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Supplemental Figure S1. Conservation of synteny in the core regions of chromosomes.

ACT (Artemis Comparison Tool) screenshot showing a comparison of centromere-proximal regions of
an illustrative chromosome in P. berghei ANKA (Pberg) (chromosome 7), P. gallinaceum (Pgal)
(scaffold 61), P. relictum (Prel) (chromosome 5) and P. falciparum 3D7 (Pf3D7) (chromosome 4). This
conservation of synteny in the core regions is representative for all other Plasmodium
chromosomes. The red blocks represent sequence similarity (TBLASTX). The centromere is shown in
green. Yellow coloured boxes represent genes. The graph shows the GC-content, the highest GC
content is 40%, the GC content at the centromere is 3%.
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Supplemental Figure S2. Unrooted phylogeny of Apicomplexan parasites.

Unrooted phylogeny of Apicomplexan parasites, based on 879 single-copy orthologues, showing full
results of the partitioned maximum likelihood analysis shown in Figure 2. All nodes are supported by
100 out of 100 bootstrap samples except the marked node, where support level is shown with an
arrow.
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Supplemental Figure S3. Results of alternative phylogenetic analyses.

(A) Maximum-likelihood phylogeny with a non-partitioned analysis under the LG4X model. Bootstrap support values were 100 except for node indicated. (B)
Bayesian phylogeny of Plasmodium spp. rooted with Haemoproteus tartakovskyi calculated under CAT-Poisson model. All nodes had a posterior probability
of 1.0; salmon pink boxes on nodes indicate uncertainty (95% highest posterior density confidence intervals) in the length of the branch below that node.
(C) Majority-rule consensus of posterior samples of tree topology from Bayesian analysis under CAT-Poisson model. Nodes had posterior probability of 1.0

except where indicated.
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Supplemental Figure S4. Comparisons of P. knowlesi, P. relictum , P. gallinaceum and P. falciparum
3D7 reveal avian malaria-specific genes

Screenshots of comparisons using ACT that show (A) an avian malaria specific ApiAP2 protein
(PGALSA 00142800, PRELSG_113400) and (B) a gene of unknown function (green) within the core
region of a chromosome that is only present in P. relictum (PRELSG_0909800). Grey bars represent
the forward and reverse DNA strands. The red blocks between sequences represent sequence
similarity (TBLASTX). PKNH, P. knowlesi; Prel, P. relictum; Pgal, P. gallinaceum; and Pf3D7, P.
falciparum 3D7.



Supplemental Figure S5. 3D modeling of Ku70.

(A) A three-dimensional model of Ku70 (PGAL8A_000014200) created using I-TASSER (Yang et al.
2015). The structure is visualized as a rainbow cartoon by the JSmol applet. (B) Ku70
(PGAL8A_000014200) structure is shown in cartoon format, while the highest scoring identified
structural analog in PDB (1JEQ, Ku heterodimer, homo sapiens) is displayed using backbone trace.
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Supplemental Figure S6. Differentially distributed pseudogenes between P. relictum and P.
gallinaceum.

Screenshots from ACT showing: (A) An avian-malaria specific gene in a core region of a chromosome
and encoding a protein kinase. The kinase is a pseudogene in P. relictum (PRELSG_0314000) but a
functional gene in P. gallinaceum (PGAL8S8A_00181200). (B) A degenerate multidrug-resistance
associated protein 1, MRP1 (PRELSG_0028300) in P. relictum. There is an additional MRP1
(PRELSG_1445800) in P. relictum that is not pseudogenised. The red blocks between sequences

represent sequence similarity (TBLASTX). Coloured boxes represent genes. Pseudogenes in P.
relictum are shown in grey with multiple frameshifts.
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Supplemental Figure S7. Comparisons of P. knowlesi, P. relictum, P. gallinaceum and P. falciparum
3D7 redefine lineage specific distributions.

