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 23 

Supplementary Figure 1: Conserved histone sequences in cows and Theileria parasites. 24 

Multiple alignments of the protein sequences of N-terminal tails of Bos taurus Histone H3.1, H3.2 and 25 

H3.3, together with the two histone H3 proteins in the T. annulata and T. parva genomes. Highly 26 

conserved lysine residues (K) are highlighted in red and the UniProt accession numbers indicated.  27 
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Supplementary Figure 2: Methylation of H3K18 in T.parva parasites. 63 

a. Immunofluorescence analysis of H3K18me1 (red) and H3K18ac (cyan) staining of TpM409 cells 64 

infected with T. parva. Host and parasite nuclei are stained with DAPI (grey). The solid white 65 

arrowheads indicate the host cell nucleus and empty white arrowheads point to the parasite 66 

nuclei. Leica microscope, 100X, Scale bar = 5μm. 67 

b. Western blot analysis of TpM409 cells treated with Buparvaquone (Bup), a theilericidal drug. 68 

H3 was used as a loading control. 69 

All these experiments were performed three times independently with similar results; these data show 70 

one of these three times. Full scans of blots and immunolfuorescence replicates are included in the 71 

Source Data file. 72 
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 111 

Supplementary Figure 3: Characterization of antibody specificity using H3-derived modified 112 

peptides.  113 

Results of dot-blot analysis testing three independent antibodies recognizing mono-methylated H3K18 114 

against a range of peptide sequences. 2 µg of 5-FAM coupled short peptides flanking the unmodified, 115 

methylated or acetylated lysine of interest (namely H3K4: ARTKQTARRSK, H3K9: RQTARKSTGG, H3K14: 116 

STGGKAPRR, H3K18: RAPRKQLAT, H3K27: TKAARKSAPAT and H3K36: TGGVKRPHR) were transferred 117 

onto a nitrocellulose membrane and immunodetected using either antibodies against H3K18me1 (1: 118 

Abcam #ab177253, 2: Active Motif #31259, 3: a home-made antibody provided by Jane Mellor’s 119 

laboratory) or H3K36me3 (Abcam #ab9050). Fluorescence of peptides was also detected as a dotting 120 

control.  121 
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Supplementary Figure 4: H3K18me is not found on gene bodies on the bovine genome.  141 

a. Average occupancy profiles for H3K4me3 (green), H3K18ac (blue), H3K18me1 (red) and 142 

H3K36me3 (purple) around the transcriptional start site (TSS) of all Bos taurus genes. X-axis: 143 

genome coordinates starting from 500 bp before the TSS to the TES. Y-Axis: log2 (ChIP/Input). 144 

H3K4me3 and H3K18ac profiles display enrichment around the TSS region, whereas 145 

H3K36me3 is depleted at the TSS and shows an enrichment over the gene bodies. H3K18me1 146 

is not enriched on the bovine genome. 147 

b. Chromatin ChIP-Seq profiles over a 25 kb-long representative region of the Bos taurus 148 

genome. Top track: Annotations, H3K18me1 (red), H3K18ac (blue), H3K4me3 (green), and 149 

H3K36me3 (purple). 150 

c. Chromatin ChIP-Seq profiles over a 25 kb-long representative region of the T. annulata 151 

genome. Annotations, H3K18me1 (red), H3K18ac (blue), H3K4me3 (green), and H3K36me3 152 

(purple). 153 
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 183 

Supplementary Figure 5: Spearman correlation plot of ChIP-Seq data on the parasite genome. 184 

a. Graph of the Principal component analysis (PCA) for the various ChIP duplicate samples 185 

demonstrating good correlation between replicates. 186 

b. Clustered Heatmap of H3K18me1, H3K18ac and H3K4me3 and H3K36me3 Spearman 187 

correlation coefficients for read mapping from the ChIP-Seq analysis of the parasite genome. 188 

