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Abstract

:

Simple Summary


Ticks and tick-borne diseases (TTBDs) are major hindrances for the growth and development of the livestock industry. Among TTBDs, theileriosis has the most important disease-causing high morbidity, mortality, and productive and reproductive losses in cattle. These parasites are mainly present in tropical and sub-tropical areas of the world, where they primarily infect ruminants. The current study was primarily aimed to attenuate the T. annulata in rabbits and to check its severity in susceptible cross-bred calves. Moreover, a comparison between experimentally infected and tested calves was also conducted. The significant rise in temperature and the percentage of infected cells were observed in the rabbits’ post-inoculation. All the infected calves showed a significant rise in temperature, piroplasm parasitemia %age, and lymph node enlargement, while the inoculated calves showed a slight rise in temperature, no piroplasm, and no enlargement of lymph nodes during the whole trial.




Abstract


Tropical theileriosis caused by the protozoan; Theileria annulata is a tick-borne disease (TBD) transmitted by ticks of genus Hyalomma; is clinically characterized by fever, anemia, and lymphadenopathy; and is responsible for heavy economic losses in terms of high morbidity and mortality rates with reduced production. Infected red blood cells of T. annulata were inoculated into rabbits intraperitoneally, and propagation of T. annulata has been investigated. The current study has shown an association between induced tropical theileriosis and variation of body temperature in rabbits. A significant rise in temperature (39.92 ± 0.33 °C) was seen on day 8 onwards, with the maximum temperature (40.27 ± 0.44 °C) on day 14 post-inoculation. In the current study, in vivo trials in susceptible cross-bred calves to investigate the attenuation and comparison with the infected group were also conducted. All the infected calves (n = 5) showed a significant rise in temperature (40.26 ± 0.05 °C) on day 10 onwards, with the maximum temperature (40.88 ± 0.05 °C) on day 16. The temperature of inoculated calves increased gradually post-inoculation, but the difference was not significant. A maximum parasitemia of 20% was observed in infected calves, but no piroplasm parasitemia was observed in inoculated calves. The prescapular lymph nodes of infected calves were enlarged, while the lymph nodes of inoculated calves remained normal throughout the trial. Analysis of clinical and parasitological responses of infected and inoculated calves showed a significant difference (p ≤ 0.05) in terms of temperature, parasitemia, and lymph node scoring between two groups. The current study was primarily aimed to attenuate T. annulata in rabbit and to check its virulence in susceptible calves. It is concluded that propagation of Theileria annulata in rabbits made it attenuated. Rabbit can be used as an in vivo model to weaken the virulence of T. annulata.
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1. Introduction


Tropical theileriosis is an important disease of cattle, caused by the protozoan T. annulata, in tropical and sub-tropical countries, including North Africa, Europe, India, and China. It is a tick-borne disease (TBD) that is transmitted by ticks of genus Hyalomma and clinically characterized by fever, anemia, lymphadenopathy, depression, dyspnea, tachypnea, jaundice, pneumonia, abortion, and mortality [1,2,3]. The disease is economically very important as it causes heavy economic losses in terms of high morbidity and mortality rates with reduced production [4]. Approximately 250 million cattle have been reported to be at risk of tropical theileriosis globally [5]. Its prevalence up to 96.5% and 5.14% have been reported in June and September in Pakistan, respectively [6,7]. There is a greater than 70% mortality rate in susceptible pure-breeds of cattle, while less than 45% mortality in cross-breeds has been reported [8]. Likewise, other TBDs, prophylactic measures for control of tropical theileriosis, include eradication of tick vector and immunization programs [4]. Resistance has been developed due to continuous application of acaricides and anti-theilerial drugs, and due to food safety concerns, there is need to adopt alternate strategies for controlling tropical theileriosis [9,10,11,12].



Vaccinologists suggested that attenuation could take place in unnatural hosts by passages. Vaccines against rabies and polio have been developed by passaging in mice or chicken embryo [13,14]. Live attenuated schizont-based vaccines against theileriosis, babesiosis and anaplasmosis have been effectively used in Morocco, Israel, Iran, India and Tunisia [15,16,17]. These vaccines either involve attenuation based on repeated in vivo passages of parasites in splenectomized calves such as Babesia bigemina and Babesia bovis or in vitro culture as in Theileria hirci and Theileria annulata, respectively [18,19,20]. Another in vitro attenuated-based vaccine of Babesiosis has been developed and is currently being used in Argentina [21]. Live protozoal vaccines cause mild infection in the host based on stimulation of protective immunity [22].



Tropical theileriosis caused by T. annulata and East Coast fever (T. parva) can be effectively controlled and prevented by the use of live vaccines. Muguga cocktail vaccine, which is known as live sporozoite vaccine, is being used in many African countries for the control of East Coast fever [23]. A live attenuated vaccine is responsible for T-cell mediated immune responses by accurate processing of intracellular organisms and antigen presentation, in association with Major Histocompatibility Complex (MHC) class I and class II antigens. The responses of T-cells are considered to be critical in protection against intracellular pathogens, and use of live vaccine mimics the initiation of both adaptive and innate immune responses as occur in natural infection and hence are responsible for appropriate regulatory and inflammatory immune responses in the host [24].



