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ABSTRACT 26 

 27 

Lysine methylation on histone tails impacts genome regulation and cell fate determination in many 28 

developmental processes. Apicomplexa intracellular parasites cause major diseases and they have 29 

developed complex life cycles with fine-tuned differentiation events. Yet, apicomplexa genomes 30 

have few transcription factors and little is known about their epigenetic control systems. Tick-borne 31 

Theileria apicomplexa species have relatively small, compact genomes and a remarkable ability to 32 

transform leukocytes in their bovine hosts. Here we report enriched H3 lysine 18 monomethylation 33 

(H3K18me1) on the gene bodies of repressed genes in Theileria macroschizonts. Differentiation to 34 

merozoites (merogony) led to decreased H3K18me1 in parasite nuclei. Pharmacological 35 

manipulation of H3K18 acetylation or methylation impacted parasite differentiation and expression 36 

of stage-specific genes. Finally, we identified a parasite SET-domain methyltransferase (TaSETup1) 37 

that can methylate H3K18 and represses gene expression. Thus, H3K18me1 emerges as an important 38 

epigenetic mark which controls gene expression and stage differentiation in Theileria parasites.  39 

  40 
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Introduction 41 

Our ability to control infectious diseases is improved by our understanding of their complex life cycles 42 

and the characterization of pathogen-specific mechanisms that can be targeted by drug strategies. 43 

Apicomplexa parasites are a major cause of disease in humans and domesticated animals across the 44 

world. For example, Plasmodium species cause malaria affecting millions of people each year, 45 

emphasizing the need for effective drugs targeting parasites1,2. Cryptosporidium is a major cause of 46 

diarrhea in developing countries following infection from contaminated water supplies and there is 47 

currently no effective drug therapy3,4. Theileria species are bovine-specific pathogens that cause 48 

diseases with significant economic impact; Tropical Theileriosis kills over a million cattle per year and 49 

costs in the hundreds of millions of dollars. The development of new therapeutic strategies is 50 

challenging, as Apicomplexa are eukaryotic cells and share many metabolic pathways with their host 51 

animals2.  52 

 53 

Of all the apicomplexa parasites, Theileria is the only eukaryote known to transform its host cell and 54 

constitutes a unique model system to explore parasite-host interactions and microbial 55 

tumorigenesis5,6. Two Theileria species, T. parva and T. annulata are bovine-specific pathogens that 56 

cause severe disease following tick transmission. Infection by these Theileria species causes a 57 

lymphoproliferative disease in cows with clinical features similar to some human leukemias5,7,8. T. 58 

annulata infects mainly bovine B cells and macrophages, whereas T. parva infects bovine B and T 59 

lymphocytes. Theileria-infected cells are transformed and immortalized; they display uncontrolled 60 

proliferation in vitro, independent of exogenous growth factors, and increased ability to migrate and 61 

form metastases in immunodeficient mice. Interestingly, Theileria-dependent transformation is 62 

reversible; animals treated with the theilericidal drug Buparvaquone are cured in most cases. When 63 

Theileria-infected cells are treated in vitro with Buparvaquone, the intracellular parasite diminishes in 64 

the host leukocytes, which loose the transformed phenotype, but drug-resistance in the field is an 65 

emerging concern for disease control. To achieve transformation, the parasite manipulates the host 66 
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cell signalling pathways that control cell proliferation and survival5,6,8. Several host signaling pathways 67 

have been implicated in Theilieria-induced transformation including metabolic pathways9,10, c-Jun N-68 

terminal Kinase (JNK) signaling11 and host nuclear factors, such as  c-Myc, E2F and AP-1 12–15. A parasite-69 

secreted factor, TaPin1, activates host signaling pathways leading to activation of oncogenic host c-Jun 70 

and metabolic gene expression16–18. While previous studies have focused on the host signaling 71 

pathways activated by intracellular parasites6,15, very little is known about the regulation of the 72 

parasite genome and the mechanisms that orchestrate parasite differentiation and its complex life 73 

cycle. A previous study monitored gene expression through merogony, the process of parasite 74 

differentiation from intracellular schizonts to infectious merozoites, and reported interesting changes 75 

in the levels of transcription factors of the AP2 family19. However, the relative paucity of transcription 76 

factors in Theileria genomes20 suggests that other mechanisms such as epigenetic pathways may also 77 

contribute to parasite differentiation. 78 

 79 

Many diseases, especially cancer, are linked to epigenetic events that lead to changes in gene 80 

expression. Epigenetic changes associated with disease states include DNA methylation and histone 81 

modifications such as lysine methylation and acetylation21,22. Epigenetic enzymes have been causally 82 

linked to many diseases making them promising targets for drug interventions23. Recently novel drugs 83 

that inhibit methylation or deacetylation were developed and some obtained FDA approval to treat 84 

cancer. Notably, lysine methylation is emerging as a versatile and dynamic post–translational 85 

modifications (PTMs) that contributes critically to cellular differentiation programs24. The human 86 

genome encodes about 50 lysine methyltransferases (KMTs) that ‘write’ the methylation code and 20 87 

lysine demethylases (KDMs) that act as ‘erasers’. Numerous reports of misregulation of KMTs and 88 

KDMs in cancer, drove an intense search for specific small-molecular inhibitors21. Despite these 89 

advances, relatively little is known about the role of epigenetic proteins (methylation Writers or 90 

Erasers) in infectious diseases or in infection-induced cancers25,26 . The post-translational modification 91 

of lysine residues in the histone N-terminal tails plays an important role in regulating chromatin 92 
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structure and gene expression in all eukaryotes22, but has not been previously studied in Theileria 93 

parasites. We hypothesized that epigenetic modifications, particularly lysine methylation of histone 94 

tails, could be a feature of parasite differentiation and that the characterization of parasite encoded 95 

epigenetic enzymes could be future drug targets for anti-parasite therapies.  96 

 97 

RESULTS 98 

Parasite histones are methylated at H3K18 99 

To initiate a study of epigenetic regulation in Theileria parasites, we examined parasite histones 100 

focusing on H3. Our analysis of the T. annulata genome revealed the presence of two genes encoding 101 

histone H3 [Supplementary Fig. S1]. The sequences of the N-terminal tails, especially the Lysine 102 

residues, are particularly well-conserved in the H3 proteins from T. annulata, T. parva and mammals 103 

[Supplementary Fig. S1]. We therefore examined histone modifications using a panel of commercial 104 

antibodies recognizing different modified lysine residues in H3 tails. Many of the antibodies we tested 105 

by immunofluorescence staining showed strong signals in both host and parasite nuclei; these included 106 

relatively well-studied marks such as H3K4me3 and H3K36me3 (data not shown). However, one 107 

modification caught our attention: antibodies recognizing mono-methylated H3K18 (H3K18me1) 108 

detected T. annulata parasite nuclei, but did not stain bovine host nuclei [Fig. 1a-b]. We conducted a 109 

series of experiments to pursue the specificity of this initial observation. In contrast to H3K18me1, 110 

antibodies against acetylated H3K18 (H3K18ac) displayed strong immunofluorescence signals in both 111 

host and parasite nuclei in infected and non-infected bovine B cells [Fig. 1a-b]. We observed similar 112 

parasite-specific staining for H3K18me1, but not for H3K18Ac, in T. annulata-infected macrophages 113 

TaC12 [Fig. 1c-d] and in lymphocytes infected with related T. parva parasites [Supplementary Fig. S2]. 114 

Further control experiments with three independent antibodies demonstrated the specificity of the 115 

antibody for mono-methylated H3K18 residues, with no cross-reaction to other well-studied H3 lysine 116 

methylations [Supplementary Fig.  S3]. We confirmed the presence of methylated and acetylated 117 

H3K18 in TBL3, TpMD409 and TaC1227 parasite-infected cells by immunoblot experiments [Fig. 1e-f 118 
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and Supplementary Fig. S2b]. Treatment with the theilericidal drug Buparvaquone (Bup), which kills 119 

the parasites, reduced H3K18me1 levels in cell lines infected with T. annulata or T. parva [Fig. 1e-f and 120 

Supplementary Fig. S2b]. From these experiments and careful controls we conclude that H3K18 mono-121 

methylation appears to be a feature of Theileria parasite schizonts. 122 

 123 

H3K18me1 is enriched on the gene bodies of repressed genes in Theileria schizonts 124 

