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An Overview of Zoonotic Chlamydial species
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Chlamydiaceae is a family of obligate intracellular Gram-negative bacteria, including species such as Chlamydia psittaci and Chlamydia abortus, which pose significant zoonotic risks to both humans and animals. C. psittaci is primarily associated with birds, leading to psittacosis in humans, characterized by respiratory symptoms, while C. abortus causes ovine chlamydiosis, a disease impacting sheep and goats. The latter presents a serious risk for immunocompromised individuals and pregnant women. Other notable species include C. trachomatis, responsible for sexually transmitted infections and trachoma, and C. pneumoniae, a common respiratory pathogen linked to various health conditions. The Chlamydiaceae family exhibits a unique biphasic life cycle consisting of elementary and reticulate bodies, which allow for persistence in the host under adverse conditions. While chlamydial infections often go underdiagnosed due to their asymptomatic nature, they carry significant public health implications. Current treatments exist, yet there is no effective preventive vaccine. Increasing knowledge of Chlamydia species emphasizes the need for continued research to understand their zoonotic potential and impact on human health.
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Introduction
Chlamydiaceae is a family of obligate intracellular Gram-negative bacteria that can cause infections in humans and animals. Certain species, such as Chlamydia psittaci and Chlamydia abortus, have zoonotic potential (Sachse & Borel, 2020; Borel & Sachse, 2023). C psittaci is prevalent in birds and is frequently linked to human illnesses. C abortus is the causative agent of ovine chlamydiosis, an economically significant disease that causes reproductive failures in sheep and goats. Furthermore, these ruminant C. abortus strains can infect humans, posing a significant risk to immunocompromised people and pregnant women (Longbottom & Coulter, 2003; Ravichandran et al., 2021; Liu et al., 2023). Some species, like C. pneumoniae and C. trachomatis, have been identified as the causative agents of respiratory tract infections and female genital tract infections or trachoma respectively (Cheong et al., 2019) All members of the Chlamydiaceae family share the conserved biphasic developmental cycle, that alternates between the elementary body and the reticulate body to represent the phases of infection and replication, respectively. In order to survive for an extended period of time inside the host cell, these microbes can also go through a persistent stage that serves as an adaptation for a variety of hostile circumstances, including host immunity and lack of food (Hogan et al., 2004). Human chlamydial infections are persistent and asymptomatic, which frequently results in underdiagnosis and delayed treatment, increasing the burden of chlamydial illnesses worldwide. However, there is currently no effective vaccination for human prevention. 
                                            Chlamydiae are characterized by a distinct two-stage life cycle, consisting of the infectious particle (the elementary body) and the replicative form (the reticulate body). The elementary bodies adhere to the host cell's surface and enter into the cell by endocytosis into the vacuole called a phagosome, where phagosomal-lysosomal fusion is inhibited. After around 8 to 10 hours, the elementary bodies differentiate into reticulate bodies, which start binary fission. The replication process is what forms the distinctive intracytoplasmic inclusion observed in chlamydial infections. The reticulate bodies redifferentiate back into elementary bodies about 36 hours after they first adhere to the cell surface. Each inclusion may have more than 100 elementary bodies. There are three routes for these elementary bodies to leave the cell: cell lysis, exocytosis or extrusion of the entire inclusion. Chlamydiae can develop an aberrant body, a permanent state, under specific circumstances. Certain drugs, such interferons, or the restriction of glucose, can cause this condition (www.msdmanuals.com).
                                            Chlamydiae are characterized by a distinct two-stage life cycle, consisting of the infectious particle (the elementary body) and the replicative form (the reticulate body). The elementary bodies adhere to the host cell's surface and enter into the cell by endocytosis into the vacuole called a phagosome, where phagosomal-lysosomal fusion is inhibited. After around 8 to 10 hours, the elementary bodies differentiate into reticulate bodies, which start binary fission. The replication process is what forms the distinctive intracytoplasmic inclusion observed in chlamydial infections. The reticulate bodies redifferentiate back into elementary bodies about 36 hours after they first adhere to the cell surface. Each inclusion may have more than 100 elementary bodies. There are three routes for these elementary bodies to leave the cell: cell lysis, exocytosis or extrusion of the entire inclusion. Chlamydiae can develop an aberrant body, a permanent state, under specific circumstances. Certain drugs, such interferons, or the restriction of glucose, can cause this condition (www.msdmanuals.com).
