet AD (Bulgaria; 20), Crida Pharm S.R.L. (Romania) 
and Virbac S.A. (France), each represented by 19 products, followed by Kela NV (Belgium) with 
17 registered products. These findings indicate that the imported segment of the Ukrainian market 
is characterised by strong competition among a relatively small number of major manufacturers 
offering broad product portfolios across diverse therapeutic categories. 

Most international manufacturers are represented in both the Ukrainian and Polish 
markets; however, the extent of their product portfolios differs considerably. In general, the 
leading manufacturers have substantially larger registered product portfolios in Poland than in 
Ukraine. The greatest differences were observed among manufacturers with the largest product 
portfolios. 

The Ukrainian imported CP-VMPs market nevertheless includes several manufacturers 
with relatively extensive product portfolios, most notably KRKA d.d., Ceva Santé Animale, KRKA-
Farma d.o.o., Biovet AD, Crida Pharm S.R.L., Virbac S.A., Vemedim Animal Health JSC, Zoetis 
Inc., and Kela N.V., each represented by 15 to 46 registered CP-VMPs. 

Conversely, a considerable proportion of international manufacturers are represented in 
Ukraine by only one or a few registered CP-VMPs, whereas the same companies market 
substantially broader product portfolios in Poland. This pattern is particularly evident among 
manufacturers from Germany, the Netherlands, France, Spain, Italy, Ireland, Finland, Hungary, 
and several other countries. 

Particular attention should be paid to the fact that several manufacturers are present 
exclusively in one of the two analysed markets. Specifically, manufacturers from Australia, China, 
Türkiye, Jordan, the Republic of Korea, Peru, Poland, and the United States are represented only 
in Ukraine, whereas numerous manufacturers from the Netherlands, Germany, France, Spain, 
Italy, Ireland, the United Kingdom, and several other countries supply products exclusively to the 
Polish market. This finding indicates a higher level of diversification of international suppliers 
within the Polish market. 

Overall, the analysis of manufacturers' product portfolios demonstrates that the principal 
difference between the two markets lies in the scale of manufacturers' market presence. The 
Polish imported CP-VMPs market is characterised by substantially broader product portfolios of 
international manufacturers and a more comprehensive utilisation of their product range. In 
contrast, although the Ukrainian market includes suppliers from a wider range of countries, most 
international manufacturers are represented by only a limited number of registered CP-VMPs. 
These findings suggest that the Polish market has reached a higher level of product portfolio 
maturity and concentration, whereas the Ukrainian market is characterised by a more fragmented 
structure of imported product supply. 

The results further indicate that the international segment of the Polish VMPs market is 
dominated by leading European manufacturers whose products are also widely represented 
across other European Union markets. The high representation of manufacturers from the 

 
 

 
 

Netherlands, France, Germany, Spain, Slovenia, and Ireland confirms the leading role of these 
countries in supplying modern VMPs and reflects the strong integration of the Polish market into 
the European pharmaceutical landscape. 

The analysis of product portfolios among international manufacturers revealed 
considerable heterogeneity in their representation across the two markets. However, evaluation 
of individual manufacturers alone is insufficient to provide an objective assessment of the 
structure of the international market segment, as the overall product landscape is largely 
determined by companies with the most extensive product portfolios. Therefore, the next stage 
of the study involved ranking manufacturers of CP-VMPs according to the number of registered 
products and identifying the ten leading companies within the international market segments of 
Ukraine and the Republic of Poland (Table 7). 

Table 7  
Top ten companies in the international segments of the Ukrainian 

and Polish markets for CP-VMPs 

No. 
Ukraine Poland 

Manufacturer (country) No. of  
CP-VMPs Manufacturer (country) No. of 

CP-VMPs 
1 KRKA, d.d., Novo mesto 

(Slovenia) 46 LelyPharma B.V. (Netherlands) 138 

2 Ceva Santé Animale (France) 24 Ceva Santé Animale S.A. 
(France) 85 

3 KRKA-FARMA d.o.o. (Croatia) 23 Alfasan Nederland BV 
(Netherlands) 64 

4 Biovet AD (Bulgaria) 20 Produlab Pharma B.V. 
(Netherlands) 63 

5 Crida Pharm S.R.L. (Romania) 19 CP-Pharma Handelsgesellschaft 
mbH (Germany) 60 

6 Virbac S.A. (France) 19 Industrial Veterinaria, S.A. (Spain) 58 
7 Kela NV (Belgium) 17 Krka, d.d., Novo mesto (Slovenia) 57 

8 Vemedim Animal Health JSC 
(Vietnam) 16 Virbac S.A. (France) 52 

9 Industrial Veterinaria, S.A. 
(INVESA) (Spain) 15 Genera Inc. (Croatia) 52 

10 Bioveta, a.s. (Czech Republic) 15 Vetoquinol S.A. (France) 49 
 The obtained results reveal substantial differences in the structure of the leading 

manufacturers in the two national markets. Although many international companies rank among 
the leading manufacturers in both Ukraine and the Republic of Poland, the scale of their product 
portfolios differs considerably. 

In the Ukrainian market, the Slovenian company KRKA, d.d., Novo mesto ranks first with 
46 registered CP-VMPs, almost doubling the number registered by the second-ranked company, 
Ceva Santé Animale S.A. (France), with 24 products. The top five manufacturers also include 
KRKA-FARMA d.o.o. (Croatia; 23 products), Biovet AD (Bulgaria; 20), and Crida Pharm S.R.L. 
(Romania) together with Virbac S.A. (France), each represented by 19 registered products. This 
distribution indicates the absence of a high degree of market concentration among the leading 
manufacturers in Ukraine. 

In contrast, the Polish market is clearly dominated by the Dutch company LelyPharma 
B.V., with 138 registered CP-VMPs. Ceva Santé Animale S.A. (France) ranks second with 85 
products, while the third and fourth positions are occupied by the Dutch companies Produlab 
Pharma B.V. (64 products) and Alfasan Nederland B.V. (63 products), respectively. The top ten 
also include CP-Pharma Handelsgesellschaft mbH (Germany), Industrial Veterinaria S.A. (Spain), 
KRKA, d.d., Novo mesto (Slovenia), Virbac S.A. (France), Genera Inc. (Croatia), and Vetoquinol 
S.A. (France). 

A comparative analysis of the leading manufacturers in the CP-VMPs markets 
demonstrates pronounced differences in the concentration of product portfolios. In Ukraine, the 
difference between the first- and tenth-ranked manufacturers is 31 products (46 versus 15), 
whereas in the Republic of Poland the corresponding difference reaches 89 products (138 versus 
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49). These findings indicate a substantially higher degree of product portfolio concentration 
among the leading international manufacturers in the Polish market. 

At the same time, several international companies are ranked among the top ten 
manufacturers in both countries, including KRKA, d.d., Novo mesto, Ceva Santé Animale S.A., 
Virbac S.A., and Industrial Veterinaria S.A., confirming their strong positions within the European 
market for CP-VMPs. Nevertheless, the Polish market is characterised by the prominent presence 
of Dutch manufacturers, which occupy three of the ten leading positions, whereas the Ukrainian 
market exhibits a more balanced distribution of leading manufacturers across several European 
countries. 

Discussion. The findings of the present study revealed fundamentally different structures 
of the imported segments of the CP-VMPs markets in Ukraine and the Republic of Poland. 
Imported products accounted for 41.1 % of the Ukrainian market compared with  
88.4 % in Poland. These findings indicate that the Ukrainian market continues to rely 
predominantly on domestically manufactured products, whereas the Polish market functions 
largely as an integral component of the European veterinary pharmaceutical market. This 
difference is likely attributable not only to differences in market size and economic development 
but also to Poland's long-standing participation in the harmonised regulatory framework of the 
European Union. The country's integration into the EU regulatory system has substantially 
facilitated market access for international manufacturers and promoted broader availability of 
VMPs (European Medicines Agency, 2026). 

