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Simple Summary: Alveolates are a major group of free living and parasitic organisms; some of 

which are serious pathogens of animals and humans. Apicomplexans and chromerids are two 

phyla belonging to the alveolates. Apicomplexans are obligate intracellular parasites; that cannot 

complete their life cycle without exploiting a suitable host. Chromerids are mostly photoautotrophs 

as they can obtain energy from sunlight; and are considered ancestors of the apicomplexans. The 

pathogenicity and life cycle strategies differ significantly between parasitic alveolates; with some 

causing major losses in host populations while others seem harmless to the host. As the life cycles 

of some are still poorly understood, a better understanding of the factors which can affect the 

parasitic alveolates’ life cycles and survival is of great importance and may aid in new biomarker 

discovery. This study assessed new mechanisms relating to changes in protein structure and func-

tion (so-called “deimination” or “citrullination”) in two key parasites—an apicomplexan and a 

chromerid—to assess the pathways affected by this protein modification. Our findings point to 

novel regulatory mechanisms in these parasites’ lifecycles via protein deimination and may pro-

vide novel insights into their adaptability to different environments and hosts as well as host–

pathogen coevolution 

Abstract: The alveolates (Superphylum Alveolata) comprise a group of primarily single-celled 

eukaryotes that have adopted extremely diverse modes of nutrition, such as predation, photoau-

totrophy and parasitism. The alveolates consists of several major phyla including the apicom-

plexans, a large group of unicellular, spore forming obligate intracellular parasites, and 

chromerids, which are believed to be the phototrophic ancestors of the parasitic apicomplexans. 

Molecular pathways involved in Alveolata host–pathogen interactions, epigenetic regulation and 

metabolism in parasite development remain to be fully understood. Peptidylarginine deiminases 

(PADs) are a phylogenetically conserved enzyme family which causes post-translational protein 

deimination, affecting protein function through the conversion of arginine to citrulline in a wide 

range of target proteins, contributing to protein moonlighting in physiological and pathological 

processes. The identification of deiminated protein targets in alveolate parasites may therefore 

provide novel insight into pathogen survival and host-pathogen interactions. The current study 

assessed PAD homologues and deiminated protein profiles of two alveolate parasites, Piridium 

sociabile (Chromerida) and Merocystis kathae (Apicomplexa). Histological analysis verified strong 

cytoplasmic PAD expression in both Alveolates, detected deiminated proteins in nuclear and cy-

toplasmic compartments of the alveolate parasites and verified the presence of citrullinated histone 

H3 in Alveolata nucleus, indicating roles in epigenetic regulation. Histone H3 citrullination was 

also found significantly elevated in the host tissue, indicative of neutrophil extracellular trap for-

mation, a host-defence mechanism against a range of pathogens, particularly those that are too 
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large for phagocytosis. Proteomic analysis of deiminated proteins from both Alveolata identified 

GO and KEGG pathways strongly relating to metabolic and genetic regulation, with some spe-

cies-specific differences between the apicomplexan and the chromerid. Our findings provide novel 

insights into roles for the conserved PAD/ADI enzyme family in the regulation of  metabolic and 

epigenetic pathways in alveolate parasites, possibly also relating to their life cycle and host–

pathogen interactions. 

Keywords: protein deimination/citrullination; peptidylarginine deiminase (PAD); Alveolata; 

Apicomplexa; Chromerida; gene-regulation; histone; metabolism; host–pathogen interaction;  

Piridium sociabile; Merocystis kathae 

 

1. Introduction 

The alveolates (Superphylum Alveolata) comprise a group of primarily single-celled 

eukaryotes that have adopted extremely diverse modes of nutrition, such as predation, 

photoautotrophy and parasitism. Generally, the alveolates are split into three major 

phyla, Apicomplexa, Ciliophora and Dinoflagellata. However, three additional lineages, 

the colpodellids, chromerids and perkinsids, are also considered alveolates, but they do 

not fit within any of the three major phyla [1–5]. Phylum Apicomplexa consist of more 

than 6000 nominal species. These are unicellular and spore-forming pathogens, which 

share a defining feature, the apical complex that comprises a system of structural and 

secretory elements that facilitates interaction with the host cell. They are obligate para-

sites, which exhibit both asexual (merogony) and sexual (gamogony) reproduction fol-

lowed by the development of infective sporozoites (sporogony), represented by numer-

ous different life forms, either in a single hosts (termed monoxenous) or by an additional 

intermediate host (heteroxenous) [6]. In most cases they develop intracellularly, although 

epi- and extracellular development is also known [7]. The pathogenicity of apicom-

plexans varies considerably between species and/or their hosts. Due to their obligate in-

tracellular location (with exceptions), they cause some pathology in all cases; some are 

considered to have low pathogenicity while others are highly pathogenic. Some species 

are serious human pathogens causing diseases such as malaria (Plasmodium spp.) and 

toxoplasmosis (Toxoplasma gondii), while others cause coccidiosis in various lower verte-

brates and invertebrates [8], such as Merocystis kathae, which infects the renal organ of the 

common whelk (Buccinum undatum) and the muscles of the pectinid bivalves [9]. Until 

recently, the Phylum Chromerida consisted of two unicellular, photosynthetic cor-

al-associated species, i.e., Chromera velia and Vitrella brassicaformis [2,10]. The discovery of 

C. velia [2], which has been termed “the mother of all parasites” [11], was a milestone with 

regard to understanding the evolution of parasitism; a vital component in protist re-

search, concerning both parasites and free-living unicellular organisms. The discovery of 

Vitrella brassicaformis few years later provided further support of the evolutionary rela-

tionship of chromerids and apicomplexans [10]. In 2019, one additional species, Piridium 

sociabile, a parasite of the common whelk, was assigned to the Phylum Chromerida [12]. 

Prior to that, P. sociabile was considered an apicomplexan [13]. In terms of phylogeny, it is 

exceptional, being the only parasite within this phylum and a link between free liv-

ing/symbiotic photosynthetic organisms and parasites [12]. To date, it is commonly 

acknowledged that parasitic apicomplexans have evolved from phototrophic ancestors, 

with the chromerids considered their closest relatives [12,14,15]. 

As discussed above, the two Alveolata species, M. kathae and P. sociabile, known to 

infect the common whelk, are quite different in terms of phylogeny [9,12,13,16,17]. M. 

kathae is a heteroxenous apicomplexan, with the common whelk as a definitive host and 

pectinid bivalves as intermediate hosts [9]. M. kathae has recently been reassigned to a 

new class, Marosporida class nov., along with a number of other apicomplexans infecting 

marine invertebrates [18]. M. kathae is considered harmless to its whelk host but has been 
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shown to be highly pathogenic in pectinid bivalves, and is believed to be responsible for 

mass mortality events in Iceland [19] and a suspected cause for epidemics in the North-

west Atlantic and Alaska [20]. P. sociabile infects the foot of the common whelk, it does 

not seem to be pathogenic to its host and its life cycle is mostly unclear [9,13]. However, 

ongoing studies suggest it has a free-living flagellated life stage (Kristmundsson et al., 

unpublished data), similar to two other known chromerids, i.e., C. velia and V. brassica-

formis [2,10]. 

Peptidylarginine deiminases (PADs) are a phylogenetically conserved calci-

um-dependent family of enzymes with multifaceted roles in health and disease. In 

mammals five PAD isozymes are known, while three PAD isozymes have been described 

in birds and reptiles, but only one PAD in teleost and cartilaginous fish [21–26]. Evidence 

for PADs has recently also been reported in Mollusca, Crustacea and Merostomata [27–

29]. Furthermore, PAD homologues, also referred to as arginine deiminases (ADI) [30] 

have been described lower in phylogeny, including in parasites [31] and bacteria [32,33], 

as well as in fungi [34]. ADI have indeed been identified in some apicomplexans includ-

ing Babesia ovata (XP_028866800.1) and Gregarina niphandrodes (XP_011128800.1), but no 

studies have hitherto been carried out assessing their roles in post-translationally medi-

ated processes in Alveolata. PADs convert arginine into citrulline in an irreversible 

manner, leading to post-translational modification (citrullination/deimination) in nu-

merous target proteins of cytoplasmic, nuclear and mitochondrial origin [21,23,24,35–37]. 

Deimination causes structural protein changes which can affect protein function and, 

consequently, downstream protein–protein interactions. Deimination can amongst other 

contribute to neo-epitope generation, which results in inflammatory responses, as well as 

affecting gene regulation via deimination of histones [38–42]. PADs are furthermore a 

key driver of neutrophil extracellular trap formation (NET/ETosis), a phylogenetically 

conserved antipathogenic mechanism against a number of parasitic, bacterial and viral 

pathogens [43–47], including alveolates parasitising pinnipeds and cetaceans [48]. In ad-

dition, pathogens have been found to use their own ADI to modify host immune pro-

teins, facilitating pathogen immune evasion [32,49], as well as neutralising other com-

peting pathogens [50]. As post-translational changes contribute to protein moonlighting, 

which allows one protein to exhibit different functions within one polypeptide chain [51], 

post-translational deimination may form part of a mechanism facilitating such functional 

diversity. Therefore, deimination-mediated regulation of homologous and conserved 

proteins in the phylogenetic tree may provide information on the diversification of the 

functions of immune and metabolic pathways throughout evolution and in host–

pathogen interactions. 

A majority of the studies on PADs and downstream deimination have hitherto re-

lated to human pathological mechanisms, but recently a comparative body of research 

has focused on identifying putative roles for PADs in physiological and immunological 

pathways in a wide range of taxa throughout the phylogenetic tree, including terrestrial 

and marine mammals, reptiles, birds, bony- and cartilaginous fish, Mollusca, Myrosto-

mata and Crustacea [23–29,36,52–55]. PADs have indeed been identified to have roles in 

mucosal, innate and adaptive immunity in a range of taxa [23–29,36,52–54,56–58]. Im-

portantly, PADs have also been identified as important players in infection and anti-

pathogenic responses, including antiviral [59,60], antibacterial [32,33] and antiparasitic 

ones [31]. 