Clustering was performed using the nearest point algorithm. 189 
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c. Results of the deepTools plotFingerprint analysis to evaluate ChIP enrichment. 190 

d. Genome browser tracks depicting epigenetic profiles in replicate samples (these data are 191 

merged in the presentation in Figure 2e). RNAseq (three replicas, black), H3K18me1 (red), 192 

H3K18ac (blue), H3K4me3 (green), H3K36me3 (purple) and Input (grey).  193 
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Supplementary Figure 6: Circular chromosomal representation of ChIP-seq and gene expression.  242 

Representation of the four chromosomes (chr. 1-4) of the T. annulata genome: each circular track 243 

showing (from the innermost track): H3K36me3 (purple), H3K4me3 (green), H3K18ac (blue) and 244 

H3K18me1 (red) ChIPseq data, the last two tracks show log10(RPKM) gene expression values for genes 245 

belonging to cluster IV (light grey background) or to clusters I, II, III & V.  246 
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Supplementary Figure 7: H3K4me3 staining upon merogony.  274 

a. Immunofluorescence analysis of TaC12 infected macrophages cultured at 37°C (left) or 275 

following merogony induction for 8 days at 41°C (right). Host and parasite nuclei are stained 276 

with DAPI (grey) or a specific antibody against H3K4me3 (magenta). Leica microscope, 100X, 277 

Scale bar = 5μm. 278 

b. Quantification of immunofluorescence intensity of H3K4me3 (magenta) compared to DNA 279 

(grey) showing constant staining across all parasites. The plot profiles represent the yellow 280 

line cross-section. 281 

All these experiments were performed three times independently with similar results; these 282 

data show a representative example of these three times.  283 
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Supplementary Figure 8: Analysis of differentially expressed genes across the parasite life cycle.  321 

a. Chart showing the representation factor as a function of p-value for each life cycle transition 322 

as reported by Pieszko et al. Dot size is defined by gene number, and colours indicate genes 323 

from the different clusters. The vertical red lines indicate representation factors of 0.5 or 1.5 324 

and the horizontal red line indicates a p-value of 0.001. Only groups with a p-value < 0.001 and 325 

a representation factor >1.5 or <0.5 are labelled. Labels: M2M_up and M2M_down, 326 

macroschizont to merozoite upregulated or down-regulated genes; S2M_up and S2M_down, 327 

sporozoite to macroschizont upregulated or down-regulated genes; M2P_up, merozoite to 328 
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piroplasm up-regulated genes; and P2S_down, piroplasm to sporozoite down-regulated 329 

genes. Notably, the M2M and S2M dots corresponding to Cluster IV are highly significant. 330 

b. Dot chart of representation factors and p-values of overlap between differentially expressed 331 

genes in the transition to different life cycle stages derived from a published microarray 332 

(Pieszko et al.) and presently derived clusters. Dot transparency is plotted as p-value and dot 333 

size displays the representation factor: S2M_up and S2M_down, sporozoite to macroschizont 334 

up-regulated or downregulated genes; P2S_up and P2S_down, piroplasm to sporozoite up-335 

regulated or downregulated genes; M2P_up and M2P_down, merozoite to piroplasm up-336 

regulated or down-regulated genes; and M2M_up and M2M_down, macroschizont to 337 

merozoite up-regulated or down-regulated genes. 338 

c. Analysis of gene expression profiles in differentiating parasites and correlation with cluster IV. 339 

Investigation of the parasite genes belonging to cluster IV over the course of the life-cycle 340 

(sporozoite>macroschizont->differentiation to merozoite -> merozoite->piroplasm) using the 341 

microarray data from Piezsko et al. (2015). Heatmap analysis of the 20 genes that overlap in 342 

the S2M-down:M2Mup: cluster IV subgroup (listed in Table 1). 343 

d. Heatmap analysis of the 67 parasite genes from in the M2M-up: cluster IV subset (listed in 344 