Screenshot of comparisons using ACT that show (A) an ATPasel that was thought to be Laverania-
specific (PF3D7_0516100) but is present in P. gallinaceum (PGAL8A_00025200) and P. relictum
(PRELSG_1015800). (B) An ApiAP2 protein (PKNH_1015400) that was thought to be specific to the
knowlesi/vivax/cynomolgi clade but is also present in P. gallinaceum (PGAL8A_00039400) and P.
relictum (PRELSG_1014000). PKNH, P. knowlesi; Prel, P. relictum; Pgal, P. gallinaceum; and Pf3D7, P.
falciparum 3D7. The red blocks between sequences represent sequence similarity (TBLASTX).
Coloured boxes represent genes.
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Supplemental Figure S8. Shikimate Pathway highlighting differences in the avian malaria genomes.
Chorismate synthase (PGAL8A_ 00151500, PRELSG_1125300) and aminodeoxy-chorismate synthase
(PGALSA_ 00435300, PRELSG_0720000) are pseudogenised in P. gallinaceum and P. relictum. The
pentafunctional AROM polypeptide is missing in P. gallinaceum and P. relictum (orthologue in P.
falciparum is PF3D7_0206300). The metabolic pathway illustration is from the Malaria Parasite
Metabolic Pathway site (http://mpmp.huji.ac.il; Ginsburg and Abdel-Haleem 2016).
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Supplemental Figure S9. Organization of subtelomeric regions.

Organization of subtelomeric regions of chromosomes 4 of P. knowlesi (left region), 9 of P. falciparum 3D7 (left region), P. gallinaceum (scaffold 70) and P.
relictum (scaffold 174). The order and orientation of the genes are shown. Exons are shown in coloured boxes with introns as linking lines. As a comparison,
a subtelomeric region of P. falciparum 3D7 chromosome 9 and P. knowlesi chromosome 4 is shown. The shaded/grey areas mark the start of the conserved,
syntenic regions. Transposable element (TE) (LTR), long terminal repeat; TE (3'), 3'part of TE (includes RNaseH domain and integrase domain); TE (middle)
(includes the reverse transcriptase domain); TE (5'), 5'part of TE (includes CCHC-type zinc finger domain and aspartic protease domain).
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Supplemental Figure S10. Core retrotransposon fragments.
ACT comparison showing the core retrotransposon fragment in P. gallinaceum (scaffold 14) and P.
relictum (chromosome 10) (green with arrow). Pberg, P. berghei; PKH, P. knowlesi; Pv_Sall, P. vivax

Sall; Pgal, P. gallinaceum; Prel, P. relictum and Pf3D7, P. falciparum 3D7.
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Supplemental Figure S11. Core retrotransposon of P. relictum.

(A) Screenshot of an ACT comparison showing a retrotransposon of P. relictum (blue with arrow) in
the core region of chromosome 6. The gene to the right of the retrotransposon is PRELSG_0613200.
(B) A close-up Artemis view of the retrotransposon showing frameshifts and GC content (graph).
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Supplemental Figure $12. Maximum likelihood tree of avian malaria retrotransposons.
Tree showing the differences between Eimeria and P. gallinaceum/P. relictum transposable
elements (TE). It further shows the similarity of the avian TEs to the TEs found in Haemoproteus

tartakovskyi. Sequences were selected from the top 100 best hits from an NCBI BLAST of the P.
gallinaceum sequence, plus the Eimeria and yeast sequence.
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Supplemental Figure S13. Subtelomeric gene families in P. gallinaceum and P. relictum.
There are 4 avian malaria specific gene families (fam-e, fam-g, fam-h and fam-i). Although present in

other species as a single copy gene, fam-f is expanded in P. gallinaceum and P. relictum. Surfin and
PIR-like proteins are encoded by multigene families present in other Plasmodium spp.
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Supplemental Figure S14. Overview of gene families.

(A) The gene network if different cut-off levels (no cutoff, 20%, 30%, 35%, 45% and 60%) (B) The
MEME motif occurrence matrix showing all genes that have at least 2 motifs found in STP1 or
SURFIN. Two motifs (X) are shared in the majority of the samples. (C) A single motif is shared
between all STP1, SURFIN and SICAvar proteins. Prel, P. relictum; Pgal, P. gallinaceum; Po, P. ovale;
Pm, P. malariae, Pr, P. reichenowi; Pf, P. falciparum; Pv, P. vivax, Pb, P. berghei and Pkn, Pknowlesi.
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0.2

P. relictum P. galinaceum

Supplemental Figure $15. Comparison of Reticulocyte binding proteins (RPB) MEME motifs.
(A) Maximum likelihood tree of full length avian RBPs (> 1,500 amino acids). (B) Two MEME motifs of
the RBPs (C) Alignment of the two MEME motifs (from panel B) used for the tree in Fig 3, right.
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Supplemental Tables

Supplemental Table S1. Core genes only present in P. gallinaceum 8A, P. relictum SGS1.
Pseudogenes are indicated (*).

