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Supplementary Fig. SF1. Distribution, by country, of all P. malariae isolates with sequence data
generated (novel and previously published) before filtering (N = 251). See Supplementary Table ST2 for
metadata of all isolates and accession numbers. Map was created using data from OpenStreetMap
(openstreetmap.org) which is open data under license in the Open Data Commons Open Database

License (ODbL) (opendatacommons.org) by the OpenStreetMap Foundation (OSMF)
(https://www.openstreetmap.org/copyright).
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Supplementary Fig. SF2. Principal Component analysis of population structure. A) The two major axes
(PC1 and PC2) differentiate 22 Asian isolates and an individual isolate from Oceania (Papua New Guinea)
coloured by their country of origin. Each data point represents an individual isolate; B) The three major
axes (PC1, PC2 and PC3) differentiate 128 P. malariae isolates obtained in Africa, coloured by the region
of source (Central Africa, East and Southern Africa or West Africa). Each data point represents an

individual isolate.
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Supplementary Fig. SF3. Ancestral analysis. Estimation of number of ancestral populations amongst 141
isolates using ADMIXTURE software. ADMIXTURE was performed independently in triplicate for up to 10
populations to determine the cross-validation (CV) error score, and the average error scores were
calculated. Individual data points on the graph represent the average error score, with error bars
showing the range of error scores calculated over the three independent replicates. The lowest CV error
score was obtained for 2 populations (average CV error = 0.259).
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Supplementary Fig. SF4. Multiclonality in isolates in the filtered global database (n = 157).
Multiclonality is calculated using Fws scores through Moimix software. Boxplots demonstrate the range
of clonality in isolates in each: A) Continent (Africa n = 128, Asia n = 22, South America n = 6), or B)
Region (Asia n=6, Central Africa n = 29, East and Southern Africa n = 39, South America n = 6, West Africa
n = 54). Boxes are coloured according to the origin of isolates, matching all other population genetics
analyses. Samples were grouped by region to calculate Fws scores, and the single isolate within Oceania
has been removed from Fys scoring due to small sample size. The mean (SD) Fws are: Africa Central
(0.939 (0.110)), Africa East and Southern (0.976 (0.047)), Africa West (0.968 (0.056)), Africa Continent
(0.956 (0.081)), Asia (0.903 (0.129)), and South America (0.959 (0.065)).
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Supplementary Fig. SF5. Signals of homology within parasite populations in the global dataset
determined using hmmIBD software. Identity by descent (IBD) was calculated for each continent group
where there were > 5 monoclonal isolates (excluding Oceania). Monoclonality determined by Fws score >
0.85, leaving a total of 136 monoclonal isolates (n: Africa 115, Asia 16, South America 5). Total IBD
scores for all isolates in each continental group are visualised in boxplots.
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Supplementary Fig. SF6. Genome-wide signals of high identity by descent (IBD) across the three
continents. Average identity by descent (IBD) scores amongst all monoclonal isolates (Fws >0.85, n =
136) within each continent (n: Africa 115, Asia 16, South America 5) summarised across the length of the
P. malariae genome using sliding windows of 10 kbp. IBD scores calculated using hmmIBD.



A pmaatl/1-662 1 MNENGSVAAYDHNSK I ENEQSSYKGKHDNENINDYKNSLYVEEGSNMNGYVNGY | EANEKSNHISSKSSVKTVYP UNKXKKIKEKKKYKNIYEKE T NINGGNCK I NQYVNLGON 113
) pfaat1/1-606 TMNKKYCTSSNNHDNKKDKK =~ === =nx NNADKN- -KNKKNTTTGEENKDSNKSLVNNDSKKN- -~~~ DSSKNKYNE- ==~~~ VEKANIKNIFASDKKNE-=~=vvremmnnn KS 79