The implementation of Regulation (EU) 2019/6 established a common legal framework 
governing the authorisation, manufacture, import, export, distribution, pharmacovigilance, control, 
and use of VMPs throughout the European Union. Among its principal objectives are improving 
the functioning of the internal market, reducing administrative burden, and increasing the 
availability of VMPs. As an EU Member State, Poland fully participates in this regulatory 
framework, enabling manufacturers to benefit from centralised, decentralised, and mutual 
recognition procedures that facilitate expansion of their product portfolios across multiple Member 
States (European Parliament, 2019). 

An important component of this regulatory infrastructure is the Union Product Database 
(UPD), which serves as a centralised source of information on authorised VMPs and their 
availability throughout the European Union and the European Economic Area. Established under 
Regulation (EU) 2019/6, the database provides harmonised information on authorised products, 
marketing authorisation procedures, and the countries in which individual products are authorised 
or marketed. Such a unified information system facilitates life-cycle management of VMPs, 
enhances information exchange between competent authorities and marketing authorisation 
holders, and enables systematic comparison of national product portfolios (European Medicines 
Agency, 2026). 

The importance of regulatory harmonisation for the international circulation of VMPs had 
been recognised well before the current EU legislative framework entered into force. Holmes and 
Hill demonstrated that the activities of the International Cooperation on Harmonisation of 
Technical Requirements for Registration of VMPs (VICH) were specifically designed to harmonise 
technical requirements relating to the quality, safety, and efficacy of VMPs, reduce duplication of 
studies, and facilitate the acceptance of registration dossiers across different regulatory 
jurisdictions (Holmes, 2007). The findings of the present study are consistent with these 
objectives. The substantially broader product portfolios of international manufacturers observed 
in the Polish market suggest that regulatory harmonisation contributes not only to manufacturers' 
market entry but also to a more comprehensive introduction of their product portfolios into national 
markets. 

Furthermore, the considerably greater representation of leading international 
manufacturers in Poland indicates that regulatory convergence may promote increased market 
competitiveness and improve the availability of VMPs. In contrast, the more fragmented structure 
of the Ukrainian imported market, where many international manufacturers are represented by 
only a limited number of products, suggests the persistence of regulatory and market-related 
barriers that may constrain the expansion of manufacturers' product portfolios despite their 
presence in the market. 



81
One Health Journal. 2026. Vol. 4. N. 4

Section 3
 
 

 
 

Given Ukraine's ongoing alignment of veterinary pharmaceutical legislation with the EU 
acquis, the observed differences between the Ukrainian and Polish markets may serve as an 
indicator of the structural changes that can be expected following further regulatory 
harmonisation. Expansion of mutual regulatory recognition mechanisms, increased transparency 
of marketing authorisation procedures, and closer integration with European regulatory 
information systems may facilitate broader availability of VMPs and strengthen competition within 
the Ukrainian veterinary pharmaceutical market. 

The historical development of the veterinary medicinal product registration system in 
Poland further illustrates the gradual integration of the country into the European regulatory 
framework. As early as 1997, Sztabińska-Koncka and Lewicki described the Polish registration 
system as being in the process of harmonisation with European Union requirements. 
Consequently, the current structure of the Polish imported market segment should be viewed as 
the outcome of long-term institutional and regulatory development rather than solely the result of 
contemporary commercial strategies adopted by pharmaceutical manufacturers (Sztabińska-
Koncka, 1997). 

Nevertheless, the registration of a veterinary medicinal product should not be regarded as 
synonymous with its actual commercial availability. Although conducted in the field of human 
medicine, the study by Abed et al. demonstrated substantial heterogeneity in national systems for 
reporting medicine shortages and product availability across the European Union and the 
European Economic Area. This methodological consideration is equally relevant to veterinary 
pharmaceuticals, as registry data reflect the legally authorised product supply but, without 
additional market information, do not provide evidence regarding actual sales volumes, continuity 
of supply, or product availability within the distribution network (Abed, 2024). 

The present study further confirms the suitability of official national registers as primary 
data sources for structural market analysis. A similar methodological approach has been 
employed by Ukrainian researchers investigating individual segments of the veterinary 
pharmaceutical market. For example, Bushuieva and Ohloblina analysed official registration lists 
of VMPs, feed additives, premixes, and compound feeds, classifying products according to their 
origin, exporting countries, and dosage forms. Their findings demonstrated a substantial presence 
of foreign manufacturers and broad geographical diversity of product imports into Ukraine 
(Bushuieva, 2023). These observations are consistent with the present findings regarding the 
geographical diversification of the Ukrainian imported market segment. However, direct 
quantitative comparison between the two studies would not be appropriate because their analysis 
encompassed not only VMPs but also feed additives, premixes, and compound feeds. In contrast, 
the present study was intentionally restricted to imported  
CP-VMPs. This narrower scope resulted in a more homogeneous dataset and enabled analysis 
of the internal structure of the imported market segment rather than merely describing the number 
of registered products. 

The value of segmenting pharmaceutical markets according to product origin, 
manufacturer, dosage form, and other structural characteristics has also been demonstrated by 
Saliy et al. In their analysis of pressurised medicinal products for human and veterinary use, the 
authors employed official registers together with systematic classification, comparative analysis, 
statistical methods, and graphical presentation of the results (Saliy, 2022). Their study supports 
the methodological validity of registry-based market analyses while also demonstrating that 
previous Ukrainian investigations have primarily focused on specific dosage forms or therapeutic 
categories rather than comparative analyses of national market structures. 

Unlike these earlier studies, the present investigation simultaneously evaluated the 
numbers of exporting countries, manufacturers, and registered VMPs, while also calculating 
derived indicators describing the relationships between these structural components. This 
approach demonstrated that a greater number of exporting countries does not necessarily 
correspond to a more developed or structurally saturated imported market. Although VMPs 
imported into Ukraine originated from 39 countries, compared with 22 countries supplying the 
Polish market, the mean number of registered products per exporting country was only 12.49 in 
Ukraine compared with 72.14 in Poland. These findings indicate that the Ukrainian imported 
market is characterised by broader geographical diversification but substantially lower product 
portfolio depth for individual exporting countries. 
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The observed differences also suggest distinct models of market organisation. The Polish 
market is characterised by deeper penetration of established international manufacturers, 
whereas the Ukrainian market exhibits broader geographical diversity but lower representation of 
individual manufacturers. This pattern may reflect differences in regulatory integration, market 
maturity, and commercial incentives for expanding product portfolios. Consequently, market 
structure appears to be determined not only by the number of participating manufacturers but also 
by the depth of their product portfolios within individual national markets. 

The identified pattern makes it possible to distinguish between the concepts of 
geographical diversification and product portfolio depth. The Ukrainian model can be 
characterised as geographically extensive but fragmented, encompassing a larger number of 
exporting countries, each represented by relatively few manufacturers and registered VMPs. In 
contrast, the Polish model is geographically more compact but considerably denser in terms of 
both the number of manufacturers and the depth of their product portfolios. These findings 
demonstrate that the number of exporting countries should not be considered an independent 
indicator of market development or diversification without taking the internal structure of product 
portfolios into account. 

The mean number of manufacturers per exporting country was 3.13 in Ukraine compared 
with 8.18 in Poland, while the mean number of registered VMPs per manufacturer reached 3.93 
and 8.82, respectively. Thus, the Polish imported market segment is characterised not only by a 
substantially larger number of registered products but also by a markedly higher density of 
international market participation. These results indicate that manufacturers operating in the 
Polish market generally introduce a considerably broader proportion of their product portfolios 
than those present in Ukraine. 

A particularly important finding of the present study is that the differences between the 
Ukrainian and Polish markets are determined primarily by the extent of manufacturers' product 
portfolio representation rather than by the identity of the leading international companies. Both 
markets include globally recognised manufacturers such as KRKA, Ceva Santé Animale, Virbac, 
Vetoquinol, Industrial Veterinaria, Boehringer Ingelheim, Elanco, Intervet, and Dopharma. These 
findings indicate that the Ukrainian market is already integrated into the international veterinary 
pharmaceutical supply network; however, the majority of international manufacturers are 
represented by considerably narrower product portfolios than in Poland. 