Table 2). Heatmap scale based on z-score of expression values from series GSE71307 345 

(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE71307), and coloured from red to 346 

blue (low expression to high expression).  347 
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 383 

Supplementary Figure 9: Expression of potential stage-associated Cluster IV genes. 384 

a. Expression analysis (RT-qPCR) of the 20 identified M2M genes (listed in Supplementary Table 385 

1) in infected TaC12 macrophages, before and after merogony induction culture conditions. 386 

The orange line indicates the relative gene expression in cells grown at 37°C (macroschizont 387 

stage). The results represent the mean of expression results from three independent 388 

experiments. 15 of the M2M genes increased in expression upon merogony. Error bars 389 

represent the mean values +/- SD. ns p>0.99; * p=0,0249; **** p<0.0001. 390 

b. Expression analysis (RT-qPCR) of control genes (parasite, Ta or bovine, Bt) that do not show 391 

changes in expression upon induction of merogony. 392 

c. Expression analysis (RT-qPCR) of selected M2M genes following treatment of TaC12 infected 393 

macrophages with epigenetic inhibitors KDACi (grey bars) or KDMi (white bars). Results are 394 

shown as the mean values +/- SD for three independent experiments with ns p>0.2310; ** 395 

p=0,0052; **** p<0.0001.  396 

For all experiments n=3, Statistical Dunnett’s multiple comparison test, two-sided: ns=not 397 

statistically significant; **** p<0.0001; **p<0.005.  398 
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 408 

Supplementary Figure 10: Schematic representation of SET domain proteins (TaSETup1-5) and 409 

potential demethylases (TaJmjC1-2)  410 

a. Schematic representation of the five putative lysine methyltransferases (listed in 411 

Supplementary Table 4) and the two potential demethylases, indicating the presence of the 412 

putative catalytic SET domain and other domains, Jumonji domains (JmjC and JmjN), Bromo 413 

domain, AWS (Associated With SET) domain, and a post-SET domain.  414 

b. Expression analysis (RT-qPCR) of the two parasite putative demethylases in cells grown at 37°C 415 

(schizont stage) or at 41°C (merogony). The results represent the mean values +/- SD for three 416 

independent experiments. Statistical Dunnett’s multiple comparison test, two-sided: ns=not 417 

statistically significant p>0,9876; *p<0.0461  418 

 419 

 420 

 421 

 422 

 423 

 424 

 425 

 426 

 427 

 428 

 429 

 430 

 431 

 432 

 433 



H3K18 methylation in Theileria parasites  14 

 434 

 435 

 436 

 437 

 438 

 439 

 440 

 441 

 442 

 443 

 444 

 445 

 446 

 447 

 448 

 449 

 450 

 451 

 452 

 453 

Supplementary Figure 11: Phylogenetic analysis of genes encoding Theileria SETup proteins  454 

The tree is constructed with Homo sapiens KMT proteins (light blue with their generic names), T. 455 

annulata TaSETup proteins (red) and other apicomplexan proteins (black) with the species name first 456 

followed by their InterPro accession number. P_fal_3D7: Plasmodium falciparum 3D7, C_par : 457 

Cryptosporidium parvum, T_gon : Toxoplasma gondii. The SMYD (SET and MYND domain family) and 458 

SMYD-like orthologs are shown in grey and red boxes, respectively. Branch support values displaying 459 

branch support for the Ta-SETup proteins are indicated in the form ultra-fast bootstrap/alrt-sh like 460 

bootstrap values and were computed using iqtree software version 1.65. 461 
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Supplementary Figure 12: Assays of methyltransferase activity in vitro for TaSETup1 482 

a. Methyltransferase assay of recombinant TaSETup1 (wild-type WT or mutant H206F) 483 

incubated, with or without SAM and recombinant Histone H3, followed by immuno-dot-blot 484 

