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The (re)emergence of several infectious zoonoses underlines the need for the re-evaluation of the transmission patterns and key players responsible for effective inter-species transfer of diseases. Anthrax is caused by Bacillus anthracis, a zoonotic rod-shaped, Gram-positive, spore-forming bacterium that is highly fatal to both human and animal populations. B. anthracis is widespread across several regions of the world, including Africa, Asia, southern Europe, North and South America, and Australia, and it has a remarkably high attendant impact on the sustainability and profitability of livestock. The current trend in the global distribution of anthrax necessitates an urgent contextual understanding of the key drivers of the spread of B. anthracis in different parts of the world toward the end goal of an anthrax-free world. The understanding of the drivers is integral for the development of control and preventive measures, and also the development of agents such as therapeutics and vaccines against B. anthracis. This review presents a holistic description of the transmission pattern and epidemiology of B. anthracis, and updates on the diagnostic techniques and approaches available for the detection of B. anthracis. In addition, this review highlights plausible prevention and control strategies for the bacterium. This review further underscores the need for participatory epidemiology, hygiene, and safety protocols, the establishment of comprehensive surveillance systems, and global collaborative efforts toward vaccine development as critical steps in controlling anthrax.
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1 Introduction

Anthrax is an important pathogenic disease caused by Bacillus anthracis, a zoonotic rod-shaped, Gram-positive, spore-forming bacterium (1–3). The history of anthrax dates to the 1870s; it was during this period that Robert Koch discovered the bacterium. Other researchers including Louis Pasteur, Élie Metchnikoff, Max Sterne, and Harry Smith, to mention a few, contributed immensely to the current understanding of B. anthracis, including its phagocytic characteristics, zoonotic nature, toxin production, and dispersal (1–3). Interestingly, B. anthracis has also been established as a bioweapon, and was used as such for the first time in the United States in an incident in 2001 when anthrax spores were mailed to certain government officials. This was the first recorded intentional use of a bacterium as a bioweapon and was associated with the infection of 22 people, including 12 mail handlers, and the death of five people (Antonio, 2013). B. anthracis is now classified as a tier 1 biological agent as there is a very high risk associated with its misuse and it has significant potential to cause mass casualties or have a devastating effect on the economy, critical infrastructure, or public confidence; therefore, it poses a severe threat to public health and safety (4, 5; Zacchia and Schmitt, 2001). This review aims to elucidate the different host, environment, and pathogen factors contributing to the persistence and spread of B. anthracis and the occurrence of anthrax in the environment. This is pertinent because of the current wave of anthrax across both developing and developed nations across the world. Furthermore, the persistence and possible increase in trends of global warming in complicating the (re)emergence of anthrax warrant an urgent need for public understanding of the dynamics of anthrax in the environment.



1.1 Bacillus anthracis: phylogenetic characteristics

Bacillus anthracis belongs to the Firmicutes phylum in the family Bacillaceae, genus Bacillus, and Bacillus cereus group. The B. cereus group consists of B. anthracis, B. cereus, B. mycoides, B. pseudomycoides, B. thuringiensis, B. weihenstephanensis, and B. cytotoxicus, all of which are closely related phenotypically, pathogenically, symptomatically, ecologically, and also in terms of host preference (2, 3, 6, 7). Phylogenetically, the B. cereus group of bacteria is divided into three distinct clades that show partial barriers to interclade gene flow. Strains of B. anthracis that are highly clonal are restricted to clade 1, together with the highly virulent emetic toxin (cereluid synthetase)-producing B. cereus strains (3).

The most important member of the group is B. anthracis, which has two large plasmids encoding the most important virulence factors (i.e., toxins and capsule) (3). The cells of B. anthracis are rod shaped and quite large, with the rods ranging in size from 1 × 3 μm to 1.3 × 10 μm (1–3).

Bacillus anthracis primarily infects ungulates and other mammals, including humans (8–11). The toxins produced by B. anthracis are encoded on a pathogenicity island in the 183-kb pXO1 plasmid, whereas the poly-γ-D-glutamic acid capsule is synthesized by the capBCADE operon located in the 96-kb pXO2 plasmid (7; Antonio, 2013; 12–14) (Figure 1).




Figure 1 | Molecular mechanisms of B anthracis (7).






1.2 Methodology

The research methodology for this review was accessed by reviewing papers downloaded from Scopus® (Elsevier, Amsterdam, the Netherlands), ScienceDirect® (Elsevier), Google Scholar (Google Inc., Mountain View, CA, USA), PubMed® (National Library of Medicine, Bethesda, MD, USA), and Embase® (Elsevier). These databases were searched for the keywords “Anthrax”, “Biological Agents”, and “Public Health Implications” in papers published between 1940 and 2023.





