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Abstract

:

Oriental theileriosis, a disease primarily impacting cattle is caused by an apicomplexan hemoprotozoan parasite, Theileria orientalis. It has now become established in the Australasia region. The organism was long considered a benign cause of persistent infections; however, an increase in clinical outbreaks since 2006 in the eastern Australian states and New Zealand was associated with the identification of the pathogenic Ikeda (Type 2) and Chitose (Type 1) genotypes. Unlike the pathogenic T. parva and T. annulate, which target leucocytes, clinical manifestation with T. orientalis is due to its effects on erythrocytes, with the infection sometimes designated as Theileria associated bovine anemia (TABA). In Australia and New Zealand, the tick Haemaphysalis longicornis is the principal vector, though other Haemaphysalis species are also likely vectors. The endemic status of infection with pathogenic genotypes in areas with low or absent tick populations is an apparent paradox that may be attributable to alternative modes of transmission, such as mechanical transmission by hematophagous insects (lice, mosquitoes, and biting flies), vertical transmission, and transmission via iatrogenic means. This review addresses the evidence for the different modes of transmission of T. orientalis with particular focus on the reported and potential vectors in Australasia.
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1. Introduction


The evolutionary and genetic diversity of Theileria species [1], and in particular Theileria orientalis, have been reviewed [2], as have the different molecular tools and genetic markers available for the diagnosis of T. orientalis [3]. A recent review on integrated T. orientalis management, with a focus on immunity, has also been published [4]. In this review, we assess the literature related to the possible modes of transmission of the parasite in areas where ticks are both present or apparently absent.



Bovine theileriosis is a tick-borne disease caused by an intra-erythrocytic protozoan parasite of the genus Theileria (Apicomplexa: Piroplasmorida; Theileridae) [5]. The geographical distribution of Theileria species is usually restricted to tropical and subtropical regions where suitable tick vectors occur [6]. The first outbreak report of the disease was in 1902 in Africa [7]. East Coast fever (ECF), whose aetiological agent is T. parva, is prevalent across the eastern, central, and southern parts of Africa and was later reported in Comoros [8]. Tropical theileriosis, caused by T. annulata has a wider distribution than T. Parva [9]. Although these species are exotic to Australia and New Zealand, the countries have pathogenic strains of T. orientalis, resulting in significant production and productivity losses.



In Australia, a member of the T. orientalis complex was first detected from cattle in 1910 and was named T. mutans [10] due to its morphological similarity to the previously described African species [11,12]. The parasite was previously split into a three-species complex (T. sergenti/buffeli/orientalis), with the parasite group known as T. buffeli in Australia, T. sergenti in Japan, and T. orientalis in other countries. However, more recently, the organism is generally classified as T. orientalis based on genes encoding immunogenic piroplasm surface proteins [1]. The parasite has now become established in southeast Asia, the United States, and in Australasia, including both Australia and New Zealand.




2. Classification of T. orientalis


The Phylum Apicomplexa is divided into three orders and two suborders with the order Piroplasmorida containing the genera Babesia and Theileria [5]. Theileria is distinguished by sporozoite infection of leukocytes followed by maturation of schizonts into merozoites and subsequent infection of erythrocytes to form piroplasms, whereas Babesia infection only involves erythrocytes [13].



Globally, eight distinct genotypes of the T. orientalis complex, including type 1 (chitose), type 2 (Ikeda), type 3 (buffeli), and types 4–8, are currently recognized based on the sequence of the major piroplasm surface protein (MSPS) gene [1], five of which have been identified in Australia. Using the same gene, three more genotypes of T. orientalis, designated N-1, N-2, and N-3, have been reported to infect sheep, water buffalo, and cattle, respectively [14]. Of these 11 genotypes, only Ikeda and chitose are known to be pathogenic and cause considerable production losses, morbidity, and/or mortality in Australia and New Zealand [15,16] Whole genome sequencing showed the genetic divergence of pathogenic Ikeda compared to less pathogenic Chitose and Buffeli genotypes, and proposed the genotype as a separate species [17]. A recent study in Australia revealed the existence of genetic differences between Chitose and Buffeli [18], further strengthening the above proposition.