P. gallinaceum gene

P. relictum gene

Protein description

PGAL8SA_00014200

PGAL8SA_00017300
PGAL8SA_00024500
PGAL8SA_00033950
PGAL8SA_00099100
PGAL8SA_00100100
PGAL8SA_00101100
PGAL8SA_00101200
PGAL8SA_00103700
PGAL8SA_00114000
PGAL8SA_00114300
PGAL8SA_00121800
PGAL8SA_00142800

PGAL8SA_00145200
PGAL8SA_00155850
PGAL8SA_00159300

PGAL8SA_00161700
PGAL8SA_00165250

PGAL8SA_00181200
PGAL8SA_00192400
PGAL8SA_00193800

PGAL8SA_00195600
PGAL8SA_00203650
PGAL8SA_00238300
PGAL8SA_00240200
PGAL8SA_00248500
PGAL8A_00276550*
PGAL8SA_00280200
PGAL8SA_00298600
PGAL8SA_00300700
PGAL8A_00308200
PGAL8A_00320000
PGAL8A_00362600
PGAL8SA_00366900
PGAL8SA_00385000
PGAL8SA_00401600
PGAL8A_00407100
PGAL8SA_00418750
PGAL8SA_00425900
18

PRELSG_0411800

PRELSG_0414900
PRELSG_1029200
PRELSG_1019550
PRELSG_0214100
PRELSG_0213100
PRELSG_0212000
PRELSG_0211900
PRELSG_0209400
PRELSG_0503000
PRELSG_0502700
PRELSG_1329100
PRELSG_1134000

PRELSG_1131600
PRELSG_1120950
PRELSG_1117500

PRELSG_1115150*
PRELSG_1111850

PRELSG_0314000*
PRELSG_0516700
PRELSG_0518100

PRELSG_1244600*
PRELSG_1236550
PRELSG_1201900
PRELSG_1268900
PRELSG_1260400
PRELSG_1364400
PRELSG_1360700
PRELSG_1342200
PRELSG_1340150*
PRELSG_1332600
PRELSG_1300700
PRELSG_0932600
PRELSG_0936850*
PRELSG_0806600
PRELSG_0409100
PRELSG_0403600
PRELSG_0703450
PRELSG_0710500

Ku70/Ku80 beta-barrel domain-containing protein,
putative

zinc finger protein, putative

cullin, putative

hypothetical protein

AN1-like zinc finger, putative

hypothetical protein

hypothetical protein

hypothetical protein

hypothetical protein

hypothetical protein

ZIP domain-containing zinc transporter, putative
hypothetical protein

transcription factor with AP2 domain(s), putative
(ApiAP2)

hypothetical protein

transmembrane protein, putative

SNF1-related protein kinase catalytic subunit alpha,
putative (SNF1)

hypothetical protein

5'-AMP-activated protein kinase subunit beta-1,
putative

protein kinase, putative

serine/threonine protein phosphatase, putative
sodium- and chloride-dependent neutral and basic
amino acid transporter, putative

6-cysteine protein

mitotic checkpoint protein BUB3, putative
glycosyltransferase, putative

hypothetical protein

hypothetical protein

protein phosphatase 2C, putative

cGMP-specific phosphodiesterase, putative
leucine-zipper-like transcriptional regulator, putative
hypothetical protein

hypothetical protein
aminotransferase, putative

major facilitator superfamily, putative
hypothetical protein

peptidase, putative

hypothetical protein

hypothetical protein

NECAP-like protein, putative
hypothetical protein



PGAL8SA_00427100
PGAL8SA_00444100
PGAL8A_00456300
PGAL8SA_00470100
PGAL8SA_00478100
PGAL8SA_00481500
PGAL8SA_00506400
PGAL8SA_00518700
PGAL8SA_00521200
PGAL8SA_00508700
not present

PRELSG_0711700
PRELSG_0728900*
PRELSG_1450700
PRELSG_1464500
PRELSG_0602500
PRELSG_0605900
PRELSG_1408100
PRELSG_1420200
PRELSG_1422700
PRELSG_1410400
PRELSG_0909800

hypothetical protein
hypothetical protein
hypothetical protein
amidohydrolase, putative
hypothetical protein
hypothetical protein
hypothetical protein
Dnal protein, putative
hypothetical protein
hypothetical protein
hypothetical protein
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Supplemental Table S2. Core genes that appear to be restricted to the Laveranian sub-genus (P. falciparum 3D7, P. reichenowi CDC) and the avian clade

(P. gallinaceum, P. relictum).

