



"Insights into Apicomplexan Parasites: Exploring Diversity in Insects of Economic Importance"
Abstract:

The largest group of invertebrates infested on land is the insects which plays many important roles in balancing the ecosystem. Some of them are helpful in pollination, producing the economically important byproducts; while some are the pests of different crop plants along with it most of themselves are the host of many protozoan (Apicomplexan) parasites. The Apicomplexa group is made up of lots of parasitic creatures, with over 6,000 species that we know of and probably even more that we haven't discovered yet. They all rely on hosts to survive, and nearly every kind of animal, including vertebrates like us and many invertebrates, can host at least one type of these parasites. Apicomplexans like Plasmodium are the common parasite of mosquito and human, causes malaria in humans which is having greatest impact on human health. Among insects, Orthoptera, Odonata, Blattodea, Diptera, and Coleoptera have been reported to be infected by gregarine parasites but most of other apicomplexan parasites of insects are not introduced well. Study of their diversity in insects is necessary to support Integrated Pest Management for the betterment of economy. Therefore, they have received great attention from many researchers, including those interested in the parasite-host coevolution, pathogenicity and protection of host from parasites as well as those interested in biological control of insects. In the present review diversity of Apicomplexan parasites from Phylum Arthropoda (Class- Insecta) is examined. Study of diversity of Apicomplexan parasites from insects with the help of their morphology will brings about the availability of conformational data for classification and systematic study of protozoan parasites of insects. Checklist made by studying the host parasite relationship of phylum Arthropoda and phylum Apicomplexa will help in maintaining them by IPM. Studying their coevolution with host & existence of new species recorded will help the protozoologist for its further study and encourage the new researchers for working in this area.
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Introduction: 

Insects are ectoparasites (pest) of various plants and animals and therefore are having considerable economic importance (beneficial and harmful). Biocontrol of harmful insect pest through their natural enemies i.e. Apicomplexan parasite can be done by studying them. Likewise, the protection of beneficial insects can be done by dealing with them. That’s why it is essential to study the Apicomplexan parasite diversity among the insect host, their host parasite relationship, specificity and pathogenicity which will brings about their integrated pest management. It is proposed to study on phylum Apicomplexa as a parasite in association with class Insecta of phylum Arthropoda. Protozoans are very important because of their medical and veterinary importance as most of them are parasitic. Apicomplexans are common protozoan parasites of Arthropodan animals (insects) of economic importance i.e. beneficial as well as harmful. According to Jana Kopecna et al., (2006) apicomplexan radiation as well as their adaptation to the parasitic style of life took place before the era of vertebrates. Thus, invertebrates were the first hosts of apicomplexan parasites that switched to vertebrates later in evolution. Apicomplexan parasites of invertebrates with the exception of gregarines have so far been ignored in phylogenetic studies. This issue can be addressed by analyzing biodiversity and phylogeny of Apicomplexan parasites among insects.

Literature synthesis: 

Apicomplexa is a diverse phylum of parasitic protozoans, and while many members of this phylum are known for infecting vertebrates, there are also apicomplexan parasites that specifically target insects. One notable example of apicomplexan parasites that specifically target insects is the genus Gregarina, which includes parasites that infect the digestive systems of insects. 
Understanding the interactions between apicomplexan parasites and insects is essential for various reasons, including the potential impact on insect populations, ecological dynamics, and the development of control strategies for insect-borne diseases. 