pmaatl/1-662 114 DKDNENDNYND I GNIGANYYEINTSVSYDEEMKVVEAMECCKYVHQVAEVAE IGVEQAEVGHSE | EHAEVGHSE | EHAEVEAE | EEMEVEEERKR I RKKNWKGRTFSRFTPGG 226
pfaatl/1-606 B0 DKNEKNES- SKSSKNTETYTNVND- -« ~KKSNNL I == =Teveoooeonnnnn KGSNDKKKKKKDSK-KNSSNNNNNNT I VDI SDGDYTNDEECTNKPKRNWKGRTFSRFETPGG 170

pmaat1/1-662 227 VRSSTVLFLCTAIGVGFLSFPYVFSKLGI ILSVILIFLNAIESYVITNILCLSSLEHNNTFVYGNLLKK IGHKYHKT I IDIGLTFGFLSSYILILILISNFLSSIFYVENFPAF 339
pfaat1/1-606 171 VRSSTVLFICTAIGVGFLS IPYVFSKLGIILS I 1LI I LNAFESYVTTNILCTSSLENNTFVYGNLLKK IGNKYYKT I IDFGLSFGFVESYILILILISNFLSTIFYVENFPTL 283
L

pmaatl/1-662 340 FCNHIFLI IVICLLILPVTFRDQVGSENSFLVFSLFSLS ITVLTIGWATRYYYNLUNDKK IBUFNIDIHFFKCFNILLFSFSQQPNACF ITGOFNQPTHKRLTKSAYRSVLLQ 452
pfaatl/1-606 284 FTNNVELVELICLLILP I TFRNKVGSENHEL I FSLESLS I TVLT IGLATKSYNNLL INKEVNLFKMDKHEFKCFNILLFSFSQQPNACF I TGQENQPTHRRLNKST FRSV I LQ 3%

pmaat1/1-662 453 \[IFYTLFGFLGY LSFLNTAKDNVVLNYEDSNVS | LIMCKFLLSVIFFFSVPLNFMGSY SSILSLYQSGRNRFLRLY LY I FRRNRYSENLSALLREDTQNP FQENI PDOVTENTS 565
pfaarl/1-606 397 VIEYTLFGILCYFSFLNTAKDN I VLNYENSNVS | LLCKFLLSLYFFFSVPLNFMGSYQSMLALC I TTROALYKLYTY I FRRTCYSANLSLLLSEYTNOPYQETHADNITEHSS 509

pmaatl/1-662 566 THESQTDDKDARMLVS | CVT | LCALIAFNVKKLSNVIGIGGGITSTLISCLLPNLIYFKNRHNVKNRFERYLTLCMLFFFSFMGFFSVIVISLVLIF 662
pfaatl/1-606  S10 VSESQTDDQNQRMW ISV IVT I FCALIACKVEKLSNVIGICCCITSTLISCLLPNLIYYKNRHNVSNKLKRY STLFMLCFFSFMGFLSVVYTTLNLIL 606
pmcrt/1-423 IMK ! IKKKKNKGNHKTKSDTPYRDLONLVONCND IQHR - I SVIRKITNFESLIVHEIRENIFMYTLS | IYLSVEVMNK | LAKRTLNK ICNYSFITSETHNFICMVVESSLYFFET 113
B) plert/1-424 IMKFA-SKKNNQKNS SKNDERYRELDNLVQEGNGSRLGGGSCLCKCANVEXLE FKEIKDNIFIY 1LSI 1Y LSVETIRII FAKRTLNKIGNYSFVTSETHNFEICMIMEFIVYSLEG 113

pmert/1-423 114 RSKMSAKERQQNFCLQFFAIS | LDASSVILAFIGLTRTTGNIQSFVLQLSIP INMFFCFLILRYRYHLFNYLGAVI IVVTIAIVEMILSFETQEENSIIFNLVLIGSLVPLCFS 227
plert/1-424 114 NKKCNSKERHRSFNLQFFAISMLDACSVILAFIGLTRTTGNIQSFVLAQLSIPINMFFCFLILRYRYHLYNYLGAV I IVVTIALVEMKLSFETQEENSTIFNLVLISALIPVCFS 227