P. gallinaceum

P. relictum

P. falciparum 3D7

P. reichenowi CDC

Protein description

PGAL8SA_00012100
PGAL8A_00037600
PGAL8A_00076500
PGAL8A_00103400
PGAL8SA_00135300
PGAL8SA_00077500
PGAL8SA_00419400
PGAL8A_00356700
PGAL8A_00380300
PGAL8A_00351500
PGAL8SA_00509000
PGAL8SA_00250000
PGAL8SA_00303400
PGAL8A_00233500
PGAL8A_00103400

PRELSG_0822800
PRELSG_1015800
PRELSG_1002600
PRELSG_0209700
PRELSG_1141500
PRELSG_0116600
PRELSG_0704100
PRELSG_0927000
PRELSG_0801900
PRELSG_0921700
PRELSG_1410650
PRELSG_1258900
PRELSG_1319300
PRELSG_1206700
PRELSG_0209700

PF3D7_0312900
PF3D7_0516100
PF3D7_0529200
PF3D7_0107300
PF3D7_0606800
PF3D7_0801400
PF3D7_0906800
PF3D7_1129850
PF3D7_1004100
not present

PF3D7_1312700
PF3D7_1339000
PF3D7_1431800
PF3D7_1474000
PF3D7_0107300

PRCDC_0312200
PRCDC_0515200
PRCDC_0528300
PRCDC_0105200
PRCDC_0605400
PRCDC_0801000
PRCDC_0904900
PRCDC_1128250
PRCDC_1003500
PRCDC_1123300
PRCDC_1311700
PRCDC_1338000
PRCDC_1431100
PRCDC_1473100
PRCDC_0105200

hypothetical protein
cation-transporting ATPase 1, putative (ATPasel)
sugar transporter, putative
hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein
UNC-50 protein, putative
hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein
apyrase, putative
hypothetical protein
hypothetical protein
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Supplemental Table S3. Core genes specific to P. knowlesi/P. vivax/P. malariae/P. ovale clade and P. gallinaceum, P. relictum.

P. gallinaceum

P. relictum

P. knowlesi H P. vivax Sall

P. malariae

P. ovale curtisi

Protein description

PGAL8A_00402200
PGAL8A_00405000
PGAL8A_00089500
PGAL8A_00443100
PGAL8A_00072100
PGAL8A_00039400
PGAL8A_00237900
PGAL8A_00214300
PGAL8A_00311600
PGAL8A_00466900
PGAL8A_00277800
PGAL8A_00021800

PRELSG_0408500
PRELSG_0405700
PRELSG_0511300
PRELSG_0727900
PRELSG_1006900
PRELSG_1014000
PRELSG_1202300
PRELSG_1225900
PRELSG_1102900
PRELSG_1461300
PRELSG_1344900
PRELSG_0718600

PKNH_0409700
PKNH_0406500
PKNH_0507700
PKNH_0728800
PKNH_1008000
PKNH_1015400
PKNH_1202800
PKNH_1227000
PKNH_1310400
PKNH_1465900
not present

not present

PVPO1_0413400
PVPO1_0410600
PVPO1_0522600
PVPO1_0728800
PVPO1_1009000
PVPO1_1016100
PVPO1_1228600
PVPO1_1251900
PVPO1_1309600
PVPO1_1463300
PVPO1_1342800
PVP0O1_0719500

PmUG01_04020800
PmUGO01_04018000
not present

PmUGO01_07041900
PmUG01_10019700
PmUG01_10026800
PmUGO01_12038700
PmUGO01_12061900
PmUGO01_13020400
PmUGO01_14079400
not present

not present

PocGHO01_04018600
PocGHO01_04015800
PocGHO01_05028200
PocGHO01_07037800
PocGHO01_10016800
not present

PocGHO01_12036600
PocGHO01_12059800
PocGHO01_13020400
PocGHO01_14070800
not present

not present

WD repeat-containing protein, putative

conserved Plasmodium protein, unknown function
hypothetical protein

merozoite surface protein 1 paralog, putative (MSP1P)
conserved Plasmodium protein, unknown function
transcription factor with AP2 domain(s), putative
conserved Plasmodium protein, unknown function
conserved Plasmodium protein, unknown function
conserved Plasmodium protein, unknown function
conserved Plasmodium protein, unknown function
hypothetical protein

WD repeat-containing protein, putative
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Supplemental Table S4. Core genes pseudogenized in P. gallinaceum and/or P. relictum
Encoded proteins, or conceptual proteins from translated pseudogenes(*) are shown.