Acetylation of H3K18 is a well-studied epigenetic mark linked to gene activation28, whereas no studies 125 

have focused on the functional role of H3K18 methylation in gene regulation. Indeed, no specific gene 126 

regulatory functions have been ascribed to H3K18me1. To investigate H3K18 modifications on the 127 

Theileria genome, we performed chromatin immunoprecipitation followed by sequencing (ChIP-Seq) 128 

with several antibodies and parallel RNA-Seq transcriptome analysis. Our dual-sequencing in infected 129 

TBL3 cells, followed by read mapping and bioinformatics analysis, allowed us to simultaneously map 130 

epigenomic features on both the parasite and the bovine host genomes. We observed some patterns 131 

previously described on mammalian genomes; namely, promoter regions around the transcriptional 132 

start site (TSS) were enriched for ‘activating’ epigenetic marks such as H3K4me3 or H3K18ac in the 133 

parasite genome [Fig. 2a]. In contrast, H3K18me1 levels were lowest at the TSS and enriched on the 134 

gene bodies [Fig. 2a]. Analysis of the bovine genome in the same ChIP-Seq experiments showed an 135 

enrichment for H3K4me3 and H3K18ac on promoter regions, but no H3K18me1 enrichment on gene 136 

bodies, consistent with the parasite-specific immunofluorescence staining results [Supplementary Fig. 137 

S4a-b]. Gene-body enrichment on actively transcribed genes is a feature of H3K36me3 methylation in 138 

mammals29. We observed gene-body enrichment for H3K36me3 on genes in the parasite genome [Fig. 139 

2e and Supplementary Fig. S4c]. We observed a strong correlation between gene promoter H3K4me3 140 

and H3K18ac, and a weaker correlation between H3K18me1 and H3K36me3 in the parasite genome 141 

[Supplementary Fig. S5]. The H3K18me1 and H3K36me3 profiles are, however, quite distinct; a 142 

differential peak-calling approach on these two modifications that revealed differences in the number 143 

of peaks (1537 for H3K18me1, 3122 for H3K36me3). We performed k-means clustering analysis of the 144 
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H3K18me1 profiles on the T. annulata parasite genome and defined 5 clusters [Fig. 2b]. Cluster I and 145 

Cluster V had the lowest levels of H3K18me, whereas Cluster IV genes (1103 genes) were enriched for 146 

gene-body H3K18me1 [Fig. 2c]. In contrast, H3K36me3 levels were relatively high across all clusters, 147 

except Cluster V. Comparison with our RNA-Seq data revealed that Cluster IV genes were characterized 148 

by lower gene expression compared to Clusters I to III [Fig. 2d-e]. Notably, Cluster IV genes were 149 

particularly enriched for gene-body H3K18me1 which appeared mutually exclusive with H3K18ac and 150 

correlated with exonic sequences [Fig. 2e] (p<0.0001). The genes enriched for H3K18me1 do not 151 

appear to cluster on the genome or to group in particular chromosomal locations [Supplementary Fig. 152 

S6]. Methylation of parasite H3K36 has been linked to repression of var genes in Plasmodium 153 

parasites30, but we did not observe regions of strikingly high H3K36me3 enrichment in the Theileria 154 

genome [Supplementary Fig. S6]. Hence, gene-body enrichment of the H3K18me1 modification 155 

appears to be correlated with repression of a large number of genes in T. annulata schizonts. 156 

 157 

Parasite differentiation is associated with dynamic changes in H3K18 modifications 158 

In other apicomplexan species, dynamic changes in epigenetic histone modifications accompany 159 

changes in gene expression throughout the parasite life cycle25,26,31. Important work from the Shiels 160 

laboratory began to define changes in gene expression in Theileria parasites during stage 161 

differentiation and implied roles for the ApiAP2 factors19. Little is known about the role of epigenetic 162 

mechanisms in regulating gene expression during Theileria differentiation. To investigate the dynamics 163 

of H3K18 modifications in Theileria parasites, we induced parasite differentiation from schizonts to 164 

merozoites (‘merogony’), as previously described, by sustained culture of infected macrophages at 165 

elevated temperatures32. The induction of merogony was accompanied by a reduction in H3K18me1 166 

staining in some parasite nuclei [Fig. 3a]. After 8 days in culture at 41°C, we observed large patches of 167 

parasite nuclei with reduced H3K18me1 staining, despite robust H3K4me3 staining across all nuclei 168 

[Supplementary Figs. S7-S8]. This suggested that H3K18 methylation dynamics might contribute to 169 

parasite differentiation. Unfortunately, there are currently no genetic techniques available to modify 170 
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the Theileria genome, so we are limited to pharmacological intervention. To test H3K18 dynamics 171 

experimentally, we treated cells with inhibitors of lysine demethylases (KDMi) or deacetylases (KDACi), 172 

some of the many drugs being developed to inhibit epigenetic enzymes23. Treatment with a 173 

demethylase inhibitor led to a 3-fold increase in parasite H3K18me1 levels and a modest decrease in 174 

H3K18ac [Fig. 3b]. Conversely, treatment with an acetylase inhibitor robustly increased H3K18ac 175 

staining in parasites [Fig. 3b]. Importantly, treatment with KDMi or KDACi did not affect the levels of 176 

parasite staining with antibodies against H3K4me3 or H3K36me3 [Fig. 3b], demonstrating that the 177 

inhibitors do not have a general broad effect on histone lysine methylation. With these 178 

pharmacological tools in hand, we sought to test whether these drug-induced effects on H3K18 179 

methylation and acetylation could influence parasite differentiation. We hypothesized that increased 180 

H3K18 methylation might block differentiation, or increased acetylation might favor differentiation. 181 

We observed that KDMi treatment significantly reduced the extent of merogony and reduced the 182 

expression of the differentiation marker TamR132 [Fig. 4a]. Conversely, treatment with KDACi 183 

enhanced TamR1 expression, with a relatively mild impact on differentiation [Fig. 4a]. These results 184 

suggested that dynamic changes in the H3K18 methylation/acetylation balance could affect parasite 185 

stage differentiation.  186 

 187 

Previous microarray analysis identified sets of genes associated with life-stage transitions in T. 188 

annulata19. Comparison with these data revealed that Cluster IV genes, which are enriched for gene-189 

body H3K18me1, are over-represented in differentially expressed genes linked to the sporozoite-to-190 

macroschizont and macroschizont-to-merozoite stage transitions [Fig. 4b and Supplementary Fig. S8]. 191 

We analysed the overlap between these datasets, focusing on Cluster IV genes and correlations with 192 

genes reported to be downregulated in the sporozoite-to-macroschizont (S2M) transition and 193 

upregulated in macroschizont-to-merozoite (M2M) transition. We identified 20 candidate genes (that 194 

we termed M2M1-M2M20) that are candidates for genes which are repressed by high H3K18me1 in 195 

macroschizonts and upregulated upon differentiation [Fig. 4b and Supplementary Table 1].  Notably, 196 
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this list contains genes with FAINT domains and signal peptides that could be linked to invasion and 197 

egress [Supplementary Table 1]. We confirmed that most of these genes (15/20) were induced in our 198 

hands upon merogony culture conditions [Supplementary Fig. S9a]. In contrast, control genes (e.g. 199 

parasite TaJmjC1) or bovine genes encoding actin or Hsp70 did not significantly vary upon merogony 200 

induction [Supplementary Fig. S9b]. We tested whether the drugs that affected H3K18 methylation 201 

and acetylation levels could impact the expression of the M2M genes and noted a general tendency to 202 

be induced by treatment with KDACi [see examples in Supplementary Fig. S9c]. We chose to study the 203 

M2M13 gene (encoding a rhoptry neck protein) as a striking example [Fig. 4e]. The M2M13 gene was 204 

induced 60-fold upon merogony differentiation and M2M13 expression was reduced by treatment 205 

with KDMi, and slightly enhanced by KDACi treatment [Fig. 4e]. To test whether these changes in 206 

expression were linked to changes in epigenetic effects and chromatin marks, we performed ChIP 207 

analysis of the M2M13 gene locus [Fig. 5a]. The M2M13 gene has a peak of H3K18Ac in the promoter 208 

region and enriched H3K18me1 across the gene body [Fig. 5a]. Treatment with KDMi enhanced 209 