Edmond Sergent’s team firstly initiated vaccination against theileriosis in North Africa. It was based on isolation of field strains with low virulence and maintained in vitro via needle passaging in calves [25,26]. Attenuation of the intracellular parasite at its macroschizont stage could be achieved by continuous in vitro passaging [27,28]. Prolonged in vitro passaging of infected schizont cell lines has resulted in attenuation, in terms of reduced virulence [17,29]. Live attenuated vaccines have provided sterile immunity against homologous strain exposure and partial protection against heterologous strain exposure [29,30,31]. In vitro attenuated cell lines of T. annulata have been shown to be virulent with persistence of fever, parasitemia, and schizont proliferation, while, owing to the existence of only sub-clinical infection mainly characterized by reduced fever, these cell lines would be considered avirulent [32,33]. Immunization of cattle with in vitro cultured virulent lines resulted in partial attenuation at 50th passages and became avirulent at 130th passage based on parasitological and clinico-hematological aspects [34].



In vivo attenuation of T. sergenti in mutant and immunocompromised mice has been achieved successfully. T. sergenti infection was induced rapidly in the blood circulation of mice with an intact spleen, when supplied with bovine red blood cells [35]. Proliferation of T. orientalis in immunodeficient mice has also been reported. The mice showed high parasitemia level when infection was given through intraperitoneal route and upon continuous supply of bovine Red Blood Cells (RBCs). These mice were used as laboratory infection model for T. orientalis to induce sporozoites stage in (H. longicornis) ticks [36]. In earlier studies, all immunodeficient mice were splenectomized to extend the life span period of bovine RBCs [36,37].



Cell culture protocols are expensive to carry out and preserve the cell lines in very low freezing temperature conditions. Moreover, it is difficult to maintain the attenuated parasite in cells free of contamination, which is a long-term process that may take years to attenuate the parasite [17,38,39,40,41]. Hence, the current study primarily aimed to attenuate T. annulata in rabbit and to check its virulence in susceptible calves. The attenuation of T. annulata was not reported in a rabbit model experimentally.




2. Materials and Methods


2.1. Source of Parasite


We already isolated local strain of T. annulata from the blood of infected cross-bred Holstein cattle [7], and we maintained the infection in calves following the methodology of the previous studies [37,42], with slight modification. Blood samples were collected under sterile conditions from cattle calves showing signs of acute theileriosis in EDTA containing vacutainers. Briefly, the cattle calves were restrained with head elevated and jugular vein exposed. Antiseptic gauze (methylated spirit dipped) was used to remove dirt and debris. The jugular vein was engorged by applying pressure at the base of jugular groove. The needle was inserted in jugular vein, and blood was collected using sterile syringe. The blood was gently transferred to EDTA containing vacutainer. Thin blood smears were prepared from fresh blood and stained with Giemsa and observed under oil immersion lens at 1000× magnification of a compound microscope. The blood samples were further analyzed with PCR for confirmation of T. annulata with specific primers. These were taken from a total of 6 male healthy rabbits of the breed Oryctolagus cuniculus [43], age: 6–7 months, feed: standard palate feed, weight: 1350–1700 g approximately, and gender: male. The rabbits were quarantined in a separate place, and blood was collected from ear vein. The blood of rabbits was analyzed for blood parasites such as Babesia, Anaplasma, and Theileria, by microscopy and PCR analysis. The rabbits were declared free from any kind of infection under microscopic examination and PCR. Polymerase chain reaction (PCR) was performed using SimpliAmp Thermocycler (Catalog no. A24811; ThermoFisher Scientific (USA) according to the conditions of [44,45], with slight modification, and specific primers TannUNF = 5′-GGGAGCTACAGTCATAGGTGGT-3′, TannUNR = 5′-TCCTGCCATTGCCAAAAGTC-3′) [46] were used to obtain product size of 460 bp, for confirmation of T. annulata. The PCR mixture was prepared in a final volume of 20 µL. Initial denaturation was given at 95 °C for 5 min, and reaction was cycled for 35 times. Each cycle was started at denaturation at 95 °C for 30 s, annealing at 58 °C for 30 s, and extension step at 72 °C for 30 s, and a final elongation at 72 °C for 10 min. After that, these amplified DNA fragments were analyzed on 1.5% agarose gel electrophoresis.




2.2. Propagation of the Parasite in Rabbits


The rabbits were inoculated intraperitoneally with (3 × 106 infected red blood cells) of acutely infected cattle calf following the methodology of [37], with slight modification of observing parasitemia after every 2 to 3 days. The blood contained piroplasms of T. annulata. The rabbits were monitored for their body temperature daily. The rabbits showed clinical signs of infection. Blood samples were collected after every 2 days up to one month for microscopic examination, for parasitemia estimation, and for PCR analysis. For PCR analysis, blood was drawn from rabbits on 8th day post infection.




2.3. Inoculation of the Parasite in Calves


The blood containing attenuated protozoan parasite was drawn from saphenous vein of these rabbits for inoculation into healthy calves. Ten cross-bred calves (4–8 months old) were screened for any infection and confirmed through microscopy and PCR analysis. The calves were reared in experimental station at University of Veterinary and Animal Sciences (UVAS), Lahore under natural climatic conditions and received ad libitum feed and water. These calves were divided into two groups—Infected and Healthy—based on their screening. Each of these two groups contained calves (n = 5). The calves in healthy group were inoculated with live (5 × 106) rabbit-propagated-Theileria-infected RBCs subcutaneously, while calves in infected group (n = 5) were reared separately. All the calves in both groups were monitored for temperature, Theileria presence, and lymph node scoring daily, along with parasitaemia at every 2 day interval post-inoculation up to 30 days following the methodology of the previous studies [47,48], with slight modification. The increase in pre-scapular lymph nodes size was recorded by palpation and scored from 0 to 3 on a scale, with 0 = normal size; 1 = 2× normal size (mild response); 2 = 4× normal size (moderate response); and 3 = 10× normal size (grossly enlarged), as compared to size of lymph nodes on day 0 [49]. The parasitemia was monitored by thin smear slides’ preparation and counting of infected red blood cells.