The current study assessed putative PAD homologues and post-translational pro-

tein deimination signatures in two parasitic alveolates, both of which infect the common 

whelk. This study provides novel insights into Apicomplexa and Chromerida’s epige-

netic regulation, metabolism and host–pathogen interactions, adding to current under-

standing of the roles for post-translational modifications in the functional diversification 

of conserved proteins throughout phylogeny. 

  



Biology 2021, 10, 177 4 of 24 
 

2. Materials and Methods 

2.1. Alveolata Collection 

Common whelks, Buccinum undatum, were collected in Breidafjördur, West Iceland 

(65°7.576′ N; 22°44.738′ W), using whelk traps. The two alveolates were collected from 

infected whelks according to previously described methods [9,12], with slight modifica-

tions. Whelks were sedated using 0.1% MgSO4 in seawater for 1–2 h, then examined for 

the presence of P. sociabile cysts on the surface of the foot and M. kathae in the kidney, 

using a dissecting microscope. Mature (large) cysts were gently squeezed with pointed 

forceps until the parasites were released from the infected tissues. The resulting exudate 

was collected into concave glass spot plates containing sterile PBS. To remove as much 

host tissue as possible, the samples were subsequently rinsed three times in PBS. For 

protein analysis, the rinsed samples, containing the protozoans were put in 1 mL Ep-

pendorf tubes and frozen at −80 °C until further use for the individual experiments. 

For histological analysis, common whelk kidney tissue infected with M. kathae, or 

foot muscle containing P. sociabile were fixed in Davidson’s fixative, and prepared ac-

cording to conventional histological methods, i.e., embedded in paraffin and tissue sec-

tions cut at 5 µm. 

2.2. Histology 

Paraffin tissue sections were deparaffinised in xylene, followed by sequential rehy-

dration from 100, 90, 70% alcohol and taken to water. Immunohistochemistry was carried 

out according to previously established protocols [23,24]. In brief, demasking was per-

formed by heating (11 min in the microwave at power 6) in citric acid buffer (pH 6.0), 

blocking was in 5% goat serum and primary antibodies were applied over night at 4 °C as 

follows: pancitrulline antibody (F95, MABN328, Merck, Feltham, UK; diluted 1/100), 

PAD2 antibody (ab50257, Abcam, Cambridge, UK; diluted 1/100) and antihistone H3 

citrullination antibody (ab5103, Abcam; diluted 1/100). Washing was with 100 mM 

phosphate buffer, secondary antibody incubation with antirabbit IgG or antimouse IgM 

biotinylated antibodies (Vector laboratories, Peterborough, UK; diluted 1/200) for 1 h at 

RT, followed by Avidin-Biotinylated peroxidase Complex (ABC, Vector Laboratories) 

incubation for 1 h and colour development was carried out using diaminobenzi-

dine/hydrogen peroxide (DAB) stain. Background staining was carried out using Mayer’s 

haematoxylin (Sigma, Gillingham, UK). 

2.3. Protein Extraction 

Protein was extracted using RIPA+ buffer (Sigma) containing protease inhibitor 

cocktail (P8340, Sigma) by homogenising the protozoans by pipetting gently up and 

down 20 times and then extracting protein for 2 h on ice with gentle shaking and regular 

pipetting. The suspension was centrifuged at 16,000× g for 20 min and the supernatant 

containing the proteins was collected. The protein extracts were further assessed by 

SDS-PAGE followed by silver staining or Western blotting, and by proteomic analysis 

(LC-MS/MS) following F95 enrichment as described in Sections 2.4–2.7. 

2.4. Isolation of Deiminated Proteins—F95 Enrichment 

Total deiminated proteins were isolated from the protein extracts of the two Alveo-

lata species, using the F95 pan-deimination antibody (MABN328, Merck) and the Catch 

and Release®v2.0 immunoprecipitation kit (Merck, UK). The F95 antibody specifically 

detects proteins modified by citrullination and has been developed against a decacitrul-

linated peptide [61], and found to cross-react with a number of species across phyla [23–

28,36,52–54]. F95 enrichment was performed from a pool of approximately 200 parasites 

per species (the pool contained different gamogonic stages) at 4 °C overnight, using a 

rotating platform. Elution of the deiminated (F95-bound) proteins from the columns was 

performed according to the manufacturer’s instructions (Merck), and the protein eluate 
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was thereafter diluted 1:1 in 2 × Laemmli sample buffer (BioRad, Watford, UK) and kept 

frozen at −20 °C until further use for SDS-PAGE analysis and in-gel digestion for 

LC-MS/MS analysis, as described below. 

2.5. Western Blotting Analysis 

For Western blotting, SDS-PAGE was carried out on the alveolate protein extracts. 

Samples were diluted 1:1 in denaturing 2 × Laemmli sample buffer (containing 5% be-

ta-mercaptoethanol, BioRad) and heated for 5 min at 100 °C. Protein separation was car-

ried out at 165 V for 50 min, using 4–20% gradient TGX gels (BioRad), followed by 

Western blotting at 15 V for 1 h using a Trans-Blot® SD semi-dry transfer cell (BioRad). 

Membranes were stained with PonceauS (Sigma) to assess even protein transfer and then 

blocked with 5% bovine serum albumin (BSA, Sigma) in Tris buffered saline (TBS) con-

taining 0.1% Tween20 (BioRad; TBS-T) for 1 h at room temperature. Primary antibody 

incubation was carried out overnight at 4 °C on a shaking platform using anti-human 

PAD2 antibody (anti-PAD2, ab50257, Abcam; diluted 1/1000 in TBS-T), for detection of 

putative PAD protein homologues, due to PAD2 being considered the most conserved 

PAD isozyme and the anti-human PAD2 antibody was previously shown to cross-react 

with PADs across taxa [23–29,36,54,55,62,63]. Deiminated histone H3 was tested using 

the citH3 antibody (Abcam, ab5103, diluted 1/1000 in TBS-T), also previously identified 

to cross react with a range of taxa [23–26,62,63]. The nitrocellulose membranes were 

washed following primary antibody incubation at RT in TBS-T for 3 × 10 min and there-

after incubated with HRP-conjugated secondary antibodies (anti-rabbit IgG (BioRad) 

diluted 1/3000 in TBS-T), for 1 h at RT. The membranes were washed for 5 × 10 min in 

TBS-T and digitally visualised, using enhanced chemiluminescence (ECL, Amersham, 

Little Chalfont, UK) in conjunction with the UVP BioDoc-ITTM System (Thermo Fisher 

Scientific, Hemel Hempstead, UK). 

2.6. Silver Staining 

SDS-PAGE (using 4–20% gradient TGX gels, BioRad) was carried out under reduc-

ing conditions for the total protein extracts as well as the F95-enriched protein eluates 

from both alveolate species. The gels were silver stained according to the manufacturer’s 

instructions, using the BioRad Silver Stain Plus Kit (1610449, BioRad, UK). 

2.7. LC-MS/MS (Liquid Chromatography with Tandem Mass Spectrometry) Analysis of F95 

Enriched Proteins 

Liquid chromatography with tandem mass spectrometry (LC-MS/MS) was carried 

out to identify deiminated protein candidates from the two alveolates under study. For 

F95 enrichment, a pool of approximately 200 parasites was used, per species, and this 

pool contained various gamogonic stages per species. F95 enrichment was performed 

according to previously described methods in other taxa [36,53]. LC-MS/MS analysis was 

carried out following in–gel digestion, with the F95-enriched protein preparations (di-

luted 1:1 in 2 × Laemmli buffer and boiled for 5 min at 100 °C) run 0.5 cm into a 12% TGX 

gel (BioRad). The concentrated protein band (containing the whole F95 eluate) was ex-

cised, trypsin digested and subjected to proteomic analysis using a Dionex Ultimate 3000 

RSLC nanoUPLC (Thermo Fisher Scientific Inc, Waltham, MA, USA) system in conjunc-

tion with a QExactive Orbitrap mass spectrometer (Thermo Fisher Scientific Inc., Wal-

tham, MA, USA), performed by Cambridge Proteomics (Cambridge, UK), as previously 

described [27,29,36]. The data was processed post-run, using Protein Discoverer (version 

2.1., Thermo Scientific) and MS/MS data were converted to mgf files which were sub-

mitted to the Mascot search algorithm (Matrix Science, London, UK) to identify deimi-

nated protein hits. Search for F95 enriched proteins from both species was conducted 

against a common UniProt database against Alveolata CCP_Alveolata Alveola-

ta_20201028 (1052932 sequences; 627,698,753 residues). An additional search was con-
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ducted against a common contaminant database (cRAP 20190401; 125 sequences; 41,129 

residues). The fragment and peptide mass tolerances were set to 0.1 Da and 20 ppm, re-

spectively, and the significance threshold value was set at of p < 0.05 and a peptide cut-off 

score of 48 was applied for the common Alveolata database (carried out by Cambridge 

Proteomics, Cambridge, UK). 

2.8. Protein–protein Interaction Network Analysis 

To predict and identify putative protein–protein interaction networks associated 

with the deiminated proteins from the two alveolates, STRING analysis (Search Tool for 

the Retrieval of Interacting Genes/Proteins; https://string-db.org/) was performed. Pro-

tein networks were generated based on protein names and applying the function of 

“search multiple proteins” in STRING (https://string-db.org/). For a representative choice 

of database for Alveolata, Toxoplasma gondii was selected, as no species-specific protein 

databases are available for the two species under study in STRING. Networks were 

therefore built representative of Alveolata (with T. gondii showing most homology pro-

tein hits). Parameters applied in STRING were as follows: “basic settings” and “medium 

confidence”. Colour lines connecting the nodes represent the following evidence-based 

interactions for the network edges: “known interactions” (these are based on experi-

mentally determined curated databases), “predicted interactions” (these are based on 

gene neighbourhood, gene co–occurrence, gene fusion, via text mining, protein homol-

ogy or co–expression). Gene ontology network clusters for the deiminated protein net-

works were assessed in STRING and are highlighted by colour coding (see the corre-

sponding colour code keys showing the individual nodes and connective lines within 

each figure). 