The present findings also refine the conventional understanding of import dependence. A 
high proportion of imported VMPs may result either from the presence of numerous foreign 
manufacturers or from the extensive product portfolios of a relatively limited number of 
companies. Consequently, similar levels of import share may conceal fundamentally different 
underlying market structures. Market analyses in veterinary pharmacy should therefore consider 
not only the number of registered products but also manufacturers' product portfolio strategies, 
the competitive landscape, and the market expansion potential of individual companies, as 
previously emphasised by Grymak (Grymak, 2022). 

Comparison of the ten leading manufacturers further confirmed substantial differences in 
the depth of product portfolios between the two markets. In Ukraine, the largest product portfolio 
belonged to KRKA, d.d., Novo mesto, comprising 46 registered CP-VMPs, whereas in Poland the 
market leader, LelyPharma B.V., was represented by 138 registered products. Among the ten 
leading manufacturers, the number of registered CP-VMPs ranged from 15 to 46 in Ukraine 
compared with 49 to 138 in Poland. Notably, the minimum number of registered products required 
to enter the Polish top ten exceeded the maximum observed among the leading manufacturers 
in Ukraine. However, these findings should not be interpreted as evidence of greater economic 
market concentration in Poland. The number of registered products within a manufacturer's 
portfolio is not equivalent to its market share in either sales value or sales volume. Therefore, the 
present findings support the conclusion that the Polish market exhibits a higher concentration of 
registered product portfolios, rather than higher economic concentration. 

Within the Polish top ten, manufacturers from the Netherlands play a particularly 
prominent role, represented by LelyPharma B.V., Alfasan Nederland B.V., and Produlab Pharma 
B.V. In contrast, the Ukrainian top ten includes manufacturers from a broader range of European 
countries, including Slovenia, France, Croatia, Bulgaria, Romania, Belgium, Spain, and the Czech 
Republic, as well as Vietnam. This observation is consistent with the overall conclusion that the 
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The observed differences also suggest distinct models of market organisation. The Polish 
market is characterised by deeper penetration of established international manufacturers, 
whereas the Ukrainian market exhibits broader geographical diversity but lower representation of 
individual manufacturers. This pattern may reflect differences in regulatory integration, market 
maturity, and commercial incentives for expanding product portfolios. Consequently, market 
structure appears to be determined not only by the number of participating manufacturers but also 
by the depth of their product portfolios within individual national markets. 

The identified pattern makes it possible to distinguish between the concepts of 
geographical diversification and product portfolio depth. The Ukrainian model can be 
characterised as geographically extensive but fragmented, encompassing a larger number of 
exporting countries, each represented by relatively few manufacturers and registered VMPs. In 
contrast, the Polish model is geographically more compact but considerably denser in terms of 
both the number of manufacturers and the depth of their product portfolios. These findings 
demonstrate that the number of exporting countries should not be considered an independent 
indicator of market development or diversification without taking the internal structure of product 
portfolios into account. 

The mean number of manufacturers per exporting country was 3.13 in Ukraine compared 
with 8.18 in Poland, while the mean number of registered VMPs per manufacturer reached 3.93 
and 8.82, respectively. Thus, the Polish imported market segment is characterised not only by a 
substantially larger number of registered products but also by a markedly higher density of 
international market participation. These results indicate that manufacturers operating in the 
Polish market generally introduce a considerably broader proportion of their product portfolios 
than those present in Ukraine. 

A particularly important finding of the present study is that the differences between the 
Ukrainian and Polish markets are determined primarily by the extent of manufacturers' product 
portfolio representation rather than by the identity of the leading international companies. Both 
markets include globally recognised manufacturers such as KRKA, Ceva Santé Animale, Virbac, 
Vetoquinol, Industrial Veterinaria, Boehringer Ingelheim, Elanco, Intervet, and Dopharma. These 
findings indicate that the Ukrainian market is already integrated into the international veterinary 
pharmaceutical supply network; however, the majority of international manufacturers are 
represented by considerably narrower product portfolios than in Poland. 

The present findings also refine the conventional understanding of import dependence. A 
high proportion of imported VMPs may result either from the presence of numerous foreign 
manufacturers or from the extensive product portfolios of a relatively limited number of 
companies. Consequently, similar levels of import share may conceal fundamentally different 
underlying market structures. Market analyses in veterinary pharmacy should therefore consider 
not only the number of registered products but also manufacturers' product portfolio strategies, 
the competitive landscape, and the market expansion potential of individual companies, as 
previously emphasised by Grymak (Grymak, 2022). 

Comparison of the ten leading manufacturers further confirmed substantial differences in 
the depth of product portfolios between the two markets. In Ukraine, the largest product portfolio 
belonged to KRKA, d.d., Novo mesto, comprising 46 registered CP-VMPs, whereas in Poland the 
market leader, LelyPharma B.V., was represented by 138 registered products. Among the ten 
leading manufacturers, the number of registered CP-VMPs ranged from 15 to 46 in Ukraine 
compared with 49 to 138 in Poland. Notably, the minimum number of registered products required 
to enter the Polish top ten exceeded the maximum observed among the leading manufacturers 
in Ukraine. However, these findings should not be interpreted as evidence of greater economic 
market concentration in Poland. The number of registered products within a manufacturer's 
portfolio is not equivalent to its market share in either sales value or sales volume. Therefore, the 
present findings support the conclusion that the Polish market exhibits a higher concentration of 
registered product portfolios, rather than higher economic concentration. 

Within the Polish top ten, manufacturers from the Netherlands play a particularly 
prominent role, represented by LelyPharma B.V., Alfasan Nederland B.V., and Produlab Pharma 
B.V. In contrast, the Ukrainian top ten includes manufacturers from a broader range of European 
countries, including Slovenia, France, Croatia, Bulgaria, Romania, Belgium, Spain, and the Czech 
Republic, as well as Vietnam. This observation is consistent with the overall conclusion that the 

 
 

 
 

Ukrainian imported market is characterised by greater geographical diversification but 
comparatively lower product portfolio depth. 

Expansion of the range of VMPs should be accompanied by the corresponding 
development of pharmacovigilance systems. Based on a survey of veterinary practitioners across 
Europe, De Briyne et al. reported substantial under-reporting of adverse events and identified 
limited preparedness of existing pharmacovigilance systems to adequately manage reports of 
lack of expected efficacy (De Briyne, 2017). Consequently, a greater number of registered VMPs 
and broader manufacturer product portfolios should not be regarded solely as positive indicators, 
as they also increase the demands placed on post-authorisation surveillance, the quality of 
pharmacovigilance reporting, and information exchange among veterinarians, marketing 
authorisation holders, and competent authorities. 

The comparison with Poland is of particular importance in assessing the prospects for 
Ukraine's European integration. The identification of a common core of leading international 
manufacturers operating in both markets indicates that further convergence depends not only on 
attracting additional international companies but also on creating conditions that facilitate 
expansion of the product portfolios of manufacturers already present in Ukraine. Such conditions 
include predictable marketing authorisation procedures, harmonisation of dossier requirements, 
digitalisation of regulatory information systems, greater transparency of regulatory information, 
and efficient management of post-authorisation variations. 

The methodological novelty of the present study lies in the combined application of three 
complementary structural indicators: the mean number of manufacturers per exporting country, 
the mean number of VMPs per manufacturer, and the mean number of VMPs per exporting 
country. Unlike simple counts of exporting countries, manufacturers, or registered products, these 
indicators characterise the internal density of the imported market segment and enable 
differentiation between geographical diversification and product portfolio depth. 