H3K18me1 on the M2M13 gene body and promoter [Fig. 5b], whereas the KDACi treatment led to 210 

increased H3K18ac on the promoter region [Fig. 5c]. This pharmacological intervention changed H3K18 211 

modifications that correlated with gene expression and differentiation [Fig. 4e]. Thus, the balance 212 

between H3K18me1 on gene bodies and H3K18ac on gene promoters could determine the expression 213 

of key genes associated with differentiation stage transitions in Theileria parasites. 214 

 215 

The Theileria SET-domain methyltransferase TaSETup1 can methylate H3K18 216 

The methylation of lysine residues is typically performed by methyltransferases with a characteristic 217 

SET domain33. We mined the T. annulata genome20 for genes encoding SET-domain containing proteins 218 

and identified five candidates (termed here TaSETup1 to TaSETup5) [Supplementary Fig. S10 and 219 

Supplementary Table 3]. Our analysis of expression levels showed that only one of these, the 220 

uncharacterized protein TaSETup1, was expressed in macroschizonts and significantly silenced upon 221 

merogony differentiation [Fig. 6a]. We also identified two potential demethylases with JMJ domains, 222 
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one of which was induced upon merogony [Supplementary Fig. S10a-b]. These observations are 223 

consistent with a methylation shift during differentiation. We performed phylogenetic analysis of the 224 

parasite putative methyltransferases and found that TaSETup1 resembles a family of mammalian 225 

methyltransferases called SMYD34–36 proteins that have been implicated in differentiation and cancer 226 

[Supplementary Fig.  S11]. We used knowledge of SMYD protein structure and function to predict 227 

residues whose mutation would lead to a catalytically inactive protein [Fig. 6b-c]34. Modelling on the 228 

known structure of the mammalian SMYD337 protein predicted that mutation of the histidine residue 229 

at position 206 should inhibit activity. We performed a highly-sensitive, in vitro SAM methyltransferase 230 

assays38 with recombinant TaSETup1 or mutant H206F. Recombinant TaSETup1 could methylate 231 

peptides corresponding to H3K18 residues to produce H3K18me1 and H3K18me2/3, whereas the 232 

H206F mutant was inactive [Fig. 7a-b]. Furthermore, the recombinant TaSETup1 protein methylated 233 

core histones [Fig. 7a], as well as recombinant histone H3 or human nucleosomes [Supplementary Fig. 234 

S12a-c]. We compared the activity of TaSETup1 with SMYD3, the most similar mammalian SET-domain 235 

enzyme. Recombinant TaSETup1 could methylate H3K18me1 on recombinant H3, polynucleosomes or 236 

core histone isolated from HEK cells [Supplementary Fig. S13a]. In contrast, the related SMYD3 enzyme 237 

failed to methylate any of these substrates on K18. But the SMYD3 protein could methylate its 238 

preferred substrate MAP3K239 in an in vitro SAM assay [Supplementary Fig. S13b], whereas TaSETup1 239 

could not. Finally, we performed Mass Spectrometry analysis of histone peptides methylated by the 240 

recombinant TaSETup1 enzyme and demonstrated that the parasite enzyme catalyzed mono-241 

methylation of the lysine residue corresponding to H3K18 [Supplementary Fig 14]. Thus, these two 242 

highly-related methyltransferases exhibit a degree of specificity for different target substrates. No 243 

human methyltransferase has been demonstrated to methylate H3K18. 244 

 245 

The genetic tools do not currently exist to test TaSETup1 function in live parasites by mutational 246 

analysis or knockdown strategies. To circumvent this constraint, we tested the functional capacity of 247 

TaSETup1 to repress gene expression in a heterologous system as H3K18me1 was enriched on the gene 248 
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bodies of repressed genes. We fused the parasite gene to a GAL4 protein and tested its repressive 249 

activity in the T-REx system40 in which HEK293 T-REx cells contain a stably integrated luciferase (Luc) 250 

reporter gene under the control of the thymidine kinase (TK) basal promoter with five GAL4 UAS 251 

[Supplementary Fig. S15]. Tetracycline-induction led to a significant decrease in luciferase expression 252 

linked to TaSETup1, which was lost when the mutant H206F was used [Fig. 7c and Supplementary Fig. 253 

S15]. 254 

 255 

 256 

 257 

DISCUSSION 258 

The role of epigenetic mechanisms and histone post-translational modifications in regulating gene 259 

transcription and cellular differentiation is well-established for a broad range of mammalian genomes 260 

and model organisms21,22. Indeed, the enzymes responsible for methylating or acetylating lysine 261 

residues in histone tails are identified as targets for drug therapies in a wide range of human 262 

pathologies including cancer. However, relatively little is known about how parasite genomes are 263 

regulated and the mechanisms controlling differentiation. The paucity of transcription factors in the 264 

apicomplexan genomes, suggests that epigenetic mechanisms could play key regulatory roles25,26. 265 

 266 

This study presents the first insights into how dynamic changes in epigenetic marks might regulate 267 

gene expression and stage differentiation in Theileria parasites. We report the first characterization of 268 

mono-methylation of the H3K18 residue in parasite histone tails. Our experimental evidence includes 269 

immunofluorescence staining of individual cells and immunoblot analysis with three independent and 270 

specific antibodies, reinforced by Mass Spectrometry analysis with a candidate recombinant 271 

methyltransferase enzyme. The H3K18me1 was observed in B cells and macrophages infected with 272 

either T. annulata or T. parva parasites and decreased upon treatment with the thericidal 273 

Buparvaquone drug. These results suggest that H3K18 methylation is a general marker of Theileria 274 
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schizonts. Future experiments with primary clinical samples from infected cows will be interesting to 275 

test when the H3K18me1 appears during the parasite life cycle. Our experiments with parasite 276 

differentiation towards merozoites suggests that H3K18me1 may prevent merogony and advancement 277 

through the parasite life cycle.  Our results are consistent with a model in which the repressive function 278 

of H3K18me1 is lost on some loci during the differentiation to merozoites and that this allows the 279 

upregulation of a subclass of merogony-associated genes. We characterized the M2M13 gene 280 

encoding a rhoptry neck protein as a test case. The observation that expression of these M2M genes 281 

and merogony are affected by drug treatments (KDMi inhibitors) suggests that these drugs may be 282 

potential anti-parasite reagents that merit testing using in vivo models of infection.  283 

 284 

Currently, relatively little is known about gene regulation in Theileria genomes. There is a paucity of 285 

transcription factors in all apicomplexan genome. It is possible that some of the Theileria ApiAP2 genes 286 

that could be stage-transition determinants19, and it is noteworthy that some are also in the list of 287 

cluster IV genes [Supplementary Table 2]. This is interesting as ApiAP2 changes have been linked to 288 

Theileria differentiation and the PfAP2-G homologue drives an epigenetically regulated master switch 289 

which initiates gametocytogenesis in Plasmodium19,41,42. The link between epigenetic and transcription 290 

factor networks in regulating parasite differentiation merits further investigation. 291 

 292 

In addition to the novel H3K18me1 epigenetic mark, we identified TaSETup1 as the first SET-domain 293 

enzyme capable of H3K18 mono-methylation and the first characterized epigenetic actor in the 294 

Theileria genome. As there are only five SET-domain proteins in Theileria genomes, it is likely that 295 

parasite methyltransferases are multifunctional, with diverse substrate specificities. Furthermore, 296 

there is an emerging interest in non-histone targets43 and TaSETup1 homologues in other apicomplexa 297 

species may have non-histone substrates. Interestingly, the Toxoplasma homologue TgAKMT is a 298 

cytoplasmic protein important for parasite motility44,45 and the Plasmodium homologue PfSET7 can 299 

methylate H3K4 and H3K9, but also has cytoplasmic functions46. Nonetheless, H3K18 methylation has 300 
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been detected in these parasites31 and these enzymes could have both cytoplasmic and nuclear 301 

functions depending on the parasite life stage. Indeed, TaSETup1 resembles SMYD proteins that have 302 

both cytoplasmic and nuclear targets and functions34. Studies of parasite epigenetics shed new light 303 

on gene regulation mechanisms; another example is the recent discovery of mono-methylated H4K3147 304 

in Toxoplasma parasites. Methyltransferases represent versatile regulatory enzymes and the drugs23 305 

being developed to block methylation in cancers could be repurposed for infectious diseases. The study 306 

of epigenetic regulation in Theileria is likely to be rich and fruitful48 and our results already suggest that 307 

targeting the methylation machinery to block merogony could be a promising therapeutic strategy.  308 
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Methods  309 