3. Epidemiology of Theileriosis Caused by T. orientalis


3.1. Worldwide Distribution


Theileria parasites infect a broad range of wild and domestic animals, with the highest prevalence in tropical and subtropical climates, and their distribution is dependent on the availability and competence of suitable tick vectors [6]. Reports on the different T. orientalis genotypes and affected countries have been reviewed [2] and the worldwide distribution of this parasite is shown in Figure 1.




3.2. Theileriosis in Australasia


3.2.1. Introduction and Historical Aspects


In Australia, the infection of cattle with T. orientalis was considered benign with only occasional reports of clinical cases, some of which were associated with fatalities recorded in Queensland in the 1960s [19]. While Theileria piroplasms have been seen regularly in blood smears from cattle in NSW, until 2007–2008 it had been assumed that these were from Buffeli-type organisms, considered of low pathogenicity [20,21]. In addition, it has been suspected that Chitose-type organisms were present in Australia in the 1990s, as cattle exported from Australia that developed theileriosis within two weeks of arriving in Japan tested positive for this type [22]. While the disease has been reported in East Asia for many years, the first definitive Australian cases of clinical bovine theileriosis were registered in 2006, and were linked to the Ikeda genotype [15,23]. Since then, there has been an increase in the number of outbreaks in both beef and dairy cattle, principally in the states of NSW, QLD, Victoria [15,23], and South Australia [24] and more recently in Western Australia [25,26]. However, an infection with Ikeda does not necessarily result in clinical outbreaks, as had been shown in a recent study in which high parasitemia with the Ikeda or other T. orientalis genotypes was detected in apparently healthy cattle [27].



The spread of clinical theileriosis in Australia due to the genotype Ikeda has been reported to correspond with the known range of H. longicornis rather than with that of H. bancrofti or H. humerosa [28]. However, a study on cattle farms in the Northern tablelands of NSW reported a high prevalence of infection with the Ikeda genotype in areas where H. longicornis was not detected or known to be present [27]. The same study has also seen a high prevalence of infection with the Buffeli and Chitose genotypes. In Queensland, H. bancrofti and H. humerosa were shown to transmit T. orientalis Buffeli [29]. These findings suggest the existence of other potential biological vectors and warrants further investigation to better understand their role in the transmission of the parasite in Australia. It also raises the possibility of a role for mechanical transmission in the epidemiology of theileriosis in Australia, which will be discussed in later sections.



In New Zealand, the first published report on the T. orientalis genotypes (Chitose and Buffeli) was in 1982 [30] and the parasite caused sporadic clinical cases up until the emergence of Ikeda in 2012 [16,31]. Prevalence and spatial distribution studies showed that T. orientalis Ikeda predominantly occurs in the North Island rather than in the South Island where the distribution of H. longicornis is sparse [32,33]. Lawrence and colleagues [34] recently reported sheep as asymptomatic carriers for T. orientalis Ikeda that are capable of infecting naïve H. longicornis, leading to speculation that they might have played an important role in the rapid spread of oriental theileriosis in the New Zealand. Sheep may similarly have a role in the epidemiology of theileriosis in Australia and this warrants investigation.




3.2.2. Pathogen Factors


In Australia, four of the T. orientalis genotypes—type 1 (Chitose), type 2 (Ikeda), type 3 (Buffeli), and type 5 are present [24,35,36,37]. The most important of these is the genotype Ikeda and, to a lesser extent, Chitose, which have been consistently found to be associated with clinical cases in the region. In a recent study on the Northern Tablelands of NSW, cases attributable to Ikeda were minimal despite the presence of a high infection rate with the genotype in the majority of the farms [27] and this might be due the presence of less virulent strains, as was suggested previously [38]. There was a report of a phylogenetic subgroup of Chitose, Chitose A, being strongly associated with clinical cases in Australia through mixed infections with Ikeda [38]. Moreover, the presence of the phylogenotype in a recent study was linked to a farm where high gene copies of Ikeda and ticks were detected [27]. Overall, T. orientalis infection often presents as a mixture of genotypes contributing to the persistence of the organism by allowing the parasite to evade the host immune response and is a clear indication of a lack of cross-protection among the genotypes [27,37,38].