P. gallinaceum

P. relictum

Protein description

PGAL8A_00023600*
PGAL8A_00029100*
PGAL8A_00151500*
PGAL8A_00222900
PGAL8A_00358000
PGAL8BA_00435300*
PGAL8SA_00476700
PGALBA_00483100*
PGAL8A_00065500

PRELSG_1030100
PRELSG_1024500
PRELSG_1125300*
PRELSG_1217300*
PRELSG_0928000*
PRELSG_0720000*
PRELSG_0601100*
PRELSG_0607500
PRELSG_0028300*

merozoite surface protein 8 (MSP8)

6-cysteine protein (P38)

chorismate synthase (CS)

fam-a protein

methyltransferase

para-aminobenzoic acid synthetase (pBAS)
conserved Plasmodium protein, unknown function
conserved Plasmodium protein, unknown function
multidrug resistance-associated protein
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Supplemental Table S5. Core genes missing in P. gallinaceum and P. relictum

P. falciparum

P. knowlesi

P. berghei

P. malariae

Product

PF3D7_0206300
PF3D7_0710300

PF3D7_0821400

PF3D7_1006300

PKNH_0414600
PKNH_0109000

PKNH_1315400

PKNH_0805100

PBANKA_0304000
PBANKA_1220900

PBANKA_0709400

PBANKA_1204500

PmUGO01_04026100
PmUG01_01022100

PmUG01_05024700

PmUG01_08014200

pentafunctional AROM polypeptide
conserved Plasmodium protein, unknown
function

conserved Plasmodium protein, unknown
function

conserved Plasmodium protein, unknown
function
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Supplemental Table S6. Multigene families in the genome of P. gallinaceum and P. relictum.
(The file is attached as file Supplemental_Table_S6)

Supplemental Table S7. Gene summary of P. gallincaeum

To each gene we include the functional annotation, number of exons, gene length and expression
data (in RPKM). If available we further state the one to one orthologous to P. relictum and P.
falciparum. Also reported is if a gene has Pexel, transmembrane domains, signal peptides or Pfam
domains. (The file is attached as file Supplemental_Table_S7).

Supplemental Table S8. dn/ds values for all genes with 1:1 orthologous across six species.

4335 genes with 1:1 orthologues across P. gallinaceum (PGAL8A), P. relictum (PRELSG), P. falciparum
(PF3D7), P. reichenowi (PRCDC), P. knowlesi (PKN) and P. vivax (PVX) are shown along with the
annotation for the P. falciparum orthologue. For orthologues in each of the avian (PGAL8A vs
PRELSG), falciparum (PF3D7 vs PRCDC) and vivax (PKN vs PVX) clades, dn/ds values were calculated
and ranked. Gene expression data for P. falciparum 3D7 orthologues are from Lopez Barragan et al.
2011 (Lépez-Barragan et al. 2011) and are shown as RPKM values, percentiles (from PlasmoDB), and
the stage in which the gene is the 80th percentile of genes based on its high expression level. The
annotation for P. gallinaceum 8A is from June 2017.

(The file is attached as file Supplemental_Table_S8).

Supplemental Table S9. Top 250 dn/ds values from pairwise comparisons within three lineages.

For all genes with 1:1 orthologues across P. gallinaceum (PGAL8A), P. relictum (PRELSG), P.
falciparum (PF3D7), P. reichenowi (PRCDC), P. knowlesi (PKN) and P. vivax (PVX), dn/ds values were
calculated and ranked in the avian (PGAL8A vs PRELSG), falciparum (PF3D7 vs PRCDC) and vivax (PKN
vs PVX) clades. Only genes with an annotated function are listed. Quantiles of gene expression are
from PlasmoDB (plasmodb.org) based on the source data from Lopez-Barragan (Lépez-Barragan et
al. 2011). 'Number of highly ranked lineages' refers to how many of the avian, falciparum and vivax
lineages that a gene appears in the top 250 dn/dsvalues.

(The file is attached as file Supplemental_Table_S9).

Supplemental Table S10. dy values for all genes with 1:1 orthologous across eight species.