1. Coleoptera (Beetles):   - Ladybugs, dung beetles, weevils, fireflies, and ground beetles.
Janovy et al., (2007) identify new gregarine taxa in flour beetle larvae, introducing Awrygregarina billmani, Gregarina cloptoni, Gregarina confusa, and Gregarina palori. The study revises the description of Gregarina minuta discovered in Tribolium castaneum. Scanning electron microscopy reveals distinct oocyst surface architecture variations, with Gregarina species showing longitudinal ridges and Awrygregarina billmani displaying circumferential striations. This surface feature is the primary distinguishing factor between the two gregarine genera. Despite focusing on larval stages, experimental infection studies demonstrate the infectivity of adults from all host species using oocysts from the newly identified taxa. Schreurs and Janovy (2008) researched the nutritional dynamics between Gregarina confusa parasites and their coleopteran host, Tribolium destructor. Larvae were subjected to feeding, starvation, and refeeding, with gregarine cytoplasmic density assessed. Starved larvae showed significant elongation and thinning of gregarines, with notable differences in deutomerite cytoplasmic densities. Refed larvae restored cytoplasmic density within 24 hours, resembling parasites from fed larvae. The study highlights the ease of manipulating the Tribolium destructor-Gregarina confusa relationship through host diet changes, making it a valuable model for investigating chemical interactions between parasites and hosts. Clopton and Nolte (2002) document a new genus and species, Clitellocephalus americanus, found in Cratacanthus dubius beetles in western Nebraska. They also reexamine and redescribe Clitellocephalus ophoni from Ophonus pubescens beetles in France. A deltoid epimerite, an internal anterior obconoid structure, and a basal toroidal vacuole in gamonts characterize the novel genus. Precocious, caudofrontal, and biassociative associations, along with distinct variations in size and cellular structures, distinguish the described species within the genus.
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Fig. 1- Images showing different species of gregarine parasites found in Tenebrionid insects.
In the study by Dias et al., (2017), the researchers reported a novel finding of gregarine species in the seminal vesicles of insects, with a specific focus on the beetle Tribolium castaneum. This marks the first documented instance of gregarines in this particular anatomical location. Morphological examinations, employing both light and transmission electron microscopy, revealed various developmental stages of the protozoan parasite, including sporozoites, oocysts, and trophozoites. Through DNA sequence analysis, the researchers identified the protozoan parasite in the seminal vesicles as Ascogregarina sp., highlighting the importance of molecular techniques in characterizing such organisms. In the study conducted by Yaman and Bakı in 2010, 780 Ips typographus beetles from Giresun, Rize, and Artvin regions were examined, revealing the presence of gregarines in all three areas. Among the beetles, 27 individuals were found to be infected by the gregarine pathogen identified as Gregarina typographi, resulting in an overall infection rate of 3.4%. The study documented various life stages of the gregarine, including trophozoites, gamonts, cysts, and associative forms. The gametocysts measured between 77 and 85 μm in diameter, and the solitary gamonts exhibited total lengths ranging from 90 to 155 μm. The research provided comparative measurements with other gregarines isolated from bark beetles, contributing to the characterization of Gregarina typographi.
2. Lepidoptera (Butterflies and Moths):

   - Monarch butterflies, swallowtails, silk moths, and sphinx moths.

Gregarines, a subgroup of apicomplexans closely linked to the human pathogen Cryptosporidium, have been identified in the midgut of the lepidopteran insect Plodia interpunctella by Suzaki, T., et. al., (2006). This particular gregarine species exhibits distinct morphological features such as a septum between protomerite and deutomerite, solitary sporadines, and simple knob-like epimerites. Its host specificity and morphological characteristics suggest classification within the Leidyanidae family, sharing similarities with the genus Leidyana. Notably, Leidyana differs from Gregarina in being consistently solitary before syzygy, contrasting with the association formation of Gregarina gamonts. This discovery marks the second instance of Leidyana in a lepidopteran insect in Japan. Gao et al., (2020) discovered the neogregarine protozoan parasite Ophryocystis elektroscirrha (OE), typically associated with monarch butterflies, in three noctuid moths and a nymphalid. Genetic analysis revealed a 95.2% similarity between OE in monarch butterflies and the OE-like parasite in moths. Cross-species infection experiments suggested coevolution and geographic variation in susceptibility, with successful infection from moths to butterflies but not vice versa. These findings offer valuable insights into OE prevalence, host specificity, and the potential for studying parasite transmission dynamics. According to Lucarotti C. J. (2000), the eugregarine Leidyana canadensis parasitizes the larval gut of the eastern hemlock looper, Lambdina fiscellaria fiscellaria. The life cycle involves the ingestion of oocysts, emergence of trophozoites, attachment to the midgut epithelium via an apical epimerite, and subsequent development into gamonts. The electron microscopy study reveals the cytological details of this interaction, including the invagination of the host cell membrane caused by the epimerite. After detachment, trophozoites transform into gamonts, ultimately leading to the formation of gametocysts and the production of oocysts. The observed cytological features provide insights into the pathology of L. canadensis in its larval host, highlighting the complex life cycle and adaptive strategies employed during different stages of infection. 