The presence of Ikeda in mixed infections may result in increased virulence in some herds as it might outcompete less pathogenic genotypes, leading to their displacement by the more virulent genotype [39,40]. This was proven experimentally in cattle infected with Buffeli, Chitose, and Ikeda genotypes that become negative for the less virulent Buffeli after a few weeks [40]. A previous study on the draft genomes of Australian isolates indicated that the less pathogenic (Chitose and Buffeli) genotypes are more closely related to each other than to the pathogenic Ikeda. However, a more recent complete genomic revealed within-species differences between Chitose and Buffeli [18]. Hence, the whole genome sequencing of additional T. orientalis genotypes is warranted to determine whether a new species designation should be applied.




3.2.3. Host Factors


Cattle infected with T. orientalis genotypes are regarded as a long-term carriers [41]. However, the temporal dynamics of T. orientalis inside the host varies depending on the genotype inoculated by ticks. An Australian study showed that the genotype Ikeda was detected first in naïve cattle introduced to endemic areas and in herds with mixed infections, suggesting it has a shorter prepatent period and/or a more efficient multiplication inside the tick vector [38]. In a different study in Australia, an analysis of clinical case records of T. orientalis infections from the Northern Tablelands and North Coast regions since 2009 revealed that co-infections with both pathogenic and non-pathogenic genotypes were most common [27]. Overall, the high herd and animal prevalence of infection with T. orientalis in healthy cattle suggests the need for caution in using Theileria-positive PCR results to arrive at a definitive diagnosis of clinical disease [42]. While the level of parasitemia determined by qPCR has been shown to have diagnostic value [43], this appears to have most diagnostic value at a herd rather than individual animal level [27].



A risk factor linked to the rapid spread of clinical theileriosis is the movement of infected cattle or vectors without appropriate quarantine measures [24,44]. A higher prevalence of infection in beef cattle has been postulated to be linked to more movement and exposure to ticks than dairy cattle [36], as noted in the first outbreak in Victoria [23]. However, clinical cases are not always associated with cattle introductions with clinical theileriosis reported in homebred calves in the Gloucester region of NSW [45]. The presence of wild animals known to be hosts for the different developmental stages of H. longicornis in Victoria and other states has also been suspected of contributing to the spread of T. orientalis [36,46]. Similarly, alternative mammalian hosts for T. orientalis, such as sheep in New Zealand, are thought to have played a significant role in the epidemiology of infection in that country [34]. The stress associated with transportation [47] and pregnancy has also been shown to be precipitating factors for clinical theileriosis [15,48].



The epidemiology of most infectious diseases changes with time after introduction, as herd immunity develops and the rates of transmission and clinical disease decline as the disease progresses from epidemic to endemic status [49]. In the Australasian literature on T. orientalis, it is not always clear whether the information provided relates to the epidemic or endemic phase of the disease. Furthermore, the endemic phase of piroplasm diseases such as babesiosis can typically be divided into areas of enzootic/endemic stability and those characterized by enzootic/endemic instability [50]. In the former, the conditions for transmission are good and infection rates of ticks and the mammalian host are high, but, paradoxically, disease incidence is low due to a high level of immunity in the mammalian host and the exposure of all calves to infection before 9 months of age, a period of resistance to clinical disease [51]. On the other hand, enzootic instability is characterized by conditions unfavorable for transmission with low infection rates of ticks and/or low tick infestation rates in cattle. Under these conditions, many cattle reach adulthood without exposure to piroplasms and are highly susceptible to severe clinical disease.