4335 genes with 1:1 orthologues across P. gallinaceum (PGAL8A), P. relictum (PRELSG), P. falciparum
(PF3D7), P. reichenowi (PRCDC), P. knowlesi (PKN), P. vivax (PVX), P. berghei (PBANKA) and P. yoelii
yoelii (PY17X) are shown along with the annotation for the P. falciparum orthologue. For
orthologues in each of the avian (PGAL8A vs PRELSG), falciparum (PF3D7 vs PRCDC) and vivax (PKN
vs PVX) clades, dy values were calculated and ranked. Gene expression data for P. gallinaceum
orthologues are from Lopez Barragan (Lépez-Barragan et al. 2011) and are shown as RPKM values,
percentiles (from PlasmoDB), and the stage in which the gene is the 80th percentile of genes based

24



on its high expression level. The annotation for P. gallinaceum 8A is from June 2017. (The file is
attached as file Supplemental_Table_S10).

Supplemental Methods

Relationship between Plasmodium species

The phylogenetic tree presented in this paper is robust to changes in the substitution model used for
phylogenetic inference. The same phylogeny is from a maximum-likelihood tree under both
partitioned and non-partitioned models (Supplemental Fig. S3A) and maximum parsimony analysis
also agrees. Our result is also not just a result of trimming the alignment to remove poorly-aligned
regions, as this tree also maximises the likelihood of a non-trimmed concatenated alignment under a
simple substitution model. Simpler, non-model based approaches produce different trees, with
neighbour-joining and simple amino acid distance producing a phylogeny matching that shown by
Pick et al (Pick et al. 2011), with a clade of Laverania and avian malaria species, and the primate-
infective species outside Laverania forming a clade related to a clade of rodent malaria
(Supplemental Fig. S3B).

Whole genome sequencing of P. gallinaceum

From 20ng of the enriched genomic DNA whole genome amplification (WGA) was performed with
REPLI-g Mini Kit (Qiagen) following a modified protocol (Oyola et al. 2014). Nuclease-free water and
all tubes were UV-treated before use. WGA reactions were performed in 0.2 ml PCR tubes. Buffer D1
stock solution (Qiagen) was reconstituted by adding 500 pl of nuclease-free water and a working
solution was prepared by mixing the stock solution and nuclease-free water in the ratio of 1:3.5
respectively. Buffer N1 was modified to include Tetramethylammonium chloride (TMAC) at a
concentration of 300 mM. To denature DNA templates, 5 pl of the DNA solution was mixed with 5ul
of buffer D1 (working solution prepared as described above). The mixture was vortexed and
centrifuged briefly before incubating at room for 3 min. Denatured DNA was neutralized by adding
10 ul of the modified buffer N1. Neutralized DNA was mixed by vortexing and centrifuged briefly. To
amplify the DNA template, denatured and neutralized sample was mixed with 29 ul of REPLI-g Mini
Reaction Buffer and 1ul of REPLI-g Mini DNA polymerase to obtain a final reaction volume of 50 pl.
The reaction mixture was incubated at 30°C for 16 hr using an MJ thermocycler with the heating lid
set to track at +5°C. Amplified DNA was cleaned using Agencourt Ampure XP beads (Beckman
Coulter) using sample to beads ration of 1:1 and eluted with 50 pl of EB (Qiagen).

Collection of genomic DNA from P. relictum

Heavily infected mosquito midguts were obtained from a laboratory line of Cx. pipiens
quinquefasciatus (SLAB) that had been placed in a cage and allowed to blood feed from a heavily
infected canary following standard laboratory protocols (Cornet et al. 2013). Two such cages, each
with 70 mosquitoes, were set up in this way (bird parasitaemias were 4.45% and 7.89%). After the
blood meal, mosquitoes were kept at 25°C and 80% relative humidity and dissected 7 days later to
coincide with the midgut (oocyst) stage of the Plasmodium infection. Midguts were dissected and
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oocyst numbers assessed using standard laboratory procedures (Zélé et al. 2014). Total DNA was
extracted from a single pool of 50 heavily infected midguts (>100 oocysts) using the QIAGEN
protocol and materials (DNeasy 96 Tissue Kit, Qiagen NV, Venlo, The Netherlands) and total DNA
was eluted in the final step with 100uL RNase free water (Qiagen).