2.4. Experimental Design and Statistical Analysis


Two groups of each rabbits and calves were made containing 6 and 5 in numbers, respectively. The results obtained from infected and inoculated calves were statistically analyzed by using t-test and analysis of variance (ANOVA). GraphPad Prism version 6 software (GraphPad Software 7825 Fay Avenue, Suite 230, La Jolla, CA, USA) was used for the statistical analysis of data. An unpaired t-test was used to compare the mean between two independent groups, and a two-way repeated measure ANOVA was performed to compare the mean differences between infected and inoculated calves.





3. Results


3.1. The Effect of Theileriosis on Body Temperature and %Age Piroplasm Parasitemia in Rabbits


This study has shown an association of induced theileriosis with variation of body temperature in rabbits. A significant rise in temperature (39.92 ± 0.33 °C) was seen on day 8 onwards, with the maximum temperature (40.27 ± 0.44 °C) on day 14 post-inoculation. One animal died on day 19 post-inoculation. Necropsy lesions included distended bladder, hard and pale liver, hemorrhages on liver, heart filled with clotted blood, hemorrhagic crop, balloon-shaped intestine filled with liquid excreta, normal kidneys but discoloration, and lungs and trachea filled with pus. Theileriosis was the cause of death.



The effect of temperature change on individual rabbit experimentally infected with T. annulata is shown in Figure 1A,B. The temperature of 4 rabbits was seen to rise from day 8 onwards to day 18 post-inoculation. Maximum temperature (41.3 °C) of one rabbit was observed on day 14 (this rabbit died on day 19 post-inoculation). The temperature of two rabbits remained normal, and both were clinically healthy during the whole trial.



The results of %age piroplasm parasitemia are shown in Figure 2. The piroplasm parasitemia of rabbits appeared on 8th day post-inoculation and increased to 13% on day 14 during the trial. The parasitemia was not detectable after day 29 post inoculation.



Persistence of Infection in Rabbits


Rabbits T1, T2, T3, and T6 showing light bands on PCR reveal the persistence of theileriosis on 8th day post-infection, respectively as shown in Figure 3.





3.2. The Effect of Theileriosis on Body Temperature, Parasitemia, Lymph Node Scoring, and Mortality in Experimental Calves


Infected and Inoculated Cattle Calves


	(A)

	
Temperature







All the infected calves (n = 5) showed significant rise in temperature (40.26 ± 0.05 °C) on day 10 onwards, with the maximum temperature (40.88 ± 0.05 °C) on day 16. One animal died on day 16 and one on day 22. The clinical signs observed during the trial were prescapular lymph node enlargement, anemia, icterus, protrusion of eyeballs, and lacrimation. Presence of diarrhea and recumbency was only observed in 2 animals. Post-mortem lesions included enlargement of spleen and liver, ascites, ulcers in the abomasum, and subcutaneous hemorrhages. The temperature of inoculated calves increased gradually post-inoculation, but the difference was not significant. The results are summarized in Figure 4A.



	(B)

	
Parasitemia







All infected calves (n = 5) showed piroplasm parasitemia in Giemsa-stained blood smears from day 8 onwards. A maximum parasitemia of 20% was observed (Figure 4B). In inoculated calves, there was no piroplasm parasitemia observed as compared to infected group. The results of %age piroplasm parasitemia are shown in Figure 4B.



	(C)

	
Prescapular lymph node responses







The results of prescapular lymph nodes of infected and inoculated calves are shown in Figure 4C. The prescapular lymph nodes of infected calves were enlarged, while the lymph nodes of inoculated calves remained normal throughout the trial. There was significant difference in lymph node scoring between infected and inoculated cattle calves.






4. Discussion


In this study, we demonstrated the first successful propagation for the purpose of attenuation of T. annulata in an un-natural host (rabbit). In rabbit, parasitemia can be developed upon inoculation of infected red blood cells of T. annulata, intraperitoneally. In the present study, we observed that the primary site of parasite proliferation was circulating blood, and our observation was strengthened by the reports of the previous study. Hagiwara et al. (1993) reported that the parasite may move from peritoneal cavity into the circulating blood through lymphatic system because the peritoneal cavity of mice appeared to be an inappropriate place for the proliferation of parasite. There is some evidence that suggests that the circulating blood is the primary site of parasite proliferation, as previously reported for T. sergenti proliferation in Severe Combined Immune Deficiency (SCID) mouse [37]. In the study, albino rabbits with intact spleen were used to evaluate the propagation of T. annulata in rabbit and active proliferation of piroplasm was confirmed on 8th day post-inoculation. A previous study on the propagation of Theileria orientalis in SCID mouse model also demonstrated the active proliferation of piroplasm within the RBCs on day 7 post-infection. Multiple piroplasms were detected within the individual RBC, which indicates multiplication of piroplasm occurred through binary fission, which is the common way of multiplication among T. annulata, T. equi, and Babesia but not in T. parva [50].