A similar situation has been reported for T. orientalis in Australia, with high levels of maternal antibody co-existing with high parasitemia loads in young calves in an area where infection is endemic, but, in this case, while calves appeared to be protected against mortality, both clinical and subclinical anemia were induced with the degree of anemia associated with the level of parasitemia [52].




3.2.4. Environmental Factors


Changes in the seasonal prevalence of tick-borne pathogens are caused by changes in the abundance, infection rates, and extent of exposure to questing ticks [53]. In a study carried out in the republic of Korea (ROK), cattle grazing on a mountainous area had a statistically higher T. orientalis infection rate of 43% in the fall compared to 14% in summer and 11% in the spring [54]. The gradual increase in Theileria infection rates was caused by an increase in exposure to H. longicornis in the same study.



Many species of ticks are adapted to seasonal variations in climate within their geographical range. A study from Japan observed that all developmental stages of H. longicornis, except eggs, were able to overwinter in pasture soil, with Theileria being detected in the salivary glands of overwintered nymphal stages, contributing to outbreaks of epidemics in the spring [55]. In Australia and New Zealand, spring is the season for most dairy and beef calving [56] with considerable synchronicity between questing H. longicornis nymphs, stressed periparturient cows, and the birth of naïve calves, each contributing to outbreak episodes. There have not been equivalent studies on H. bancrofti, which is also a competent vector tick species.



With regard to potential mechanical animate vectors, meteorological variables, such as temperature, relative humidity, wind speed or atmospheric pressure, influence the daily activity patterns of biting flies with each species responding differently [57]. Cool temperatures limit the initiation of flight activity whereas high wind velocity disturbs the flight activity and affects the airborne olfactory cues used in host location. Tabanid activity is highly seasonal in temperate climates with high activity in the warmer months, typically summer [58,59]. The effects of meteorological variables on the daily activity patterns for Australian tabanid species suggested that tabanids in south-eastern Queensland become active between 10.00 and 15.00 h, especially on hot sunny days [60]. However, Stomoxys were reported to be abundant in both dry and wet seasons [61].






4. Lifecycle, Vectors, and Modes of Transmission


The developmental stages of T. orientalis pass transstadially [44,62], but attempts at demonstrating transovarian transmission have been unsuccessful [29,34]. Broadly, Theileria parasites are classified into two groups, transforming (T. parva, T. annulate, and T. taurotragi) and non-transforming (Theileria orientalis, T. mutans, and T. velifera), by their ability to transform leukocytes in the infected hosts [1]. In T. parva, there is little or no multiplication in the erythrocytes, with multiplication occurring exclusively in lymphocytes. In contrast, multiple rounds of asexual division have been observed to occur in both the erythrocytes and lymphocytes for T. annulata [63]. However, the major pathogenic effects of T. orientalis infection are associated with the destruction of infected erythrocytes and subsequent anemia. Hence, the red blood cell phase (piroplasm), rather than the leukocyte phase (schizont), drives the pathogenesis of the species [15].



4.1. Biological Vectors


In Australia, transmission experiments with T. orientalis carried out at different times, identified the ticks, H. bancrofti [64], H. humerosa (later reclassified as H. bremneri), and H. longicornis Neumann, 1901, as potential vectors [21,29,65,66]. However, the tick H. longicornis is the main biological vector in Australia and New Zealand [67], and in the United States [68,69]. Though their role in transmission has not yet been confirmed, several studies have detected different T. orientalis genotypes in a range of tick species, as is summarized in Table 1. A limitation in many of these studies is that they relied on ticks collected from hosts with results not clearly differentiating between the active infection of the tick and passive contamination via ingested host blood. The detection of theilerial DNA in questing ticks collected from pasture and, in some cases, after a long winter and before cattle were allowed to graze, is likely a better indicator of the potential role in the transmission of the parasite.