The ultrastructure of the eugregarine Leidyana ephestiae, parasitizing the larval gut of the flour moth Ephestia kuehniella, was examined by Valigurová, A., & Koudela, B. (2005). Young trophozoites were initially small, oval, with a simple, globular epimerite. Folding of the protodeutomeritic epicyte occurred around 2 days of development, leading to trophozoite segmentation after 3–4 days. Fully developed trophozoites featured a large ovoid epimerite with numerous mitochondria, situated on a short neck filled with fibrils. The protomerite and deutomerite cytoplasm contained amylopectin granules and electron-dense bodies. The study by Yaman et al., (2022) addresses the global pest, Indian meal moth, and explores entomopathogens as natural alternatives to chemical insecticides for pest control. It specifically focuses on the Turkish strain of Mattesia dispora, a protistan entomopathogen, within P. interpunctella populations. Microscopic observations in Turkey reveal widespread prevalence and high virulence of the Turkish strain of M. dispora against P. interpunctella larvae, making it a promising biological control candidate. The study emphasizes the scarcity of knowledge on neogregarine infections as natural suppressors, highlighting the potential eco-friendly solution offered by M. dispora for pest management. 
To enhance our understanding of the evolutionary and genetic aspects of Apicomplexa, Mongue, A. J. et. al., (2023) sequenced the genome of Ophryocystis elektroscirrha, a parasite affecting monarch butterflies (Danaus plexippus). With a small genome of 9 million bases and fewer than 3,000 genes, O. elektroscirrha exhibits unique orthologs compared to other invertebrate-infecting apicomplexans. Additionally, we utilized sequencing data from potential host butterflies, such as Danaus chrysippus, revealing a divergent genome, possibly representing a distinct species. The study unveils the absence of Type II or Type IV sodium pumps in Ophryocystis, shedding light on potential evolutionary responses to toxic phytochemicals ingested by hosts. According to Bhat, S. A. et. al., (2009), silkworm microsporidiosis, a severe disease caused by an intracellular obligatory parasite, poses a significant threat to the sericulture industry. The infections vary from chronic to highly virulent, leading to substantial losses. With an increasing identification of microsporidian strains/species affecting silkworms in India and other sericulture-practicing nations, the disease has become more intricate. These microsporidians exhibit differences in pathogenicity, spread rate, transmission, and multiplication. Consequently, this review aims to explore existing literature on microsporidiosis in the silkworm Bombyx mori L. Sun et al. (2012) discovered a gregarine parasite in Thitarodes pui, a crucial host for the economically significant fungus Ophiocordyceps sinensis in the Tibetan Plateau. The gregarine gamonts, approximately 15 × 8 μm, underwent syzygy, forming reproductive gametocysts in the larval hemolymph. Infected individuals carried 2–17 mature gametocysts, each containing lemon-shaped oocysts. Sequence analysis revealed a close relationship between the gregarine and Ascogregarina species. This study provides the first documentation of a gregarine parasite in T. pui, offering insights into its characteristics and genetic affiliation.
3. Diptera (Flies):

   - Houseflies, mosquitoes, fruit flies.
Vinayagam et al., (2023) provide a comprehensive overview of the indispensable role of gut microbiota in mosquitoes, highlighting its contributions to blood digestion, fecundity, metamorphosis, and habitat suitability. The review explores how the microbiota inhibits the growth and transmission of malarial parasites, particularly Plasmodium, in Anopheles mosquitoes. The intricate relationship between microbiota and Plasmodium is examined, focusing on immune responses, metabolism, and redox mechanisms. The article also investigates how gut bacteria impact the life cycle of malaria vectors and confer resistance to insecticides, acknowledging the challenges in studying triadic interactions and emphasizing the need for further research to develop precise vector control strategies for malaria. In Alonso et al., (2021) study in subtropical Argentina, Aedes aegypti was identified as the primary vector of arboviruses, while concerns arose about Aedes albopictus potentially becoming a new vector in the region. The study focused on Ascogregarina spp. parasites, observing Ascogregarina culicis in Ae. aegypti and Ascogregarina sp. in Ae. albopictus populations. The prevalence of A. culicis in Ae. aegypti and Ascogregarina sp. in Ae. albopictus was 34.81% and 37.23%, respectively, with variations between seasons and habitats. Ascogregarina culicis persisted throughout the entire sampling period in Ae. aegypti, but Ascogregarina sp. presence in Ae. albopictus was not consistently recorded.