2.9. Phylogenetic Comparison of Alveolata PAD Homologues 

Previously reported Alveloata ADI protein sequences from two representative al-

veolates: Gregarina niphandrodes (XP_011128800.1) and Babesia ovata (XP_028866800.1), 

were aligned with human PAD isozyme sequences PAD1 (NP_037490.2), PAD2 

(NP_031391.2), PAD3 (NP_057317.2), PAD4 (NP_036519.2), and PAD6 (NP_997304.3), as 

well as with bovine (Bos taurus) PAD1 (NP_001094742.1), PAD2 (NP_001098922.1), PAD3 

(XP_010800991.1), PAD4 (NP_001179102.1) and PAD6 (XP_002685843.1), as well as Giar-

dia intestinalis ADI (AAC06116.1) and teleost fish (sea bass—Dicentrarchus labrax) PAD 

(CBN80708.1), using Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/). A 

neighbour-joining phylogeny tree was constructed. 

3. Results 

3.1. PAD Protein Homologue and Deiminated Protein Detection in Alveolates 

Total protein isolated form the two alveolates showed some differences in the pro-

tein pattern as assessed by SDS-PAGE and silver staining (Figure 1A). For assessment of 

putative deiminated proteins in the alveolates, F95-enriched protein fractions were sep-

arated by SDS-PAGE and silver stained, revealing protein bands in sizes ranging be-

tween 15–250 kDa with some differences in banding patterns between the two Alveolata 

(see arrows in Figure 1B); notably, as expected, the deiminated protein yield was low 

compared with total proteins detected. The deiminated (F95-enriced) proteins were fur-

ther subjected to proteomic analysis for protein identification (Section 3.3). Anti-human 

PAD2 specific antibody was used for the assessment of a putative PAD protein homo-

logue in alveolates, based on cross-reaction, using Western blotting. A faint positive pro-

tein band at an expected approximate 70–75 kDa size was identified in the chromerid P. 

sociabile (see arrow in Figure 1C), while in the apicomplexan M. kathae, some faint reaction 

for a smudged band in a 50–100 kDa region was observed (Figure 1C). The presence of 

deiminated histone H3 was also assessed by Western blotting, showing some reaction at 
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the expected band size (approximately 17 kDa) with M. kathae, while reaction with P. so-

ciabile was negligible, very possibly due to low protein load (Figure 1D). 

 

Figure 1. Alveolata PAD/ADI and deiminated protein identification. (A,B): silver stained 

SDS-PAGE gel (4–20% gradient TGX gel), showing total protein extraction (A) and F95-enriched 

fractions (B) from the two alveolate species (arrows point at F95 enriched protein bands observed, 

with some differences between the two species; the F95 eluate was further subjected to LC-MS/MS 

analysis for identification of deiminated protein candidates). (C). Western blotting analysis for 

PAD homologues in Alveolata, using the anti-human PAD2 antibody (see arrow for expected mo-

lecular weight size between 70–75 kDa, more clearly observed in P. sociabile than in M. kathae, where 

a smudged band between 50–100 kDa is observed). (D). CitH3 detection in both alveolates shows 

some positive reaction with M. kathae, but negligible with P. sociabile, possibly due to low protein 

load. The protein standard (std) is indicated in kilodaltons (kDa). 

In order to position Alveolata ADI/PAD in phylogeny, a neighbour-joining tree was 

constructed for previously reported Alveloata ADI protein sequences from two repre-

sentative alveolates: Gregarina niphandrodes (XP_011128800.1) and Babesia ovata 

(XP_028866800.1), in comparison with mammalian (human and bovine) PAD isozyme 

sequences PAD1, 2, 3, 4, 6 and teleost PAD, as well as Giardia intestinalis ADI. Alveolata 

ADI/PAD revealed the closest similarity to Giardia ADI and mammalian PAD6, followed 

by teleost PAD and mammalian PAD2 (Figure 2). 
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Figure 2. A neighbour-joining phylogeny tree for Alveolata ADI/PAD homologues. Known 

ADI/PAD protein sequences from two representative alveolates (Gregarina niphandrodes and Babesia 

ovate—as protein ADI sequences that have been reported in these species —show closest similarity 

to the known parasite ADI (Giardia intestinalis). The closest homology was then found with mam-

malian PAD6 and PAD2, followed by teleost PAD (Dicentrarchus labrax shown as an example). The 

tree includes all five human (Homo sapiens) and bovine (Bos taurus) PAD isozymes (PAD1, 2, 3, 4 

and 6, respectively) to represent mammalian PADs (the numbers next to the species names repre-

sent a measure of support for the node). 

3.2. Histological Analysis of PAD and Protein Deimination in Alveolata 

3.2.1. Peptidylarginine Deiminase (PAD) 

In M. kathae, a strong positive reaction for PAD protein (using the anti-human PAD2 

antibody) was seen in the cytoplasm and in the outer membrane. The surrounding kid-

ney tissue of the host was strongly positive for PAD, as expected (Figure 3A,B). In Pirid-

ium sociabile, PAD positive staining was detected in the cytoplasm, as well as some posi-

tive reaction in the surrounding molluscan host muscle (Figure 3C,D). 
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Figure 3. Peptidylarginine deiminase (PAD) in the two alveolates under study. (A,B) M. kathae in 

the kidney of a common whelk. (A) Two macrogamonts with strong PAD positive reaction de-

tected in the cytoplasm (cyt) and in the cell membrane (black arrows). Surrounding host tissue 

(whelk kidney) is also PAD positive as expected. (B) Higher magnification of a representative 

macrogamont with prominent nucleus (N) and nucleolus (No); cell membrane highlighted by 

white arrow–strong positive PAD reaction is observed in M. kathae cytoplasm. (C,D) P. sociabile in 

the whelk foot. Numerous, encysted parasite bodies of P. sociabile (C) and several of these forms at 

higher magnification (D). The figures show strong PAD positive staining in the cytoplasm (cyt), the 

plasma (white arrow) and nuclear membrane (black arrow), and some low reaction in the nucleolus 

(No). The fibromuscular host tissue (whelk) is positive for PAD, as would be expected as PAD is 

strongly expressed in muscle. Scale bar is indicated in each figure and is 40 µm. 

3.2.2. Total Deiminated Protein Detection Using Pan-Citrulline Antibody F95 

In M. kathae, some faint F95 positive was detected in cytoplasm and outer mem-

brane, as well as in the surrounding kidney host tissue (Figure 4A–D). F95 positive reac-

tion, identifying total deiminated/citrullinated proteins was seen in P. sociabile in the cy-

toplasm. Some F95 positive was also detected in the host (whelk) muscle tissue as would 

be expected (Figure 4E,F) 
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Figure 4. Deiminated proteins detected by pan-citrulline F95 antibody in the two alveolate species. 

(A–D) A whelk kidney infected with Merocystis kathae: (A) Mature macrogamont of M. kathae with a 

prominent nucleus (N) and nucleolus (white arrow). (B) Higher magnification of a mature mac-

rogamont showing the positive F95 detection in more details. In addition to the nuclear membrane, 

the positive F95 reaction seems to extend into the nucleus itself (arrow). (C) An immature M. kathae 

oocyst with numerous sporoblasts. (D) Sporoblasts shown at higher magnification, showing posi-

tive F95 reaction in the cytoplasm of the sporoblasts. (E) Numerous encysted parasite bodies of P. 

sociabile in the whelk foot. (F) Higher magnification, showing several parasite bodies with obvious 

F95-positive reaction in the cytoplasm, nucleus and nucleolus. The surrounding host tissues (whelk 

kidney and foot) also show some F95 positive. Scale bar is indicated in each figure and is 40 µm. 

3.2.3. Deiminated/Citrullinated Histone H3 

Deiminated/citrullinated histone H3 (CitH3) was strongly detected in the outer 

membrane of M. kathae and was also strongly detected in surrounding host tissue in-

fected with M. kathae, indicative of NET/ETosis (Figure 5). Histone H3 deimination 

(CitH3) was strongly detectable in P. sociabile nucleus. Strong CitH3 positive was also 

detected in the surrounding host (whelk) fibromuscular connective tissue, indicative of 

NET/ETosis around infected areas. 
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Figure 5. Deiminated/citrullinated histone H3 (CitH3) in the two alveolates under study. (A–C) 

Whelk kidney infected with M. kathae. Strong host-reaction indicative of NET/ETosis is observed by 

the increased CitH3 staining in tissue surrounding M. kathae infection. In M. kathae, strong CitH3 

positive is observed in the outer membrane, cytoplasm, nucleus and nucleolus. (D) Two P. sociabile 

cysts in a whelk foot. Quite strong reaction is evident in the surrounding host tissues, both in the 

whelk fibromuscular connective tissue as well as the epithelial layer (white arrows). (E) Higher 

magnification of several parasite bodies showing moderate CitH3 reaction in the cytoplasm and 

strong reaction in the nuclear membrane and the nucleolus (black arrows). Scale bar is indicated in 

each figure and is 40 µm. 

3.3. LC-MS/MS Analysis of Deiminated Protein Targets in Alveolata 

The identification of deiminated proteins in the two Alveolata under study (from a 

pool of approximately n = 200 parasites per species) was carried out following 

F95-enrichment using LC-MS/MS analysis. Species-specific protein hits with the individual 

species, as well as hits with other Alveolata were identified using the UniProt Alveolata 

database (Tables 1 and 2; see Supplementary Tables S1 and S2 for full details on all pep-

tide hits). Overall, 14 protein hits were specific to P. sociable (whereof 6 were uncharac-

terised hits) and 12 were specific to M. kathae (whereof 4 were uncharacterised hits). A 

further 8 hits were shared between both species as outlined in Tables 1 and 2 and the 

Venn diagram in Figure 6. 
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Table 1. Deiminated proteins in Piridium sociabile, as identified by F95-enrichment in conjunction with LC-MS/MS analy-

sis. Deiminated proteins were isolated by immunoprecipitation using the pandeimination F95 antibody. The resulting 

F95-enriched eluate was then analysed by LC-MS/MS and peak list files submitted to Mascot, using a common Alveolata 

database. Peptide sequence hits are listed, showing species-specific hits, number of sequences for protein hits and total 

score. Species hit names and phylum are indicated; a full list of protein sequence hits and peptides is further provided in 

Supplementary Table S1. Proteins highlighted in pink were deimination candidate hits only identified in P. sociabile, not 

in M. kathae. 