The distribution patterns of ticks in one location can vary because of fluctuations in the relative density of host animals which may sustain the life cycle and/or their introduction into non-endemic areas. In Australia, cattle are the preferred hosts of H. longicornis (commonly known as the “bush tick” in Australia), but sheep may also be heavily infected and have recently been implicated as asymptomatic carriers of T. orientalis Ikeda infections in New Zealand [34]. The Australian strain of H. longicornis is thought to originate from northern Japan [77]. The species is widely distributed, as far south as East Gippsland and the Murray Valley in Victoria and north to Gayndah in Queensland. It has also been isolated from inland sites such as Tenterfield and Young in New South Wales [78] and in Western Australia. While, for H. bancrofti, Macropodoidae (wallabies, kangaroos, and their kin) are the primary hosts, the tick has also been found on cattle [79]. There have been reports of H. bancrofti in the sub-coastal areas of Queensland and northern New South Wales, while it has a localized distribution in southern New South Wales [80].



Populations of H. longicornis in Australia and New Zealand are considered parthenogenic, with adult females able to lay fertile eggs in the absence of a male [79]. The eggs hatch 30–90 days after being laid with the hatched larvae questing for blood meal by climbing vertically on blades of grass to seek a host. Each engorgement occurs for 3–4 days before the tick falls to the ground and molts to the next stage. In Japan, it has been demonstrated that all developmental stages of H. longicornis, except the eggs, overwintered on pasture [55]. More recently, Lakew and colleagues [27] showed the seasonal dynamics of the different lifecycle stages of H. bancrofti on the Northern Tablelands of NSW, Australia (Figure 2).



The one host cattle tick, Rhipicephalus microplus, was thought to be a biological vector for Theileria in Australia in the first half of the 20th century, and DNA of T. orientalis has been detected in this tick in several recent studies. However, early transmission studies in Australia were unable to demonstrate transmission by this tick [66,81] and a similar finding has been made in a recent study in the USA [82].




4.2. Mechanical Vectors


Mechanical transmission involves the transfer of pathogens from an infected host or a contaminated substrate to a susceptible host, where a biological association between the pathogen and the vector is not necessary [83]. In the case of T. orientalis, it results in the direct transfer of haploid phase piroplasms, thereby bypassing the sexual phase of the lifecycle [38]. Many of the clinical cases between 2006 and 2010 in Australia were associated with cattle that had been moved to the coast where ticks are known to exist [15]. However, cases occur in colder and dryer inland areas where ticks were either not noted or considered rare and the prevalence of infection with T. orientalis can be high [27,84]. Alternative modes of transmission may thus be operating in these areas.



In Australia, there is experimental evidence demonstrating the mechanical transmission of theileria using 0.1 mL of blood from infected cattle, which had subsequently induced clinically relevant levels of Theileria in the recipient animal [85]. Although this mode of transmission does not appear to result in significant disease, parasitemia can persist for at least 18 months, allowing low-grade carriers to occur within herds [86]. Although passage through the tick is considered important for the ongoing fitness of the parasite, mechanical transmission could partly explain the spread of T. orientalis in areas where ticks are not common [27,85].



This is supported by reports of the potential for the mechanical transmission of T. orientalis, either through the contamination of mouthparts or the regurgitation of digestive tract contents of biting insects. Although the ixodid tick, H. longicornis, is the main vector for T. orientalis, there have been detections of the parasite in hematophagous insects including mosquitoes [87], lice [59,85,86], Stomoxys spp. [59,88,89], and tabanid flies [59,90]. Nevertheless, the presence of the parasite or its DNA in hematophagous insects is not surprising and in itself does not demonstrate a role in mechanical transmission.