Cell culture and treatment 310 

All bovine cell lines were previously described: TBL3 cells were derived from in vitro infection of the 311 

spontaneous bovine B lymphosarcoma cell line, BL3, with Hissar stock of T. annulata. TaC1227 is a line 312 

of T. annulata-infected bovine macrophages. The TpMD409 lymphocyte cell line is infected with T. 313 

parva. Cells were cultured in RPMI 1640 (Gibco- BRL), supplemented with 10% heat-inactivated fetal 314 

Bovine Serum (FBS), 4 mM L-glutamine, 25 mM HEPES, 10 mM β-mercaptoethanol and 100 mg /ml of 315 

penicillin/streptomycin in a humidified 5% CO2 atmosphere at 37 °C. HEK 293T-RexLuc cells were 316 

grown in DMEM supplemented with 10% FBS and 100 mg /ml of penicillin/streptomycin in a humidified 317 

5% CO2 atmosphere at 37 °C. The anti-parasite drug Buparvaquone (BW720c) was used at 50 ng/ml for 318 

48 hours (Chemos GmbH, ref: 88426-33-9). The KDM inhibitor (KDMi) is the well-characterized, broad 319 

spectrum lysine demethylase inhibitor tranylcypromine (TCP) (a generous gift from A. Mai, Sapienza 320 

University, Rome) used at 1µM, 48H and the KDAC inhibitor (KDACi) 24h at 40nM (compound 321 

FR235222, a generous gift from MA. Hakimi). The KDM inhibitor (KDMi) is used at 1µM, 48h and the 322 

KDAC inhibitor (KDACi) 24h at 40nM (compound fr235222 from M. A. Hakimi, IAB, Grenoble, France). 323 

 324 

Merogony induction 325 

Macroschizont-infected TaC12 cells were induced to differentiate to merogony by increasing the 326 

culture temperature to 41°C32. Cells were passaged each time they reached confluence and 2x106 cells 327 

collected at day 0 (macroschizont stage) and day 8 (merogony stage) for RNA extraction and 4x103 cells 328 

per immunofluorescence at the same time-points. 329 

 330 

Immunofluorescence analysis 331 

Cultured T. annulata-infected macrophages (TaC12) or B cells (TBL3) were washed with PBS containing 332 

1mM EDTA and 3x104 cells per slide were centrifuged with Cytospin (10 min at 1500rpm) to adhere to 333 

the slide. Cells were fixed in 3.7% paraformaldehyde for 15 min and subsequently permeabilised in 334 
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0.2% Triton X-100 (prepared in PBS) for 10 min. Fixation, permeabilisation and all the following steps 335 

were carried out at room-temperature. Slides were blocked with PBS 0.2%Tween (PBST) – 1%BSA for 336 

30 min. Primary antibodies were diluted in PBST and incubated for 1h at the following dilutions: rabbit 337 

anti-H3K18me1 (ab177253, Abcam), 1:5000; rabbit anti-H3K18ac (9675 S, Cell signaling) 1:800, rabbit 338 

anti H3K4me3 (pAb-003-050, Diagenode) 1:200. Cells were subsequently washed three times with 339 

PBST and incubated with secondary antibody for 30 min at the following dilutions: Alexa594-340 

conjugated donkey anti-rabbit antibody, 1:1000. Cells were washed three times with PBST and finally, 341 

mounted on coverslips adding ProLong Diamond Antifade Mountant with DAPI mounting reagent 342 

(ThermoFischer Scientific). Samples were analysed using a Leica DMI 6000 epifluorescence 343 

microscope. Images were generated and processed using Metamorph and ImageJ software. For 344 

H3K18ac and H3K18me1 intensity quantification in the parasite, for each cell, we calculated the mean 345 

intensity in the entire parasite using ICY software, divided by the number of parasite nuclei per host 346 

cell. The counting of cells in the macroschizont or merogony stage was done using ImageJ. We defined 347 

a threshold for the Schizont/Merogony cycle stage, at 80 parasites per cell. 348 

 349 

Protein extraction and Western blot analysis 350 

For all the cell lines, 2x107 cells were collected and histone extraction was performed using the Abcam 351 

Kit protocol. Histones were resolved on NuPage 4-12% acrylamide gradient SDS-PAGE gel (Invitrogen) 352 

and transferred onto nitrocellulose membrane in Tris-Glycine Transfer Buffer. Membrane were 353 

blocked and incubated overnight at 4°C with the primary antibodies: H3K18me1(ab177253) 1:20000; 354 

H3K18ac (ab1191) 1:2000; H3 (ab1791) 1:10000. Membranes were incubated with the appropriate 355 

secondary antibody coupled to horseradish peroxidase (HRP), revealed using West Dura kit and the 356 

Licor detection system. 357 

 358 

Luciferase reporter activity 359 

https://www.thermofisher.com/order/catalog/product/P36962
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HEK 293T-RexLuc cells were grown in DMEM supplemented with FBS Tetracycline-free (EuroBio) and 360 

transfected with the pcDNA4-TO-Gal4-G9a, pcDNA4-TO-Gal4-TaSetup1, pcDNA4-TO-Gal4-PrSet7 and 361 

pcDNA4-TO-Gal4-TaSETup1-H207F plasmids using lipofectamine 2000. The proteins were induced 5h 362 

post-transfection with Tetracycline (final concentration of 1 µg/ml). Transfection efficiencies were 363 

normalized to Renilla activity by co-transfection of a pRL-TK Renilla reporter plasmid at 150 ng. 364 

Luciferase assays were performed 36h post-induction using the Dual-Glo Luciferase assay system 365 

(Promega) in a microplate luminometer. Percentage of luciferase activity was represented as the ratio 366 

Firefly/Renilla luminescence, compared with the non-induced transfected cells. 367 

 368 

Plasmids and transfection 369 

pCDNA4-TO-Gal4-G9a and pcDNA4-TO-Gal4-PrSet7 were a gift from S. Ait-Si-Ali. pcDNA4-TO-Gal4-370 

TaSETup1 and pcDNA4-TO-Gal4-TaSETup1-H207F were generated from pcDNA4-TO-Gal4-G9a cloning 371 

TaSETup1 cDNA from Theileria infected macrophages RNA, with restriction enzymes EcoRI and NotI. 372 

Each plasmid was transfected in HEK 293T-RexLuc cells with Lipofectamine 2000 in a concentration 373 

gradient (0,5µg, 1µg and 2µg). pRL-TK Renilla reporter plasmid were co-transfected at 150ng. 374 

 375 

RNA extraction and RT-qPCR 376 

For all cell conditions, total RNA was extracted using Nucleospin RNA extraction kit (MachereyNagel) 377 

following manufacturer’s protocol. 1µg of total RNA was reverse transcribed with Superscript III 378 

Reverse transciptase Kit (Invitrogen). Real-time quantitative PCR was performed to analyze relative 379 

gene expression levels using SyberGreen Master Mix (Applied Biosystem) following manufacturer’s 380 

protocol. Relative expression values were normalized with housekeeping gene mRNA HSP70. Primer 381 

sequences are listed in Supplementary Table 4.  382 

 383 

RNA-Seq analysis 384 
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5x106 cells (BL3 or TBL3) were used as starting material to extract RNA. Extraction was performed 385 

following the TRI-reagent (SIGMA, T-9424) protocol. Library preparation and sequencing were 386 

performed at the GenomIC’ sequencing facility (https://www.institutcochin.fr/core_facilities/genome-387 

sequencing-studies?set_language=en). Briefly, poly-A Library preparation was done using the Illimuna 388 