Genome assembly of P. relictum

Low quality regions of sequencing reads were clipped with SGA version 0.9.1 (Simpson and Durbin
2012; parameters: -m 51 --permute-ambiguous -f 3 -q 3) and assembled with Velvet (version 1.2.07)
(Zerbino and Birney 2008), using a k-mer of 81 selected by iterative testing (k-mers: 85, 81, 71 and
55). The other parameters were: -exp_cov 17 -max_coverage 30 -ins_length 450 -ins_length_sd 30 -
cov_cutoff 9 -min_contig_lgth 200 -min_pair_count 10. Contigs were further scaffolded with SSPACE
(Boetzer et al. 2011). The assembly was improved as described in PAGIT (Post Assembly Genome
Improvement Toolkit (Swain et al. 2012). First, contigs were ordered with with ABACAS (Assefa et al.
2009) against P. knowlesi. Several rounds of iCORN2 (Otto et al. 2010) corrected single base pair
errors and small indels. Assembly errors were detected with REAPR (Hunt et al. 2013), and contigs
broken contig at each Fragment Coverage Distribution error (Parameter -l to also break contig
errors). Those corrected contigs were ordered again with respect to described reference genomes.
Next, sequencing gaps were further closed with GapFiller (Boetzer and Pirovano 2012) and six
iterations with IMAGE (Tsai et al. 2010), with two iterations of each of the decreasing k-mer lengths
71, 55 and 41.

Phylogenetic analysis

OrthoMCL v2.0 was used to cluster predicted proteins from 19 species of Apicomplexan parasites,
including 11 previously published Plasmodium species: *P. berghei, *P. chabaudi, *P. yoelli, *P.
cynomolgi, *P. falciparum, *P. knowlesi (Pain et al. 2008), *P. reichenowi, *P. vivax, TP. ovale and 1P.
malariae, the published Haemoproteus tartakovskysi genome (Bensch et al. 2016) and the two new
Plasmodium genomes described here, together with Toxoplasma gondii and the piroplasms Babesia
microti, Babesia bovis, Theileria parvum and Theileria annulata. Data for published Plasmodium
genomes were downloaded from GeneDB (http://www.genedb.org; Logan-Klumpler et al. 2012) on
17/7/2013 (species marked * above) or 01/06/2016 (species marked *). Data for non-Plasmodium
species were downloaded from apiDB (http://www.apidb.org) on 01/06/2016. OrthoMCL was run
with default parameters and an inflation parameter of 1.5. The output was parsed to identify a total
of 881 clusters that were single-copy and present in all 19 species. Amino acid sequences for all of
these clusters were aligned using mafft v7.205 (Katoh and Standley 2013) with the '--auto' flag and
other parameters as defaults. These alignments were trimmed using GBlocks v0.91b (Castresana
2000) to keep well-aligned blocks of at least four consecutive well-alighed columns, separated by up
to four less-conserved columns, and to discard columns with gap characters in at least 50% of
sequences. All trimmed gene cluster alignments with more than 10 amino acid residues (879 out of
881) were kept for subsequent analysis. Subsequent phylogenetic analyses were all based on this
alignment of 289,315 amino acid residues, from 879 single-copy gene clusters.

Bayesian phylogenetic inference was performed using PhyloBayes 3.3f (Lartillot et al. 2009) under a
CAT mixture model, allowing the rate of substitutions to vary between sites according to a
discretised gamma distribution and the substitution process at each site to come from a mixture of
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amino acid composition matrices but with a single underlying Poisson process for the substitution
process. We ran 8 independent MCMC chains of at least 60,000 steps each. The final 1500 trees
from each chain were concatenated for inference (discarding approximately 20,000 steps per chain
as burn-in). While model parameter estimates had not all converged across all chains, tree
topologies appeared to be following visualisation with "R We There Yet?"
(https://github.com/danlwarren/RWTY). Maximume-likelihood phylogenetic analysis using RAxML
v.8.0.24 (Stamatakis 2014) was performed using a partitioned model where the alignment for each
locus was assigned the best-fitting model under BIC from the set of empirical amino acid substitution
matrices available in that version of RAXML and using observed amino acid composition, and under a
single LG4X model for the whole alignment with maximum-likelihood estimates of amino acid
composition. Additional analyses used PAUP v4.0b10 and Phylip v3.6.9 (Felsenstein 2005) for
parsimony and neighbour-joining analysis of standard AA pairwise distances (under the JTT model)
and Log-Det distances calculated using LDDist v1.3.2 (Thollesson 2004).