pmert/1-423 228 NMTREIVFQKHKID I LRUNAVVSFFQIFTTCFILPYYTLP FLKQLHLP FSEICSNIKNGENCLE FGXNT | VENCGLGMAKMCDDCDCAWKT LLAYSFFNICONLITEY 1 1EKFS 341
plert/1-424 228 NMTREIVFKKYKIDILRLNAMVSFFQLFTSCLILPYYTLP FLKQLMLPYNEIWTNIKNGFACLFLGRNTVVENCGLGMAK LCODCDGAWKT FALFSFFENICONLITSY I 1DKFS 341

pmert/1-423 362 TMIYTIVSCIQGPAIAIAYYFKFLAGDVVREPR I LOFVTLVEYL I GSVFYRIGNI ILEREKLK EGNDADSE- ELTNADGIATA a2
plert/1-424 342 TMTYTIVSCIQGPAIATAYY FKFLAGDVVREPRLLDFYTLFGYLFGS | IYRVGNI I LERKKMARNEENEDSEGELTNVDS 1 ITQ a4

pmdhfr-ts/1-621 1 -MEDLAD! FDIYAICtCKVPNQBECKKNEI‘SYKTIIGI.CI‘C(["I NS LOMKYES VI TYVNEMKY KK LKYKREKYLEKE | SNENSSTVFENISLLSSSKLANVVVMGR 112
C) pfdhfr-ts/1-608 1MMEQVCDVFDIYAICEICCKVESKNEGKKNEVENNY TFRGLGNKGY LPWKCRIS LOMKY F@AVTTYVNESKY EKLKYKRCKY LNKETVDNV -~ <« -« « NDMP NSKKLONVVVMGR 106

pmafr-ts/1-621 113 SEWVS TPKQYKPLPNRINVVLSRTLKKEDVKED | F I INNMDQLVLELKKUNYYKCF I 1GGA | VYKECLERNLIKQIYFTRINNVYECOVEFPEIDENY FQITSVSDVYTSNET 225
pfdhfr-ts/1-608 107 TEWES IPKKFKPLSNRINV I LSRTLKKEDFOEDVY | INKVEDL I VLLGKLNYYKCF IIIGGSVVYQEFLEKKLIKKIYFTRINSTYECOVFFPEINENEYQI | SVSDVYTSNNT 219

pmdifr-ts/1-621 226 SLDFVIFISKRKKALTQESLPHQSSCSDKGSNTSST I SNGAMSSNT IRGSTTSSSCKGKGCGESIFEREYNFMGDEEDDLVY FNFNNNKNE-YKNAENANDFK IYNSLKFKHHP| 337
pldhfr-1s/1-608 220 TLDF I I YKKTNNKMLNEQNC I K EEKNN--DMP LKNDDKDTCHMKKLTEF ~YKNVOKYKINYENDODDEEEDDFVYFNFNKEKEEKXNKNSIHPNDFQIYNSLKYKYHP| 324

pmdhfr-ts/1-621 338 EYQYLS11YD| IMNGNKQNDRTGVGVLSKFGY IMKFNLNQYFPLLTTKKLFLRGI | EELLWFIRGETNGNTLLNKNVR IWEANGTREFLONRKLFHREVNDLGP | YGFQWRHF 450
pfdhfr-ts/1-608 325 EYQYLNI1YDIMMNGNKQSDRTGVGVLSKFGY IMKFOLSQYFPLLTTKKLFLRGI | EELLWFIRGETNGNTLLNKNVR IWEANGTREFLONRKLFHREVNDLGP | YGFQWRHF 437

pmdntr-ts/1-621 451 CAEY TNMOEINY EBKGVOQLKN | ITIL IKNDPTSRR ITILCAWNYKDLDQMALPPCHILCQFYVFDGKLSCIMYQRSCOLGLGVP FNIASY S| FTHMIAQVCNLQPAQF 1 HIILGNA 563
pfdhfr-ts/1-608 438 CAEYTNMYDNYENKGVDQLKNI INLIKNDPTSRR I LLCAWNVEDLDQMALPPCHILCQFYVFDCGKLSCIMYQRSCDLGLGVPFNIASYSIFTHMIAQVCNLQPAQF I HVLGNA 550