TrueSeq stranded protocol and paired end 75bp sequencing was performed on a Illumina NextSeq 500 389 

to a depth of over 40M reads per sample. Read-quality control was performed using fastQC (v0.11.7) 390 

and Rsubread49 (v1.26.1) qualityScore function. Read mapping was performed using the Rsubread align 391 

function on an indexed version of T. annulata genome assembly ASM322v1.32. RPKM values were 392 

obtained using the featureCounts function from the Rsubread package using the same ASM322v1.32 393 

annotations.  Visualisation and snapshots of bam files were performed using IGV (v2.3.91) and further 394 

modified using inkscape (v0.92.3). Kruskal-Wallis and pairwise Wilcoxon Statistical testing on RPKM 395 

values from cluster I-V was performed using the ggpubr (v0.2) R package. 396 

 397 

Chromatin Immunoprecipitation and next generation sequencing 398 

BL3 and TBL3 cells (2 x 107) were fixed for 10 min with 1% formaldehyde at room temperature. Fixation 399 

was stopped with 125 mM glycine for 5 min. Fixed cells were washed 2x with cold PBS. After washes, 400 

nuclei were obtained and chromatin was sheared with Bioruptor pico to yield 100–400 bp DNA 401 

fragments. Sheared chromatin were incubated overnight at 4°C with anti-H3K18me1 (Abcam 177253), 402 

anti-H3K18Ac (Cell Signaling 9675S), anti-H3K4me3 (Millipore 07-473), anti-H3K36me3 (ab9050) and 403 

IgG isotype control (Cell Signaling 27295). The immunoprecipitation was carried out using Dynabeads 404 

protein G (Thermo Fisher Scientific) for 3h at 4°C.  Both input and ChIP DNA were then treated with 405 

RNase A for 1 h at 37°C, followed by addition of Proteinase K and overnight incubation at 65°C to 406 

reverse cross-link. DNA was then purified with NucleoSpin Gel and PCR clean-up kit (MachereyNagel) 407 

following the manufacturer’s instructions.  408 

 409 
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ChIP-Seq libraries were prepared using the MicroPlex v2 kit (Diagenode) according to manufacturer’s 410 

instructions. 10µL of DNA material were used and a 10-cycle PCR was performed as a final amplification 411 

of the libraries. Libraries were sequenced on a NextSeq 500 system (Illumina). A 75-base single-end 412 

run was performed, with the libraries loaded as a 2pM equimolar pool with 1% of internal control 413 

sequences (PhiX – Illumina). 594 million reads were generated with Q30 = 86.37%. Raw reads were 414 

converted to Fastq files and their quality assessed using Aozan (version 2.2.1)39. Read-quality control 415 

was performed using fastQC (v0.11.7) and Rsubread49 (v1.26.1) qualityScore function. Read mapping 416 

was performed using the Rsubread align function on an indexed version of Theileria annulata genome 417 

assembly ASM322v1.32. Biological replicates correlation was assessed using PCA and 418 

Spearman/Pearson correlation coefficient computation using deepTools50 (v3.1.1) bamCoverage, 419 

multiBamSummary and plotCorrelation tools. K-means clustering on H3K18me1 ChIPseq analysis was 420 

performed using the computeMatrix and plotHeatmap tools. Circos plot of ChIP-seq and RNA-seq 421 

experiment was done using circlize51 (v0.4.5).  422 

 423 

Gene set overlaps 424 

Representation factor and associated probability between genes from Cluster IV and stage-specific 425 

differentially expressed genes (from previously study19)  were calculated using the software available 426 

at http://nemates.org/MA/progs/overlap_stats.html . Briefly, the representation factor corresponds 427 

to the number of overlapping genes divided by the expected number of overlapping genes drawn from 428 

two independent groups. Associated probability was computed using an exact hypergeometric test. 429 

Details of the computations can be found at http://nemates.org/MA/progs/representation.stats.html. 430 

R and ggplot2 packages were used to produce several figure panels. 431 

 432 

Phylogenetic analysis 433 

SET domain proteins were retrieved from interproDBv6652 using the SET domain identifier IPR0014. 434 

Homo sapiens SET proteins were further curated to include only some representatives of the major 435 

http://nemates.org/MA/progs/overlap_stats.html
http://nemates.org/MA/progs/representation.stats.html
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SET families. Proteins were aligned using mafft53 v7.245 with option --localpair --maxiterate 1000 --ep 436 

0. Alignment was examined using Jalview54 v2.10.5 and phylogenetic tree inferred with Ultra-Fast 437 

bootstrap and alrt branch support using iqtree55–57 v1.5.5 with options –m TEST -bb 1000 –alrt 1000.  438 

FigTree v1.4.3 was used for tree annotation. Computations were performed using Docker containers 439 

available at https://hub.docker.com/u/parisepigenetics/. 440 

 441 

Reannotation of parasite genes 442 

T. annulata protein sequences were submitted to the blast2GO58 pipeline for annotation using 443 

standard parameters.  444 

 445 

Cloning and Site-directed Mutagenesis 446 

Total cellular RNA from infected macrophages (TaC12) was converted to cDNA using Phusion High 447 

Fidelity DNA polymerase (ThermoFisher). The open reading frame of TaSETup1 (TA06820, 448 

piroplasmaDB) (refseq_948938) was PCR amplified with Q5 High Fidelity DNA polymerase (NEB) and 449 

cloned by BP recombination reaction into entry clone pDONR207 using GATEWAY® cloning technology. 450 

The positive entry clone containing TaSETup1 was shuttled into pDEST17 His Tag Expression vector by 451 

LR recombination reaction using GATEWAY® cloning technology. For site-directed mutagenesis of 452 

TaSETup1, Histidine 206 residue was mutated into phenylalanine using Phusion Site-Directed 453 

Mutagenesis Kit (Thermofisher). The resulting positive clone was transformed to competent E.coli host 454 

HI-controlTM BL21 (DE3) cells for protein expression and purification.  455 

 456 

Protein expression and purification 457 

A single colony of pDEST17 TaSETup1 WT, or H206F, was inoculated into 5 ml of LB broth containing 458 

100ug/mL ampicillin. Overnight culture was transferred to 1 L of fresh medium and was grown at 37°C 459 

until OD value of 0.7 at 600 nm was reached. Isopropyl β-D-1-thiogalactopyranoside (IPTG) was added 460 

to a final concentration of 750 µM and grown overnight at 16°C. Cells were harvested by centrifugation 461 

https://hub.docker.com/u/parisepigenetics/
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at 4500 rpm for 20 minutes and the pellet re-suspended for 30 minutes at 4°C under agitation in cold 462 

lysis buffer (300 mM NaCl in PBS 1x, pH 8, triton 1 %, lysozyme 1 mg/ml, 10 mM imidazole, cOmpleteTM 463 

Protease Inhibitor Cocktail). The cells were disrupted by sonication on ice and clarified by 464 

centrifugation at 16,000 g for 30 minutes at 4°C. Proteins carrying the histidine tag were purified using 465 

HIS-Select® Nickel Affinity Gel. Briefly, clarified lysate was incubated with affinity beads during 3 hours 466 

at 4°C under agitation and then transferred to a chromatography column. After extensive washing the 467 

histidine containing protein was eluted from the column using 5 column volumes of elution buffer (300 468 

mM NaCl in PBS 1x, pH 8, 300 mM Imidazole).  Samples were subjected to buffer exchange into low 469 

salt buffer (tris-HCl 50 mM, NaCl 50 mM, pH 8) using PD-10 Desalting Columns contain Sephadex G-25 470 

resin (GE Healthcare). Desalting Sample was concentrated using an Amicon Ultra centrifugal filter units 471 

(cutoff 10 kDa, EMD Millipore) and subjected to gel filtration using a HiLoad 16/60 Superdex 200 size-472 

exclusion column using a fast protein liquid chromatography system (Amersham). The sample was 473 

eluted using low salt buffer and fractions containing HIS tagged protein were pooled, concentrated 474 

using Amicon Ultra centrifugal filter units (cutoff 10 kDa) and analyzed by SDS-PAGE gel electrophoresis 475 

and Coomassie staining. 476 

 477 

RP-UFLC-based separation and quantification of the fluorescein-labeled peptide substrate of 478 

TaSETup1 (FAM-H3K18) and its methylated products (FAM-H3K18me) 479 

A 9-amino-acid peptide derived from the sequence of human histone H3.1 protein and containing the 480 

lysine 18 residue was synthetized and conjugated to fluorescein amidite (FAM) on its N-terminus and 481 

modified by amidation (NH2) on its C-terminus (Proteogenix, France). The lysine 14 was mutated to an 482 

arginine in order to only monitor lys-18 TaSETup1-dependent methylation. The peptide was as follows: 483 