Pathogenic effects of Zoonotic Chlamydia species 
1. Chlamydia psittaci: C. psittaci is a significant agent responsible for the widespread zoonotic disease known as psittacosis, also referred to as ornithosis or parrot fever. This pathogen primarily infects avian species and can be transmitted to other hosts, including humans, via respiratory tract infections (Harkinezhad et al., 2009). The serotyping technique that utilizes monoclonal antibodies targeting the MOMP identifies a total of six avian serotypes (A–F) and two mammalian serotypes (WC and M56), each exhibiting different levels of host specificity. Serotype A is chiefly found in psittacine birds, B is predominantly isolated from pigeons, C is mainly associated with ducks and geese, D is primarily obtained from turkeys, E is mostly found in pigeons and other bird species, while F is mainly isolated from parakeets and turkeys (Andersen, 1991; Vanrompay et al., 1993). Signs of infection in birds may include conjunctivitis, rhinitis, and blepharitis. Infected birds can transmit the bacteria through their feces or nasal secretions, posing a serious risk of zoonotic transmission via the inhalation of infectious droplets or dust particles. This can result in symptoms for humans, which may include fever, chills, headache, muscle pain, and general discomfort, with or without respiratory issues (Andersen, 1996; Beeckman & Vanrompay, 2009; Harkinezhad et al., 2009). Due to its potential for airborne transmission, the Center for Disease Control and Prevention (CDC) in the United States has categorized C. psittaci as a Category B Critical Biological agent that could be potentially exploited as a biological weapon (Rotz et al., 2002). 
                            Infections caused by C. psittaci can be treated with quinolones, macrolides, and tetracyclines. Tetracyclines, which include tetracycline, doxycycline, and minocycline, are the recommended treatment for C. psittaci pneumonia among these three categories of antibiotics. Tetracyclines, macrolides, and quinolones may need to be used in combination for clinical patients with serious, life-threatening diseases (Tang et al., 2021; Shi et al., 2021). However, omadacycline has been used to treat serious C. psittaci pneumonia in humans, according to a recent report (Fang et al., 2022). Erythromycin is the prescribed antibiotic treatment for gestational psittacosis; other macrolides are also useful in utero (Wang et al., 2024).

2. Chlamydia trachomatis: C. trachomatis primarily targets the mucosal epithelial tissues of the reproductive system, resulting in sexually transmitted infections in humans. So far, 19 different serovars of C. trachomatis have been identified based on their antibody specificity towards the major outer membrane protein (MOMP), each displaying different tissue preferences (Cheong et al., 2019). Serovars A, B, Ba, and C are responsible for eye infections and are the infectious agents behind blinding trachoma, which is a visual impairment condition affecting populations in underprivileged areas with limited healthcare access, especially in the Middle East, Asia, and Africa. While serovars D, Da, E, F, G, Ga, H, I, Ia, J, and K are linked to infections of the urogenital tract, the L-serovars (L1, L2, L2a, L3) penetrate the lymphatic system and lymph nodes, leading to lymphogranuloma venereum (LGV). LGV tends to be more prevalent in tropical regions of the world, such as Southeast Asia, India, the West Indies, Africa and South America (Caldwell et al., 1981; Moore et al., 2003; Sommer et al., 2014; CDC, 2014; Newman et al., 2015; Ceovic & Gulin, 2015). 