Morales et al., (2005) developed two polymerase chain reaction (PCR)-based methods for differentiating morphologically similar gregarine species, Ascogregarina barretti, A. culicis, and A. taiwanensis, parasitizing mosquitoes Ochlerotatus triseriatus, Aedes aegypti, and Ae. albopictus, respectively. As these mosquitoes often share breeding habitats, the likelihood of cross-species gregarine infections is high. The first PCR assay allows rapid ascogregarine detection, while the second method facilitates differentiation between A. culicis and A. taiwanensis using a species-specific PCR assay. These assays aid in identifying Ascogregarina species and specifically determining A. culicis and A. taiwanensis in individual or dual infections in whole mosquitoes. Stump E. et al., (2021) investigated the impact of gregarine parasites, specifically Ascogregarina taiwanensis, on Aedes albopictus and triseriatus population dynamics and competition. Their compartmental model revealed that increased parasitism in Aedesalbopictus reduced its initial competitive advantage over Aedes triseriatus, leading to enhanced survivorship of the latter. Interestingly, Aedes albopictus demonstrated better invasive abilities under heightened parasitism of Aedes triseriatus. Despite transient dynamics variation, the equilibrium population sizes of both species remained unaffected by the dilution of parasite density through uptake by both species. This research contributes valuable insights for mosquito control strategies and disease prevention in areas with competing mosquito species. Habtewold et al., (2017) propose a conceptual framework suggesting that an elevated tolerance to microbiota in the mosquito midgut leads to reduced tolerance to Plasmodium infection. They hypothesize that non-vector mosquito species for malaria, like An. quadriannulatus, may exhibit increased immune resistance in the haemocoel due to complement priming triggered by microbiota. In contrast, An. coluzzii is suggested to have decreased tolerance to bacterial infection in the midgut, leading to reduced immune resistance against Plasmodium infection at the haemocoel level. Understanding these molecular processes may contribute to the development of novel strategies for malaria vectors and disease control.
4. Hymenoptera (Ants, Bees):

   - Honeybees, bumblebees, yellow jackets, and various types of ants.

An ant-pathogenic neogregarine in Temnothorax affinis and T. parvulus (Hymenoptera: Formicidae) is described based on morphological and ultrastructural characteristics with the help of scanning and transmission electron microscopy by Mustafa Yaman et al., 2023. Santiago Plischuk et al., (2011) investigated the prevalence of the neogregarine parasite Apicystis bombi in Northwestern Argentine Patagonia, finding occurrences in both Apis mellifera and Bombus terrestris. The prevalence of A. bombi in A. mellifera was 7.6% in 2009 and 13.6% in 2010, while in B. terrestris, it was 12.1%. However, in the Pampas region, a major beekeeping area, no infections were observed in 302 beehives monitored over three years, suggesting a potential absence of A. bombi in this region. Given its high virulence in Bombus species, continuous monitoring in A. mellifera and native Bombus species is recommended. 
In their 2020 study, Karel Schoonvaere et al. explores a cryptic gregarine closely related to the bee parasite Apicystis bombi. Despite molecular dissimilarity in the 18S ribosomal DNA gene sequence, phylogenetic analysis supports a close relationship with A. bombi. Significant divergence is observed in the ITS1 sequence and seven protein-coding genes. The newly identified gregarine, isolated from Bombus pascuorum, causes hypertrophism in the host's fat body tissue and infects crucial excretory organs. Named Apicystis cryptica sp. n., the study highlights the need for specific molecular assays for accurate pathogen screening in bees. Tian et al., (2018) highlight that micro-parasites in the Apidae pollinator community are mainly multi-host pathogens, emphasizing the need for pathological studies across different hosts to understand their impact on pollinator decline. Their focus is on exploring the effects of the multi-host micro-parasite Apicystis bombi on the lifespan of Osmia bicornis, a common solitary bee. The study unveils a noteworthy reduction in the survival of O. bicornis linked to A. bombi infection, underscoring the potential threat of this pathogen to solitary bee populations. According to Schulz, M. et al., (2019), Neogregarines of the species Apicystis bombi primarily infest bumblebees. Apis mellifera serves as an unintentional host, with the potential to become its definitive host in the future. Through the application of polymerase chain reaction and microscopic analysis, their investigation identified A. bombi in one out of ten apiaries in Central Europe. The affected colony lacked a queen and exhibited rebellious worker behavior. The parasite was observed in the hemolymph and digestive tracts of honeybee workers but not in their fat bodies. In contrast, the parasite is present in both the fat bodies and other tissues of its original host, bumblebees. Plischuk et al., (2021) highlight the vital role of Bombus spp. bumblebees as pollinators in the Central Andean region but express concern about their susceptibility to parasites and pathogens. The study, conducted in Bolivia and Peru, identifies multiple threats, including Apis mellifera filamentous virus, Vairimorpha ceranae, Crithidia bombi, Lotmaria passim, and five mite species. With the potential introduction of non-native Bombus terrestris, this information is crucial for devising conservation strategies to protect the indigenous biodiversity in the high-altitude Andean ecosystems. In June and July 2016, Herrera, A. et al., (2017) conducted a comprehensive statewide study on feral colonies and domesticated hives to assess the current and potential impacts of invasive parasites and pests on honey bee (Apis mellifera) populations in Texas. For each sampled colony, we identified the subspecies and reported the presence of parasites. The predominant subspecies included Apis mellifera scutellata, Apis mellifera carnica, and Apis mellifera ligustica. Additionally, they confirmed the presence of Apis mellifera syriaca and Apis mellifera macedonica in Texas. The most prevalent parasites were Varroa destructor and Nosema ceranae, found in eight and nine ecoregions, respectively. Aethinatumida was identified in only four out of the ten ecoregions.
5. Orthoptera (Grasshoppers, Crickets, Katydids):   - Grasshoppers, crickets, locusts, and katydids.