2 Epidemiology and transmission of anthrax

Bacillus anthracis exists in two distinct forms (phases), known as the vegetative and sporulated forms/phases (7). This is a unique attribute of B. anthracis, as it exists principally in the spore form in the environment, where it can be dormant without replication over a long time (15). The environmental maintenance of anthrax over a long time is the least understood part of its life cycle. Despite the integral role of the environment, knowledge about the survival and activity of B. anthracis outside a host is still limited.



2.1 Environmental reservoir

Many pieces of evidence have revealed the persistence of anthrax spores in the environment over several years, especially in soil with a slightly alkaline pH and a higher organic matter and calcium content (Turner et al., 2016, 16, Williams et al., 2013). The germination of the spores into the vegetative form occurs in the host when the spores are taken up via inhalation, ingestion, and cutaneous means (7, 15; Turner et al., 2016). The germination and replication of B. anthracis spores in the host are potentiated by the ability of the bacterium to escape the host’s immune cells due to its toxin and capsule production (17). These virulence factors are integral to not only the B. anthracis invasion but also to the systemic dissemination through regional lymph nodes associated with infection sites (5). The disseminated B. anthracis grows exponentially, leading to large numbers in the bloodstream, which in turn contributes to a rapid lethality due to the high volume of toxin production.

The toxins produced by B. anthracis are three polypeptides that form two classical types, that is, lethal and edema toxins. The lethal (LF) and edema (ET) toxins have similar receptor-binding components and protective antigens. LF is a zinc metalloprotease (18–20), and EF is a calmodulin-dependent adenylate cyclase (18–20). The toxins target cellular pathways, inhibiting the host’s response and causing lethality.




2.2 Natural infections in herbivores

Anthrax occurs most commonly in nature when herbivores feed on contaminated vegetation with B. anthracis spores from previously dead animals (9–11). Anthrax fatality is caused by acute intoxication and massive bacteremia resulting from the progression of the three basic disease forms including cutaneous, gastrointestinal, and inhalation, which corresponds to the route of exposure, mostly in humans.

The cutaneous form is the most common and fatal anthrax form, which is associated with edema and necrosis and the consequential black eschar sign in infected individuals; it has a mortality rate of approximately 20% in untreated individuals (21). The gastrointestinal form is considered rare and is characterized by flu-like symptoms. The inhalation form is uniquely important because of the relative ease of transmission of the B. anthracis spores in the environment in an aerosolized form, rapid progression of the diseases caused by them, and potential mortality of up to 100% associated with it, which is similar to that of a classical bioweapon bacterium. The inhalation form is also important because of its non-specific symptoms, usually flu-like in nature, and consequentially the possibility of its leading to sepsis and septic shock, such as vacuolar collapse (5, 11, 21).




2.3 Occurrences of anthrax

The occurrence and epidemiology of anthrax globally can be captured within the context of the disease outbreak occurring across different nations of the world. Historically, the occurrence of anthrax dates back to 1979 with an outbreak in Sverdlovsk, Russia, an incident believed to have been caused by the accidental release of B. anthracis spores from a secret military facility, leading to over 100 people being exposed to the spores, and to at least 64 dying within a few weeks of exposure (22). In the early 2000s, the most popular US case, which is known to be a terror attack on the political classes, occurred with anthrax spores reportedly being mailed to several news media offices targeting US senators, eventually leading to the death of five people and the infection of approximately 17 people (Antonio, 2013; 4, 5; Zacchia and Schmitt, 2001). In India, human cases of anthrax affecting approximately seven people were reported in the largest outbreak of anthrax in 2014 (23) (Figure 3).

Furthermore, in Russia, nearly 100 people were hospitalized owing to an anthrax outbreak among nomads. In Ukraine, between 2005 and 2022, a total of 267 cases of anthrax were reported (approximately 251 cases reported in domestic animals and 16 cases reported in wild animals), of which 28 cases were confirmed positive for B. anthracis (24). According to the World Organisation for Animal Health (WOAH), the highest number of cases was reported in 2018 (WOAH, 2018). Interestingly, most of these reported cases were confirmed from samples obtained from the soil which were believed to have been potentiated by the presence of several biothermal pits and burial grounds of cattle. These pockets of outbreaks underscore the global distribution of anthrax across many continents of the world (Figure 2).




Figure 2 | Phylogeography of worldwide B anthracis strains (7).






Figure 3 | Transmission of anthrax (25).