The proposed set of structural indicators is not intended to represent a market 
concentration index in the classical economic sense. Rather, it may serve as a practical tool for 
the primary structural assessment of veterinary medicinal product markets, enabling comparative 
evaluation of imported market segments beyond conventional descriptive measures. 

Overall, the study hypothesis was supported. The Ukrainian imported market segment 
already includes a substantial proportion of the same core international manufacturers 
represented in the Polish market, demonstrating clear structural features of integration into the 
European veterinary pharmaceutical market. However, Ukraine has not yet reached the level 
observed in Poland with respect to the number of CP-VMPs per manufacturer, the density of 
manufacturer representation, or the breadth of manufacturers' product portfolios. Thus, the 
principal difference between the two markets lies not in the composition of international suppliers 
but in the depth of product portfolio representation achieved within the Ukrainian market. 

Conclusions 
1. Substantial differences were identified in the structure of the CP-VMPs markets of Ukraine 
and the Republic of Poland. Imported products accounted for 41.1 % of the registered CP-VMPs 
in Ukraine compared with 88.4 % in Poland, indicating that the Ukrainian market remains pre-
dominantly based on domestically manufactured products, whereas the Polish market demon-
strates a substantially higher degree of integration into the European veterinary pharmaceutical 
market.  
2. Although Ukraine imported CP-VMPs from 39 exporting countries, compared with 22 in Po-
land, this broader geographical diversification was not accompanied by greater product portfolio 
depth. These findings demonstrate that the number of exporting countries alone is not an ade-
quate indicator of market development or structural diversification.  
3. The Polish imported market segment exhibited substantially greater structural density than 
its Ukrainian counterpart. The mean number of manufacturers per exporting country was 8.18 in 
Poland versus 3.13 in Ukraine, the mean number of registered products per manufacturer was 
8.82 versus 3.93, and the mean number of registered products per exporting country reached 
72.14 compared with 12.49, respectively. The latter indicator showed the greatest difference, be-
ing 5.78-fold higher in Poland.  
4. Two distinct structural models of imported market organisation were identified. The Ukrainian 
market is characterised by high geographical diversification but limited product portfolio depth, 
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whereas the Polish market is characterised by greater product portfolio depth within a more geo-
graphically concentrated import structure.  
5. Both markets share a largely common core of leading international manufacturers, including 
KRKA, Ceva Santé Animale, Virbac, Vetoquinol, Industrial Veterinaria, and several other multi-
national companies. Consequently, the principal structural difference between the two markets 
lies not in the composition of international manufacturers but in the extent of their product portfolio 
representation.  
6. Analysis of the ten leading manufacturers confirmed substantially greater product portfolio 
depth in Poland. The leading manufacturers were represented by 49 – 138 registered CP-VMPs 
in Poland compared with 15 – 46 in Ukraine. These findings indicate a higher concentration of 
registered product portfolios among leading manufacturers in the Polish market but should not be 
interpreted as evidence of greater economic market concentration without corresponding sales 
data.  
7. The analytical framework proposed in this study extends conventional descriptive market 
analysis by integrating three complementary structural indicators that characterise the internal 
organisation of imported market segments. This approach provides a practical tool for compara-
tive assessment of veterinary medicinal product markets and may be applied to evaluate struc-
tural changes associated with regulatory harmonisation, including Ukraine's ongoing integration 
into the European Union veterinary pharmaceutical framework.  
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whereas the Polish market is characterised by greater product portfolio depth within a more geo-
graphically concentrated import structure.  
5. Both markets share a largely common core of leading international manufacturers, including 
KRKA, Ceva Santé Animale, Virbac, Vetoquinol, Industrial Veterinaria, and several other multi-
national companies. Consequently, the principal structural difference between the two markets 
lies not in the composition of international manufacturers but in the extent of their product portfolio 
representation.  
6. Analysis of the ten leading manufacturers confirmed substantially greater product portfolio 
depth in Poland. The leading manufacturers were represented by 49 – 138 registered CP-VMPs 
in Poland compared with 15 – 46 in Ukraine. These findings indicate a higher concentration of 
registered product portfolios among leading manufacturers in the Polish market but should not be 
interpreted as evidence of greater economic market concentration without corresponding sales 
data.  
7. The analytical framework proposed in this study extends conventional descriptive market 
analysis by integrating three complementary structural indicators that characterise the internal 
organisation of imported market segments. This approach provides a practical tool for compara-
tive assessment of veterinary medicinal product markets and may be applied to evaluate struc-
tural changes associated with regulatory harmonisation, including Ukraine's ongoing integration 
into the European Union veterinary pharmaceutical framework.  
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Порівняльний аналіз імпортного сегмента ринку хіміко-фармацевтичних 
ветеринарних ліків в Україні та Польщі: структура ринку, міжнародні виробники та їх 
асортименту продукції 
Годовський О. В.* (ORCID: 0009-0000-7987-957x), Азаман О. М. (ORCID: 0009-0009-9983-
3144), Бояновський С. О. (ORCID: 0000-0002-4621-5192), Чумаченко В. В. (ORCID: 0009-
0004-2485-6804), Ташута О. В. (ORCID: 0009-0005-8924-2018) 
Державний науково-дослідний інститут з лабораторної діагностики та ветеринарно-
санітарної експертизи, м. Київ, Україна, *e-mail: o.hodovskyi@vet.gov.ua 

Резюме. Євроінтеграційний курс України зумовлює необхідність комплексного 
аналізу структури національного ринку ветеринарних лікарських засобів (ВЛЗ) та його 
порівняння з ринками держав – членів Європейського Союзу. Особливий науковий і 
практичний інтерес становить імпортний сегмент ринку, який визначає доступність 
сучасних ветеринарних лікарських засобів, рівень міжнародної конкуренції та 
інтегрованість національного ринку у світовий ветеринарно-фармацевтичний простір. 
Провести порівняльний аналіз імпортного сегмента ринку ветеринарних лікарських 
засобів хіміко-фармацевтичної групи України та Республіки Польща шляхом оцінки його 
географічної структури, складу міжнародних виробників і продуктового асортименту. 
Дослідження виконано на підставі офіційних державних реєстрів ветеринарних 
лікарських засобів України та Республіки Польща станом на березень 2026 року. До 
аналізу включено виключно імпортні ВЛЗ хіміко-фармацевтичної групи. Використано 
бібліографічний та контент-аналіз, методи класифікації, систематизації, 
структурного й порівняльного аналізу, описової статистики та графічної візуалізації 
результатів. Для комплексної оцінки структури імпортного сегмента ринку 
запропоновано систему структурних індикаторів, що характеризують географічну 
диверсифікацію, концентрацію міжнародних виробників і глибину їхнього продуктового 
асортименту. В Україні імпортні ВЛЗ хіміко-фармацевтичної групи становили 487 із 
1186 зареєстрованих препаратів (41,1 %), тоді як у Республіці Польща – 1587  із 1795 
(88,4 %). Український імпортний сегмент був представлений продукцією 122 міжнародних 
виробників із 39 країн-експортерів, тоді як польський – продукцією 180 виробників із 22 
країн-експортерів. Середня кількість виробників на одну країну-експортера становила 
3,13 в Україні та 8,18 у Польщі, середня кількість ВЛЗ на одного виробника – 4,0 та 8,82, 
а середня кількість препаратів на одну країну-експортера – 12,49 та 72,14 відповідно. 
Встановлено існування двох моделей організації імпортного сегмента ринку. Для України 
характерна висока географічна диверсифікація за відносно невеликого продуктового 
асортименту міжнародних виробників, тоді як польський ринок характеризується 
значно вищою концентрацією міжнародних виробників і суттєво ширшим продуктовим 
асортиментом за меншої кількості країн-експортерів. Незважаючи на значною мірою 
спільний склад провідних міжнародних виробників, масштаби їхньої ринкової присутності 
істотно відрізняються: серед десяти компаній-лідерів продуктовий асортимент у 
Польщі становив 49 – 138 зареєстрованих ВЛЗ, тоді як в Україні – 15 – 46. Запропоновано 
комплекс структурних індикаторів для кількісної оцінки географічної диверсифікації, 
концентрації міжнародних виробників і глибини продуктового асортименту імпортного 
сегмента ринку ветеринарних лікарських засобів. Встановлено, що ключова відмінність 
між імпортними сегментами ринків України та Республіки Польща полягає не у складі 
міжнародних виробників, а у масштабах представленості та повноті їхнього 
продуктового асортименту. Отримані результати можуть бути використані для 
моніторингу розвитку ветеринарного фармацевтичного ринку, оцінки його інтеграції до 
європейського ринку та обґрунтування управлінських рішень у сфері державної політики 
щодо обігу ветеринарних лікарських засобів. 
Ключові слова: ветеринарні лікарські засоби; хіміко-фармацевтична група; ветеринарний 
фармацевтичний ринок; імпортний сегмент ринку; міжнародні виробники; продуктовий 
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DOI: 10.31073/onehealthjournal2026-IV-05  