The parasitemia in rabbits lasted for about 28 days, but according to previous study [36], parasitemia in splenectomized SCID mouse lasted for nearly 2 months, 88 days in a SCID mouse without spleen, and 39 days in a SCID mouse with intact spleen, which clearly describes the role of spleen in removal of an infection [37]. Moreover, 23% parasitemia in splenectomized SCID mouse, and 7.4–21.4% in the SCID mouse with intact spleen, has also been reported, and we observed a maximum of 13% parasitemia in rabbit with intact spleen. In our study, parasitemia level increased to 1–3% on day 8 in rabbit model, but in previous study, 1% parasitemia was observed on day 7 in splenectomized SCID mouse model, when inoculated intravenously [37]. In our experiment, we also evaluated the propagation of T. annulata in rabbit model and upon inoculation into cattle calves; it produces mild signs and ensures protective immune response from tropical theileriosis.



In the current study, the pathological changes and clinical signs of infected and inoculated cattle calves were observed. During this study, high fever in T. annulata-infected calves was recorded, which is similar to other studies in which high fever, and anemia, was reported in Theileria affected cattle [51,52]. The clinical signs observed during the present study were similar to those observed in the previous studies in cattle naturally infected with T. annulata [53,54,55,56]. In the current investigation, all the infected calves (n = 5) showed significant rise in temperature (40.26 ± 0.05 °C) on day 10 onwards, with the maximum temperature (40.88 ± 0.05 °C) on day 16. According to previous study, a significant rise in temperature (40.14 ± 0.35 °C) on day 12 onwards, and maximum temperature (40.39 ± 0.28 °C) on day 16, was recorded in T. annulata infected cross-bred calves [57]. A significant rise in piroplasm %age parasitaemia (10.6 ± 0.81%) was observed on day 11 onwards, with maximum parasitaemia (17.2 ± 0.73%) on day 14 post-inoculation. The gradual increase in the parasitemia (%age) was linked with a gradual increase in body temperature and mortality in cattle calves infected with T. annulata. Our results are in accordance with the earlier reports, in which a progressive increase in %age parasitemia with the rise in body temperature was observed in case of acute T. annulata infections in calves [47,57]. It is well documented that the macroschizont stage, which is pre-erythrocytic stage of T. annulata, is mainly responsible for pathology in infected animals. The cells infected with macroschizont that are not able to produce piroplasms result in the induction of disease symptoms and mortality in cattle before the detection of piroplasm-infected erythrocytes, as compared to the related apicomplexan Plasmodium [58,59]. We observed the enlargement of pre-scapular lymph nodes in all the infected cattle calves during the trial. The same observations were reported in previous studies [60,61]. In this study, both schizonts and piroplasms were detectable in the blood smears of infected calves on 8th day post-infection, while according to the reports of the previous study, both piroplasms and schizonts were observed on 14th day post-infection in cattle [60].



The temperature, parasitemia, and lymph nodes of inoculated calves were normal during the whole trial as compared to infected group in the this study. All the inoculated calves showed no clinical signs except slight rise in temperature, and schizonts and erythrocytic stages were absent in blood smear. Our findings are similar to the previous study; attenuation is considered to be completed when inoculated calves exhibit no clinical signs except slight rise in temperature, and absence of either schizonts or erythrocytic stages in smear [59]. There was no pyrexia, no piroplasm parasitemia, no enlargement of lymph nodes, and no mortality in inoculated group. Our results are comparable to previous study, and according to Darghouth et al., (1996), there are four indicators used for loss of virulence: piroplasm parasitaemia, pyrexia, number of fatalities, and PCV [62]. Absence of clinical signs and fever in inoculated calves indicated that the rabbit-propagated-Theileria-infected RBCs were effective, safe, non-pathogenic, and suitable for use. Our findings are supported by the previous studies, in which it is well documented that the vaccine would be safe, non-pathogenic, and suitable for field use in the absence of fever and other clinical reactions in vaccinated animal [63,64,65]. The post-reactions of inoculated cattle calves were comparable to other attenuated cell lines reactions in animals. It is reported in some previous studies that the presence of only mild reactions or occasional piroplasm in few vaccinated animals, the cell line used for vaccination, is considered to be attenuated and that these mild reactions are due to live vaccine [32,63,66,67]. In the current study, there was no clinical case observed in inoculated calves during the whole trial. Our observations are also comparable to previous report in which Singh et al. (2001) reported that the vaccine was able to prevent the infection as no clinical cases but a lower number of piroplasm carrier animals were observed in vaccinated group [63].




5. Conclusions


In conclusion, we demonstrated the first successful propagation for the purpose of attenuation of T. annulata in the rabbits used as an unnatural host. A significant rise in temperature and parasitaemia were observed in rabbits upon the inoculation of infected red blood cells of T. annulata. Trials in susceptible calves did not show rise of temperature and parasitemia upon inoculation of rabbit-propagated-Theileria-infected RBCs. This study will be helpful for the development of live-attenuated vaccine against T. annulata in future.







Author Contributions


M.I.R. and H.A. designed and supervised this study. M.S.R. performed all the experiments of the study. M.S., M.S.R. and M.A. helped in the designing of protocol. All authors have read and agreed to the published version of the manuscript.