3. Chlamydia pneumonie: A prevalent respiratory pathogen that is widely distributed worldwide is C. pneumoniae. Although an alternative method of transmission through contaminated surfaces has been proposed, the respiratory route is the primary means of bacterial transmission without the involvement of an animal reservoir (Verkooyen et al., 1995; Contini et al., 2010). Although most C. pneumoniae infections are asymptomatic, infections can cause pharyngitis, chronic obstructive pulmonary disease, and community-acquired pneumonia. In addition, the pathogen has been linked to the onset of reactive arthritis, although less often than C. trachomatis, and has been suggested as a likely cause of cancer, atherosclerosis, primary biliary cirrhosis and asthma (Cheong et al., 2019). Non-human animals that have been found to harbour C. pneumoniae include koalas, horses, and bandicoots, as well as a variety of reptiles including snakes, iguanas, chameleons, frogs, and turtles (Coles et al., 2001; Bodetti et al., 2002; Kutlin et al., 2007). According to some theories, human strains of C. pneumoniae might have started in non-human animals and then adapted to human hosts by gradually losing specific genes and plasmids, so avoiding the need for animal reservoirs (Myers et al., 2009). Although the clinical manifestations of a C. pneumoniae infection in animals are less clear, it has been demonstrated that infected koalas exhibit numerous respiratory illness symptoms, including rhinitis, nasal discharge, chest congestion, coughing, sneezing, and difficulty breathing (Mitchell et al., 2009).
4. Chlamydia abortus: Due to its veterinary significance, economic impact and propensity to induce zoonotic infection, C. abortus has attracted a lot of study attention. Numerous animals have been identified to be infected by C. abortus to date, and it is strongly linked to enzootic abortions in ruminants. Numerous animals, including goats, sheep, poultry, yaks, pigs and farmed fur animals, have been shown to harbour the bacteria (Cheong et al., 2019). C. abortus causes infectious abortion during the initial infection, but it has no effect on future pregnancies. Infection with C. abortus, along with resulting abortion incidents, primarily occurs in domestic ruminants like sheep and goats (Szeredi et al., 2006; Di Paolo et al., 2019). C. abortus is a recognized zoonotic pathogen that frequently impacts pregnant women. Women who become infected through contact with tissues from infected small ruminants during their pregnancy face the risk of abortion, stillbirth, and gestational septicaemia (Roberts et al., 1967; Pospischil et al., 2002; Walder et al., 2005; Essig & Longbottom, 2015).
                                           Given the potentially life-threatening nature of C. abortus infections in pregnancy, it is important to consider the intravenous use of macrolides and possible transfer to an intensive care unit, particularly for women who exhibit a rapidly deteriorating flu-like illness and have confirmed contact with farm animals. In a reported case of C. abortus septicemia during pregnancy, the administration of the newer macrolide Clarithromycin resulted in significant improvement in the patient's condition, and subsequent treatment with doxycycline led to complete recovery (Essig & Longbottom, 2015).
5. Other Chlamydial species: The species C. suis, C. caviae, C. felis, C. pecorum, and C. gallinacea have also been found in humans, although the significance of these findings concerning clinical signs of chlamydiosis remains uncertain. C. felis, C. suis, and C. pecorum have been shown or suspected to play a role in several human illnesses. C. suis was also identified (through PCR and/or culture) in ocular, nasal, and pharyngeal swabs as well as stool samples from pig farmers, and in the conjunctiva of two asymptomatic workers at a pig slaughterhouse. One study detected C. caviae via PCR in the eyes of an individual who had contact with several infected guinea pigs (www.cfsph.iastate.edu).
Conclusions
Chlamydial infections can range from asymptomatic cases to fatal outcomes, influenced by the chlamydial species, the host, and the tissues affected. More than 500 species, including humans and various wild and domesticated mammals (such as marsupials), as well as birds, reptiles, amphibians, and fish, are known hosts for bacteria in the order Chlamydiales. The range of host species for known chlamydial species is increasing, and many can transcend host boundaries. The direct zoonotic transmission of chlamydial species C abortus and C psittaci is well established. In humans, C trachomatis is a major cause of both infectious blindness and sexually transmitted infections, and evidence suggests it may also contribute to cardiovascular diseases, neurodegenerative conditions, and respiratory illnesses. C. pneumoniae circulates in human populations globally and is responsible for respiratory infections that spread from person to person through aerosols. Certain new species of Chlamydia are yet to be fully known and their detailed characterisation as zoonotic agents is to be understood.
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