In recent news, there are currently global panics underscored by more rapid spread and more diverse occurrences/reports of anthrax in different nations of the world across Africa, America, Asia, and Australia (Ndolo et al., 2020). In the United States, according to the WOAH monthly update, the state of Minnesota confirmed its first case of anthrax in a decade in Kittson County, which affected multiple cattle and a horse, and the Grant County of North Dakota State reported its first case in 2023 in cattle belonging to a Grant County beef herd.

Currently, Canada has reported confirmed 18 cases (WOAH, 2023). Indonesia has reported approximately 12 deaths consisting of six cattle and six goats, with approximately 85 people testing positive but asymptomatic (WOAH, 2023). In Spain, there are currently approximately 65 suspected cases, with six confirmed deaths in cattle (WOAH, 2023). According to the confirmatory tests obtained from the National Veterinary Research Institute (NVRI), VOM, Plateau State, Nigeria, Nigeria’s index case has been identified, which is characterized by the sudden death of eight animals (including cattle, sheep, and goats) with observed bleeding from orifices without clots (26).

In Ghana, there are currently approximately 97 confirmed cases of anthrax across six districts (WOAH, 2023). Furthermore, Kenya has reported approximately 15 cases so far, with three deaths across five sub-counties. Underscoring the zoonotic potential of anthrax, Russia confirmed human infection in Tuva affecting approximately six people with a history of visitation to a shepherd’s camp and contact with animals reported not to have been vaccinated (WOAH, 2023). The current global trends and distribution associated with the outbreaks of anthrax between 2022 and 2023 alone are worrisome and warrant increasing the awareness of the populace. The presence of anthrax across national and continental borders portends its importance and the high risks it poses to both human and animal populations. Increasing global movement and the existence of climate change characterized by increasing changes in temperature is another possible driver of anthrax globally (WOAH, 2023).





3 Formation of biofilms as a mechanism of Bacillus anthracis virulence

Biofilms are complex, multicellular communities of microorganisms that attach to surfaces and are encompassed in a self-produced extracellular polymeric matrix, which mainly consists of proteins, nucleic acids, and polysaccharides (27, 28). A key feature of bacterial biofilms is their contribution to bacterial virulence through the promotion of survival and persistence in hostile environments, enhancing resistance to antimicrobial agents, and facilitating chronic infections (29, 30).

Bacillus anthracis has been reported to readily form robust biofilms both under both static and shear conditions (31–33). The United States Environmental Protection Agency (EPA) reported that biofilm formation is one of the mechanisms utilized by B. anthracis to remain persistent in the soil. Furthermore, it is an essential aspect of its lifecycle and virulence (EPA, 2014). These biofilms can resist several antimicrobial agents, making B. anthracis particularly challenging to eradicate, which is a property independent of its sporulation function (31). The capability to form biofilms allows the pathogen to persist in the environment, facilitating the cycle of infection.

Moreover, research has demonstrated that the interaction between B. anthracis and bacteriophages leads to the emergence of lysogens, which are phenotypically altered bacteria with significantly improved survival capabilities. These lysogens are associated with enhanced exopolysaccharide expression and biofilm formation, further intensifying the resilience and survival capabilities of B. anthracis in soil and also in anoxic earthworm guts (33, 34).

On a molecular level, Ser/Thr protein kinase (PrkC) plays a critical role in the formation of B. anthracis biofilms. PrkC phosphorylates the chaperon protein GroEL, promoting interaction with GroES and facilitating the assembly and disassembly of structures critical to biofilm formation. Notably, the disruption of the PrkC function compromises biofilm formation, signifying the importance of the molecular signaling in this process (35).

Genetic studies by Schuch and Fischetti revealed that the genes bcp25, bcp26, wip38, and wip39 were instrumental in inducing high-level exopolysaccharide expression, leading to enhanced biofilm formation. This relationship was particularly evident in Bcp1 and Wip4 infections, signifying a strong correlation between genetic factors and biofilm development (33). Biofilm formation serves as a pivotal strategy in B. anthracis virulence by augmenting its survival in hostile environments, enabling its resistance to antimicrobial agents, facilitating its persistent environmental presence, and, ultimately, contributing to the persistent and chronic nature of anthrax infections.