87
One Health Journal. 2026. Vol. 4. N. 4

Section 3
 
 

 
 

36. Vidhamaly V., Bellingham K., Newton P. N., Caillet C. (2022). The quality of veterinary medicines 
and their implications for One Health. BMJ Global Health; 7(8):e008564. doi.:10.1136/bmjgh-2022-008564. 

 
Порівняльний аналіз імпортного сегмента ринку хіміко-фармацевтичних 
ветеринарних ліків в Україні та Польщі: структура ринку, міжнародні виробники та їх 
асортименту продукції 
Годовський О. В.* (ORCID: 0009-0000-7987-957x), Азаман О. М. (ORCID: 0009-0009-9983-
3144), Бояновський С. О. (ORCID: 0000-0002-4621-5192), Чумаченко В. В. (ORCID: 0009-
0004-2485-6804), Ташута О. В. (ORCID: 0009-0005-8924-2018) 
Державний науково-дослідний інститут з лабораторної діагностики та ветеринарно-
санітарної експертизи, м. Київ, Україна, *e-mail: o.hodovskyi@vet.gov.ua 

Резюме. Євроінтеграційний курс України зумовлює необхідність комплексного 
аналізу структури національного ринку ветеринарних лікарських засобів (ВЛЗ) та його 
порівняння з ринками держав – членів Європейського Союзу. Особливий науковий і 
практичний інтерес становить імпортний сегмент ринку, який визначає доступність 
сучасних ветеринарних лікарських засобів, рівень міжнародної конкуренції та 
інтегрованість національного ринку у світовий ветеринарно-фармацевтичний простір. 
Провести порівняльний аналіз імпортного сегмента ринку ветеринарних лікарських 
засобів хіміко-фармацевтичної групи України та Республіки Польща шляхом оцінки його 
географічної структури, складу міжнародних виробників і продуктового асортименту. 
Дослідження виконано на підставі офіційних державних реєстрів ветеринарних 
лікарських засобів України та Республіки Польща станом на березень 2026 року. До 
аналізу включено виключно імпортні ВЛЗ хіміко-фармацевтичної групи. Використано 
бібліографічний та контент-аналіз, методи класифікації, систематизації, 
структурного й порівняльного аналізу, описової статистики та графічної візуалізації 
результатів. Для комплексної оцінки структури імпортного сегмента ринку 
запропоновано систему структурних індикаторів, що характеризують географічну 
диверсифікацію, концентрацію міжнародних виробників і глибину їхнього продуктового 
асортименту. В Україні імпортні ВЛЗ хіміко-фармацевтичної групи становили 487 із 
1186 зареєстрованих препаратів (41,1 %), тоді як у Республіці Польща – 1587  із 1795 
(88,4 %). Український імпортний сегмент був представлений продукцією 122 міжнародних 
виробників із 39 країн-експортерів, тоді як польський – продукцією 180 виробників із 22 
країн-експортерів. Середня кількість виробників на одну країну-експортера становила 
3,13 в Україні та 8,18 у Польщі, середня кількість ВЛЗ на одного виробника – 4,0 та 8,82, 
а середня кількість препаратів на одну країну-експортера – 12,49 та 72,14 відповідно. 
Встановлено існування двох моделей організації імпортного сегмента ринку. Для України 
характерна висока географічна диверсифікація за відносно невеликого продуктового 
асортименту міжнародних виробників, тоді як польський ринок характеризується 
значно вищою концентрацією міжнародних виробників і суттєво ширшим продуктовим 
асортиментом за меншої кількості країн-експортерів. Незважаючи на значною мірою 
спільний склад провідних міжнародних виробників, масштаби їхньої ринкової присутності 
істотно відрізняються: серед десяти компаній-лідерів продуктовий асортимент у 
Польщі становив 49 – 138 зареєстрованих ВЛЗ, тоді як в Україні – 15 – 46. Запропоновано 
комплекс структурних індикаторів для кількісної оцінки географічної диверсифікації, 
концентрації міжнародних виробників і глибини продуктового асортименту імпортного 
сегмента ринку ветеринарних лікарських засобів. Встановлено, що ключова відмінність 
між імпортними сегментами ринків України та Республіки Польща полягає не у складі 
міжнародних виробників, а у масштабах представленості та повноті їхнього 
продуктового асортименту. Отримані результати можуть бути використані для 
моніторингу розвитку ветеринарного фармацевтичного ринку, оцінки його інтеграції до 
європейського ринку та обґрунтування управлінських рішень у сфері державної політики 
щодо обігу ветеринарних лікарських засобів. 
Ключові слова: ветеринарні лікарські засоби; хіміко-фармацевтична група; ветеринарний 
фармацевтичний ринок; імпортний сегмент ринку; міжнародні виробники; продуктовий 
асортимент; географічна диверсифікація; структурний аналіз; Україна; Республіка Польща 

DOI: 10.31073/onehealthjournal2026-IV-05  

 
 

 
 

UDC 619:616:9-036 
DOI: 10.31073/onehealthjournal2026-IV-06 

Epizoothological, clinical features and control measures of  
American foulbrood in the world (literature review) 

Karpulenko M.S.1,* (ORCID: 0000-0001-8982-9031), Storchak Yu.G.2 (ORCID: 0000-0001-
8318-0120), Postoienko V.O.3 (ORCID: 0000-0002-6515-7004), Kornienko L.Y.1 (ORCID: 
0000-0001-6832-0789), Babkina M.M.1 (ORCID: 0009-0007-7544-5660), Kyivska G.V.1 
(ORCID: 0000-0002-2390-8498), Kulykova V.V.1 (ORCID: 0009-0008-8827-030X), 
Togachynska L.V.1 (ORCID: 0009-0005-5032-5940), Matviienko O.V.1 (ORCID: 0009-0008-
4147-7709), Pyskun O.O.1 (ORCID: 0000-0003-2777-368X), Ukhovska T.M.4 (ORCID: 0000-
0002-1810-3804) 
1 – State Scientific аnd Research Institute for Laboratory Diagnostics аnd Veterinary аnd 
Sanitary Expertise, Kyiv, Ukraine; *e-mail: maximus_ka@ukr.net 
 2 – Main Department of the State Service of Ukraine on Food Safety and Consumer 
Protection in Lviv Region, Lviv, Ukraine  
3 – National Scientific Center “P.I. Prokopovych Institute of Beekeeping”, Kyiv, Ukrane 
4 – Institute of Veterinary Medicine of the NAAS, Kyiv, Ukrane 
 

Abstract. The article summarizes and analyzes modern scientific data on the 
epizootological and clinical features of American foulbrood (AFB) of bees, the causative agent of 
which is the spore-forming bacterium Paenibacillus larvae. The historical aspects of the study of 
the disease, the biological properties of the pathogen, itʼs high resistance in the environment and 
the ability to maintain infectivity for a long time are highlighted. The ERIC I–V genotypes, their 
prevalence and differences in virulence are characterized. Based on WOAH (WAHIS) and 
ProMED data, the modern epizootic situation in the countries of Europe, Asia, Africa and America 
is analyzed, which indicates the global spread of the disease and its significant economic impact 
on the beekeeping industry. Typical clinical signs of AFB are described, in particular, variegation 
of brood, sunken cell lids, the presence of a viscous putrefactive mass and the formation of dense 
scales. Modern approaches to laboratory diagnostics are considered, including microscopic, 
bacteriological and molecular genetic methods with an emphasis on the high sensitivity of PCR 
for early detection of the pathogen. The main preventive measures are summarized, which 
include compliance with veterinary and sanitary standards, regular monitoring of apiaries, control 
of bee movements and timely elimination of dysfunctional colonies, which are key to preventing 
the spread of American foulbrood. 
Keywords: American foulbrood, honey bee, epizootic situation, factors of pathogen spread, 
diagnostics, risk assessment. 

