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Supplementary Tables

Supplementary Table 1. Included genetic markers with antimalarial resistance prediction.

P. falciparum gene Resistance classification

kelch13° artemisinin
441L, 4461, 449A, 452E, 458Y, 469Y, 469F, 4761, 479,

481V, 493H, 515K, 522C, 527H, 5371, 537D, 538V, 539T,

543T, 553L, 561H, 568G, 574L, 575K, 5791, 580Y, 584V,

667T, 6731, 675V or 719N as homozygous call

plasmepsin2/3 (pm23) amplification® piperaquine

WHO kelch13 mutant and multiple copies of pm23 dihydroartemisinin-piperaquine (DHA-PPQ)
crt chloroquine

76T

dhfr

108N pyrimethamine

511 and 59R and 108N, all homozygous sulfadoxine-pyrimethamine

dhps

437G sulfadoxine

dhfr & dhps

dhfr: 511 + 59R + 108N + dhps: 437G + 540E sulfadoxine-pyrimethamine (IPTp®)

+ one of dhfr:164L, dhps:581G, dhps:613S or dhps:613T
with all mutants homozygous

mdr1 amplification® mefloquine

WHO kelch13 mutant and multiple copies of mdr1 artesunate-mefloquine

Comprehensive details of genetic markers used in SPOTMalaria:
https://ngs.sanger.ac.uk/production/malaria/Resource/29/20200705-GenRe-04a-SpotMalaria-0.39.pdf, pages 4-7, and
phenotype prediction rules used in the GenRe-Mekong project:
https://ngs.sanger.ac.uk/production/malaria/Resource/29/20200705-GenRe-05-PhenotypeRules-0.39.pdf

a The list of validated mutations in the BTB/POZ and the propeller domain was based on the WHO list:
https://iris.who.int/handle/10665/274362

b Confirmatory plasmepsin2/3 and mdr1 amplification testing was performed using gPCR.
¢Intermittent preventive treatment in pregnancy


https://ngs.sanger.ac.uk/production/malaria/Resource/29/20200705-GenRe-04a-SpotMalaria-0.39.pdf
https://ngs.sanger.ac.uk/production/malaria/Resource/29/20200705-GenRe-05-PhenotypeRules-0.39.pdf

Supplementary Table 2. Genotypically confirmed P. falciparum samples by year and province.

Country Province 2017 2018 2019 2020 2021 2022

Kampong Speu 20 38 8
Mondulkiri 4 7 7

Cambodia Pursat 6 19 84
Ratanakiri 26
Stung Treng 23
Attapeu 101 208 48 210 122 59
Champasak 94 147 28 2 11

Laos Salavan 103 99 27 15 2

Savannakhet _ 212 70 116 8
Sekong 13 9 12 9 4
Binh Phuoc 51 - 24 3 4
Binh Thuan 7 1
Dak Lak 167 125 - 46 2
Dak Nong 60 70 48 7
Gia Lai 272 446 523 151 73 144

Vietnam Khanh Hoa 26 48 7 1
Kon Tum 3
Ninh Thuan 43 12 13 1 2
Phu Yen 197 55 17 9
Quang Binh 1
Quang Tri 28 19 7 1 1 3




Supplementary Table 3. Distribution of kelch13 allele variants.

The proportion of samples with kelch13 variant in each country are shown as percentages for each year; all
detected variants are shown. “WT” (wild type) indicates no mutation was detected in kelch13. “Heterozygous”
indicates samples containing multiple parasites genomes carrying more than one kelch13 mutations. “Missing”
indicates parasites whose kelch13 genotype could not be determined. “Resistant” status was determined from
the list of validated alleles associated with delayed clearance, as published by WHO.! Full details about the
classification method are is given in the SpotMalaria Technical Notes at
https://www.malariagen.net/resource/29.