Protein ID  

Protein Name 
Species Name Phylum 

Matches 

(Sequences) 

Total Score 

(p < 0.05) ⱡ 

U6GSR1_EIMAC 

GFP-like fluorescent chromoprotein FP506 
Eimeria acervulina Apicomplexa 

18 

(7) 
378 

I1YZZ9_BABBO 

GFP-BSD 
Babesia bovis Apicomplexa 

18 

(7) 
 

B3SHQ6_9CILI 

Actin (Fragment) 

Heterometopus palae-

formis 
Ciliophora 

2 

(2) 
129 

Q6 × 407_9SPIT 

Ribulose-1,5-bisphosphate carbox-

ylase/oxygenase large subunit 

Strombidium sp. Ciliophora 
5 

(3) 
116 

A0A023B6S9_GRENI 

Histone H4 

Gregarina ni-

phandrodes 
Apicomplexa 

3 

(2) 
111 

A0A0G4HXG8_9ALVE 

Beta_helix domain-containing protein 
Chromera velia Chromerida 

5 

(2) 
102 

A0A061DCJ4_BABBI 

Histone H4 
Babesia bigemina Apicomplexa 

8 

(2) 
83 

A0A1Q9DJ14_SYMMI 

Uncharacterised protein 

Symbiodinium mi-

croadriaticum 
Dinoflagellata 

1 

(1) 
65 

Q968T9_9SPIT 

Actin II (Fragment) 
Diophrys sp. Ciliophora 

1 

(1) 
61 

A0A1R2CHZ0_9CILI 

AIG1-type G domain-containing protein 
Stentor coeruleus Ciliophora 

7 

(1) 
60 

A0A0G4EPG2_VITBC 

Uncharacterised protein 
Vitrella brassicaformis Chromerida 

2 

(1) 
59 

U6LWU9_EIMMA 

Cysteinyl-tRNA synthetase, putative 
Eimeria maxima Apicomplexa 

1 

(1) 
55 

Q5CUG1_CRYPI 

Uncharacterised protein 

Cryptosporidium 

parvum 
Apicomplexa 

2 

(2) 
55 

A0A0J9SEN8_PLAVI 

Uncharacterised protein 

Plasmodium vivax 

India VII 
Apicomplexa 

7 

(2) 
54 

A0A139XZM4_TOXGO 

AP2 domain transcription factor AP2VIIa-6 

Toxoplasma gondii 

ARI 
Apicomplexa 

8 

(2) 
53 

A0A1J1HE72_PLARL 

Pep3_Vps18 domain-containing protein 
Plasmodium relictum Apicomplexa 

1 

(1) 
53 

A0A086JH54_TOXGO 

CorA family Mg2+ transporter protein 
Toxoplasma gondii Apicomplexa 

8 

(1) 
53 

A0A1R2C5U2_9CILI 

Uncharacterised protein 
Stentor coeruleus Ciliophora 

1 

(1) 
52 

A0A0G4GAZ1_VITBC 

Phosphoglycerate kinase 
Vitrella brassicaformis Chromerida 

1 

(1) 
51 

Q22CS8_TETTS 

Uncharacterised protein 

Tetrahymena ther-

mophila (strain 

SB210) 

Ciliophora 
1 

(1) 
50 
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A0A2A9LZE3_9APIC 

HECT-domain (Ubiquitin-transferase) do-

main-containing protein 

Besnoitia besnoiti Apicomplexa 
1 

(1) 
48 

A0A023B8K1_GRENI 

Protein-serine/threonine phosphatase 

Gregarina ni-

phandrodes 
Apicomplexa 

2 

(1) 
48 

A0A2P9DSP9_PLARE 

Erythrocyte membrane protein 1, PfEMP1 

Plasmodium reichen-

owi 
Apicomplexa 

2 

(2) 
48 

ⱡ Ions score is −10 * Log(P), where P is the probability that the observed match is a random event. Individual ion scores > 

48 indicate identity or extensive homology (p < 0.05). Protein scores are derived from ions scores as a non-probabilistic 

basis for ranking protein hits. 

Table 2. Deiminated proteins in Merocystis kathae, as identified by F95-enrichment in conjunction with LC-MS/MS analy-

sis. Deiminated proteins were isolated by immunoprecipitation using the pandeimination F95 antibody. The resulting 

F95-enriched eluate was then analysed by LC-MS/MS and peak list files submitted to Mascot, using a common Alveolata 

database. Peptide sequence hits are listed, showing species-specific hits, number of sequences for protein hits and total 

score. Species hit names and phylum are indicated; a full list of protein sequence hits and peptides is further provided in 

Supplementary Table S2. Proteins highlighted in green were deimination candidate hits only identified in M. kathae, not 

in P. sociabile. 

Protein ID 

Protein Name 

Species Name 

Common Name 
Phylum 

Matches 

(Sequences) 

Total Score 

(p < 0.05) ⱡ 

U6GSR1_EIMAC 

GFP-like fluorescent chromoprotein 

FP506, related 

Eimeria acervulina Apicomplexa 
39 

(16) 
809 

A0A023B6S9_GRENI 

Histone H4 
Gregarina niphandrodes Apicomplexa 

3 

(2) 
136 

B3SHQ6_9CILI 

Actin (Fragment) 
Heterometopus palaeformis Ciliophora 

3 

(3) 
128 

A0A0G4EA45_VITBC 

Histone H4 
Vitrella brassicaformis Chromerida 

3 

(2) 
127 

A0A061DCJ4_BABBI 

Histone H4 
Babesia bigemina Apicomplexa 

4 

(2) 
121 

A0A0D9QNG9_PLAFR 

Elongation factor 1-alpha 
Plasmodium fragile Apicomplexa 

4 

(3) 
105 

C5LYZ2_PERM5 

Alternative oxidase, putative 
Perkinsus marinus Perkinsozoa 

2 

(2) 
82 

A0A0F7R4L8_LEPCH 

Ribulose bisphosphate carboxylase 

large chain 

Lepidodinium chlorophorum Dinoflagellata 
6 

(2) 
77 

Q9GRE8_TOXGO 

Hsp70 protein 
Toxoplasma gondii Apicomplexa 

18 

(1) 
64 

A0A0V0QLA9_PSEPJ 

Uncharacterised protein 
Pseudocohnilembus persalinus Ciliophora 

2 

(2) 
64 

A0A1R2CHZ0_9CILI 

AIG1-type G domain-containing pro-

tein 

Stentor coeruleus Ciliophora 
5 

(1) 
60 

A0A086JH54_TOXGO 

CorA family Mg2+ transporter pro-

tein 

Toxoplasma gondii Apicomplexa 
6 

(1) 
58 

A0A2C6KZC4_9APIC 

Uncharacterised protein 
Cystoisospora suis Apicomplexa 

2 

(2) 
58 

Q968T9_9SPIT Diophrys sp. Ciliophora 1 57 
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Actin II (Fragment) (1) 

A0A0F7UJI8_NEOCL 

DNA-directed DNA polymerase 

Neospora caninum (strain Liver-

pool) 
Apicomplexa 

2 

(2) 
56 

A0A2P9CCB1_9APIC 

P-loop containing nucleoside tri-

phosphate hydrolase 

Plasmodium gaboni Apicomplexa 
2 

(2) 
54 

A0A2C6LD60_9APIC 

Chromosome condensation regulator 

repeat protein 

Cystoisospora suis Apicomplexa 
3 

(2) 
53 

G0QSP8_ICHMG 

Uncharacterised protein 

Ichthyophthirius multifiliis 

(strain G5) 
Ciliophora 

2 

(1) 
53 

A0A060BG26_9CILI 

Tubulin beta chain 
Stentor coeruleus Ciliophora 

2 

(2) 
52 

A0A1Q9C0L9_SYMMI 

Uncharacterised protein 
Symbiodinium microadriaticum Dinoflagellata 

4 

(1) 
51 

U6LWU9_EIMMA 

Cysteinyl-tRNA synthetase, putative 
Eimeria maxima Apicomplexa 

1 

(1) 
50 

ⱡ Ions score is −10 * Log(P), where P is the probability that the observed match is a random event. Individual ion scores > 

48 indicate identity or extensive homology (p < 0.05). Protein scores are derived from ions scores as a non-probabilistic 

basis for ranking protein hits. 

 

Figure 6. Deiminated protein hits identified in P. sociabile and M. kathae. Overall 8 deimination hits 

overlapped with the two Alveolata under study, while 8 hits were specific to P. sociabile (with fur-

ther 6 uncharacterised hits), and 8 hits were specific to M. kathae (with further 4 uncharacterised 

hits). See Tables 1 and 2 for the individual hits. 

3.4. Protein–protein Interaction Network Identification of Deiminated Proteins in Alveolata 

For the prediction of protein–protein interaction networks of the deimination can-

didate proteins identified in the alveolates under study, the protein names were submit-

ted to STRING (Search Tool for the Retrieval of Interacting Genes/Proteins) analysis 

(https://string-db.org/). Protein interaction networks were based on known and predicted 

interactions and represent all deiminated proteins identified in the different alveolates 

and their interaction partners present in the STRING database, based on networks for 

Toxoplasma gondii as a representative Alveolata (Apicomplexa) species (this had overall 

the maximum hits with the corresponding species specific proteins, although all proteins 

were not always found in the T. gondii database), as protein identifiers for the individual 

species was not available in STRING (Figures 7 and 8). 



Biology 2021, 10, 177 15 of 24 
 

 

 

Figure 7. Local Search Tool for the Retrieval of Interacting Genes/Proteins (STRING) network clusters, KEGG pathways 

and protein domains identified for deiminated proteins in Piridium sociabile. Protein–protein interaction network identi-

fied in P. sociabile based on protein identifiers from T. gondii. PPI enrichment p-value: 0.000203. (A). Local network clusters 

are highlighted with the coloured nodes. (B). KEGG pathways are highlighted with the coloured nodes. (C). UniProt 

keywords and PFAM protein domains are highlighted with the coloured nodes. (D). Protein domains and features are 

highlighted with the coloured nodes. Colour coding for network nodes and interaction lines is included in the figure. 
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Figure 8. Local STRING network clusters and protein domains identified for deiminated proteins in Merocystis kathae. 