 
Foulbrood diseases of bees are a group of infectious diseases of bee colonies, 

characterized by the defeat of open and sealed brood and pupae. The most serious of them is 
considered to be American foulbrood (AFB), which affects the larval stage of the honey bee Apis 
mellifera and other species of bees. The causative agent of the disease is the spore-forming 
bacterium Paenibacillus larvae. AFB disease is included in the list of transboundary infectious 
diseases subject to mandatory notification to the World Organization for Animal Health (WOAH) 
(Zabrodski, 2022; WOAH, 2025). Due to the seriousness and potential risk of the disease, WOAH 
does not exclude the possibility of its rapid global spread and identifies AFB as the most 
economically significant disease of bees worldwide (WOAH, 2025; Matović, 2023). 

The economic importance of American foulbrood is associated not only with the direct 
death of bee brood but also with significant losses in honey production, reduced pollination effi-
ciency, and the necessity of implementing costly veterinary and sanitary measures. In affected 
apiaries, the disease can persist for many years due to the exceptional resistance of P. larvae 
spores, which remain viable in contaminated hive materials, honey, wax, and beekeeping equip-
ment. As a result, AFB continues to represent a major challenge for both commercial and small-
scale beekeeping operations worldwide (Genersch, 2010; Djukic, 2018). 

The epidemiology of AFB is closely linked to the biological characteristics of P. larvae. 
Infection occurs when young larvae ingest food contaminated with bacterial spores. Following 
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germination in the larval midgut, vegetative cells proliferate rapidly, invade host tissues, and even-
tually cause larval death. During decomposition of infected larvae, billions of new spores are 
formed, serving as a persistent source of infection within and between colonies. The spread of 
the pathogen is facilitated by robbing behavior, drifting bees, contaminated beekeeping equip-
ment, movement of colonies, and the trade of infected bee products (Ebeling, 2016; Alvarado, 
2013). 

Despite the implementation of preventive and control measures in many countries, 
American foulbrood remains widely distributed and continues to be reported on all inhabited 
continents. The emergence of antimicrobial resistance among bacterial pathogens, restrictions 
on antibiotic use in apiculture, and the need for environmentally safe disease-control strategies 
have stimulated research into alternative approaches for AFB prevention and treatment. 
Therefore, studies aimed at improving diagnostic methods, understanding pathogen biology, and 
evaluating effective antimicrobial agents remain highly relevant for modern apiculture and 
veterinary medicine (Djukic, 2018). 

The aim of study was to systematize and analytically investigate information data from 
the scientific literature on outbreaks of American foulbrood in the world. Based on the data 
obtained, to characterize the etiology of the disease, determine epizootological features, clinical 
signs, and present modern diagnostic methods. 

Material and methods. The study was carried out by studying and analyzing information 
data from scientific literature on American foulbrood. The material for the article was statistical 
data from WOAH (WAHIS), ProMED (WOAH, 2025; International Society for Infectious Diseases, 
2025). 

Results. Typical symptoms of bee blight were mentioned in works written before the 
Christian era and by Aristotle (384–322 BC), where lethargy of bees and an unpleasant smell 
from the hive were noted (Genersch, 2010; Yost, 2016). Schirach used the term “foulbrood” to 
encompass the collective concept of bee brood pathology, and in 1771 he established that there 
were two types of “foulbrood” (University of Arkansas Division of Agriculture, 2025) (WOAH, 
2025). In 1885, Cheshire and Cheyne published data containing the results of studies on bee 
brood pathology, including a description of Bacillus alvei (Cheshire, 1885). For more than a 
decade after the appearance of this work, it was generally accepted that there was only one 
pathogen, Bacillus alvei, capable of causing bee brood pathology. During the decade from 1890 
to 1900, many American beekeepers, especially in New York State, noticed differences in the 
clinical presentation and course of the disease, which in turn may indicate two different diseases. 
Soon, in the United States, American foulbrood (AFB) and European foulbrood (EFB) were 
distinguished on the basis of course and clinical presentation (Shimanuki, 2000). 

Considering the characteristics of the disease and its prevalence on five continents, during 
the 19th century, the following names were found in literary sources: in Switzerland – 
“nichtstinkende Faulbrut” (Burri, 1904), in Austria and Australia – «Faulbrut» (Muck, 1915), in 
Germany, England and Ireland – «Brutpest» (Zander, 1928). 

Initially, the AFB pathogen was classified as a Bacillus genus, but in 1993, it was 
reclassified and separated into a separate genus, Paenibacillus larvae, based on a number of 
characteristics (Amšiejute, 2022). The gram-positive bacterium Paenibacillus larvae is the 
etiological agent of AFB in honey bees, a disease that is notifiable in many countries. The 
pathogen forms spores that are resistant to the external environment, as well as to physical and 
chemical factors. In pathological material, remains of dried larvae, scales, old honeycomb, 
endospores remain infectious for up to 35 years, and endospores released from wax, propolis, 
honey and other beekeeping products retain their infectious ability for more than 70 years (Pernal, 
2008; Khezri, 2013; Splitt, 2022; Binney, 2023; Erban, 2024). 

Paenibacillus larvae spores are infective only to worker bee larvae; drone and queen 
larvae, and adult bees are not infected by ingesting spores. Larvae are most susceptible to 
infection in the early stages, i.e. 12–36 h after egg hatching. The minimum infectious dose is 
considered to be the ingestion of about ten spores through contaminated larval food. The 
pathogen can accumulate in an amount of more than 1 billion spores on an infected larva. In 
sealed cells, the pathogen penetrates the larval intestinal wall into the hemolymph and spreads 
throughout the body within two days (Truong, 2023). The larvae die, and the pathogen continues 
to multiply for another 10–12 h; sporulation occurs after 7–10 days. Within the colony, the 
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germination in the larval midgut, vegetative cells proliferate rapidly, invade host tissues, and even-
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infection in the early stages, i.e. 12–36 h after egg hatching. The minimum infectious dose is 
considered to be the ingestion of about ten spores through contaminated larval food. The 
pathogen can accumulate in an amount of more than 1 billion spores on an infected larva. In 
sealed cells, the pathogen penetrates the larval intestinal wall into the hemolymph and spreads 
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pathogen is spread by nurse bees and cell cleaner bees. Transmission factors are honey, 
beehives, combs, hives, wax, beeswax, apiary equipment and equipment. Spread between 
colonies occurs through drones and thief bees. American foulbrood appears in the apiary in the 
second half of June - August (Alburaki, 2024). 

Clinically, the loss of body segmentation is observed in diseased larvae. They become 
grayish and die after the cell is sealed (before the larva turns into a pupa). The wax caps over the 
dead larvae sink and have a hole. The dead larvae rot, turning into a sticky putrid mass of milky-
coffee color with the smell of boiled carpenter's glue, which is a characteristic sign of this disease. 
The corpses of the larvae dry out and turn into dark brown scales that stick to the side walls of 
the cell and cannot be cleaned by the bees. The brood has a motley appearance. Depending on 
the number of sick and dead larvae, a weak, medium and strong degree of damage to the brood 
is distinguished. With a weak infestation of the brood, up to 10 sick and dead larvae are found in 
the nest, with an average infestation, from 10 to 50 larvae on each honeycomb frame with brood, 
and with a strong infestation, more than 50 sick and dead larvae on each honeycomb frame 
(Obshta, 2023). 