Valigurová and Koudela (2008) explored the morphological characteristics of the eugregarine parasite Gregarina garnhami in the desert locust Schistocerca gregaria. Using electron microscopy, they focused on the globular epimerite and its interaction with the host epithelium. The epimerite exhibited a cytoplasmic core with a distinct cortical zone, reinforced by filaments, and tubular structures connecting to the host cell. A well-defined osmiophilic ring supported the base, and a septum separated the epimerite from the gregarine body. The study discussed these structures in the context of trophozoite detachment from the host epithelium, noting a persistent depression in detached trophozoites where the epimerite was formerly located. In the research conducted by Isabelle Florent et al., (2021), an integrative taxonomy approach was employed to confirm the distinction between Gregarina garnhami an
d G. acridiorum (Apicomplexa, Gregarinidae), which are parasites found in Schistocerca gregaria and Locusta migratoria (Insecta, Orthoptera). The study strongly advocates for molecular taxonomy as a reliable method to confirm species differentiation in cases where there are morphological similarities. 
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Fig. 2- Images showing different life cycle stages of gregarine parasites in grasshoppers.
In their 2000 study, Pushkala K. et al., provided a detailed account of the systematics and life history of two newly discovered species of cephaline gregarines that parasitize grasshoppers in agro-ecosystems (Saccharum officinarum, Oryza sativa, Zea mays) in Tamil Nadu, India. The two species discussed are Retractocephalus dhawanii sp. n. and Hentschelia gillii sp. n. In 2018, Sable S. R. et al., conducted a study on the gregarine species G. Ronderosi (Apicomplexa: Gregarinidae) in the grasshopper Atractomorpha crenulata from the vicinity of Jalna District in the Marathwada region. The species was described using a light microscope, relying on morphological character analysis and life cycle observations. This study marked the first report of this gregarine species from A. crenulata. Medina Duran et al., (2020) addresses the understudied nature of eugregarines, apicomplexan parasites found in marine, freshwater, and terrestrial environments. Despite most terrestrial eugregarines being known to parasitize less than 1% of insect diversity, there is a high probability of broader infection. The study focuses on the eugregarines in the Mexican lubber grasshopper, Taeniopoda centurio, an endemic species in northwest Mexico. Two new eugregarine species, Amoebogregarina taeniopoda and Quadruspinospora Mexicana, are described from the host's gut, each displaying distinct morphological differences in their life-cycle stages.
6. Isoptera (Termites):   - Termites, known for their role in breaking down cellulose in wood & Blattellidae- wood cockroach.
Costa-Leonardo et al., (2008) discovered a coelomic gregarine in Coptotermes gestroi, a significant economic pest in Brazil. Foraging worker termites from field colonies exhibited large, white abdomens containing 1 to 3 cysts filled with lemon-shaped spores. While earlier developmental stages were not observed, the spore morphology suggests the gregarine belongs to the Mattesia genus within the Lipotrophidae family. This finding contributes to our understanding of parasite-host interactions in C. gestroi. Zhang S. et al., (2021) report the occurrence of a gregarine, a protozoan parasite, in the digestive tract of the termite Macrotermes barneyi. Their study details the general morphology and ultrastructure of gregarine gamonts and syzygies through light micrograph and scanning electron micrograph analyses. SSU rDNA sequence analysis indicates that termite gregarine shares the highest identity (90.10%) with Gregarina blattarum found in cockroaches. Phylogenetic analysis, based on SSU rDNA sequences, suggests the gregarine from M. barneyi is closely related to species from the Gregarinidae and Leidyanidae families, potentially representing a novel species.