To generate the RBP and transposable element (TE) trees, we trimmed the alignments with Gblocks
in Seaview version 4.3.1 (Galtier et al. 1996) allowing the loosest settings. The models were
estimated with RAXML and 100 bootstraps. The models PROTGAMMALG4M and PROTGAMMAGTR
were used for the TE and the RPB analyses, respectively. To select the sequence for the TE tree, we
BLAST-searched the P. gallinaceum TE against the non-redundant nucleotide database, took all the
hits and included the TE sequences from Eimeria and yeast (U6KAF4_9EIME, U6GBW4_9EIME and
YG31B_YEAST). Using a simple randomisation approach the association of GC content with distinct
TE clades was tested. 10,000 sets of random GC content were constructed with the same size as
each of the four main TE clades and the frequency in which the observed GC partitioning was
reproduced. For both P. gallinaceum clades, the results were significant (p ~= 0.0059 for the big
clade of higher mean percentage GC and p < 0.0001 for the smaller clade of lower mean percentage
GC).

Dating analysis

Using the Bayesian coalescence method G-PhoCS (Gronau et al. 2011) and several genotypes, the
divergence times of P. malariae and P. malariae-like have previously been estimated to be similar to
that of P. falciparum and the chimpanzee parasite P. reichenowi (Rutledge et al. 2017). Using the
same method, the divergence of Plasmodium ovale wallikeri and P. o. curtisi was estimated to have
occurred 5 times earlier. By analyzing mutation rates and in vivo data, the divergence of P.
falciparum and P. reichenowi has been estimated to have occurred approximately 200,000 years ago
(Otto et al. 2017) and the P. ovale split must have therefore occurred around 1 million years ago.
This is a revised estimate from Rutledge et al (Rutledge et al. 2017) where the date of the P. ovale
split had been calibrated on previously published estimates for the P. reichenowi-P.falciparum (3.5 -
5.5 MYA) split.

With only a single representative sample for each avian-infective species, it is not possible to use G-
PhoCS to estimate divergence times but the dates for other species dates can be used as guides.

We used a method based on a Total Least Squares regression and the existence of a molecular clock
specific to Plasmodium (Silva et al. 2015) to estimate speciation dates. To implement and test the
method, we first generated amino acid alignments of 18 species from 2,915 one-to-one orthologues.
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This set included species whose speciation times have been dated using coalescence modelling
(Rutledge et al. 2017; Otto et al. 2017). Different to the original work of Silva et al. (Silva et al. 2015)
we generated an alignment including all the protein sequence of all the 18 species, rather than
pairwise comparisons — which is now possible due to better genome sequences, for example for P.
reichenowi (Otto et al. 2014b) that had just around 445 one-to-one orthologues in the original work.
The alignments for each orthologous group were performed with mafft (--auto parameter), and
further trimmed with Gblocks (Talavera and Castresana 2007) (parameter -t=p --b5=h -p=n -b4=2) to
exclude gaps and badly aligned regions. Following the original work, we obtained the control file
with PAML (Yang 2007) and the R code from the author for the Total Least Squares regression.

First, the known speciation timings were evaluated. As expected, the speciation of P. ovale walikeri
and P. o. curtsi was predicted to be 5x earlier than the P. malariae and P. malariae-like split,
confirming the validity of the method. Further, the relative time between the split of P. reichenowi
with P. falciparum and P. praefalciparum with P. falciparum was predicted as in (Otto et al. 2017). In
contrast, the relative timing of P. malariae separating from P. malariae-like and P. reichenowi from
P. falciparum was predicted to be 2.5x apart. This apparent discrepancy is probably due to the huge
difference in GC content and the resulting amino acid bias that influences the molecular clock.

Next the method was applied to all orthologous core genes (Figure 2) but with the 250 genes with
the highest dy values excluded, as non-neutrally evolving outliers, resulting in 3646 orthologues.
Using previous estimates (Otto et al. 2017), the P. ovale split can be calibrated to 1 million years ago.
The divergence of the avian and mammalian Plasmodium lineages therefore occurred between 10-
13 million years ago (Figure 2). The P. ovale split has previously been estimated to be around 3
million years ago (Sutherland et al. 2010), resulting in an estimate of 30-40 million years ago for the
split of avian and mammalian Plasmodium, still an order of magnitude more recent than the
estimated dates for the avian and mammal lineages diverging around 320 million years ago (Kumar
and Hedges 1998).
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