4 Global warming as a driver of anthrax

The environment, especially the soil, is currently known as the most important reservoir for B. anthracis. B. anthracis characteristically alternates between the dormant sporulated state in the environment and the vegetative replicating state in the host (7, 15). Specifically, an ideal soil is characterized by low-lying depressions, or eroded shallow and deep rich alluvial soils with high organic and calcium contents and a pH ranging between 6 and 8 serves as a suitable condition for the growth of B. anthracis (15, 36). These factors play key roles in the maintenance and persistence of B. anthracis for a long period of time because they increase its resistance to heat and desiccation (7). These climatic factors also serve as enablers of adequate host–pathogen–environment interaction. Sporulation occurs when the bacterium encounters free oxygen in the air, especially as exudates are released from dead or dying animals (15).

The phenomenon of global warming has the potential to exert an influence on the occurrence and dispersion of infectious diseases such as anthrax. However, it is crucial to acknowledge that this relationship is characterized by a complex and varied nature. The bacterial disease known as anthrax is predominantly caused by the microorganism B. anthracis. The occurrence of this disease is determined by a complex interplay of various elements, including environmental conditions, ecological dynamics, and human activities. The potential linkage between global warming and anthrax is worth exploring (37).

The potential impact of global warming on anthrax can manifest through the process of permafrost thawing. In certain geographical areas, spores of anthrax have been found to remain viable within frozen soil for extended periods of time, spanning several decades or even millennia. With the increase in temperatures leading to the thawing of permafrost, there is a possibility of the release of these spores into the surrounding environment, which might potentially result in the exposure of both wild and domestic animals to the disease (15). The phenomenon of global warming has the potential to induce modifications within ecosystems, which manifest as alterations in vegetation patterns, shifts in wildlife migration routes, and changes in the accessibility of water resources. The alterations have the potential to impact the dispersion of anthrax throughout wildlife communities, given that bacterial spores can persist in the environment and are consumed by herbivorous animals (15).

The process of increased animal stress can be attributed to the escalation of temperatures and alterations in climate patterns. The presence of stress in wildlife and livestock has been observed to have a detrimental effect on their immune systems, rendering them more vulnerable to many illnesses, including anthrax. This phenomenon has the potential to result in a higher frequency of breakouts within the regions that are impacted (38). The expanded range of disease vectors can be influenced by global warming, leading to changes in their distribution and behavior. These vectors include insects and other arthropods. Although anthrax is not primarily transmitted by vectors, alterations in the distribution and behavior of these species can have an indirect impact on the ecological dynamics of the illness (37).

The impact of human activities on land usage, such as deforestation and alterations prompted by global warming, can also result in increased proximity among humans, cattle, and wildlife that may serve as carriers of anthrax. The increased level of interaction between humans and wildlife has the potential to facilitate a greater occurrence of anthrax transmission from wildlife to both humans and domestic animals (7).

It is imperative to acknowledge that the dynamics of anthrax are influenced by a multitude of causes, with global warming being one of them. The management of land utilization, implementation of livestock immunization programs, and enforcement of public health measures are pivotal in effectively mitigating the transmission of the illness. Comprehending and effectively resolving the intricate relationship among climate change, ecological variables, and infectious illnesses such as anthrax is of utmost importance in formulating efficacious methods to alleviate their negative impacts on both animal and human populations.

Temperature and precipitation both contribute to the factors affecting the sporulation of B. anthracis spores at the onset of an outbreak with varying prolonged periods of hot, dry weather that are usually followed by heavy rains and flooding, or with the onset of rains ending a period of drought (15, 37, 39). The seasonal dynamics, human activities, and animal density play key roles in the occurrence of anthrax-related outbreaks, making anthrax a more complicated disease for humans and animals.

Global climate change has become increasingly concerning as it continues to change the dynamics of disease outbreaks, including the (re)emergence of diseases. Climate change, specifically in the form of dramatic temperature increases and extreme weather, impacts both the terrestrial and aquatic ecosystems, changing soil composition and nutrient availability, vegetation, distribution of both wild and domestic animals, and also animal density and movements (16, 38). The increasing number of climate-related stresses on the environment contribute to the change in the host–pathogen interactions, which consequently causes a change in disease dynamics. Anthrax is able to gain momentum, especially in most grasslands, because of the fragility and vulnerability of grasslands to the consequences of climate change (40, 41). The continual needs of the grasslands and the density of livestock, including their movement in search of pasture during scarcity, serve as a driver that increases the risk of exposure of naive cattle to anthrax (37, 39).

The presence of suitable pH and organic carbon alongside calcium further aids the germination of the anthrax spores while also contributing to optimal grassland ecosystems and agricultural cultivation (15; Gaitanis et al., 2015, Wall et al., 2015; 37). This type of environment, which naturally attracts a high density of livestock because of the numerous pastures/vegetation utilizable by livestock, serves as an important springboard for an increased risk of anthrax.