AFB is distributed worldwide and cases have been reported in almost all regions where 
Apis mellifera or other bee species are kept and bred (Fig. 1). According to the ERIC 
(enterobacterial repetitive intergenic consensus) classification, five genotypes are distinguished, 
i.e. I, II, III, IV and V, which differ in virulence and prevalence in colonies. Genotypes ERIC I and 
ERIC II have been the most frequently isolated worldwide (Zabrodski, 2020). Genotypes ERIC III 
and ERIC IV have not been isolated for a long time (Papić, 2024), but according to Beims et al., 
2020, genotype ERIC V was recently detected in Spanish honey samples (Beims, 2020). All five 
genotypes have different endospore shapes. Morphologically, endospores of genotypes ERIC I 
and II have a smooth surface, while endospores of genotypes ERIC III–V have longitudinal 
membranes. Although all genotypes cause the same clinical manifestations in bee larvae—a 
sticky, stretchy mass that eventually dries into scales—there are bacteriological differences 
between them in terms of colony appearance, pigmentation, hemolysis, carbohydrate 
fermentation, and degree of virulence. Genotype ERIC I causes 100% mortality of infected larvae 
after 10–12 days, genotypes ERIC II–IV kill infected larvae after 6–7 days, and genotype ERIC V 
kills larvae after 3 days (Beims, 2020). In the case of infection of P. larvae of genotype ERIC II, 
clinical manifestations may be mild because larvae die earlier and bees clean their cells earlier, 
and therefore testing may result in false-negative results for AFB (Jończyk‐Matysiak, 2020). 

 
Fig. 1. Registration of American foulbrood in the world during 2005–2025 (WOAH, 2025) 

The prevalence of ERIC genotypes varies between countries and continents. Genersch et 
al. (Genersch, 2010), studying P. larvae strains from Germany, Finland and Sweden, found only 
ERIC I and II genotypes. In Austria and Italy, only ERIC I and II genotypes were confirmed. In a 
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study of South and North America, ERIC I genotypes were found among Argentine and 
Uruguayan strains (Castelli, 2019). In the USA, ERIC I genotype was confirmed (Krongdang, 
2019). ERIC V genotype was found in a honey sample from Spain (Nowotnik, 2024). 

AFB was suspected in South Africa after the Zimbabwean authorities received reports in 
July 1996 that bee colonies imported from Johannesburg were possibly infected with P. larvae 
(Beekeeping Association, 1996). However, laboratory tests of 57 honey samples from 57 apiaries 
failed to confirm the presence of P. larvae spores. This was not the case until 2009, when the 
South African Department of Agriculture inspected bee colonies and the honey retail chain, which 
confirmed the presence of AFB in the Western Cape. According to the World Organisation for 
Animal Health (WOAH), AFB outbreaks have been reported intermittently in North and East Africa 
since 2005 (Fig. 2). The low prevalence of American foulbrood in Africa and sub-Saharan Africa 
is likely due to primitive beekeeping, hygienic behavior, and the physiological susceptibility of 
African bees. However, in temperate continental countries, where the disease is widespread, the 
situation is somewhat different. 

 
Fig. 2. Outbreaks of American foulbrood on the African continent (WOAH, 2025) 

AFB was first officially recorded in South America in Argentina in 1989, and it was 
assumed that the pathogen had entered the country through bees imported from the USA (Alippi, 
2004; Antúnez, 2007; Alburaki, 2025).  

AFB quickly spread to most of the important beekeeping centers of the country, with 
incidences of up to 30,0% in some geographical regions of the continent. In total, from 30,0 to 
45,0% of bee colonies were lost to AFB during 1989–1996. The spread of the disease was 
stopped in 2002 after its detection in Chile. However, despite all efforts, new outbreaks of the 
disease were detected in 2005 in different regions of the American continent. 

In south-central Canada, in Saskatchewan, AFB cases are detected through a 
combination of random inspections and investigations of suspected beekeepers. In 2018, four 
AFB outbreaks were reported, mostly among small-scale and amateur beekeepers. In 2019, the 
number of cases increased to 8, but mostly in commercial operations (Fig. 3). In a study of 4790 
bee brood samples collected from 2015 to 2022 by state inspectors in the United States of 
America from 49 states, AFB was detected in 31 states. Infection rates varied between states, 
ranging from 0,0 % до 54,8 % (Alburaki, 2024). 

 
Fig. 3. AFB outbreaks in the Americas during 2010–2024 (WOAH, 2025) 

In an assessment of AFB prevalence in Asia using PCR, two out of 100 samples from bee 
apiaries in Kurdistan province were found to be positive, indicating a relatively low prevalence of 
AFB in the province’s apiaries. Studies conducted in Hatay and Adana provinces in Turkey 
showed a prevalence of AFB of 29,0% (Fig. 4). The prevalence of AFB in northwestern Pakistan 
was 37,3%. A total of 57 samples from different regions of Jordan were found to contain 
Paenibacillus larvae spores, accounting for 35,0% of the total samples tested (WOAH, 2025). In 
a study of honey samples from Tehran province, 25,6% of samples were found to contain AFB, 
indicating a relatively high prevalence of the disease in apiaries (Khezri, 2018). In 2010, 

 
 

 
 

Yusefkhani M. and Lotfi A. reported that the level of AFB infection in bee colonies in East 
Azerbaijan province was 5,8%. By studying bee brood in Lorestan province by PCR method, it 
was possible to establish that the level of hive contamination was 13,0% (Binney, 2023). 
According to WOAH data, during 2010–2024, Cyprus, Iran, Israel, Japan, Jordan, Korea, Turkey 
can be considered as permanently unfavorable for AFB, where AFB is registered every year.  

 
Fig. 4. AFB outbreaks on the Asian continent during 2010–2024 (WOAH, 2025) 
During 2010–2024 AFB became quite widespread on the European continent. It was 

reported in 34 countries (Fig. 5). According to WOAH, in Western Europe, in Austria, the number 
of registered outbreaks varies significantly from year to year, and the largest number of registered 
outbreaks was observed in 1998 – 211 and in 1999 – 383. In the period from 2010 to 2024, there 
is a positive trend towards a decrease in the number of outbreaks and, accordingly, as of 2024, 
19 cases were registered. In order to eliminate the disease in Austria, 1,181 bee colonies were 
destroyed in the period from 2010 to 2024. In Belgium, only 23 cases were recorded from 1997 
to 1999 among approximately 10,000 beekeeping farms, but after the detection of Paenibacillus 
larvae spores in honey samples from colonies that did not show clinical signs of the disease in 
1999, the low prevalence of AFB in Belgium was questioned (De Graaf, 2001). During the period 
2010–2024, 101 new outbreaks of the disease were recorded in this country and 301 colonies 
were destroyed. 