Funding


Funding for this research has been provided by Punjab Agriculture Research Board, Project No. 610.




Institutional Review Board Statement


This study was approved by Ethical Review Committee, University of Veterinary and Animal Sciences, Lahore, Pakistan with No. DR/141, Dated: 29 January 2020.




Informed Consent Statement


Not applicable.




Acknowledgments


The authors whole heartedly thank Sikandar Ali, Naimat Ullah, Zia ul Rehman, and Naveed Sehar, who helped in restraining of calves and rabbits. Authors are thankful to Syed Muhammad Muneeb Anjum, who provided rabbits from the animal facility of Institute of Pharmaceutical Sciences, UVAS, Lahore.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Robinson, P. Theileriosis annulata and its transmission—A review. Trop. Anim. Health Prod. 1982, 14, 3–12. [Google Scholar] [CrossRef] [PubMed]

	



Dobbelaere, D.; McKeever, D. World Class Parasites. Volume III: Theileria; Kluwer Academic Publishers: Dordrecht, The Netherlands, 2002. [Google Scholar]

	



Shweta, K.; Atheya, U.; Srivastava, S.; Banerjee, P.; Rajat, G. Outbreak of theileriosis and anaplasmosis in herd of Holstein crossbred cows of Dehradun district of Uttranchal, India: A Himalayan region. Int. J. Livest. Prod. 2014, 5, 6–9. [Google Scholar] [CrossRef]

	



Brown, C. Control of tropical theileriosis (Theileria annulata infection) of cattle. Parassitologia 1990, 32, 23–31. [Google Scholar] [PubMed]

	



Erdemir, A.; Aktas, M.; Dumanli, N.; Turgut-Balik, D. Isolation, cloning and sequence analysis of the lactate dehydrogenase gene from Theileria annulata may lead to design of new anti Theilerial drugs. Vet. Med. 2012, 57, 559–567. [Google Scholar] [CrossRef]

	



Atif, F.; Khan, M.; Iqbal, H.; Roheen, T. Prevalence of tick-borne diseases in Punjab (Pakistan) and hematological profile of Anaplasma marginale infection in indigenous and crossbred cattle. Pak. J. Sci. 2012, 64, 11–15. [Google Scholar]

	



Rashid, M.; Akbar, H.; Rashid, I.; Saeed, K.; Ahmad, L.; Ahmad, A.S.; Shehzad, W.; Islam, S.; Farooqi, S. Economic significance of tropical theileriosis on a Holstein Friesian dairy farm in Pakistan. J. Parasitol. 2018, 104, 310–312. [Google Scholar] [CrossRef]

	



Sayin, F.; Karaer, Z.; Dincer, S.; Cakmak, A.; Inci, A.; Yukari, B.; Eren, H.; Vatansever, Z.; Nalbantoglu, S.; Melrose, T. A comparison of susceptibilities to infection of four species of Hyalomma ticks with Theileria annulata. Vet. Parasitol. 2003, 113, 115–121. [Google Scholar] [CrossRef]

	



Graf, J.-F.; Gogolewski, R.; Leach-Bing, N.; Sabatini, G.; Molento, M.; Bordin, E.; Arantes, G. Tick control: An industry point of view. Parasitology 2004, 129, S427–S442. [Google Scholar] [CrossRef]

	



Mhadhbi, M.; Naouach, A.; Boumiza, A.; Chaabani, M.F.; BenAbderazzak, S.; Darghouth, M.A. In vivo evidence for the resistance of Theileria annulata to buparvaquone. Vet. Parasitol. 2010, 169, 241–247. [Google Scholar] [CrossRef]

	



Sharifiyazdi, H.; Namazi, F.; Oryan, A.; Shahriari, R.; Razavi, M. Point mutations in the Theileria annulata cytochrome b gene is associated with buparvaquone treatment failure. Vet. Parasitol. 2012, 187, 431–435. [Google Scholar] [CrossRef]

	



Khater, H.; Hendawy, N.; Govindarajan, M.; Murugan, K.; Benelli, G. Photosensitizers in the fight against ticks: Safranin as a novel photodynamic fluorescent acaricide to control the camel tick Hyalomma dromedarii (Ixodidae). Parasitol. Res. 2016, 115, 3747–3758. [Google Scholar] [CrossRef]

	



Koprowski, H.; Jervis, G.A.; Norton, T.W. Immune responses in human volunteers upon oral administration of a rodent-adapted strain of poliomyelitis virus. Am. J. Epidemiol. 1952, 55, 108–126. [Google Scholar] [CrossRef]

	



Fox, J.P.; Koprowski, H.; Conwell, D.P.; Black, J.; Gelfand, H.M. Studies of antirabies immunization of man: Observations with HEP Flury and other vaccines, with and without hyperimmune serum, in primary and recall immunizations. Bull. World Health Organ. 1957, 17, 869. [Google Scholar] [PubMed]

	



Dalgliesh, R.; Callow, L.; Mellors, L.; McGregor, W. Development of a highly infective Babesia bigemina vaccine of reduced virulence. Aust. Vet. J. 1981, 57, 8–11. [Google Scholar] [CrossRef] [PubMed]

	



De Waal, D.; Combrink, M. Live vaccines against bovine babesiosis. Vet. Parasitol. 2006, 138, 88–96. [Google Scholar] [CrossRef] [PubMed]

	