detection with a H3K18me1 antibody. Results were normalized to histone H3.  485 

b. As above, methyltransferase assay of recombinant TaSETup1 (wild-type WT or mutant H206F) 486 

using histone H3 from calf thymus as the substrate.  487 

c. Methyltransferase assay of recombinant TaSETup1 wild-type incubated with or without SAM 488 

and human polynucleosomes purified from HeLa cells (EpiCypher) followed by immuno-dot-489 

blot detection with the H3K18me1 antibody.  490 

d. Coomassie staining of recombinant TaSETup1 wild-type WT or mutant H206F.  491 

All these experiments were performed three times independently with similar results; these data 492 

shown represent one of these three experiments. 493 
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Supplementary Figure 13: Comparison of TaSETup1 and SMYD3 methyltransferase activity on 516 

different substrates  517 

a. Methyltransferase assay of recombinant TaSETup1 or SMYD3 enzymes with recombinant 518 

histone H3, chicken polynucleosomes and core histones substrates extracted from HEK cells. 519 

1 µg of enzyme was incubated with or without SAM and with histone substrates at 30°C 520 

overnight. Samples were then separated by SDS-PAGE followed by immuno-blot detection 521 

with an H3K18me1 antibody. 522 

b. Radiometric methyltransferase assay of recombinant TaSETup1 or SMYD3 proteins with 523 

recombinant MAP3K2 or histone H3 substrates.  1 µg of enzyme was incubated with or without 524 

3H-SAM and with recombinant MAP3K2 or H3 substrate at 30°C overnight.  Samples were 525 

separated by SDS-PAGE and gel was Coomassie stained. Incorporation of the 3H-methyl group 526 

was detected as an autoradiographic signal at different time points.  527 

All these experiments were performed three times independently with similar results; a representative 528 

of the three experiments is shown.   529 



H3K18 methylation in Theileria parasites  17 

 530 

 531 

 532 

 533 

 534 

 535 

 536 

 537 

 538 

 539 

 540 

 541 

 542 

 543 

 544 

 545 

 546 

 547 

 548 

 549 

 550 

 551 

Supplementary Figure 14: Mass spectrometry characterization of H3K18 monomethylation by 552 

TaSETup1.   553 

50 µg of a H3 derived 14-mer peptide flanking the lysine 18 were incubated with 3 µg TaSETup1 and 554 

with or without SAM for 2h at room temperature. Samples were analysed by LC-MS/MS as described 555 

in Methods. Upper panel shows the spectrum obtained in the sample without SAM, while the bottom 556 

panel displays the data obtained in the presence of SAM. The position of methylation is indicated on 557 

the H3K18 peptide sequence by an asterisk (*).  558 
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 581 

Supplementary Figure 15: Luciferase assay of TaSETup1 activity.  582 

a. Schematic representation of 5X GAL4-UASTK-Luc reporter system, stably integrated in HEK293 583 

cells (T-REx system). Cells were stably transfected with GAL4-TaSETup1 and grown in the 584 

presence or absence tetracycline for 48 h. 585 

b. Repression of Luciferase expression with increasing amounts of GAL4-TaSETup1 compared to 586 

GAL4-G9a (known repressive KMT) or GAL4-PrSET7 (known activating KMT) in the presence or 587 

absence of tetracycline. Data are represented as percent of uninduced controls (mean ± SEM, 588 

n = 3).  589 

Statistical Dunnett’s multiple comparison test, two-sided: ns=not statistically significant p>0,3976; 590 

*p<0.0299   591 
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Supplementary Figure 16: Merogony is associated with reduced TaSETup1 and reduced H3K18me1.  615 

a. Flow cytometry (FACS) analysis of Tac12 infected macrophage cells grown at 37°C (schizont 616 

stage, left panel) or incubated at 41°C (merogony stage, right panel). Live cells labeled with 617 

antibodies against H3K18me1 (mCherry) and sorted by forward scatter and mCherry intensity 618 

levels. 619 

b. The two populations of cells (H3K18me1-hi and H3K18me1-lo) were analysed by RT-qPCR for 620 

the expression of the parasite TamR1 gene (an indicator of merozoite differentiation) or 621 