In Germany, the number of outbreaks varied from 100 to 400 affected apiaries per year 
between 1950 and 2001. According to Otten et al., the lowest number of outbreaks was found in 
Baden-Württemberg, Bavaria and Saxony-Anhalt between 1980 and 2001 (0,2 affected apiaries 
per 1000 families), while, for example, in North Rhine-Westphalia, it was 0,8 apiaries per 1000 
families (Otten, 2003). The studies concluded that colony density did not significantly affect the 
spread of the disease, as Baden-Württemberg and Bavaria had the highest colony densities of 
5,1 and 4,9 colonies per square kilometer, respectively, but the lowest number of outbreaks was 
recorded there. On the other hand, in North Rhine-Westphalia, with its low colony density, many 
more outbreaks were observed, suggesting that climatic conditions, bee migrations and different 
Paenibacillus strains may be responsible for these regional differences. The difficult situation with 
AFB outbreaks in Germany remained from 2010 to 2024, with 2,913 cases recorded during this 
period. In Switzerland, only 660 outbreaks were observed between 2010 and 2024; 1,424 
colonies were destroyed to eliminate the disease. The situation is also quite difficult in France, 
where AFB is detected every year. In Eastern Europe, in Bulgaria, 350 outbreaks were recorded 
in 1989, during which 4,800 colonies had to be destroyed. During 271 outbreaks in 1992, 1910 
colonies were destroyed. The following years, 1993–2008, were characterized by a significant 
decrease in the number of outbreaks – within 32–76, with an increase to 102 in 2013. Since 2019, 
the situation has become more controlled, however, the pathogen is detected from time to time, 
but the disease is not of a mass nature (Antúnez, 2007; Alippi, 2005). In Moldova, from 2010 to 
2024, 1823 new outbreaks were registered and 49178 bee colonies were destroyed, while in 
Poland, 142638 new outbreaks were registered during this period, in Romania – only 225 
outbreaks, during which 4025 bee colonies were destroyed, in Slovakia – 958 outbreaks and 3054 
bee colonies were destroyed. Rudenko E.V. with colleagues (Rudenko, 2023) in 2023, studying 
18 samples of commercial honey obtained in Ukraine, revealed negative trends in general 
microbial contamination, in particular by the pathogens of rot Paenibac. larvae and Paenibac. 
alvei. The difficult situation with AFB is also observed in the territory of Southern (Bosnia and 
Herzegovina, Greece, Italy, North Macedonia, Portugal, Serbia, Slovenia, Montenegro) and 
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Northern Europe (Great Britain, Denmark, Estonia, Ireland, Iceland, Latvia, Norway, Finland, 
Sweden) (Elzen, 2002; Crane, 1999; Brady, 2017). 

 
Fig. 5. AFB outbreaks on the European continent during 2010–2024 (WOAH, 2025) 

AFB diagnosis is established comprehensively, taking into account clinical signs, 
laboratory studies and epizootological data. Laboratory diagnostics of AFB is based on the 
identification of the pathogen (Matiašovic, 2023). In practical terms, the selection of pathological 
material samples depends on the purpose of the laboratory study (diagnosis or monitoring). 
Laboratory studies are carried out in an accredited and authorized laboratory. Microscopic, 
bacteriological, serological and molecular genetic research methods are used to identify AFB 
(Hansen, 1999). The priority research methods are bacteriological and PCR methods, which are 
highly sensitive and specific. These methods are also able to detect the pathogen in bee colonies 
that do not have visible clinical signs, which makes it possible to predict the outbreak of the 
disease and prevent it in time (Govan, 1999; Kušar, 2021). 

According to the WOAH recommendations, a whole comb or a 20 cm² sample containing 
the affected brood is taken from a sick or suspected bee colony (El‐Meihy, 2024). In order to 
facilitate packaging and transportation, it is customary to collect the remains of larvae or pupae 
from the cells using a sterile applicator. For microscopic examination, thin smears of putrefactive 
mass or scales are prepared, which are pre-soaked in sterile warm (30–40 °C) saline for 20–30 
min (de Graaf, 2015; Dobbelaere, 2001; Stephan, 2020). After air drying, the smears are 
packaged for shipment to the laboratory for microscopic examination. Every colony in the vicinity 
of such a clinical case of AFB should be considered suspect, and a wide range of samples should 
be taken to confirm (or refute) the suspicion. Colonies located adjacent to clinically affected ones 
are considered suspect. For confirmation, it is recommended to take samples of adult bees, 
honey, hive debris and larvae for complex analysis (bacteriological and PCR). It is recommended 
to conduct early diagnostics of neighboring colonies (without clinical signs) by selecting a wide 
range of samples for PCR and predicting the possible development of AFB. Combined diagnostics 
should be used: clinical examinations, microscopy and molecular methods (Beekeeping 
Association, 1996; Liu, 2017; Daisley, 2020). In addition to brood samples, honey, pollen and 
royal jelly, adult bees and crumbs from the bottom of the hive can be taken to detect the presence 
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of P. larvae spores. Thus, the detection of spores is possible not only in brood, but also in honey, 
pollen, adult bees and debris on the bottom of the hive; this allows predicting the development of 
AFB in the colony. To obtain the most reliable actual situation, bees from the brood nest (and not 
from honeycombs) should be analyzed. Honey samples can be used to detect AFB in colonies 
where no clinical signs are observed and for a rapid detection monitoring program (Morrissey, 
2015). 

Preventive measures for AFB include compliance with veterinary and sanitary norms and 
rules, namely: use only disinfected equipment (frames, hives, knives, etc.); avoid transplanting 
brood from other apiaries; regular disinfection of hives (heat treatment, burning, chemicals – 2,0% 
caustic soda solution, chlorine-containing preparations, etc.); control over the origin of queen 
bees and packages; purchase queen bees and packages only from safe apiaries with appropriate 
veterinary documents; biological and organizational methods; replacement of old frames with new 
ones (change at least 30,0% of frames each year); periodic transplanting of bees into clean hives; 
destruction or removal of weak families that may be a source of infection (Genersch, 2010; 
Dobbelaere, 2001). Therapeutic and prophylactic feeding, use of permitted antibiotics (e.g. 
terramycin) should only be carried out under the supervision of a veterinarian in compliance with 
the requirements of national and international legislation. Constant monitoring of the condition of 
the brood, regular inspections of hives for the presence of characteristic signs of the disease 
(musty smell, rotting brood, sticky cell contents). At the slightest suspicion - notification of the 
veterinary service and isolation of affected families.  

Conclusions. The spread of AFB in the world remains a pressing problem for beekeeping. 
However, through preventive measures, proper control and improvement of conditions for bees, 
it is possible to reduce the risk of outbreaks and protect bee colonies from this disease. 

For effective detection of AFB, it is necessary to use a combination of microscopic, 
bacteriological, serological and molecular genetic methods. Bacteriological and PCR methods 
are especially important, which have high sensitivity and specificity, allowing to detect the 
pathogen even in colonies without clinical signs of the disease. This makes it possible to take 
timely measures to prevent and prevent the spread of the disease. 
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Резюме. У статті узагальнено та проаналізовано сучасні наукові дані щодо 
епізоотологічних і клінічних особливостей американського гнильця (AFB) бджіл, 
збудником якого є спороутворююча бактерія Paenibacillus larvae. Висвітлено історичні 
аспекти вивчення хвороби, біологічні властивості збудника, його високу стійкість у 
навколишньому середовищі та здатність зберігати інфекційність тривалий час. 
Охарактеризовано генотипи ERIC I–V, їх поширеність і відмінності за вірулентністю. На 
підставі даних WOAH (WAHIS) і ProMED проаналізовано сучасну епізоотичну ситуацію у 

 
 

 
 

країнах Європи, Азії, Африки та Америки, що свідчить про глобальне поширення 
захворювання та його значний економічний вплив на галузь бджільництва. Описано 
типові клінічні ознаки AFB, зокрема строкатість розплоду, запалі кришечки комірок, 
наявність тягучої гнильної маси та утворення щільних лусочок. Розглянуто сучасні 
підходи до лабораторної діагностики, включаючи мікроскопічні, бактеріологічні та 
молекулярно-генетичні методи з акцентом на високу чутливість ПЛР для раннього 
виявлення збудника. Узагальнено основні профілактичні заходи, що передбачають 
дотримання ветеринарно-санітарних норм, регулярний моніторинг пасік, контроль 
переміщення бджіл та своєчасну ліквідацію неблагополучних сімей, що є ключовими для 
запобігання поширенню американського гнильця. 
Ключові слова: американський гнилець, медоносна бджола, епізоотична ситуація, 
фактори поширення збудника, діагностика, оцінка ризику. 
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