prcifr-2s/1-621 564 HVYNNHIDS LKIQLNR 1 PYPFPTIIKLNP EIKNIEDFT I SDFT 1QNYVHHDK | SMDMAA 621
pfdnfr-1s/1-608 551 HVYNNHIDSLKIQLNRIPYPFPTLKLNPDIKNIEDFTISDFTIQNYVHHEK | SMDMAA 608

pmpppk-dhps/1-651 1 MAVI EEMTNSRNNMKNIAVLNFGTNDKRNSVTI I ETALYLT-- ---ENSY IYETVPEYIALAEKQIVKSVKEVEYESDIKWIKELLSTLCESKYKESDNLIYECNELE 103
D) pfpppk-dhps/1-706 IMETIQELILSEENKTNIAVLNLGTNDRRNAVLILETALHLVEKYLCK I INTSYLYETVPEY IVLDKKESCEK | NKDCRIYDVNY INELMONLEESKYEENKELIDKCEEYE 111

pmpppk-dhos/1-651 104 KFMKNEKLNENMLKE | SEHEY ELKTKNKLKAQDEMMKNNLEK FKNKYYTNYFFNLTVVVRTF I DDPLSMLY | IKY | EQIMKREDLKDIQEIFEKRRIDIDILFFNNYTIFME 214
plpppk-dhps/1-706 112 TELKNCKVDNS | LKEVNVENY LLECNN I | VKNDE IMKNNLSKY KOKYYTSYFYNLTVVVKTFVNDP LSMLVVIKY | EELMKRENVKEKECFENRI IDIDILFFNDFYT I FMK 222

pmpppk-dhps/1-651 215 NLELEKEY IYKVETTYENIORNNNRH= = = - - o e ee e e e e e e e e e e e mcccccscmmcomccmeeonn IEATERIKNKIQFLSIPHLYTKYRYS|LLCL 271
Ploppk-dinps/1-706 223 NIKLEKNMIYK | LSKYIHLERD I KNGNDNMSKVNMDKD I KLNNNNN I KKKNNND I DCDCVDQKMNNHVNNKNY [NSFRDPQE | INNMVONEEFLSIPHVYTTHRYSILLCL 333

pmpppk-dhps/1-651 272 ND | IPNYKHIVLKDT INTLYLNFIRNFKETYNINIKEFNRRMYVLKDEVSYLKEKTNIVGI LNVNYDSFSDCGLFUNPTKAVERMFEMINEGASVIDICGE
pfoppk-dhps/1-706 334 NDMIP EYKHNVLNNT IRCLYNKYVSRMKEQYNINIKENNKR | YVLKDR I SYLKEKTNIVGI LNVNYDSFSDGG I FVEPKRAVQRMFEMINEGASVIDIGGE

pmpppk-dhos/1-651 383 STSERDLY I PVETLFXKKKWNEIKYKIEK EVDEQNLEK IDR IKP I IS IDTVNYNVFKECVENDLVD | LNDIRSACTNNPE | IKLLKK ENKFYTVVIMHKRGNP HTMDK LTDYND 493
ploppk-dhos/1-706 445 KISERDLVVPVLQLFQKEWNDIKNK I VKCD- « « -« -~~~ AKP L 1SIDT INYNVFKECVONDLYO | LNDISACTNNPEI IKLLKKKNKFY SVVLMHKRCNP HTMD[ILTNY DN 546

pmppok-dhps/1-651 494 VVYDIKTYLENRLNFLVLNGIPRYRI LFOVGLGFAKKHDQS IKLLQDIHVYDDYPLFIGYSRKRF IAHCMODHNCV INREKLNFYDD- - KNDNENDKSKKWLFKVNYMRKD 602
Plpppk-dhos/1-706 547 LVYDIKNYLEQRLNFLVLNGIPRYRILFOIGLCFEKKHDQS I KLLQNIHVYDEYPLFIGYSRKRFIQIHCMNDQNVV I NTQQK LHDEQQNENKN | VDK S HNWMFQMNYMRKD 657