Tabanids (commonly known as horse or march flies) are major livestock pests due to their painful bite and landing rate of up to 1000 per hour [91]. They are sexually dimorphic in feeding habit, as only females require a blood meal for ovary development. For mechanical transmission to be successful, the interruption of blood meal is crucial, resulting in the dispersal of partially fed flies to other susceptible hosts to complete the blood meal [92]. The blood meal size of tabanids ranges from 0.02 mL to 0.68 mL and, at times during peak season, can result in a loss of 200 mL of blood/host animal/day [93]. This feeding behavior makes them a likely potential vector with some species exhibiting persistent biting behavior and showing great tenacity in response to host defensive movements. A study from Queensland, Australia, observed that, among tabanid species that managed to take a blood meal, around 89% of the persistent Pseudotabanus silvester were successful in attaining complete engorgement on a single host, while Tabanus pallipennis (49%) and Dasybasis oculata (48%) were more sensitive to the host’s defensive movements and required as many as nine partial meals to reach engorgement [94,95]. In Australia, T. orientalis was not detected in tabanid flies (Dasybasis spp.) in one study [70]; however, a more recent study detected the parasite in D. circumdata [59].



Another important factor for mechanical transmission is the relative mobility of tabanid species in switching hosts after interrupted feeding since the survival of pathogens in the insect mouthparts is generally limited with time [96] although the survival time of T. orientalis in arthropod hosts is unknown. A study in Brazil showed that tabanid flies did transfer between horses separated by a distance of 50 m and this was recommended as a distance barrier to avoid the mechanical transmission of blood-borne parasites [97]. An understanding of the interaction between different tabanid species and cattle is important in predicting the likely role in mechanical transmission of T. orientalis, followed by critical experimentation to demonstrate transmission.



In addition to mechanical transmission via the contaminated mouthparts of biting flies, there is experimental evidence showing that stable flies (Stomoxys spp.) can regurgitate part of their previous blood meal before taking up another, resulting in the transfer of high doses of pathogens [89]. Blood can remain for 24 h or more in the crop before being directed either to the gut or partially regurgitated during the early stage of a new blood meal. In such conditions, a partial regurgitation of blood from the crop would allow a delayed transmission, possibly up to 24 h or more. In tabanids, the interval between blood meals is quite long (5–7 days), above the maximum survival of most pathogens. However, in stomoxyine flies, which are frequent feeders the interval between blood meals is variable, from 4 to 72 h [98].



In the stable fly, both males and females are blood feeders, with females typically ingesting blood meals an average of 1.8 times per day, and males 2.8 times per day, with an average volume of 11–15 µL of blood per meal [99]. It has been shown that male stable flies carried significantly higher piroplasm DNA compared to females [89]. The buffalo fly, Haematobia irritans exigua, which is a close relative of the stable fly, feeds 10–40 times a day. In Australia, theilerial DNA has been detected in buffalo flies [59] and, taking into account their swarming behavior when feeding on cattle, this makes them a candidate for mechanical transmission. Overall, the likelihood for mechanical transmission depends on the volume of blood left on the mouthparts after feeding, the density of biting insects feeding on the host, the level of parasitemia in the host blood, and the relative proportion of infected and non-infected hosts which are close together.



There is experimental evidence of Linognathus vituli transmission of Theileria orientalis to splenectomized calves 49 days after feeding on infected cattle that had been inoculated with a tick-derived sporozoite suspension [86]. Lice are the most common ectoparasites of cattle in the temperate zones of Australia [100], with Linognathus vituli found mainly on dairy cattle and Haematopinus eurysternus on calves [101]. There are six species of cattle lice and reports of the detection of theilerial DNA have been made in the long-nosed cattle louse (Linognathus vituli) [59,85] and recently in the short-nosed cattle louse (Haematopinus eurysternus) [59]. The mechanical transmission of T. orientalis by lice is a concern as lice become more prevalent during winter when cattle experience physiological and nutritional stresses, both of which have been considered risk factors for oriental theileriosis. A study from Japan demonstrated that infestation with lice was responsible for the high rate of infection with T. orientalis in cattle during winter and among in-house cattle where ticks and horse flies were not active [86]. Nevertheless, information on the frequency of movement of sucking lice between hosts is scarce and is essential to quantify their role in the epidemiology of bovine theileriosis in Australia and overseas.