Protein–protein interaction network identified in M. kathae based on protein identifiers from T. gondii. PPI enrichment 

p-value: 0.000138. (A). Local network clusters and KEGG pathways are highlighted with the coloured nodes. (B). UniProt 

keywords are highlighted with the coloured nodes. (C). PFAM protein domains are highlighted with the coloured nodes. 

(D). Protein domains and features (Interpro-1 and -2) are highlighted with the coloured nodes. Colour coding for network 

nodes and interaction lines is included in the figure. 

4. Discussion 

The current study assessed PAD homologues and post-translationally deiminated 

protein signatures in two alveolates, providing novel insights into mechanisms in me-

tabolism, epigenetic regulation and host–pathogen interactions. This highlights putative 

roles for post-translational modifications in the functional diversification of conserved 

protein pathways throughout phylogeny. 

This is the first description of deiminated protein products in parasitic alveolates, 

while PAD homologues/arginine deiminase (ADI) protein sequences have been reported 

in two apicomplexan, Babesia spp. and Gregarina spp. The genus Babesia is comprised of 

over 100 species of tick-borne parasites that infect erythrocytes in a range of vertebrate 

hosts, affecting livestock, wild and domestic animals worldwide, as well as occasionally 

humans, causing babesiosis [64–66]. Gregarina niphandrodes is an early diverging 

apicomplexan closely related to Cryptosporidium spp. [67]. The current study identified 

that PAD/ADI are also present in the chromerid P. sociabile and the apicomplexan M. ka-

thae, the two Alveolata under study here, and provides the first evidence that alveolates 

are active in producing citrullinated/deiminated protein products which may regulate 

critical pathways in Alveolata metabolism and gene regulation. 

Using immunohistochemical detection for PAD and deiminated protein products 

for the two Alveolata in host tissue, evidence was found for both PAD/ADI homologue 

and protein deimination/citrullination in cytoplasmic and nuclear compartments of the 

Alveolata. Furthermore, host–pathogen interactions by means of histone H3 citrullina-

tion/deimination, indicative of NET/ETosis, were also strongly observed in the host tis-

sue for both alveolates. In M. kathae, strong reaction with the PAD antibody was observed 

in the cytoplasm as well as in the plasma and nuclear membranes. PAD was also positive 



Biology 2021, 10, 177 18 of 24 
 

in surrounding kidney tissue of the Mollusca (whelk) host (Figure 3); which was ex-

pected, as the PAD2 antibody cross reacts with a number of species, including Mollusca 

[29], and is the most ubiquitously expressed PAD [21], including in kidney and muscle 

[23,24]. In M. kathae, some faint F95 positive staining was detected in the cytoplasm nu-

clear membrane of macrogamonts and the cytoplasm of sporoblasts (immature sporozo-

ites/infective life stage). Some F95 reaction was also observed in the surrounding kidney 

host tissue, which may relate to changes in protein deimination in response to infection 

(Figure 4A–D). Deiminated/citrullinated histone H3 positive staining was strongly de-

tected in the outer membrane and nucleolus of M. kathae and was also strongly detected 

in the surrounding host fibromuscular connective tissue infected with this apicomplexan, 

indicative of NET/Etosis as part of the host defence mechanism against the pathogen 

(Figure 5A–C). 

In P. sociabile, PAD was detected in the cytoplasm, plasma- and nuclear membrane 

and some faint positive was seen in the nucleolus. PAD-positive reaction was also ob-

served in the surrounding Mollusca host´s fibromuscular tissue (Figure 3C,D). Indeed, 

muscle is well known to be rich in PAD protein [21,23,24], and a recent report has fur-

thermore identified PAD homologue and deiminated proteins in Mollusca [29]. Fur-

thermore, some F95 positive staining was also detected in P. sociabile cytoplasm, nucleus 

and nucleolus (Figure 4E,F), supporting the presence of deiminated proteins in these 

sites. Using the deiminated/citrullinated histone H3 (CitH3) antibody, a strong positive 

response was seen in the nucleus and nucleolus of P. sociabile, which is indicative of epi-

genetic regulation in this chromerid parasite (Figure 5D,E). The detection of CitH3 in the 

Alveolata by histological staining does correlate with findings from proteomic analysis of 

the deiminated proteins from both Alvelolata, where deimination hits included core 

histones, albeit only histone H4 was identified as a certain hit, while further unidentified 

hits remain to be revealed. The deimination of histones relates to a number of gene reg-

ulatory GO pathways, as listed below. 

Using proteomic analysis in conjunction with F95 enrichment for pan-citrullination, 

14 deimination protein hits were specific to P. sociable (whereof 6 were uncharacterised 

hits) and 12 hits were specific to M. kathae (whereof 4 were uncharacteristed hits). A fur-

ther 8 deimination protein hits were identified to be shared between both species. Protein 

hits identified as common deimination targets in both Alveolata species under study 

were GFP-like fluorescent chromoprotein FP506, GFP, Actin (and actin II), Histone H4, 

AIG1-type G domain-containing protein, Cysteinyl-tRNA synthetase and CorA family 

Mg2+ transporter protein. Deiminated protein hits identified only in P. sociabile were 

Ribulose-1,5-bisphosphate carboxylase/oxygenase large subunit, Beta-helix do-

main-containing protein, AP2 domain transcription factor AP2VIIa-6, Pep3-Vps18 do-

main-containing protein, Phosphoglycerate kinase, HECT-domain (Ubiqui-

tin-transferase) domain-containing protein, Protein-serine/threonine phosphatase and 

Erythrocyte membrane protein 1 (PfEMP1). Deiminated protein hits specific to M. kathae 

were Elongation factor 1-alpha, Alternative oxidase, Ribulose bisphosphate carboxylase, 

Hsp70 protein, DNA-directed DNA polymerase, P-loop containing nucleoside triphos-

phate hydrolase, chromosome condensation regulator repeat protein and Tubulin beta 

chain. 

Using GO analysis for protein–protein interaction pathways relating to the deimi-

nated protein candidates identified in both species, the local network clusters identified 

for the deiminated proteins in P. sociabile were the nucleosome core, chromosome and 

NAP-like superfamily, chromosome and histone deacetylase family, chromosome and 

histone deacetylase family, transcription and nucleus, Pentose phosphate pathway, gly-

colysis/glucaneogenesis and glucose metabolism. KEGG pathways identified for the 

deiminated proteins in P. sociabile were metabolic pathways, inositol phosphate metabo-

lism, fructose and mannose metabolism, pentose phosphate pathway, biosynthesis of 

amino acids, glycolysis/gluconeogenesis, carbon metabolism, biosynthesis of antibiotics, 

and biosynthesis of secondary metabolites. UniProt keywords related to gluconeogene-
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sis, glycolysis, isomerase, nucleus and nucleosome core, while PFAM domains were 

C-terminus of histone H2A, histonelike transcription factor (CBF/NF-Y) and archaeal 

histone, Core histone H2A/H2B/H3/H4 and Triosephosphate isomerase. InterPro key-

words also highlighted histones as well as Triosephosphate isomerase and Aldolase-type 

TIM barrel to be enriched for protein deimination. 

In M. kathae, local network clusters for deiminated proteins included ribosomal 

protein L25/Gln-tRNA synthetase, aminoacyl-tRNA biosynthesis and tRNA synthetases, 

nucleosome core, mixed incl chromosome, histone deacetylase family, chromosome and 

histone deacetylase family, transcription and nucleus. KEGG pathways for deiminated 

proteins highlighted aminoacyl-tRNA biosynthesis. UniProt keywords for deiminated 

proteins related to nucleosome core, aminoacyl-tRNA synthetase, protein biosynthesis, 

nucleus, nucleotide-binding and ATP-binding. PFAM domains for deiminated proteins 

in M. kathae related to tRNA synthetase, anticodon binding domain of tRNA, histonelike 

transcription factor (CBF/NF-Y) and archaeal histone and core histone H2A/H2B/H3/H4. 

While GO terms for deiminated proteins were found to be common for some path-

ways in both Alveolata species under study, particularly with relation to gene regulatory 

pathways such as histones, there were far more pathways relating to metabolism linked 

to deiminated proteins in P. sociabile, compared with in M. kathae. Furthermore, in M. 

kathae ribosomal pathways and tRNA biosynthesis are highlighted for deiminated pro-

teins as well as ATP-binding, but this was not identified in P. sociabile. Therefore, while 

some key pathways are in common for deiminated proteins in both Alveolata under 

study here, species-specific differences are apparent. 

Histones are well known to be targets of deimination for gene regulatory and epi-

genetic changes in a range of human pathologies, as well as in developmental processes 

[40,41,68]. In Apicomplexa, the roles for epigenetic regulation in the life cycle and host–

pathogen interactions have received considerable attention [69–75], while deimination 

remains to be studied in this context and is here identified and described for the first time 

in Alveolata species. It must be noted that in the LC-MS/MS analysis, only histone H4 

came up as a citrullinated/deiminated candidate for the alveloates under study, while a 

number of histone pathways were enriched in the protein-interaction network analysis. 

As the F95 antibody is a pan-citrullin antibody and not specifically directed against his-

tone deimination, the number of histone candidates in the proteomic analysis may be 

underestimated; furthermore it must be considered that a number of uncharacterised hits 

was also present. Due to CitH3 being the only commercially available antibody for a 

deiminated histone (and positive reaction for F95 in the Alveolata nucleus may be indic-

ative of histone deimination), the CitH3 antibody was used here to assess putative his-

tone H3 deimination in the parasites. Furthermore, CitH3 is a valuable marker indicative 

of NET/ETosis in host responses against pathogens, and did show a strong reaction with 

the respective host tissues surrounding the parasites. 

Besides the modulation of a range of pathways described here, interestingly recent 

approaches in Giardia intestinalis using pharmacological PAD inhibitor treatment showed 

a significant reduction of parasite adhesion to human intestinal cells. This was in part 

attributed to regulatory roles of PADs in extracellular vesicle (EV) release, which are 

membrane bound vesicles released from cells (parasite and host) and participate in host–

pathogen interactions. It was shown that PAD inhibition resulted in decreased EV release 

from G. intestinalis and contributed to hindering parasite adhesion to the host [31]. PAD 

inhibitors have also been shown to modulate EV/MV release from bacteria and affect an-

tibiotic resistance, pointing to a conserved pathway for this enzyme family in EV modu-

lation throughout phylogeny [33]. Therefore, in what way ADI/PAD in alveolates, e.g., 

apicomplexan and chromerids, may further play roles in EV regulation in host–pathogen 

interactions remains subject to further studies. 