FAM- RAPRK18QLAT-NH2.  A mono, di, and tri methylated different form of H3K18 (H3K18me1/me2/me3) 484 

peptide was also synthesized and used as standard. The lysine methyl transferase reaction was carried 485 

out overnight at room temperature in methylation buffer (Tris 50mM pH 8, 50 mM NaCl, 1mM DTT) 486 

containing 75µM of peptide substrate, 3µM of enzyme and with or without 200µM of S-Adenosyl 487 
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methionine (SAM). Samples containing H3K18 peptide (substrate) and its methylated forms (products) 488 

were separated by RP-UFLC (Shimadzu) using Kromasil 100-5-C18 column 4.6 x 250 mm, 5 µm particle 489 

size at 40°C. The mobile phase used for the separation consisted of 2 solvents. Solvent A containing 490 

water with 0.1% perchloric acid (HClO4) and solvent B containing acetonitrile with 0.12% trifluoacetic 491 

acid (TFA). Separation was performed by an isocratic flow as followed: 80 % A/20 % B, rate of 1 ml/min, 492 

time of run = 27 min. H3K18 peptide (substrate) and its methylated forms (products) were monitored 493 

by fluorescence emission (λ= 530 nm) after excitation at λ= 485 nm and quantified by integration of 494 

the peak absorbance area, employing a calibration curve established with various known 495 

concentrations of peptides. 496 

  497 

Histone methyltransferase in vitro assays 498 

Recombinant histone H3 (NEB), H3 from calf Thymus (Sigma), or core histone purified from chicken 499 

erythrocytes (Sigma) (500 ng) were mixed with or without S-adenosyl methionine (100 µM final) in 1X 500 

HMT buffer containing 50 mM Tris pH 8.0, 20mM KCl, 5mM MgCl2, 5% glycerol, 1mM DTT in a final 501 

volume of 25 μl and incubated at room temperature for 2 hours. Samples mixtures were immobilized 502 

on nitrocellulose membrane using Bio-Dot®microfiltration apparatus (Bio-Rad) and blocked with 5% 503 

non-fat milk in TBS-Tween for 1 hour. After three washes, membranes were incubated with antibodies 504 

against H3 (1:2000), H3K18me1 (1:1000), at 4°C overnight. Membranes were washed three times for 505 

10 minutes and incubated with a 1:5000 dilution of horseradish peroxidase-conjugated anti-rabbit 506 

antibody for 1 hour at room temperature and developed with the Pierce ECL Western Blotting 507 

Substrate according to the manufacturer’s protocol. 508 

 509 

Sample preparation for LC-MS/MS analysis 510 

50 µg of a H3 derived 14-mer peptide flanking the lysine 18 (GGKAPRKQLATKAA-NH2, Proteogenix) 511 

were incubated with 3 µg TaSETup1 and with or without 1 mM SAM for 2h at room temperature. The 512 

reaction was then stopped by cooling and the samples were analyzed by LC-MS/MS as follows. 513 
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LC-MS/MS acquisition  514 

The peptide solution was desalted using ZipTip µ-C18 Pipette Tips (Millipore) and analyzed by an 515 

Orbitrap Tribrid Fusion mass spectrometer in positive mode (Thermo Scientific) coupled to a Nano-LC 516 

Proxeon 1200 equipped with a NSI EASY-spray ion source (Thermo Scientific). Peptides were separated 517 

by liquid chromatography with the following parameters: Acclaim PepMap100 C18 pre-column 518 

reversed phase (2 cm, 3 μm, 100 Å), EASY-spray C18 column reversed phase (P/N ES805A, 75 cm, 75 519 

μm, 2 μm, 100 Å), 300 nl/min flow rate, gradient from 95 % solvent A (water, 0.1 % formic acid) to 40 520 

% solvent B (80 % acetonitrile, 0.1% formic acid) over a period of 120 minutes, followed by a column 521 

regeneration of 20 min, giving a total run time of 140 minutes. Peptides were analyzed in the Orbitrap 522 

cell, in full ion scan mode, at a resolution of 120,000 with a mass range of m/z 350-1550 and an AGC 523 

target of 4 x105. Fragments were obtained by high collision-induced dissociation (HCD) activation with 524 

a collisional energy of 27%, and a quadrupole isolation window of 1.6 Da. MS/MS data were acquired 525 

in the Ion trap in a Top-Speed mode with 3 seconds cycles, with an AGC target of 1x104 and with a 526 

dynamic exclusion of 60 seconds. MS/MS of most intense precursor were firstly acquired. Peptides 527 

with charge states = 1 to 8 and unassigned charge states were included for the acquisition. The 528 

maximum ion accumulation times were set to 100 ms for MS acquisition and 35 ms for MS/MS 529 

acquisition.  530 

 531 

LC-MS/MS data processing 532 

The LC-MS/MS .raw files were processed using the Sequest search engine of Proteome Discoverer 2.4 533 

(Thermo Fisher Scientific). The peptide identification was done in No-enzyme mode with a custom 534 

database containing only the peptide sequence. The precursor mass tolerance was set to 7 ppm and 535 

the fragment mass tolerance to 0.5 Da. Validation of spectra was done with the “Fixed value PSMs 536 

validator” node, which perform validation of PSMs (Peptide Spectrum Matches) based on score 537 

thresholds defined for the search nodes. 538 
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On proteome Discoverer 2.4, the following dynamic modifications were searched: Methylation (K), 539 

Dimethylation (K), Trimethylation (K), amidated (C-terminus of peptide) and HCysThiolactone (K). 540 

 541 

Characterization of H3K18me1 antibody specificity 542 

2 µg of 5-FAM coupled short peptides (Proteogenix) flanking the unmodified, monomethylated, 543 

dimethylated, trimethylated or acetylated lysine of interest (H3K4: ARTKQTARRSK, H3K9: 544 

RQTARKSTGG, H3K14: STGGKAPRR, H3K18: RAPRKQLAT, H3K27: TKAARKSAPAT and H3K36: 545 

TGGVKRPHR) were transfered on nitrocellulose membrane using Bio-Dot®microfiltration apparatus 546 

(Bio-Rad) and blocked with 5% non-fat milk in PBS-Tween for 1 hour. Membranes were then incubated 547 

with antibodies against H3K18me1 (Abcam #ab177253, Active Motif #31259 and a home-made 548 

antibody provided by Jane Mellor’s laboratory) (1:10000) or H3K36me3 (Abcam #ab9050) (1:10000) at 549 

4°C overnight. Membranes were washed three times with PBS-Tween for 10 minutes and incubated 550 

with a 1:20000 dilution of horseradish peroxidase-conjugated anti-rabbit antibody for 1 hour at room 551 

temperature. Membranes were finally developed with the Pierce ECL Western Blotting Substrate 552 

according to the manufacturer’s protocol.  553 

  554 
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Figure Legends:  719 

Figure 1. H3K18 methylation marks parasite nuclei 720 

a. Immunofluorescence analysis of BL3 (uninfected) mixed with TBL3 (infected) cells. Host and 721 

parasite nuclei are stained with DAPI (grey). Histone marks were detected with specific antibodies for 722 

H3K18me1 (red) or H3K18ac (cyan). Solid white arrowheads indicate the nuclei of the bovine cells and 723 

the smaller empty arrowheads point to parasite nuclei in TBL3 cells only. The yellow dotted arrows 724 

indicate the cross-section planes used for quantification. 725 

b. Quantification of immunofluorescence intensity of H3K18me1 (red) and H3K18ac (blue) 726 

compared to DNA/DAPI (grey). The plot profiles are representative of the yellow cross-section lines. 727 

c. Immunofluorescence staining for H3K18me1 (red) and H3K18ac (cyan) in parasite-infected 728 

macrophages (TaC12 cells). Host and parasite nuclei are stained with DAPI (grey). Leica microscope, 729 

100X, Scale bar = 5μm. Solid white arrowheads show the bovine host nuclei and empty arrowheads 730 

point to parasitic nuclei. The yellow dotted arrows indicate the cross-section planes used for 731 

quantification. 732 

d. Quantification of immunofluorescence intensity of H3K18me1 (red) and H3K18ac (blue) 733 

compared to DNA (grey). The plot profiles are representative of the yellow cross-section lines.  734 

e. Western blot analysis of BL3 and TBL3 cells (treated with the theilericidal drug Buparvaquone, 735 

Bup). H3 was used as a loading control. The bands were quantified and compared with uninfected BL3 736 

cells. Results are representative of at least three independent experiments. 737 

f. Western blot analysis of H3K18 modifications in infected TaC12 macrophages treated with or 738 

without Buparvaquone (Bup). The bands were quantified and compared with uninfected BL3 cells. 739 