Increasing temperature anomalies have been linked to increased suitability for B. anthracis, and they also contribute to water stress (15). The divergence of temperature over the years, especially around the latitudes, is now known to change habitat suitability across intercontinental regions and contribute immensely to the emergence of diseases such as anthrax. The warming temperature trends not only change grassland diversity and increase livestock movement, but also increase the melting rate of permafrost in the Arctic, which in turn leads to the release of spores from dead frozen animals into the environment (42, 43). These spores then become available for livestock for ingestion, and they germinate and thus cause infection. On another note, the warming temperature in the arid shrubland in the middle or southern latitudes, especially in the summer, favors the dissemination of anthrax spores, particularly when there is intermittent precipitation (Gaitanis et al., 2015, Wall et al., 2015). Furthermore, the increasing temperature also affects the host by increasing disease immunocompetence, which eventually increases disease susceptibility in the host (44). This is due to the significant impact of stress on both the host’s immunity and the enhanced chains of disease transmission.

Climate change is undoubtedly a huge contributor to the trends currently predominantly caused by anthrax. The significant roles of temperature and consequential stressful environmental conditions, including water stress and grassland as drivers of anthrax in a population, could be a major reason for the (re)emergence of anthrax beyond the norm (16, 45). The impact of climate change on infectious diseases is indeed inexhaustible, especially for anthrax, the distribution of which is driven by salient environmental changes. Climate change complicates anthrax more because of the force with which it exerts changes on animal and human distribution and movement, the availability of foods and consequential increasing search for foods, and the increasing exposure of humans and animals to anthrax spores.




5 Diagnosis of anthrax



5.1 Conventional methods of detecting Bacillus anthracis

Prompt and accurate identification is key to anthrax diagnosis. The accuracy of the employed diagnostic tool(s) determines the health outcomes of human and animal populations, especially in the context of the surveillance of anthrax. The detection of anthrax utilizes a combination of different tools which is based on the  history of exposure, clinical presentations, and examinations. The identification of B. anthracis is carried out using laboratory methods such as culture, microscopy, radiology, DNA, and antigen and antibody detection methods.

The history of animal or human exposure to dead infected animals or tissues from them serves as one of the vital tools for anthrax diagnosis. Animals having a history of contact with infected animals or animal products during movement and grazing are presumptively diagnosed and must be handled carefully. The presence of signs of classical symptoms, including sudden death and signs of cutaneous, gastrointestinal, and respiratory lesions can be used to diagnose animals (9–11).

Conventional diagnostic methods, including bacterial culture, motility and hemolytic assays, staining methods, gamma lysis, and antibiotic susceptibility testing methods, are all integral, foundational, gold standard methods needed to make a reliable molecular diagnosis.

In brief, the clinical diagnosis of anthrax is based on classical signs, including cutaneous black eschar caused by the edema toxins around lesions, and also by other orogastric and inhalational clinical presentations, such as severe sore throat (5, 11, 21).

The microscopic detection of B. anthracis is another foundational technique that focuses on the bacteria’s characteristic phenotypic appearance, including its large size, rectangular shape, and the presence of spores and the antiphagocytic capsule, which can be observed using light microscopy or electron microscopy after Gram or Wright staining (Friedlander, 1999). This method reveals the presence of Gram-positive rod-shaped organisms, and the presence of a capsule which surrounds virulent forms of the bacterium can be confirmed using polychrome methylene blue or Indian ink, whereas staining with methylene blue reveals blue-black, square-tipped bacilli surrounded by a pink capsule (25).



5.1.1 Culture-based methods

These traditional techniques involve the isolation and identification of the bacterium through cultivation on selective media. Culture-based methods rely on the use of specific growth media to isolate B. anthracis. Blood agar, with or without added antimicrobial agents, is commonly employed as a primary selective medium. This allows the growth of B. anthracis while inhibiting the growth of other bacteria. Another selective medium is polymyxin-lysozyme-EDTA-thallous acetate (PLET) on which B. anthracis grows as a characteristic small, white, domed and circular colony, but this medium has been banned in some countries due to the highly toxic thallous acetate constituent (46, 47). The limited accessibility to these cultured-based methods indicates the need for novel methods for the prompt diagnosis of anthrax. Other media, such as R & F® anthrax chromogenic agar (ChrA) containing cycloheximide, polymyxin B, and X-indoxyl-choline phosphate (X-CP), are currently being employed as alternatives to PLET (Doganay, 2017; 25). The growth of B. anthracis on agar plates with characteristic colonies appearing large, smooth, and opaque, with a characteristic ground-glass appearance is diagnostic (25). The colonies may also exhibit hemolysis on blood agar, known as the “Medusa head” effect, due to the bacterium’s ability to produce the anthrax toxin.