It must be noted that the analysis of deiminated proteins included all gamogonic 

stages of M. kathae and therefore it remains to be further investigated how deimination 

may play roles in their different life cycle stages. This also has to be considered in relation 



Biology 2021, 10, 177 20 of 24 
 

to the life cycle stages in the scallop intermediate host. Regarding P. sociabile, although 

described in the 1930s, much remains to be elucidated about the life cycle of this species 

and the role for deimination in the life cycle of this phylogenetically unique chromerid, 

which provides an evolutionary link between free living/symbiotic photosynthetic or-

ganisms and parasites. 

Likewise of interest is that while all apicomplexans are considered parasitic and 

some are highly pathogenic, much wider roles for their function in host interactions have 

been suggested, including commensalism and mutualism [76]. Given the conserved sta-

tus of PAD/ADI throughout phylogeny, the roles for the deimination regulation of the 

pathways involved in host–pathogen interaction and the coevolution of Alveolata may 

therefore be of considerable interest, particularly in the light of the various pathways 

identified here for deimination, which are linked to a wide range of metabolic processes, 

transcription and gene regulation. The presence of deiminated protein products in host 

tissue surrounding the parasites will also require further evaluation, including whether 

such deimination is part of the direct immune response of the host or whether the para-

site ADI causes the deimination of the host proteins, aiding parasite immune evasion and 

causing tissue remodeling in the host. Such post-translational interaction between the 

parasite and the host may possibly contribute to mutualism and symbiosis, in addition to 

forming part of the host-defence. 

An interesting observation is that alveolate PAD/ADI seems closer to human PAD6 

than PAD2, which is generally considered the phylogenetically most conserved PAD, as 

seen with other species, including teleost fish where only one PAD exists, which is closest 

to mammalian PAD2. In mammals, PAD6 plays important roles in early development, 

embryo preimplantation and early embryonic arrest [77–80], affecting KEGG pathways 

of multicellular organism development, cell differentiation and oocyte differentiation 

[81]. It may be speculated, given the detrimental effects of some apicomplexan infections 

such as toxoplasmosis and malaria (Plasmodium spp.) on the developing foetus, disrupt-

ing foetal development [82], that the ADI of these parasites may affect the developmental 

processes normally regulated by human PADI6. This remains though a topic of further 

investigation. 

This is the first study to assess protein deimination in Alveolata, including 

Chromerida, and contributes to current understanding of the phylogenetically conserved 

and differing roles of PADs/ADI in the regulation of pathways involved in immune, 

metabolic and epigenetic regulation across phylogeny. Future studies must, amongst 

other, evaluate deimination at the various gamogonic stages and stages of the parasites’ 

life cycles. Deimination regulated pathways may play hitherto under recognised roles in 

Alveolata life cycle and in host–pathogen interactions. 

5. Conclusions 

This study provides the first insights into regulatory roles for protein deimination in 

Alveolata, in relation to epigenetic regulation and putative roles in the parasite lifecycles, 

as well as in host–pathogen interactions. Much remains to be understood about the roles 

for PAD/ADI-mediated regulation parasite lifecycles, as well as in host–pathogen inter-

actions, throughout the phylogeny tree. Furthermore, as the Alveolata are a complex and 

diverse group of pathogens, studies into novel molecular mechanisms, including 

post-translationally mediated processes such as deimination, may provide novel insights 

into their adaptability to different environments and hosts and host–pathogen coevolu-

tion. Future studies will aim at understanding PAD/ADI roles in Piridium sociable and 

Merocystis kathae life cycles and host–pathogen interactions, including in intermediate 

host species. 

Supplementary Materials: The following are available online at 

www.mdpi.com/2079-7737/10/3/177/s1, Table S1: Full LC-MS/MS analysis of F95-enriched proteins 

in P. sociabile, Table S2: Full LC-MS/MS analysis of F95-enriched proteins in M. kathae. 



Biology 2021, 10, 177 21 of 24 
 

Author Contributions: Conceptualization, S.L. and Á.K.; methodology, Á.K., Á.E. and S.L.; vali-

dation, Á.K. and S.L.; formal analysis, Á.K. and S.L.; investigation, Á.K., Á.E. and S.L.; resources, 

Á.K. and S.L.; data curation, S.L.; writing—original draft preparation, S.L. and Á.K.; writ-

ing—review and editing, Á.K. and S.L.; visualization, Á.K., and S.L.; supervision, Á.K. and S.L.; 

project administration, S.L.; funding acquisition, Á.K. and S.L. All authors have read and agreed to 

the published version of the manuscript. 

Funding: This research was supported in parts by The Icelandic Research Council (RANNIS) Grant 

#206573-051 to Á.K. and University of Westminster internal funding to S.L. 

Institutional Review Board Statement: The study was conducted under license from the Institute 

for Experimental Pathology, University of Iceland, number #0002 kt-650269–4549, approved by the 

central animal ethics committee in Iceland (Icelandic Food Regulation Authority, MAST Mat-

vælastofnun). 

Informed Consent Statement: Not applicable.  

Data Availability Statement: Data are contained within the article and supplementary material. 

Acknowledgments: The authors would like to thank Yagnesh Umrania and Michael Deery at the 

Cambridge Centre for Proteomics for the LC–MS/MS analysis. Thanks to Eygló Gísladóttir, Insti-

tute for Experimental Pathology at Keldur, for technical assistance. 

Conflicts of Interest: The authors declare no conflict of interest.  

References 

1. Cavalier-Smith, T. Cell diversification in heterotrophic flagellates. In The Biology of Free-living Heterotrophic Flagellates; Patterson, 

D.J., Larsen, J., Eds.; Oxford University Press: Oxford, UK, 1991, pp. 113–131; ISBN 978-0-19-857747-8. 

2. Moore, R.B.; Oborník, M.; Janouskovec, J.; Chrudimský; T; Vancová; M; Green, D.H.; Wright, S.W.; Davies, N.W.; Bolch, C.J.; 

Heimann, K.; et al. A photosynthetic alveolate closely related to apicomplexan parasites. Nature 2008, 451, 959–963. 

3. Adl, S.M.; Simpson, A.G.; Lane, C.E.; Lukeš; J.; Bass, D.; Bowser, S.S.; Brown, M.W.; Burki, F.; Dunthorn, M.; Hampl, V.; et al. 

The revised classification of eukaryotes [published correction appears in J Eukaryot Microbiol. 2013 May-Jun;60:321. Shadwick, 

Lora [corrected to Shadwick, Laura]. J. Eukaryot Microbiol. 2012, 59, 429-493. 

4. Portman, N.; Slapeta, J. The flagellar contribution to the apical complex: A new tool for the eukaryotic Swiss Army knife? 

Trends Parasitol. 2014, 30, 58–64. 

5. Freeman, M.; Fuss, J.; Kristmundsson, A.; Bignell, J.; Marit, F.; Bjorbækmo, M.; Mangot, J.-F.; Keeling, P.; del Campo, J.; Shal-

chian-Tabrizi, K.; et al. X-cells are globally distributed, genetically divergent fish parasites related to perkinsids and dinoflag-

ellates. Curr. Biol. 2017, 27, 1–7. 

6. Roos, D.S. Genetics. Themes and variations in apicomplexan parasite biology. Science 2005, 309, 72–73. 

7. Bartošová-Sojková; P; Oppenheim, R.D.; Soldati-Favre, D.; Lukeš, J. Epicellular Apicomplexans: Parasites “On the Way In”. 

PLoS Pathog. 2015, 11, e1005080. 

8. Seed, J.R. Protozoa: Pathogeneses and defenses. In Medical Microbiology, 4th ed.; Baron, S., ed.; University of Texas Medical 

Branch at Galveston: Galveston, Texas, 1996. 

9. Kristmundsson, Á.; Freeman, M.A. Harmless sea snail parasite causes mass mortalities in numerous commercial scallop pop-

ulations in the northern hemisphere. Sci Rep. 2018, 8, 7865. 

10. Oborník, M.; Modrý; D; Lukeš; M; Cernotíková-Stříbrná; E; Cihlář, J.; Tesařová; M; Kotabová; E; Vancová; M; Prášil, O.; Lukeš, 

J. Morphology, ultrastructure and life cycle of Vitrella brassicaformis n. sp., n. gen., a novel chromerid from the Great Barrier 

Reef. Protist 2012, 163, 306–323. 

11. Okamoto, N.; MacFadden, G.I. The mother of all parasites. Future Microbiol. 2008, 3, 391–395. 

12. Mathur, V.; Kolísko, M.; Hehenberger, E.; Irwin, N.A.T.; Leander, B.S.; Kristmundsson, Á.; Freeman, M.A.; Keeling, P.J. Mul-

tiple Independent Origins of Apicomplexan-Like Parasites. Curr. Biol. 2019, 29, 2936–2941. 

13. Patten, R. The Life History of Merocystis kathae in the Whelk, Buccinum undatum. Parasitology 1935, 27, 399–430. 

14. Arisue, N.; Hasimoto, T. Phylogeny and evolution of apicoplasts and apicomplexan parasites. Parasitol. Int. 2015, 64, 254–259. 

15. Woo, Y.H.; Ansari, H.; Otto, T.D.; Klinger, C.M.; Kolisko, M.; Michálek, J.; Saxena, A.; Shanmugam, D.; Tayyrov, A.; Velu-

chamy, A.; et al. Chromerid genomes reveal the evolutionary path from photosynthetic algae to obligate intracellular parasites. 

Elife 2015, 4, e06974. 

16. Dakin, W.J. Notes on a new coccidian Merocystis kathae (n. gen. et sp.,) occurring in the renal organ of the whelk. Arch. Protist. 

1911, XXIII, 1115. 

17. Patten, R. Notes on a new protozoon, Piridium sociabile n. gen. n. sp. from the foot of Buccinum undatum. Parasitology 1936, 28, 

502–516. 