Fauver et al. (2013) describe Protomagalhaensia richardsoni, a new species found in the giant lobster cockroach, Henschoutedenia flexivitta, exhibiting distinctive characteristics within the genus. Notably, its oocysts lack apical spines and a sagittal depression, with larger dimensions and unique length/width ratios compared to other Protomagalhaensia species. While no unique morphological structures distinguish gametocysts, P. richardsoni's gametocysts are notably shorter. The study underscores the importance of morphometric differences, particularly size-related features, for species differentiation within the Protomagalhaensia genus. Steele et al., (2012) conducted an experimental excystation assay to explore potential species-isolating effects of excystation signaling in gregarines, focusing on the species Blabericola migrator. Oocysts were tested with intestinal extracts from 11 cockroach species representing a diverse phylogeny. Sporozoite activation, excystation, and motility were consistently observed with fluid from blaberid hosts, while delayed activation or excystation occurred with fluid from hosts in the Blattidae family. The study suggests a generalized excystation signal across gregarines, conserved at the subfamily or family level, but with limited potential as a species-isolating mechanism among closely related gregarine species.
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Fig. 3- Images showing different life cycle stages of gregarine parasites in cockroaches.
7. Neuroptera (Lacewings, Antlions): - Lacewings and antlions.

Devetak (2014) explores the presence of gregarines, specifically Hyalospora hemerobii, parasitizing brown lacewings in NE Slovenia, known for their role in biological pest control. Among seven brown lacewing species surveyed, gregarines were identified in five. The study details trophozoites, solitary gamonts, associations, syzygies, and gametocysts, providing the first illustration of syzygy in H. hemerobii. Seasonal patterns in Hemerobius micans reveal infection rates ranging from 10% to 86.7%, with the average number of solitary gregarines per infested host increasing progressively from June to September/October, marking the first investigation of seasonal patterns in the occurrence of gregarine species parasitizing Neuropterida. 
Devetak and Klokocovnik (2011) discovered septate gregarines in the digestive tract of adult antlions (Myrmeleon hyalinus and Euroleon nostras), identified as belonging to the genus Gregarina based on micrographs and morphometric data. However, further investigations are required for species-level identification. This marks the first documentation of gregarines in adult antlions, expanding our understanding of the diversity of these parasites in Neuroptera.
The review of literature shows that along with the above worldwide contribution there is need of recent studies on Apicomplexan parasites of economically important insects in support of IPM to control harmful and protect beneficial insects.

Conclusion: 
Entomopathogenic protozoans (apicomplexans) are an extremely diverse group of attacking invertebrates including insect species of many kinds. They are generally host-specific and slow-acting, producing chronic infections with general damage of the host. Apicomplexan diversity in insects should be analyzed for its further use in IPM. Some protozoan parasites are under investigation as microbial insecticides, but the technology is new, and more work is needed to perfect the use of these organisms. Apicomplexans found as parasites in the gut of insects are known to cause extensive damage in the host gut epithelia during their early development. Study of the diversity of Apicomplexa parasites in insects, host- parasite relationship and its prevalence will be helpful in finding appropriate prospective biological control agents. 
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