Gram staining is a valuable technique in culture-based methods for detecting B. anthracis. The bacterium appears as large, Gram-positive rods under a microscope. This staining pattern, combined with colony morphology, aids in the preliminary identification of the pathogen. The B. anthracis capsules formed to escape phagocytic activity in the host can be detected using the M’Fadyean staining procedure, which causes the bacteria to appear as blue-black, square-ended cells with pink capsules.

Biochemical tests are often employed to confirm the presence of B. anthracis. These tests assess various metabolic properties, such as the ability to ferment specific sugars or produce characteristic enzymes. For instance, B. anthracis typically exhibits positive reactions for nitrate reduction, lecithinase activity, and gelatin hydrolysis. Furthermore, characteristics such as gamma phage susceptibility, catalase production, a lack of motility, a lack of hemolytic activity when cultured on blood agar, and susceptibility to penicillin are also detectable using biochemical tests (Martin et al., 2020). The needs for molecular diagnosis arise based on several reasons, including the closeness of B. anthracis to related species such as B. cereus both phenotypically and genetically, and also phenotypical association with others such as B. thuringiensis, B. mycoides, B. pseudomycoides, and B. weihenstephanensis (47). The similarities span across phenotypic, genetic, and plasmid characteristics (48). In addition to the species-level challenges, the diagnosis of B. anthracis is also affected by clinical presentations and the presence of the related bacteria in the environment, just as it is for B. anthracis. For example, the presence of spores in the environmental samples requires more detailed examination and characterization using advanced tools for differentiating between B. anthracis and other closely related species. This is vitally important because the closely related spores also possess similar environmental resistance characteristics against temperature, radiation, common disinfectants, and many other chemicals.





5.2 Molecular detection of Bacillus anthracis

Molecular methods have revolutionized the field of pathogen detection, including the identification of B. anthracis (49). These techniques rely on the detection of specific genes unique to the bacterium using targets such as DNA, antigens, or antibodies.

The techniques based on antigens–antibodies include the principles of several immunoassays that contribute to the identification and characterization of B. anthracis. These methods identify components of B. anthracis such as the glycoprotein BclA (present in the spores), the oligosaccharide epitopes of BclA, the extracellular antigen 1 EA1 (S-layer component) and protective antigen PA, the anthrax toxin component, and the poly-D-glutamic capsule (47, 50–53). The identification techniques based on antigens–antibodies include tools such as enzyme-linked immunosorbent assays (ELISAs), flow cytometric assays combined with fluorescein-labeled antibodies and FRET (Förster resonance energy transfer), the Luminex assay, magnetic particle fluorogenic immunoassays (MPFIAs), ABICAP immunofiltration, lateral flow assays, and biosensors (53–58). The existing knowledge base on anthrax has been built through the use of these tools to identify several cellular immunity mechanisms and quantify immune responses in response to anthrax infections. Even when disease outbreaks have not occurred, immunoassays can be used to identify the immunological components that demonstrate possible exposure to B. anthracis and prompt interventions, such as therapeutics and vaccinations, alongside biosecurity measures to prevent the exposure of naive populations to B. anthracis.



5.2.1 Polymerase chain reaction

Conventional PCR and real-time PCR utilize knowledge of DNA identification and amplification of genetic composite of B. anthracis, thus allowing its differentiation from related bacteria (59). PCR and RT-PCR (reverse transcription polymerase chain reaction) help to identify the virulent genes of B. anthracis serving as both genetic and chromosomal markers. These techniques have been demonstrated to have high specificity and sensitivity is identifying the virulent factors of B. anthracis encoded in the plasmids, such as pXO1 and pXO2. The factors pXO1 and pXO2 are key components that modulate the anthrax toxin (protective antigen, edema factor, and lethal factor) production located on pXO1 and genes coding the capsule located on pXO2 (Makino et al., 1993). Some of the genes, including Ba813, BA-5449, ORF vrrA, and rpoB have been successfully identified using PCR (60; 47, 61–63). Furthermore, the applications of DNA sequencing also contribute immensely toward the detection of B. anthracis using specific single-nucleotide polymorphisms (SNPs) and minor groove-binding (MGB) probes that are specific to the point mutation in the plcR gene of B. anthracis, among many others (Matero et al., 2005; 47, 53).