Biology 2021, 10, 177 22 of 24 
 

18. Mathur, V.; Kwong, W.K.; Husnik, F.; Irwin, N.A.T.; Kristmundsson, Á.; Gestal, C.; Freeman, M.; Keeling, P.J. Phylogenomics 

identifies a new major subgroup of apicomplexans, Marosporida class. nov., with extreme apicoplast genome reduction. Genome 

Biol. Evol. 2020, 13, evaa244. 

19. Kristmundsson, Á.; Erlingsdóttir, Á.; Freeman, M.A. Is an apicomplexan parasite is responsible for the collapse of the Iceland 

scallop (Chlamys islandica) stock? PLoS ONE 2015, 10, e0144685. 

20. Inglis, S.; Kristmundsson, Á.; Freeman, M.A.; Levenque, M.; Stokesbury, K. The condition of gray meat in the Atlantic sea 

scallop, Placopecten magellanicus, and the identification of a known pathogenic scallop apicomplexan. J. Invertebr. Pathol. 2016, 

141, 66–75. 

21. Vossenaar, E.R.; Zendman, A.J.; van Venrooij, W.J.; Pruijn, G.J. PAD, a growing family of citrullinating enzymes: Genes, fea-

tures and involvement in disease. Bioessays 2003, 25, 1106–1118. 

22. Rebl, A.; Köllner, B.; Anders, E.; Wimmers, K.; Goldammer, T. Peptidylarginine deiminase gene is differentially expressed in 

freshwater and brackish water rainbow trout. Mol. Biol. Rep. 2010, 37, 2333–2339. 

23. Magnadóttir, B.; Hayes, P.; Hristova, M.; Bragason, B.Þ.; Nicholas, A.P.; Dodds, A.W.; Gudmundsdottir, S.; Lange, S. 

Post-translational Protein Deimination in Cod (Gadus morhua L.) Ontogeny—Novel Roles in Tissue Remodelling and Mucosal 

Immune Defences? Dev. Comp. Immunol. 2018, 87, 157–170. 

24. Magnadóttir, B.; Bragason, B.T.; Bricknell, I.R.; Bowden, T.; Nicholas, A.P.; Hristova, M.; Guðmundsdóttir, S.; Dodds, A.W.; 

Lange, S. Peptidylarginine deiminase and deiminated proteins are detected throughout early halibut ontogeny—Complement 

components C3 and C4 are post-translationally deiminated in halibut (Hippoglossus hippoglossus L.). Dev. Comp. Immunol. 2019, 

92, 1–19. 

25. Criscitiello, M.F.; Kraev, I.; Lange, S. Deiminated proteins in extracellular vesicles and plasma of nurse shark (Ginglymostoma 

cirratum)—Novel insights into shark immunity. Fish. Shellfish Immunol. 2019, 92, 249–255. 

26. Criscitiello, M.F.; Kraev, I.; Petersen, L.H.; Lange, S. Deimination Protein Profiles in Alligator mississippiensis Reveal Plasma and 

Extracellular Vesicle-Specific Signatures Relating to Immunity, Metabolic Function, and Gene Regulation. Front. Immunol. 2020, 

11, 651. 

27. Bowden, T.J.; Kraev, I.; Lange, S. Extracellular vesicles and post-translational protein deimination signatures in haemolymph 

of the American lobster (Homarus americanus). Fish. Shellfish Immunol. 2020, 106, 79–102. 

28. Bowden, T.J.; Kraev, I.; Lange, S. Post-translational protein deimination signatures and extracellular vesicles (EVs) in the At-

lantic horseshoe crab (Limulus polyphemus). Dev. Comp. Immunol. 2020, 110, 103714. 

29. Bowden, T.J.; Kraev, I.; Lange, S. Extracellular Vesicles and Post-Translational Protein Deimination Signatures in Mollus-

ca—The Blue Mussel (Mytilus edulis), Soft Shell Clam (Mya arenaria), Eastern Oyster (Crassostrea virginica) and Atlantic Jacknife 

Clam (Ensis leei). Biology 2020, 9, 416. 

30. Novák, L.; Zubáčová; Z; Karnkowska, A.; Kolisko, M.; Hroudová; M; Stairs, C.W.; Simpson, A.G.; Keeling, P.J.; Roger, A.J.; 

Čepička, I.; et al. Arginine deiminase pathway enzymes: Evolutionary history in metamonads and other eukaryotes. BMC Evol. 

Biol. 2016, 16, 197. 

31. Gavinho, B.; Sabatke, B.; Feijoli, V.; Rossi, I.V.; da Silva, J.M.; Evans-Osses, I.; Palmisano, G.; Lange, S.; Ramirez, M.I. Pepti-

dylarginine deiminase inhibition abolishes the production of large extracellular vesicles from Giardia intestinalis, affecting 

host-pathogen interactions by hindering adhesion to host cells. Front. Cell Infect. Microbiol. 2020, 10, 417. 

32. Bielecka, E.; Scavenius, C.; Kantyka, T.; Jusko, M.; Mizgalska, D.; Szmigielski, B.; Potempa, B.; Enghild, J.J.; Prossnitz, E.R.; 

Blom, A.M.; et al. Peptidyl arginine deiminase from Porphyromonas gingivalis abolishes anaphylatoxin C5a activity. J. Biol. Chem. 

2014, 289, 32481–32487. 

33. Kosgodage, U.S.; Matewele, P.; Mastroianni, G.; Kraev, I.; Brotherton, D.; Awamaria, B.; Nicholas, A.P.; Lange, S.; Inal, J.M. 

Peptidylarginine deiminase inhibitors reduce bacterial membrane vesicle release and sensitize bacteria to antibiotic treatment. 

Front. Cell Infect. Microbiol. 2019, 9, 227. 

34. El-Sayed, A.S.A.; Shindia, A.A.; AbouZaid, A.A.; Yassin, A.M.; Ali, G.S.; Sitohy, M.Z. Biochemical characterization of pep-

ti-dylarginine deiminase-like orthologs from thermotolerant Emericella dentata and Aspergillus nidulans. Enzyme Microb. Technol. 

2019, 124, 41–53. 

35. György, B.; Toth, E.; Tarcsa, E.; Falus, A.; Buzas, E.I. Citrullination: A posttranslational modification in health and disease. Int. 

J. Biochem. Cell Biol. 2006, 38, 1662–1677. 

36. Criscitiello, M.F.; Kraev, I.; Lange, S. Post-Translational Protein Deimination Signatures in Serum and Serum-Extracellular 

Vesicles of Bos taurus Reveal Immune, Anti-Pathogenic, Anti-Viral, Metabolic and Cancer-Related Pathways for Deimination. 

Int. J. Mol. Sci. 2020, 21, 2861. 

37. Alghamdi, M.; Alasmari, D.; Assiri, A.; Mattar, E.; Aljaddawi, A.A.; Alattas, S.G.; Redwan, E.M. An Overview of the Intrinsic 

Role of Citrullination in Autoimmune Disorders. J. Immunol. Res. 2019, 2019, 7592851. 

38. Bicker, K.L.; Thompson, P.R. The protein arginine deiminases: Structure, function, inhibition, and disease. Biopolymers 2013, 99, 

155–163. 

39. Wang, S.; Wang, Y. Peptidylarginine deiminases in citrullination, gene regulation, health and pathogenesis. Biochim. Biophys. 

Acta 2013, 1829, 1126–1135. 

40. Witalison, E.E.; Thompson, P.R.; Hofseth, L.J. Protein Arginine Deiminases and Associated Citrullination: Physiological Func-

tions and Diseases Associated with Dysregulation. Curr. Drug Targets 2015, 16, 700–710. 



Biology 2021, 10, 177 23 of 24 
 

41. Lange, S.; Gallagher, M.; Kholia, S.; Kosgodage, U.S.; Hristova, M.; Hardy, J.; Inal, J.M. Peptidylarginine Deiminases–Roles in 

Cancer and Neurodegeneration and Possible Avenues for Therapeutic Intervention via Modulation of Exosome and Mi-

crovesicle (EMV) Release? Int. J. Mol. Sci. 2017, 18, 1196. 

42. Mondal, S.; Thompson, P.R. Protein Arginine Deiminases (PADs): Biochemistry and Chemical Biology of Protein Citrullina-

tion. Acc. Chem Res. 2019, 52, 818–832. 

43. Brinkmann, V.; Reichard, U.; Goosmann, C.; Fauler, B.; Uhlemann, Y.; Weiss, D.S.; Weinrauch, Y.; Zychlinsky, A. Neutrophil 

extracellular traps kill bacteria. Science 2004, 303, 1532–1535. 

44. Palić, D.; Ostojić, J.; Andreasen, C.B.; Roth, J.A. Fish cast NETs: Neutrophil extracellular traps are released from fish neutro-

phils. Dev. Comp. Immunol. 2007, 31, 805–816. 

45. Guimarães-Costa, A.B.; Nascimento, M.T.; Froment, G.S.; Soares, R.P.; Morgado, F.N.; Conceição-Silva, F.; Saraiva, E.M. 

Leishmania amazonensis promastigotes induce and are killed by neutrophil extracellular traps. Proc. Natl. Acad. Sci. USA 2009, 

106, 6748–6753. 

46. Li, P.; Li, M.; Lindberg, M.R.; Kennett, M.J.; Xiong, N.; Wang, Y. PAD4 is essential for antibacterial innate immunity mediated 

by neutrophil extracellular traps. J. Exp. Med. 2010, 207, 1853–1862. 

47. Cortjens, B.; de Boer, O.J.; de Jong, R.; Antonis, A.F.; Piñeros, Y.S.S.; Lutter, R.; van Woensel, J.B.; Bem, R.A. Neutrophil extra-

cellular traps cause airway obstruction during respiratory syncytial virus disease. J. Pathol. 2016, 238, 401–411. 

48. Villagra-Blanco, R.; Silva, L.M.R.; Conejeros, I.; Taubert, A.; Hermosilla, C. Pinniped- and Cetacean-Derived ETosis Contrib-

utes to Combating Emerging Apicomplexan Parasites (Toxoplasma gondii, Neospora caninum) Circulating in Marine Environ-

ments. Biology (Basel) 2019, 8, 12. 