Pipano, E.; Shkap, V. Vaccination against tropical theileriosis. Ann. N. Y. Acad. Sci. 2000, 916, 484–500. [Google Scholar] [CrossRef] [PubMed]

	



Shkap, V.; Pipano, E. Culture-derived parasites in vaccination of cattle against tick-borne diseases. Ann. N. Y. Acad. Sci. 2000, 916, 154–171. [Google Scholar] [CrossRef]

	



Bock, R.; De Vos, A. Immunity following use of Australian tick fever vaccine: A review of the evidence. Aust. Vet. J. 2001, 79, 832–839. [Google Scholar] [CrossRef]

	



Alonso, M.; Blandino, T.; Mendoza, E.; Savon, L.; Camacho, M. Development of a Babesia bovis live attenuated vaccine. Arch. Med. Res. 1994, 25, 273–277. [Google Scholar]

	



Mangold, A.; Vanzini, V.; Echaide, I.; De Echaide, S.; Volpogni, M.; Guglielmone, A. Viability after thawing and dilution of simultaneously cryopreserved vaccinal Babesia bovis and Babesia bigemina strains cultured in vitro. Vet. Parasitol. 1996, 61, 345–348. [Google Scholar] [CrossRef]

	



Cornelissen, A.; Schetters, T.P. Vaccines against protozoal diseases of veterinary importance. FEMS Immunol. Med. Microbiol. 1996, 15, 61–72. [Google Scholar] [CrossRef] [PubMed]

	



Nene, V.; Kiara, H.; Lacasta, A.; Pelle, R.; Svitek, N.; Steinaa, L. The biology of Theileria parva and control of East Coast fever—Current status and future trends. Ticks Tick-Borne Dis. 2016, 7, 549–564. [Google Scholar] [CrossRef] [PubMed]

	



Innes, E.A.; Bartley, P.M.; Rocchi, M.; Benavidas-Silvan, J.; Burrells, A.; Hotchkiss, E.; Chianini, F.; Canton, G.; Katzer, F. Developing vaccines to control protozoan parasites in ruminants: Dead or alive? Vet. Parasitol. 2011, 180, 155–163. [Google Scholar] [CrossRef]

	



Sergent, E. Etudes Sur Les Piroplasmoses Bovines; Pasteur Institute of Algeria: Algiers, Algeria, 1945. [Google Scholar]

	



Sergent, E.; Donatien, A.; Parrot, L.e.; Lestoquard, F. Suppression experimentale de la reproduction sexuelle chez un Hematozoaire, Theileria dispar. CR. Acad. Sci. 1932, 195, 1054–1056. [Google Scholar]

	



Brown, C. Theileria: In Vitro Cultivation of Protozoan Parasites; Jensen, J.B., Ed.; Taylor & Francis eBooks: Boca Raton, FL, USA, 1983. [Google Scholar]

	



Sharma, G.; Sharma, R.; Nichani, A. Successful long-term in vitro cultivation of Theileria annulata schizonts in media supplemented with homologous and heterologous sera. Vet. Parasitol. 1998, 79, 135–141. [Google Scholar] [CrossRef]

	



Darghouth, M.; Bouattour, A.; Miled, L.B.; Sassi, L. Diagnosis of Theileria annulata infection of cattle in Tunisia: Comparison of serology and blood smears. Vet. Res. 1996, 27, 613–621. [Google Scholar]

	



Gill, B.; Bansal, G.; Bhattacharyulu, Y.; Kaur, D.; Singh, A. Immunological relationship between strains of Theileria anmdata Dschunkowsky and Lihs 1904. Res. Vet. Sci. 1980, 29, 93–97. [Google Scholar] [CrossRef]

	



Hashemi-Fesharki, R. Control of Theileria annulata in Iran. Parasitol. Today 1988, 4, 36–40. [Google Scholar] [CrossRef]

	



Pipano, E. Live vaccine against hemoparasitic disease in livestock. Vet. Parasitol. 1995, 57, 213–231. [Google Scholar] [CrossRef]

	



Pipano, E.; Shkap, V.; Frank, M. Comparison of three methods for initiating in vitro cultures of Theileria annulata schizonts. Rev. Elev. Med. Vet. Pays Trop. 1990, 42, 529–533. [Google Scholar]

	



Preston, P.; Jackson, L.; Sutherland, I.; Bell-Sakyi, L.; Wilkie, G.; Brown, D.; Schofield, J.; Melrose, T.; Sanderson, A.; Brown, C. Theileria annulata: The Expression of Two Novel Macroschizont Antigens on the Surface of Infected Mononuclear Cells Differs duringin VitroAttenuation of a Virulent Cell Line. Exp. Parasitol. 1998, 89, 228–240. [Google Scholar] [CrossRef] [PubMed]

	



Bosma, G.C.; Custer, R.P.; Bosma, M.J. A severe combined immunodeficiency mutation in the mouse. Nature 1983, 301, 527–530. [Google Scholar] [CrossRef]

	



Tsuji, M.; Hagiwara, K.; Takahashi, K.; Ishihara, C.; Azuma, I.; Siddiqui, W.A. Theileria sergenti proliferates in SCID mice with bovine erythrocyte transfusion. J. Parasitol. 1992, 78, 750–752. [Google Scholar] [CrossRef]

	