In addition to PCR, DNA amplification in isothermal conditions, such as loop-mediated isothermal amplification (LAMP), rolling circle amplification (RCA), recombinase polymerase amplification (RPA), strand displacement amplification (SDA), single-primer isothermal amplification (SPIA), and polymerase spiral reaction (PSR) helicase-dependent amplification (HDA), and isothermal and chimeric primer-initiated amplification of nucleic acids (ICAN), has been demonstrated (47). Several studies have also demonstrated the application of these techniques in the identification of genetic and chromosomal markers such as pag (pXO1), capB (pXO2), capC (pXO2), lef (pXO1), and Ba813, BA_5345, and sap. (53, 64–66). DNA-based identification techniques improve our understanding of anthrax and also the detection of it in materials present in the environment or live tissues, even if an outbreak, has not occurred. These tools allow us to predict disease outbreaks and tailor efforts toward establishing preventive and control measures that mitigate future occurrences of anthrax. These tools can also help in decision-making regarding instituting relevant policies to contain affected areas and animals and preventing the exposure of more susceptible animals and human populations to B. anthracis (53).

The application of immunoassays and DNA-based methods provides unique advantages in terms of diagnosis, but partly have time limitations. The development and application of rapid test kits have been helpful in the prompt and early detection of B. anthracis with high sensitivity and specificity. Some of the test kits include but are not limited to nucleic acid probes and genosensors, antibody probes and immunosensors, aptamers, and peptide–nucleic acid chimera probes. Although nucleic acid-based probes work in accordance with the principles mentioned above, they bind to DNA markers more quickly and easily, thus enabling prompt diagnosis. The nucleic acid probe and genosensor methods have been demonstrated in the identification of DNA markers such as lef (pXO1) and pagA. (47). They mostly act by developing specific probes that have the capability to identify the specific genetic composites of B. anthracis. Similarly, the antibody probes and immunosensors identify antibodies of B. anthracis by binding to the antigens of the bacterium. Furthermore, the aptamers and peptide–nucleic acid chimera probes utilize the principles of interactions between single-stranded DNA or RNA onto different targets such as microorganisms and toxins (47, 53). The use of spectrometry has become very useful in the identification of B. anthracis in recent years. Matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF) mass spectrometry (MS) facilitates easy diagnosis and identification of B. anthracis from various samples such as the blood of live tissues, environmental materials, and clinical samples (67, 68; Zasada et al., 2013; 47, 53).

PCR, LAMP, RPA, and NGS techniques enable rapid, sensitive, and specific detection of the bacterium, thereby significantly reducing the time required for diagnosis, while also improving our understanding of B. anthracis diversity and evolution. Molecular methods continue to advance with the integration of portable and point-of-care devices, enhancing their applicability in various settings, including field surveillance, outbreak investigations, and biodefense. However, it is important to ensure that appropriate quality control measures are in place and access to trained personnel for the accurate interpretation of molecular results is provided.





5.3 Spectrometric methods

Matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF) mass spectrometry uses a database of mass spectra of different microbes in specific media to conduct their identification (47). B. anthracis has been successfully identified using this technique by Pauker et al. (68) and Dybwad et al. (2013), but not without cases of false positives and false negatives. This approach is very fast, economical, and efficient; however, it needs the isolate to be in pure culture; hence, it cannot be used for clinical and environmental samples.





6 Future challenges

Bacillus anthracis poses a persistent threat to public health, animal populations, and national security. As we look to the future, several factors contribute to the ongoing concern surrounding B. anthracis. B. anthracis has been weaponized in the past and remains a potential bioweapon. Its ability to form highly resilient spores and the devastating impact of anthrax on human health make it an attractive option for bioterrorism (69).

The continuous monitoring of antimicrobial susceptibility patterns is essential, as B. anthracis may develop resistance to current treatment options. The emergence of drug-resistant strains could complicate disease management and limit effective therapeutic interventions. Bruce et al., 2021 identified 10 antimicrobial resistance genes (bla1, fosB, bla2, vmlR, mphL, cfrC, oxa-59, dfrG, tem-116, and bcll) in 356 genomes of B. anthracis from GenBank, which further corroborates the need for a more careful antimicrobial stewardship approach.

The persistence of B. anthracis spores in soil and animal remains presents a significant challenge (59). Environmental reservoirs allow the sporadic reemergence of anthrax, leading to sporadic outbreaks and potential zoonotic transmission, as spores can survive for more than 10 years in soil, which can trigger the reemergence of the disease many years after the death of the host (59, 70). Shifting climate patterns, including increased temperatures and extreme weather events, may influence the geographic distribution of B. anthracis. These changes could expand the areas conducive to anthrax outbreaks and introduce the disease to new regions.