49. Stobernack, T.; du Teil Espina, M.; Mulder, L.M.; Palma Medina, L.M.; Piebenga, D.R.; Gabarrini, G.; Zhao, X.; Janssen, K.; 

Hulzebos, J.; Brouwer, E.; et al. A Secreted Bacterial Peptidylarginine Deiminase Can Neutralize Human Innate Immune De-

fenses. mBio 2018, 9, e01704–e01718. 

50. Kubo, M.; Nishitsuji, H.; Kurihara, K.; Hayashi, T.; Masuda, T.; Kannagi, M. Suppression of human immunodeficiency virus 

type 1 replication by arginine deiminase of Mycoplasma arginini. J. Gen. Virol. 2006, 87, 1589–1593. 

51. Jeffrey, C.J. Protein moonlighting: What is it, and why is it important? Philos Trans. R Soc. Lond. B Biol. Sci. 2018, 373, 20160523. 

52. Magnadóttir, B.; Uysal-Onganer, P.; Kraev, I.; Svansson, V.; Hayes, P.; Lange, S. Deiminated proteins and extracellular vesi-

cles—Novel serum biomarkers in whales and orca. Comp. Biochem. Physiol. Part D Genom. Proteom. 2020, 34, 100676. 

53. Magnadóttir, B.; Uysal-Onganer, P.; Kraev, I.; Svansson, V.; Skírnisson, K.; Lange, S. Deiminated proteins and extracellular 

vesicles as novel biomarkers in pinnipeds: Grey seal (Halichoerus gryptus) and harbour seal (Phoca vitulina). Biochimie 2020, 171–

172, 79–90. 

54. Phillips, R.A.; Kraev, I.; Lange, S. Protein deimination and extracellular vesicle profiles in Antarctic seabirds. Biology 2020, 9, 15. 

55. Pamenter, M.E.; Uysal-Onganer, P.; Huynh, K.W.; Kraev, I.; Lange, S. Post-translational deimination of immunological and 

metabolic protein markers in plasma and extracellular vesicles of naked mole-rat (Heterocephalus glaber). Int. J. Mol. Sci. 2019, 20, 

5378. 

56. Lange, S.; Kraev, I.; Magnadóttir, B.; Dodds, A.W. Complement component C4-like protein in Atlantic cod (Gadus morhua 

L.)—Detection in ontogeny and identification of post-translational deimination in serum and extracellular vesicles. Dev. Comp. 

Immunol. 2019, 101, 103437. 

57. Magnadóttir, B.; Kraev, I.; Guđmundsdóttir, S.; Dodds, A.W.; Lange, S. Extracellular vesicles from cod (Gadus morhua L.) mu-

cus contain innate immune factors and deiminated protein cargo. Dev. Comp. Immunol. 2019, 99, 103397. 

58. Magnadóttir, B.; Uysal-Onganer, P.; Kraev, I.; Dodds, A.W.; Gudmundsdottir, S.; Lange, S. Extracellular vesicles, deiminated 

protein cargo and microRNAs are novel serum biomarkers for environmental rearing temperature in Atlantic cod (Gadus 

morhua L.). Aquac. Rep. 2020, 16, 100245. 

59. Muraro, S.P.; De Souza, G.F.; Gallo, S.W.; Da Silva, B.K.; De Oliveira, S.D.; Vinolo, M.A.R.; Saraiva, E.M.; Porto, B.N. Respira-

tory Syncytial Virus induces the classical ROS-dependent NETosis through PAD-4 and necroptosis pathways activation. Sci. 

Rep. 2018, 8, 14166. 

60. Casanova, V.; Sousa, F.H.; Shakamuri, P.; Svoboda, P.; Buch, C.; D'Acremont, M.; Christophorou, M.A.; Pohl, J.; Stevens, C.; 

Barlow, P.G. Citrullination Alters the Antiviral and Immunomodulatory Activities of the Human Cathelicidin LL-37 During 

Rhinovirus Infection. Front. Immunol. 2020, 11, 85. 

61. Nicholas, A.P.; Whitaker, J.N. Preparation of a monoclonal antibody to citrullinated epitopes: Its characterization and some 

applications to immunohistochemistry in human brain. Glia 2002, 37, 328–336. 

62. Lange, S.; Gögel, S.; Leung, K.Y.; Vernay, B.; Nicholas, A.P.; Causey, C.P.; Thompson, P.R.; Greene, N.D.; Ferretti, P. Protein 

deiminases: New players in the developmentally regulated loss of neural regenerative ability. Dev. Biol. 2011, 355, 205–214. 

63. Lange, S.; Rocha-Ferreira, E.; Thei, L.; Mawjee, P.; Bennett, K.; Thompson, P.R.; Subramanian, V.; Nicholas, A.P.; Peebles, D.; 

Hristova, M.; et al. Peptidylarginine deiminases: Novel drug targets for prevention of neuronal damage following hypoxic 

ischemic insult (HI) in neonates. J. Neurochem. 2014, 130, 555–562. 

64. Spielman, A.; Wilson, M.L.; Levine, J.F.; Piesman, J. Ecology of Ixodes Dammini-Borne Human Babesiosis and Lyme Disease. 

Ann. Rev. Entomol. 1985, 30, 439–460. 

65. Despommier, D.D.; Gwadz, R.W.; Hotez, P.J. Parasitic Diseases, 3rd ed.; Springer: New York, NY, USA; Berlin-Heidelberg, 

Germany, London, UK; Paris, France; Tokyo, Japan; Hong Kong; Barcelona, Spain, Budapest, Hungary, 1995, pp. 224–226; 

ISBN 978-0-387-94223-0. 



Biology 2021, 10, 177 24 of 24 
 

66. Ristic, M.; Ambroise-Thomas, P.; Kreier, J.P. Malaria and Babesiosis: Research Findings and Control Measures. In New Per-

spectives in Clinical Microbiology; Nijhoff, M., ed.; Springer, Germany: 1984, pp. 100–170; ISBN 978-0-89838-675-2. 

67. Toso, M.A.; Omoto, C.K. Gregarina niphandrodes may lack both a plastid genome and organelle. J. Eukaryot Microbiol. 2007, 54, 

66–72. 

68. Zhang, X.; Liu, X.; Zhang, M.; Li, T.; Muth, A.; Thompson, P.R.; Coonrod, S.A.; Zhang, X. Peptidylarginine deiminase 

1-catalyzed histone citrullination is essential for early embryo development. Sci. Rep. 2016, 6, 38727. 

69. Duraisingh, M.T.; Skillman, K.M. Epigenetic Variation and Regulation in Malaria Parasites. Annu. Rev. Microbiol. 2018, 72, 355–

375. 

70. Xiao, B.; Yin, S.; Hu, Y.; Sun, M.; Wei, J.; Huang, Z.; Wen, Y.; Dai, X.; Chen, H.; Mu, J.; et al. Epigenetic editing by CRISPR/dCas9 

in Plasmodium falciparum. Proc. Natl. Acad. Sci. USA 2019, 116, 255–260. 

71. Jeffers, V.; Tampaki, Z.; Kim, K.; Sullivan, W.J., Jr. A latent ability to persist: Differentiation in Toxoplasma gondii. Cell Mol. Life 

Sci. 2018, 75, 2355–2373. 

72. Jabeena, C.A.; Rajavelu, A. Epigenetic Players of Chromatin Structure Regulation in Plasmodium falciparum. Chembiochem 

2019, 20, 1225–1230. 

73. Vanagas, L.; Contreras, S.M.; Angel, S.O. Apicomplexa and Histone Variants: What’s New? In Chromatin and Epigenetics; Logie, 

C., Knoch, T.A., Eds.; IntechOpen, London, UK: 2020; ISBN: 978-1-78984-493-1; doi:10.5772/intechopen.81409. 

74. Sullivan, W.J., Jr. Histone H3 and H3.3 variants in the protozoan pathogens Plasmodium falciparum and Toxoplasma gondii. DNA 

Seq. 2003, 14, 227–231. 

75. Bougdour, A.; Maubon, D.; Baldacci, P.; Ortet, P.; Bastien, O.; Bouillon, A.; Barale, J.C.; Pelloux, H.; Ménard, R.; Hakimi, M.A. 

Drug inhibition of HDAC3 and epigenetic control of differentiation in Apicomplexa parasites. J. Exp. Med. 2009, 206, 953–966. 

76. Hunter, E.S.; Paight, C.; Lane, C.E. Metabolic Contributions of an Alphaproteobacterial Endosymbiont in the Apicomplexan 

Cardiosporidium cionae. Front. Microbiol. 2020, 11, 580719. 

77. Wright, P.W.; Bolling, L.C.; Calvert, M.E.; Sarmento, O.F.; Berkeley, E.V.; Shea, M.C.; Hao, Z.; Jayes, F.C.; Bush, L.A.; Shetty, J.; 

et al. ePAD, an oocyte and early embryo-abundant peptidylarginine deiminase-like protein that localizes to egg cytoplasmic 

sheets. Dev. Biol. 2003, 256, 73–88. 

78. Yurttas, P.; Vitale, A.M.; Fitzhenry, R.J.; Cohen-Gould, L.; Wu, W.; Gossen, J.A.; Coonrod, S.A. Role for PADI6 and the cyto-

plasmic lattices in ribosomal storage in oocytes and translational control in the early mouse embryo. Development 2008, 135, 

2627–2636. 

79. Xu, Y.; Shi, Y.; Fu, J.; Yu, M.; Feng, R.; Sang, Q.; Liang, B.; Chen, B.; Qu, R.; Li, B.; et al. Mutations in PADI6 Cause Female In-

fertility Characterized by Early Embryonic Arrest. Am. J. Hum. Genet. 2016, 99, 744–752. 

80. Zheng, W.; Chen, L.; Dai, J.; Dai, C.; Guo, J.; Lu, C.; Gong, F.; Lu, G.; Lin, G. New biallelic mutations in PADI6 cause recurrent 

preimplantation embryonic arrest characterized by direct cleavage. J. Assist. Reprod. Genet. 2020, 37, 205–212. 

81. Arisan, E.D.; Uysal-Onganer, P.; Lange, S. Putative Roles for Peptidylarginine Deiminases in COVID-19. Int. J. Mol. Sci. 2020, 

21, 4662. 

82. Adams Waldorf, K.M.; McAdams, R.M. Influence of infection during pregnancy on fetal development. Reproduction 2013, 146, 

R151–R162 

 