prpppk - dhos/1-651 603 KDQLPYQKNICCGGLAIASYSYYKKVDLIRVHOVLETKAVLDVLTKIHES 651
Dfpppk-dhps/1-706 658 KDQLLYQKNICGGLAIASYSYYKKVDLIRVHDVLETKSYLOVLTKIDQV 706

pmkis/1-714 TMEGEK | - -KSNSISNFSVTYDRESGVNSNSDDRSESSSENTSNS FMNMT SOKNEKTENNSFALNNSSFVNMKDSLLES IDLSVLDSNFDTKKDFLPSNFSKNFNNLSKENE SN 111
E) plk13/1-726 IMEGEKVKTKANS | SNFSMTYDRESGOCNSNSDDKSCSSSENOSNSFMNLTSOKNEKTENNSFLLNNSSYCNVKDSLLES |OMSVLDSNFDSKEDFLPSNLSRTFNNMSKONICN 113

pmk1i/1-714 112 KYLNKFLNKSDOSMFMSKSKDMNLTDASNNNY - - <« « v cvvvvnnn NISVKNNTKKE | FIDAATAS LNANE ENAMNNLKKETNTNNN I NDTYEKK | I ETELSDSSDF ENMVGDL 210
k1371726 114 KYLNKLLENKKKDT I TNENNNINHNNNNNNLTANNITNNL I NNNMNSPS IMNTNKKENFLDAANL- -~ INDDSGLNNLKKFST - VNNVNDTYERK | | ETELSDASDFENMVGDL 222

pmk13/1-714 211 RITFINWLKKTQMNF IREKDKLFKDKKELEMER IRLYKE | ENRK | | EEQK IHDERKKLDIDISNGYKQIKKEKEEMRKRFDEERLRFLQEIDK IKLVLYLEKEKYFQEYKNFE 323
pteli/1-726 223 RATFINWLKKTQMNF IREKDKLFKOKKELEMERVRLYKELENRKNI EEQKLHDERKKLDIDI SNCGYKQ I KKEKEEHRKRFDEERLRFLQEIDK IKLVLYLEKEKYYQEYKNFE 335

pmk13/1-71¢ 324 NDKKK | VOANIATETMIDINVGGA| FETSRHTLTQQKDSF 1 EXLLSGREJHVTROKQGR | FLORDSELFRIILNFLRNPLTIP IPKDLSESEALLKEAEFYGIKFLPFPLVEC] 436
ofk13/1-726 336 NDKKK | VDANIATETMIDINVGGA | FETSRHTLTQQKDSF I EKLLSGRHHVTRDKQGR | FLORDSELFRIILNFLRNPLT P IPKDLSESEALLKEAEFYGIKFLPFPLVEC! 448

pmk13/1-714 437 GGFDGVEYLNSMELLD | SQQCWRMCTPMSTKKAY FGSAVLNNFLYVFGGNNYDYKALFETEVYDRLRDEMAVSSNLNIPRRNNCGVTSNGRIYCIGGYDGSS | IPNVEAYDHR 549
pk13/1-726 449 GGFDGVEYLNSMELLD | SQQCWRMCTPMSTKKAY FGSAVLNNFLIIVFGGNNYDYKALFETEVYDRLRDVWYVSSNLNIPRRNNCGYT SNGEI YClIGGYDGSS | 1[NV EAY DHE 561

pmk13/1-71¢ 550 MKAWVE | AP LNTPRSSSMCVAFDNKIYVIGGTNGERLNS | EVYEEKMNKWEQFPYALLEARSSGAAFNYLNQ I YVIIGG IDNEHN I LDSVEQYQP FNKRWQF LNGVP EKKMNFG 662
ofk13/1-726 562 MKAWVEVAP LNTRS SATTEVAFDNK I YV I GCTNGERLNS | EVY EEKMNKWEQFPYALLEARSSGAAFNYLNQIYVVGGIDNEHNI LDSVEQYQP FNKRWQFLNGVP EKKMNFG 674

pmk13/1-714 663 ASTLSDSY | ITGGENGEVLNSCHFFSPDTNEWQICPSLLVPRFCHSVLIANI 714
pfk13/1-726 675 BATLSDSY 1 | TGGENGEVLNSCHFFSPDTNEWQLGPSLLVPRFGHSVLIANT 726