7 Recommendations and conclusion

The prevention of anthrax has been proven achievable through vaccination against the anthrax toxin components of the disease. The anthrax vaccine approved by the US Food and Drug Administration (FDA) is approved for use in three groups of adults aged 18 years to 65 years who may be at risk of encountering anthrax because of their job. The vaccine can be administered in two different situations: routine occupational use (before possible exposure) and post-event emergency use (after possible exposure) (21, 71–73). The prevention and management of anthrax necessitate the implementation of a multifaceted approach encompassing hygienic measures, surveillance, the avoidance of contact with diseased animals or contaminated substances, educational initiatives, heightened awareness, and the use of antibiotics. Anthrax is a pathogenic bacterial infection attributed to the microorganism B. anthracis. While its primary impact is observed in animals, it is also capable of infecting human hosts.

In terms of hygiene, when engaging in activities involving animals or their derived products, it is imperative to adhere to appropriate hygiene and safety protocols. This entails the utilization of protective attire, such as clothing, gloves, and masks, during the manipulation of items that may be contaminated. When ingesting animal-derived items such as meat, it is imperative to ensure that they are cooked completely so that any potential spores of bacteria are eliminated. It is also advisable to refrain from consuming raw or undercooked meat and dairy products, particularly those of uncertain origin.

For surveillance, it is important to establish and deploy a comprehensive surveillance system to identify and track the occurrence of outbreaks in both animal and human populations. The rapid identification of a condition or issue is crucial for prompt intervention, as is encouraging healthcare providers and veterinarians to promptly report any suspected instances of anthrax to the appropriate local health authorities.

For the act of refraining from making connections or engaging in interpersonal interactions, it is advisable to refrain from any form of interaction with animals that are infected. It is important to avoid handling or having close proximity to animals that are unwell or deceased, particularly when there is suspicion of their having anthrax. It is also advisable to refrain from contacting soil or materials that may be contaminated and to exercise caution when working in regions where diseased animals have been present or when handling substances such as bone meal or animal hides that could potentially harbor anthrax bacteria.

Public awareness campaigns are important because they disseminate information to the general population, particularly in regions where anthrax is prevalent, regarding the potential hazards linked to the disease and effective preventive measures against it. It is imperative to ensure that healthcare practitioners possess comprehensive knowledge on the clinical manifestations of anthrax and the corresponding treatment guidelines.

It is important to note that anthrax is a very uncommon occurrence in numerous regions across the globe, and the appropriate preventive actions may differ depending on the local prevalence and associated risk factors. It is therefore advisable to seek information from local health authorities and specialists regarding region-specific measures for the prevention and control of anthrax. Moreover, it is imperative to adhere to the prescribed vaccination schedules for livestock in regions where anthrax poses a recognized threat to mitigate the occurrence of animal outbreaks, hence diminishing the potential for human exposure to the disease.

To mitigate the bioweapon threat posed by B. anthracis, it is crucial to implement comprehensive measures aimed at prevention and preparedness. It is also recommended that the security measures and regulations for handling and storing B. anthracis cultures and spores are enhanced. Strict control and oversight should be enforced to prevent unauthorized access and theft from laboratories or research facilities. In addition, implementing robust surveillance systems to monitor the acquisition, transport, and potential misuse of B. anthracis to enable the timely detection of suspicious activities and effective sharing of intelligence among relevant agencies is vital.

Additionally, it is important to provide comprehensive training to laboratory personnel on biosafety practices, including the proper handling, storage, and disposal of B. anthracis and when doing so, it is important to lay emphasis on the need to strictly adhere to biosafety protocols and conduct regular risk assessments. It is also recommended that the public are educated about anthrax, its transmission, and the signs and symptoms associated with it. Promoting awareness campaigns to encourage the reporting of suspicious activities and emphasize the importance of early detection and response would also be advisable.

Fostering international collaboration and information sharing to prevent the proliferation of B. anthracis bioweapons and strengthening diplomatic efforts and engaging in multilateral agreements to ensure global cooperation in biodefense is also crucial. However, implementing these recommendations requires a coordinated effort among governments, law enforcement agencies, public health authorities, and research institutions. By prioritizing prevention and preparedness measures, we can enhance our ability to mitigate the potential bioweapon threat posed by B. anthracis.

Despite significant advances made in the detection, prevention, and treatment of infections caused by it, B. anthracis remains a global concern. Vigilance in biodefense, continuous surveillance, and research into new therapeutic strategies are imperative to mitigate future threats posed by this pathogen. Collaborative efforts across disciplines, international borders, and public health agencies will also be vital for effective preparedness and response to B. anthracis-related risks in the coming years.
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