Hagiwara, K.; Tsuji, M.; Ishihara, C.; Tajima, M.; Kurosawa, T.; Iwai, H.; Takahashi, K. Theileria sergenti infection in the Bo-RBC-SCID mouse model. Parasitol. Res. 1993, 79, 466–470. [Google Scholar] [CrossRef] [PubMed]

	



Hall, R.; Ilhan, T.; Kirvar, E.; Wilkie, G.; Preston, P.M.; Darghouth, M.; Somerville, R.; Adamson, R. Mechanism (s) of attenuation of Theileria annulata vaccine cell lines. Trop. Med. Int. Health 1999, 4, A78–A84. [Google Scholar] [CrossRef] [PubMed]

	



Shiels, B.; Swan, D.; McKellar, S.; Aslam, N.; Dando, C.; Fox, M.; Ben-Miled, L.; Kinnaird, J. Directing differentiation in Theileria annulata: Old methods and new possibilities for control of apicomplexan parasites. Int. J. Parasitol. 1998, 28, 1659–1670. [Google Scholar] [CrossRef]

	



Pipano, E. Immune response in calves to varying numbers of attenuated schizonts of Theileria annulata. J. Protozool. 1970, 17, 31. [Google Scholar]

	



Guo, G.; Shang, J.; Yu, M.; Zhao, J.; Ma, S.; Nusuf, A.; Tan, L. Research on the schizont cell culture vaccine againstTheileria annulata infection in Xinjiang, China. Trop. Anim. Health Prod. 1997, 29, 98S–100S. [Google Scholar] [CrossRef]

	



Yokoyama, N.; Ueno, A.; Mizuno, D.; Kuboki, N.; Khukhuu, A.; Igarashi, I.; Miyahara, T.; Shiraishi, T.; Kudo, R.; Oshiro, M. Genotypic diversity of Theileria orientalis detected from cattle grazing in Kumamoto and Okinawa prefectures of Japan. J. Vet. Med. Sci. 2010, 73, 305–312. [Google Scholar] [CrossRef]

	



Khan, S.; Khan, K.; Shah, S.U.; Ahmad, N. A preliminary assessment of rabbit farming and its scope in Khyber Pakhtunkhwa province of Pakistan. Sarhad J. Agric. 2014, 30, 369–373. [Google Scholar] [CrossRef]

	



Zhou, M.; Cao, S.; Sevinc, F.; Sevinc, M.; Ceylan, O.; Moumouni, P.F.A.; Jirapattharasate, C.; Liu, M.; Wang, G.; Iguchi, A. Molecular detection and genetic identification of Babesia bigemina, Theileria annulata, Theileria orientalis and Anaplasma marginale in Turkey. Ticks Tick-Borne Dis. 2016, 7, 126–134. [Google Scholar] [CrossRef] [PubMed]

	



Mtshali, M.S.; Mtshali, P.S. Molecular diagnosis and phylogenetic analysis of Babesia bigemina and Babesia bovis hemoparasites from cattle in South Africa. BMC Vet. Res. 2013, 9, 1–7. [Google Scholar] [CrossRef]

	



Zaheer, H.; Rashid, I.; Akbar, H.; Farooq, R.K.; Shabir, S.; Rehman, Z.U.; Abid, A.; Ali, S.; Akram, N.; Alvi, M.H. Expiry of a completely splenectomised calf in post-operative period due to mixed piroplasm infection: A case report. Ann. Parasitol. 2020, 66, 599–606. [Google Scholar] [CrossRef] [PubMed]

	



Preston, P.; Brown, C.; Bell-Sakyi, L.; Richardson, W.; Sanderson, A. Tropical theileriosis in Bos taurus and Bos taurus cross Bos indicus calves: Response to infection with graded doses of sporozoites of Theileria annulata. Res. Vet. Sci. 1992, 53, 230–243. [Google Scholar] [CrossRef]

	



Preston, P.M.; Darghouth, M.; Boulter, N.R.; Hall, R.F.; Tall, R.; Kirvar, E.; Brown, D.C. A dual role for immunosuppressor mechanisms in infection with Theileria annulata: Well-regulated suppressor macrophages help in recovery from infection; profound immunosuppression promotes non-healing disease. Parasitol. Res. 2002, 88, 522–534. [Google Scholar] [CrossRef]

	



Forsyth, L.; Minns, F.; Kirvar, E.; Adamson, R.; Hall, F.; McOrist, S.; Brown, C.; Preston, P. Tissue Damage in Cattle Infected withTheileria annulataAccompanied by Metastasis of Cytokine-producing, Schizont-infected Mononuclear Phagocytes. J. Comp. Pathol. 1999, 120, 39–57. [Google Scholar] [CrossRef]

	



Hayashida, K.; Umemiya-Shirafuji, R.; Sivakumar, T.; Yamagishi, J.; Suzuki, Y.; Sugimoto, C.; Yokoyama, N. Establishment of a mouse-tick infection model for Theileria orientalis and analysis of its transcriptome. Int. J. Parasitol. 2018, 48, 915–924. [Google Scholar] [CrossRef]

	



Shiono, H.; Yagi, Y.; Thongnoon, P.; Kurabayashi, N.; Chikayama, Y.; Miyazaki, S.; Nakamura, I. Acquired methemoglobinemia in anemic cattle infected with Theileria sergenti. Vet. Parasitol. 2001, 102, 45–51. [Google Scholar] [CrossRef]

	