Supplementary Fig. SF7. Amino acid alignments to investigate relevance of SNPs found within
orthologs of resistance-associated genes. Both the Pf3D7 and PmUGO1 reference genome predicted
protein sequences for each gene of interest were downloaded from PlasmoDB and aligned using Clustal
Omega for: A) AAT1 (PF3D7_0629500 and PmUGO01_11034100), B) CRT (PF3D7_07090000 and
PmUGO01_01020700), C) DHFR-TS (PF3D7_04172000 and PmUGO01_05034700), with the linker region
annotated by a black outlining box, D) PPPK-DHPS (PF3D7_08108000 and PmUGO01_14045500), and E)
Kelch13 (PF3D7_13437000 and PmUGO01_120212000). Alignments were visualised in JalView, with
conserved amino acids highlighted in grey, residues validated to be involved in resistance in P.
falciparum in red, and residues found to be mutated in the P. malariae database in blue.



Line

A) spcas © pkdhfrvT
 pihfror
gRNA (o @ pfdhfroR_Pfs
(o] ® PmdhfrOR_Pms

@ Pmd hfrOR_PmUGDI

Repaired locus ws O PmdhfrOR_PmMS
’ Rev 100 @ PfdhfroR PR

REV

B)
[ pkanfvm ][ pkahor | | PfahfroRs | pmdifroe.ems | %
WT INT1 INT2 INT3IND WT INT IND WT INT IND WT INT IND 7
= L

5.0

[

Fold Growth

[ Pmahfror.rmuset || pmahfronrrs | [ panfronrm

WT INT IND WT INT IND WT INT IND

25

0.0

Supplementary Fig. SF8. Ortholog replacement of pkdhfr. A) Diagram outlining the strategy for genome
editing of P. knowlesi parasites using CRISPR-Cas9 with a two-plasmid approach. One plasmid encoding
the Cas9 endonuclease in addition to the guide RNA targeting Cas9 to the DHFR domain, and the other
plasmid containing the donor DNA flanked by two 500 bp homology regions. The same guide plasmid
(pCas9/sg_pkdhfr) was used for all 6 transfections, with 6 different donor plasmids for each individual
ortholog replacement. Ortholog replacement occurred through homologous recombination after Cas9
induced double strand DNA break, with 500 bp 5’ and 3’ homology regions flanking either side of the
replacement DHFR sequence (marked 5’ HR and 3’ HR). The locations of the primers used to confirm
successful recombination are indicated with ‘“WT FWD’ ‘OR FWD’ or ‘REV’. The same FWD primer is used
for all lines (olAI034), situated outside of the genetically modified locus within the P. knowlesi genome,
and the REV primer is located within the new DHFR sequence after ortholog replacement, with a genus
specific REV primer for P. falciparum (olAl039), P. malariae (olAl037), the recodonised P. knowlesi
sequence (0lAl036) and the parental P. knowlesi line (0lAl035). B) Diagnostic PCRs of all parasite lines
after transfection, clonal dilution, and DNA extraction to confirm parasites only harbour the modified
locus. Three separate PCRs are completed for each line (WT - wild-type locus, olAI035 and olAl034; INT —
integration locus, primers described above; IND — an independent PCR as a control targeting an
unrelated locus within the P. knowlesi genome, primers ol75 and 0l76). PCR primers and band sizes in
Supplementary Table ST11. The parental parasite line pkdhfrWT was tested with all three integration
primer sets (INT1 = P. falciparum, INT2 = P. malariae, and INT3 = P. knowlesi recodonised sequence). All
primer sets were additionally tested with water as a negative control and showed no amplification. C)
Fold growth of all parasite lines in human erythrocytes (Duffy positive) using one intraerythrocytic cycle
of 27 hours. Fold growth was measured using a SYBR-Green | assay and flow cytometry, with all isolates
having three technical replicates.