TaSETup1 (the schizont-expressed parasite KMT). The H3K18me-lo population was enriched 622 

for the TamR1 differentiation marker and showed reduced TaSETup1 expression. The graph 623 

shows the mean + SD for technical triplicates, n=3. 624 

c. Western blot analysis of the two sorted cell populations with an antibody specific to 625 

H3K18me1. Immunoblotting for histone H3 was used as control. This experiment has been 626 

done in technical replicate n=3. 627 
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 648 

Supplementary Figure 17: Immunoblot analysis of cells undergoing merogony. 649 

a. Graphical representation of the H3K18me1: Histone H3 ratio (the levels in TBL3 infected cells 650 

were set at 1) comparing BL3 and TBL3 cells, or TaC12 macrophages (in the schizont stage or 651 

at 2 merogony stages, day 4 or 8).  652 

b. Graphic representation of the H3K18me1: Histone H3 ratio normalized for expression of 653 

TaPin1.   654 

c. Western blot analysis of H3, H3K18me1 and the parasite Tapin1 protein in BL3, TBL3, or Tac12 655 

cells (in the schizont stage or at 2 merogony stages, day 4 or 8)  656 

These experiments were performed three times independently with similar results; these data show 657 

one of these three experiments. Full scans blots are included in the Source Data file.  658 

 659 

 660 

 661 

 662 

 663 

 664 

 665 

 666 

 667 



H3K18 methylation in Theileria parasites  21 

 668 

 669 

 670 

 671 

 672 

 673 

 674 

 675 

 676 

 677 

 678 

 679 

 680 

 681 

 682 

 683 

 684 

 685 

 686 

 687 

 688 

 689 

 690 

 691 

 692 

 693 

 694 
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Supplementary Table 1: 20 Cluster IV genes associated with life cycle transitions. 696 

Original annotation (and functional re-annotation) of the 20 Cluster IV genes (i.e. enriched H3K18me1) 697 

that we identified as potentially up-regulated in macroschizont to merozoite transition (M2M), 698 

downregulated in sporozoite to macroschizont transition (S2M). The table shows the Theileria gene 699 

IDs, re-annotation derived from Blast2GO, official annotation available at PiroplasmaDB and domain 700 

content of the 20 genes (see Fig. 4b).   701 

 702 



H3K18 methylation in Theileria parasites  22 

 703 

 704 

 705 

 706 

 707 

 708 

 709 

 710 

 711 

 712 

 713 

 714 

 715 

 716 

 717 

 718 

 719 

 720 

 721 

 722 

 723 

 724 

Supplementary Table 2: 67 Cluster IV genes associated with M2M transitions. 725 

Original annotation (and functional re-annotation) of the 67 M2M_Cluster IV genes potentially up 726 

regulated in macroschizont to merozoite transition (M2M). The table shows the Theileria gene IDs, re-727 

annotation derived from Blast2GO, official annotation available at PiroplasmaDB and domain content 728 

of the 67 genes (see Fig. 4b).   729 
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Supplementary Table 3: List of Theileria ApiAP2 genes and their H3K18me1 status (cluster).  753 

Table showing the GeneID, uniprotID and the cluster assignment for all the 20 Theileria ApiAP2 genes. 754 
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Supplementary Table 4: List of Theileria SET-domain containing genes (TaSETup genes). 804 

Table showing the gene references, cluster allocation and predicted protein size for the five SETup 805 

protein methyltransferases in the T.annulata genome (see Supplementary Fig. S10]. 806 
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Supplementary Table 5: List of oligonucleotides used in this study for cloning, qPCR analysis or ChIP-836 

PCR experiments. 837 

 838 