Nazifi, S.; M Razavi, S.; Reiszadeh, M.; Esmailnezhad, Z.; Ansari-Lari, M. Diagnostic values of acute phase proteins in Iranian indigenous cattle infected with Theileria annulata. Vet. Arh. 2010, 80, 205–214. [Google Scholar]

	



Uilenberg, G. Theilerial species of domestic livestock. In Advances in the Control of Theileriosis; Springer: Berlin/Heidelberg, Germany, 1981; pp. 4–37. [Google Scholar]

	



Gill, B.; Bhattacharyulu, Y.; Kaur, D. Symptoms and pathology of experimental bovine tropical theileriosis (Theileria annulata infection). Ann. Parasitol. Hum. Comp. 1977, 52, 597–608. [Google Scholar] [CrossRef]

	



Oryan, A.; Namazi, F.; Sharifiyazdi, H.; Razavi, M.; Shahriari, R. Clinicopathological findings of a natural outbreak of Theileria annulata in cattle: An emerging disease in southern Iran. Parasitol. Res. 2013, 112, 123–127. [Google Scholar] [CrossRef] [PubMed]

	



Omer, O.H.; El-Malik, K.; Mahmoud, O.; Haroun, E.; Hawas, A.; Sweeney, D.; Magzoub, M. Haematological profiles in pure bred cattle naturally infected with Theileria annulata in Saudi Arabia. Vet. Parasitol. 2002, 107, 161–168. [Google Scholar] [CrossRef]

	



Sandhu, G.; Grewal, A.; Singh, A.; Kondal, J.; Singh, J.; Brar, R. Haematological and biochemical studies on experimental Theileria annulata infection in crossbred calves. Vet. Res. Commun. 1998, 22, 347–354. [Google Scholar] [CrossRef] [PubMed]

	



Hooshmand-Rad, P. The pathogenesis of anaemia in Theileria annulata infection. Res. Vet. Sci. 1976, 20, 324–329. [Google Scholar] [CrossRef]

	



Pipano, E.; Israel, V. Absence of erythrocyte forms of Theileria annulata in calves inoculated with schizonts from a virulent field strain grown in tissue culture. J. Protozool. 1971, 18, 37. [Google Scholar]

	



Ma, Q.; Liu, J.; Li, Z.; Xiang, Q.; Wang, J.; Liu, A.; Li, Y.; Yin, H.; Guan, G.; Luo, J. Clinical and Pathological Studies on Cattle Experimentally Infected with Theileria annulata in China. Pathogens 2020, 9, 727. [Google Scholar] [CrossRef] [PubMed]

	



Kannan, K. Clinical, hematological changes and therapeutic efficacy of buparvaquone with oxytetracycline against the natural infection of Theileria annulata in cattle. Int. J. Livest. Res. 2017, 7, 128–133. [Google Scholar]

	



Darghouth, M.; Miled, L.B.; Bouattour, A.; Melrose, T.; Brown, C.; Kilani, M. A preliminary study on the attenuation of Tunisian schizont-infected cell lines of Theileria annulata. Parasitol. Res. 1996, 82, 647–655. [Google Scholar] [CrossRef]

	



Singh, S.; Khatri, N.; Manuja, A.; Sharma, R.; Malhotra, D.; Nichani, A. Impact of field vaccination with a Theileria annulata schizont cell culture vaccine on the epidemiology of tropical theileriosis. Vet. Parasitol. 2001, 101, 91–100. [Google Scholar] [CrossRef]

	



Beniwal, R.; Nichani, A.; Sharma, R.; Rakha, N.; Suri, D.; Sarup, S. Responses in animals vaccinated with the Theileria annulata (Hisar) cell culture vaccine. Trop. Anim. Health Prod. 1997, 29, 109S–113S. [Google Scholar] [CrossRef]

	



Gupta, S.; Sharma, R.; Rakha, N.; Sudhan, N.; Nichani, A. Immune response to theileria annulata (HISAR) cell culture vaccine umder the field conditions in bovines. Indian Vet. J. 1998, 75, 405–411. [Google Scholar]

	



Pipano, E. Basic principles of Theileria annulata control. In Theileriosis; Henson, J.B., Campbell, M., Eds.; International Development Research Centre: Ottawa, ON, Canada, 1977; pp. 55–65. [Google Scholar]

	



Ouhelli, H.; Innes, E.; Brown, C.; Walker, A.; Simpson, S.; Spooner, R. The effect of dose and line on immunosation of cattle with lymphoblastoid cells infected with Theileria annulata. Vet. Parasitol. 1989, 31, 217–228. [Google Scholar] [CrossRef]








[image: Animals 12 00813 g001 550] 





Figure 1. (A) Effect of temperature change on individual rabbit experimentally infected with T. annulata. (B) Temperature responses of rabbits following infection with T. annulata. Results are shown as mean °C ± SD. 
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Figure 2. Post-infection %age piroplasm parasitemia of rabbits with standard deviation. 
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Figure 3. Results of PCR for infection expression in rabbits. T1 to T6 are samples from Rabbits, +ve is the positive control [46], and -ve control is without DNA. 
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Figure 4. (A) Temperature of infected and inoculated calves. (B) Piroplasm parasitemia (%age) of infected and inoculated calves. (C) Lymph node scoring of infected and inoculated calves. Significant difference between infected and inoculated cattle calves at p ≤ 0.05. * denoted to ≤ 0.05, ** denoted to ≤ 0.005 and *** denoted to ≤ 0.0005. 
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