Biting midges, Culicoides (Diptera: Ceratopogonidae), are among the smallest hematophagous flies, measuring 1–5 mm in length, with only females seeking blood for egg development [102]. They cause annoyance with high biting intensity with the average size of a blood meal ranging between 0.01 µL and 0.06 µL [103]. The Culicoides species, C. brevitarsis, C. marksi, C. dycei, C. victoriae, C. schultzei, and C. peregrinus, are considered the most important species feeding on cattle [104]. As artificial infection in susceptible calves by subcutaneous inoculation with a suspension of the parasite was possible [55], the pool feeding nature of Culicoides [103] also makes them potential vectors. Moreover, a recent study detected the DNA of T. orientalis in C. brevitarsis and C. victoriae [59]. Of particular importance is C. brevitarsis, which has been previously reported to have seasonal movement from coastal areas, where the parasite is endemic, to inland areas [105], greatly increasing the risk of introduction of the parasite to non-endemic areas.



Overall, mechanical transmission results in the absence of sexual reproduction of the parasite and is expected to reduce genetic diversity within the parasite population [89]. Hence, the extensive mechanical transfer of the parasite would be expected to decrease the ability of the parasite to evade the host immune system and this method of spread is thought to not be important in the wider epidemiology of the disease [106]. However, this mode of transmission is enhanced by the long-term persistence of theileriae in the blood stream. Furthermore, mechanically transferred parasitoses have been shown to produce viable infections in ticks, which subsequently developed sporozoites in their salivary glands after feeding on an inoculated calf [86].




4.3. Other Means of Transmission


Given the small volume of blood required for the transmission of T. orientalis, other modes of transmission need to be considered. One such method is vertical transmission between dams and their calves. In Australia, the microscopic detection of Theileria piroplasms was achieved from a 4-day-old calf [45] and using qPCR from both a newborn and fetal calf [52,107], which is indicative of transplacental transmission, though it was suggested to play a minor role in the transmission of T. orientalis. Similar studies in New Zealand and Japan have also shown that the vertical transplacental transmission of T. orientalis (Ikeda) infection is unlikely in chronically infected dairy cows [108,109]. In the latter study, infection with T. orientalis was not detected in calves born to infected dams 0–30 days post-delivery. However, by 4 months of age, 88% of the calves had become positive for the Ikeda genotype despite the presence of mixed infection in some of the dams. These results suggest that, in a low-risk tick-infested area, the vertical transmission of T. orientalis could take at least three months to become detectable by PCR.



It has also been shown that T. orientalis can be transmitted by low numbers of piroplasms, something that might also occur iatrogenically [85]. Routine husbandry practices that potentially result in the transfer of piroplasms include re-using needles between cattle, contaminated castration knives and dehorning equipment, and ear marking pliers. The risk of such iatrogenic transmission would depend on the volume and parasitemia of the blood transferred and on the ability of the parasite to survive outside a host before being inoculated into a susceptible animal. The latter is a gap in the knowledge relevant to all forms of mechanical transmission.



Other potential means of infection in homebred cattle include the infection of calves through blood transfer in the colostrum [85]. It has been demonstrated that leukocytes were able to transfer through the colostrum into the neonatal bloodstream [110,111], implying that infected erythrocytes could possibly transfer into a calf within 24 h of birth, releasing piroplasms. Although the capacity for ingested piroplasms to transfer into recipient erythrocytes is not known, macroschizonts of T. parva within cultured lymphoblasts were transferred into recipient lymphocytes when inoculated into recipients [112]. In a study from Australia, where 13.3% of the dams contained clinically significant quantities of T. orientalis piroplasms in the colostrum, calves receiving colostrum within 6 h of birth failed to become qPCR positive [85], though the number of colostrum samples used in the experiment were insufficient to exclude the possibility of the colostral transmission of piroplasms.