Results are representative of at least three independent experiments. 740 

 741 

 742 

 743 

 744 
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Figure 2: Mono-methylation of H3K18 is distributed on the gene bodies of repressed genes 745 

Average occupancy profiles for H3K4me3 (green), H3K18ac (blue), H3K18me1 (red) and H3K36me3 746 

(purple) around transcriptional start sites (TSS) of all T. annulata genes. X-axis: genomic coordinates 747 

+/-1.5 Kb. Y-Axis: log2 (ChIP/Input).  748 

a. Heatmap of occupancy across all Theileria genes starting from 500 bp before the TSS to the 749 

end of the gene (TES), normalised by length (normalised to input read coverage). Clustering is the result 750 

of a 5 k-means clustering on H3K18me1.  The H3K18me1-enriched Cluster IV is highlighted in light grey. 751 

b. Average occupancy profiles per cluster for H3K4me3 (green), H3K18ac (blue), H3K18me1 (red) 752 

and H3K36me3 (purple) starting from 500 bp before the TSS to the TES, normalised by length. Cluster 753 

IV is highlighted in grey. 754 

c. Boxplot of gene expression (RPKM) per cluster as defined by the 5 k-means clustering on 755 

H3K18me1. Pairwise-Wilcoxon statistical testing is indicated. Custer IV is highlighted in grey. Statistical 756 

test Dunnett’s multiple comparison test: **** p<0.0001. 757 

a. Selected genome region depicting epigenetic profiles and gene expression for Theileria genes 758 

belonging to the 4 clusters (indicated below). Two genes from cluster IV are highlighted in grey 759 

(TA16455, TA16420). H3K4me3 (green), H3K18ac (blue), H3K18me1 (red) and H3K36me3 (purple), 760 

Input (grey).  761 

 762 

Figure 3: H3K18 methylation is dynamic across stage transitions 763 

a. Differentiation to merozoites led to a decrease of H3K18me1 in parasite nuclei 764 

Immunofluorescence analysis of T. annulata infected macrophages TaC12, at 37°C (macroschizont) and 765 

after merogony induction for 8 days at 41°C. Host and parasite nuclei were stained with DAPI (grey) 766 

and with a specific antibody for H3K18me1 (red). The yellow box shows a zoom of merogony. Leica 767 

microscope, 100X, Scale bar = 5μm. The right panel shows quantification of immunofluorescence 768 

intensity of H3K18me1 (red) compared to DNA (grey), along the yellow cross-section line, showing 769 

reduced staining in merozoites.  770 
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b. Changes in the level of Histone methylation and acetylation upon treatment with inhibitors of 771 

epigenetic enzymes. Fluorescence intensity quantification of the parasite histone marks H3K18me1, 772 

H3K18ac, H3K4me3 or H3K36me3 in TaC12 cells treated with either KDMi (histone demethylase 773 

inhibitor) or KDACi (histone deacetylase inhibitor).  For all experiments n=3, Statistical test Dunnett’s 774 

multiple comparison test: ns=not statistically significant; **** p<0.0001; * p<0.05. 775 

 776 

Figure 4: Pharmacological treatments impact parasite differentiation 777 

a. KDMi and KDACi treatment impacted merogony induction in infected cells. Quantification of 778 

cells at macroschizont (orange) or merogony (green) parasite stages after 8 days cultured at 41°C 779 

treated with inhibitors. The right panels shows the expression levels of the parasite gene Tamr1 780 

(merogony marker) after 8 days at 41°C treated with inhibitors. Levels at 41°C were compared to 37°C 781 

schizont controls n=3, Statistical test Dunnett’s multiple comparison test: ns=not statistically 782 

significant; **** p<0.0001; **p<0.005. 783 

b. Cluster IV genes are over-represented in differentially expressed genes in sporozoite-to-784 

macroschizont (S2M down-regulated) and macroschizont-to-merozoite (M2M up-regulated) 785 

transitions. Dot chart of the representation factor and p-value of significant overlap between 786 

differentially expressed genes derived from a published microarray19 and our H3K18me clusters. Dot 787 

colour transparency is plotted as p-value and dot size represents the representation factor. The right 788 

panel shows Venn diagram indicating the numbers of genes overlapping between cluster IV, genes up-789 

regulated in the M2M transition and genes downregulated in the S2M transition.  790 

c. Merogony induction increased the expression of the M2M13 gene (Cluster IV) that is up-791 

regulated during macroschizont to merozoite transition. The M2M13 gene was affected by the 792 

epigenetic inhibitors KDMi and KDACi. RT-qPCR analysis of M2M13 gene in infected macrophages, at 793 

37°C and at 41°C for 8 days, after treatment with inhibitors, showed that the expression level of 794 

M2M13 was significantly reduced by KDMi treatment. Levels at 41°C were compared to 37°C schizont 795 
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controls or untreated merogony (n=3), Statistical test Dunnett’s multiple comparison test: ns=not 796 

statistically significant; **p<0.005; * p<0.05.   797 

 798 

Figure 5: Chromatin analysis of a differentiation gene 799 

a. Representation of the chromatin status of H3K18 at the M2M13 locus. Chromatin 800 

immunoprecipitation ChIP-Seq analysis of the M2M13 gene in schizont conditions (37°C) showing 801 

H3K18Ac enrichment (blue) on the M2M13 promoter region and H3K18me enrichment (red) on the 802 

gene body.  803 

b. Treatment with the KDMi or KDACi inhibitors impacted the presence of H3K18me1 histone 804 

marks on the M2M13 gene. Quantification of the H3K18me1 mark by ChIP-PCR on the M2M13 805 

promoter or gene-body, after treatment with epigenetic inhibitors. 806 

c. Quantification of H3K18ac mark on the M2M13 gene and promoter following inhibitor 807 

treatment.  808 

For all experiments n=3, Statistical test Dunnett’s multiple comparison test: ns=not statistically 809 

significant; **p<0.005; * p<0.05. 810 

 811 

Figure 6. The Theileria methyltransferase TaSETup1  812 

a. Analysis of expression (RT-qPCR) the TaSETup genes in macroschizont or merogony culture 813 

conditions (37°C or 41°C, respectively). Results were normalized to TaSETup1 at 37°C and represent 3 814 

independent experiments (n=3). Statistical test Dunnett’s multiple comparison test showing changes 815 

upon merogony: ns=not statistically significant; * p<0.05. 816 

b. Comparison of TaSETup1 predicted structure (beige) with the crystal structure of the human 817 

SMYD3 protein (blue, PDB ID: 6IJL), with zoom window of the active site highlighting TaSETup1 H206 818 

residue (red). 819 

c. Schematic of the TaSETup1 protein, highlighting the SAM binding regions and the H206 residue 820 

(red). 821 
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 822 

Figure 7. The Theileria TaSETup1 can methylate H3K18 and repress gene expression 823 

a. Methyltransferase assay of recombinant TaSETup1 (wild-type WT or mutant H206F) incubated 824 

with or without SAM and core histones followed by immuno-dot-blot detection with H3K18me1 825 

antibody. The quantification results were normalized to H3. This result is representative of three 826 

independent experiments showing similar outcomes. 827 

b. Assay of TaSETup1 methyltransferase activity by quantification of fluorescent H3K18 peptide 828 

(substrate S and methylated product P). Chromatograms show mono-methylated (K18me1) and di/tri 829 

methylated (K18me2/3) product in presence or absence of SAM for WT and mutant enzymes. Inset: 830 

Integration of the peak (AUC, Area Under the Curve).  831 

c. Recruitment of GAL4-TaSetup1 (but not the GAL-TaSETip1 H206F mutant) caused repression 832 

of the Luciferase transgene in T-Rex cells in the presence Tetracycline (48 hours). The % Luciferase 833 

activity represents the mean of 5 independent experiments.  834 
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Figures

Figure 1

Figure 1. H3K18 methylation marks parasite nuclei a. Immuno�uorescence analysis of BL3 (uninfected)
mixed with TBL3 (infected) cells. Host and parasite nuclei are stained with DAPI (grey). Histone marks
were detected with speci�c antibodies for H3K18me1 (red) or H3K18ac (cyan). Solid white arrowheads
indicate the nuclei of the bovine cells andthe smaller empty arrowheads point to parasite nuclei in TBL3
cells only. The yellow dotted arrowsindicate the cross-section planes used for quanti�cation. b.
Quanti�cation of immuno�uorescence intensity of H3K18me1 (red) and H3K18ac (blue) compared to
DNA/DAPI (grey). The plot pro�les are representative of the yellow cross-section lines. c.
Immuno�uorescence staining for H3K18me1 (red) and H3K18ac (cyan) in parasite-infected macrophages
(TaC12 cells). Host and parasite nuclei are stained with DAPI (grey). Leica microscope, 100X, Scale bar =
5μm. Solid white arrowheads show the bovine host nuclei and empty arrowheads point to parasitic
nuclei. The yellow dotted arrows indicate the cross-section planes used for quanti�cation. d.
Quanti�cation of immuno�uorescence intensity of H3K18me1 (red) and H3K18ac (blue) compared to
DNA (grey). The plot pro�les are representative of the yellow cross-section lines. e. Western blot analysis
of BL3 and TBL3 cells (treated with the theilericidal drug Buparvaquone, Bup). H3 was used as a loading
control. The bands were quanti�ed and compared with uninfected BL3 cells. Results are representative of
at least three independent experiments. f. Western blot analysis of H3K18 modi�cations in infected



TaC12 macrophages treated with or without Buparvaquone (Bup). The bands were quanti�ed and
compared with uninfected BL3 cells. Results are representative of at least three independent experiments.