Antibodies are thought to have little role in immunity to theileria infections, since the main mechanism of immune protection against intracellular parasites is cell-mediated [113]. The epitheliochorial placentation in cattle precludes the prenatal transfer of maternal antibodies from cow to calf which are, instead, acquired from the colostrum. In a study on the transplacental transmission of T. orientalis, it was unclear whether seropositivity and a moderate infection intensity, as demonstrated by qPCR in a calf 36 h post-birth, were due to antibodies from a fetal immune response to infection in utero or were maternally derived post-partum [52]. Nonetheless, the high seropositive status in calves in this study was attributed to high concentrations of antibodies in the colostrum. Whether antibodies are protective against T. orientalis is currently unclear; however, the peak in parasite load in all calves tested in the same study occurred after the decline in antibody levels, at 5–8 weeks post-partum, suggestive of some protective effect.





5. Conclusions


In Australia, the benign Buffeli genotype of T. orientalis has long been considered to cause a mild persistent infection. However, since 2006, an increase in outbreaks of clinical theileriosis has been associated with the newly identified Ikeda and Chitose genotypes, particularly the former, and these are now becoming established in Australia and New Zealand. Moreover, there are reports of variation in virulence within the various T. orientalis genotypes. Although the ixodid tick, H. longicornis, is the known biological vector in Australasia, there is indirect evidence of transmission by other tick species. Nevertheless, Theileria infection is reported in areas where ticks are not detected. Under such circumstances, the mechanical transmission of T. orientalis by hematophagous insects, especially by sucking lice and stomoxyine flies [59], may play a role in transmission but, to date, this has only been demonstrated in the case of sucking lice. Mechanical transmission by other means, including husbandry practices involving the transfer of blood [86] and transplacental transfer [52,108], are likely to contribute to transmission, while vertical transmission through oral consumption of the colostrum is unlikely [85,109].
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Figure 1. Global distribution of T. orientalis based on reports from different countries. Data on countries affected sourced from Yam and colleagues [2]. 
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Figure 2. (A) Seasonal abundance of the different lifecycle stages of H. bancrofti collected from a farm in the Wollomombi area of the Northern Tablelands of NSW, Australia, and (B) mean Theileria parasitemia levels in 20 cows and heifers sampled from the same farm. Data sourced from the study of Lakew and colleagues [27]. 
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Table 1. The different T. orientalis MPSP genotypes detected in the likely potential vector/s in the world.
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Country

	
Tick Species

	
Source of Ticks

	
T. orientalis MPSP Genotypes Detected

	
References






	
Australia

	
H. longicornis

	
engorged ticks

	
Type 1, 2, and 3

	
[27,70]




	
H. bancrofti

	
questing ticks

	
Type 1 and 3




	
Japan

	
H. megaspinosa,

	
questing ticks

	
Type 1 and 2

	
[71]




	
H. douglasi,




	
Ixodes persulcatus,




	
I. ovatus




	
Mongolia

	
Dermacentor nuttalli

	
engorged ticks

	
Types 1, 3, 5, 7, and N-3

	
[72]




	
Ethiopia

	
R. evertsi evertsi

	
engorged ticks

	
Type 3

	
[73,74]




	
R. decoloratus




	
Rh. praetextatus




	
Turkey

	
Hyalomma excavatum Boophilus annulatus

	
engorged ticks

	
Type 3

	
[75]




	
Vietnam

	
Boophilus microplus

	
engorged ticks

	
Types 5 and 7

	
[14]




	
China

	
R. microplus

	
engorged ticks and questing ticks

	
Types 1–5, 7, and N3

	
[76]

















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file4.png
Buffeli

Chitose
Theileria genotype

Ikeda

s0 (B)

w—ip Larvae

m 9 w 9 w 9 1 o

= = o m ™~ ~ — —

poo|q jo |rl/sa1dod awouad %"307

6T AeW
6T Jdy
6T 18N
6T 924
6T uer
81 220
81 AON
8112