Figure 2

Mono-methylation of H3K18 is distributed on the gene bodies of repressed genes Average occupancy
pro�les for H3K4me3 (green), H3K18ac (blue), H3K18me1 (red) and H3K36me3 (purple) around
transcriptional start sites (TSS) of all T. annulata genes. X-axis: genomic coordinates +/-1.5 Kb. Y-Axis:
log2 (ChIP/Input). a. Heatmap of occupancy across all Theileria genes starting from 500 bp before the
TSS to the end of the gene (TES), normalised by length (normalised to input read coverage). Clustering is
the result of a 5 k-means clustering on H3K18me1. The H3K18me1-enriched Cluster IV is highlighted in
light grey. b. Average occupancy pro�les per cluster for H3K4me3 (green), H3K18ac (blue), H3K18me1



(red) and H3K36me3 (purple) starting from 500 bp before the TSS to the TES, normalised by length.
Cluster IV is highlighted in grey c. Boxplot of gene expression (RPKM) per cluster as de�ned by the 5 k-
means clustering on H3K18me1. Pairwise-Wilcoxon statistical testing is indicated. Custer IV is
highlighted in grey. Statistical test Dunnett’s multiple comparison test: **** p<0.0001. a. Selected genome
region depicting epigenetic pro�les and gene expression for Theileria genes belonging to the 4 clusters
(indicated below). Two genes from cluster IV are highlighted in grey (TA16455, TA16420). H3K4me3
(green), H3K18ac (blue), H3K18me1 (red) and H3K36me3 (purple), Input (grey).

Figure 3

H3K18 methylation is dynamic across stage transitions a. Differentiation to merozoites led to a decrease
of H3K18me1 in parasite nuclei Immuno�uorescence analysis of T. annulata infected macrophages
TaC12, at 37°C (macroschizont) and after merogony induction for 8 days at 41°C. Host and parasite
nuclei were stained with DAPI (grey) and with a speci�c antibody for H3K18me1 (red). The yellow box
shows a zoom of merogony. Leica microscope, 100X, Scale bar = 5μm. The right panel shows
quanti�cation of immuno�uorescence intensity of H3K18me1 (red) compared to DNA (grey), along the
yellow cross-section line, showing reduced staining in merozoites. b. Changes in the level of Histone
methylation and acetylation upon treatment with inhibitors of epigenetic enzymes. Fluorescence intensity
quanti�cation of the parasite histone marks H3K18me1, H3K18ac, H3K4me3 or H3K36me3 in TaC12
cells treated with either KDMi (histone demethylase inhibitor) or KDACi (histone deacetylase inhibitor).
For all experiments n=3, Statistical test Dunnett’s multiple comparison test: ns=not statistically
signi�cant; **** p<0.0001; * p<0.05.



Figure 4

Pharmacological treatments impact parasite differentiation a. KDMi and KDACi treatment impacted
merogony induction in infected cells. Quanti�cation of cells at macroschizont (orange) or merogony
(green) parasite stages after 8 days cultured at 41°C treated with inhibitors. The right panels shows the
expression levels of the parasite gene Tamr1 (merogony marker) after 8 days at 41°C treated with
inhibitors. Levels at 41°C were compared to 37°C schizont controls n=3, Statistical test Dunnett’s multiple
comparison test: ns=not statistically signi�cant; **** p<0.0001; **p<0.005. b. Cluster IV genes are over-
represented in differentially expressed genes in sporozoite-to-macroschizont (S2M down-regulated) and
macroschizont-to-merozoite (M2M up-regulated) transitions. Dot chart of the representation factor and p-
value of signi�cant overlap between differentially expressed genes derived from a published
microarray19 and our H3K18me clusters. Dot colour transparency is plotted as p-value and dot size
represents the representation factor. The right panel shows Venn diagram indicating the numbers of
genes overlapping between cluster IV, genes up- regulated in the M2M transition and genes



downregulated in the S2M transition. c. Merogony induction increased the expression of the M2M13 gene
(Cluster IV) that is up- regulated during macroschizont to merozoite transition. The M2M13 gene was
affected by the epigenetic inhibitors KDMi and KDACi. RT-qPCR analysis of M2M13 gene in infected
macrophages, at 37°C and at 41°C for 8 days, after treatment with inhibitors, showed that the expression
level of M2M13 was signi�cantly reduced by KDMi treatment. Levels at 41°C were compared to 37°C
schizont controls or untreated merogony (n=3), Statistical test Dunnett’s multiple comparison test: ns=not
796 statistically signi�cant; **p<0.005; * p<0.05.

Figure 5

Chromatin analysis of a differentiation gene a. Representation of the chromatin status of H3K18 at the
M2M13 locus. Chromatin immunoprecipitation ChIP-Seq analysis of the M2M13 gene in schizont
conditions (37°C) showing H3K18Ac enrichment (blue) on the M2M13 promoter region and H3K18me
enrichment (red) on the gene body. b. Treatment with the KDMi or KDACi inhibitors impacted the presence
of H3K18me1 histonemarks on the M2M13 gene. Quanti�cation of the H3K18me1 mark by ChIP-PCR on
the M2M13 promoter or gene-body, after treatment with epigenetic inhibitors. c. Quanti�cation of
H3K18ac mark on the M2M13 gene and promoter following inhibitor treatment. For all experiments n=3,
Statistical test Dunnett’s multiple comparison test: ns=not statistically signi�cant; **p<0.005; * p<0.05.



Figure 6

The Theileria methyltransferase TaSETup1 a. Analysis of expression (RT-qPCR) the TaSETup genes in
macroschizont or merogony culture conditions (37°C or 41°C, respectively). Results were normalized to
TaSETup1 at 37°C and represent 3 independent experiments (n=3). Statistical test Dunnett’s multiple
comparison test showing changes upon merogony: ns=not statistically signi�cant; * p<0.05. b.
Comparison of TaSETup1 predicted structure (beige) with the crystal structure of the humanSMYD3
protein (blue, PDB ID: 6IJL), with zoom window of the active site highlighting TaSETup1 H206 residue
(red). c. Schematic of the TaSETup1 protein, highlighting the SAM binding regions and the H206 residue
(red).



Figure 7

The Theileria TaSETup1 can methylate H3K18 and repress gene expression a. Methyltransferase assay
of recombinant TaSETup1 (wild-type WT or mutant H206F) incubated with or without SAM and core
histones followed by immuno-dot-blot detection with H3K18me1antibody. The quanti�cation results were
normalized to H3. This result is representative of three independent experiments showing similar
outcomes. b. Assay of TaSETup1 methyltransferase activity by quanti�cation of �uorescent H3K18
peptide (substrate S and methylated product P). Chromatograms show mono-methylated (K18me1) and
di/tri methylated (K18me2/3) product in presence or absence of SAM for WT and mutant enzymes. Inset:
Integration of the peak (AUC, Area Under the Curve). c. Recruitment of GAL4-TaSetup1 (but not the GAL-
TaSETip1 H206F mutant) caused repression of the Luciferase transgene in T-Rex cells in the presence
Tetracycline (48 hours). The % Luciferase activity represents the mean of 5 independent experiments.
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