Country Classification  kelch13 allele 2017 2018 2019 2020 2021 2022

WT 10.2% 10.0% 1.6% 7.1%
Sensitive

A578S 2.0%

C580Y 83.7% 30.0% 54.7% 5.1%

Cambodia Resistant P553L 4.1%

vasay so7% 207 [JETERl

missing 2.0% 23.3% 4.7% 7.1%
Undetermined

heterozygous 9.4% 11.1%
Sensitive WT 43.2% - 30.0% 24.2% 42.7% 13.0%

C580Y 12.9% 22.5% 15.6% 12.7% 17.4% 49.3%

P574L 0.8%
Resistant

R539T 0.2% 1.2% 3.4% 45.4% 27.3% 24.6%

Laos Y493H 1.5% 0.1% 0.3%
missing 40.5% 10.0% 44.6% 16.0% 7.9% 13.0%

heterozygous 0.8% 1.9% 6.4% 1.3% 4.0%
Undetermined

G357S 0.4%
G544R 0.4%
Sensitive WT 20.2% 11.8% 5.0% 0.7% 2.1% 2.5%
CA469F 0.5% 0.1%
C580Y 54.4% 77.3% 86.0% 89.3% 95.8% 77.6%
Resistant
Vietham P553L 1.5% 0.3%
R539T 0.2%
missing 20.6% 8.6% 8.0% 9.6% 2.1% 18.6%
Undetermined
heterozygous 2.6% 1.9% 1.0% 0.4% 1.2%



https://www.malariagen.net/resource/29

Supplementary Table 4. Changes in PPQ-R proportions in the three largest KEL1/PLA1 clusters.

The proportion of samples predicted to be resistant to piperaquine (PPQ) in the largest three KEL1/PLA1 clusters
(KLVO1, KLV02, KLVO3) are shown, aggregated by quarter (Ql1: January-March; Q2: April-June; Q3: July-
September; Q4: October-December). “NA” means there are no samples from the cluster in a given period.

PPQ-R

KLvVO1

2017

Q1
Q2
Q3
Q4

KLV02 KLVO3

2018

Q1
Q2
Q3
Q4

2019

a1
Q2
Q3
Q4

2020

Q1
Q2
Q3
Q4

2021

Q1
Q2
Q3
Q4

NA NA
NA

2022

Q1
Q2
Q3
Q4




Supplementary Table 5. Temporal cluster distribution of P. falciparum samples.

For each cluster, we show: the cluster label; proportion of samples per year of collection; number of sample in
a cluster, proportion of samples predicted resistant to artemisinin (ART), piperaquine (PPQ), and mefloquine
(MQ); chloroquine (CQ), sulfadoxine (SX) and pyrimethamine (PM); number of sample with genotyped kelch13
variant; whether the cluster is a KEL1/PLA1 haplotype. All clusters of at least 10 members are shown. Samples
that could not be assigned to a cluster with these parameters were labelled as ‘not clustered’.

Proportion of ples in each year Resistance
Cluster | 2017 2018 2019 2020 2021 2022 s::“j'r’"te ART PPQ  MQ ca sX PM | Kelch13 KEL1/PLAL
KLVOO1 | 5% 8%  21%  16% 4% 635 | 100%  89% @ 0% 100%  100%  100% | C580Y:622 Yes
KLVo02 | 1%  12%  18% 4% 528 | 100% 98% @ 0% 100%  100%  100% | C580V:524 Yes
KLV003 1%  13% 10% 16% ['33%| 4s0 | 100% 54% 0% 100%  100%  100% | C580Y:449 Yes
KLVoO4 | 0% 0% 0% | 18%  15% 4% 202 |100% 0%  13% | 100%  100%  100% | RS39T:190; C580Y:1
KLVOOS | 4% 4% 3% 3% 0% 179 | 100%  78% @ 0% 100%  100%  100% | C580Y:157 Yes
WT:116; YA93H:6;
KLVoO6 | 5% 3% 1% 1% 153 6% 1% 0% 100% 0% [ 200% | oo o
KLVOO7 | 1% 1% 0% 3%  10% 9% 114 [100% 1% 0% 100%  100%  100% | C580v:108
KLVoO8 | 5% 2% 0% 107 | 100%  84% @ 0% 100%  100%  100% | C580Y:92 Yes
KLVooS | 1% 1% 3% 4% 88 100% 100% | 0% 100%  100%  100% | C580v:86 Yes
KLVO10 | 3% 2% 0% 0% 83 1% 0% 0% 100% 0% | 100% | WT:68; C580V:1
KLVO11 0% 14% 60 0% 0% 0% 0% 0% | 100% | WT:59
KLV012 1% 16% 56 100%" 0% 0% 100%  100%  100% | Y493H:56
KLVo13 | 2% 1% 1% 53 0% 2% 0% 100%  100%  100% | WT:50
KLvo14 | 0% 1% 2% 1% 47 100%  85% @ 0% 100%  100%  100% | C580Y:46 Yes
KLVO15 2% 0% 0% 44 0% 0% 0% 100%  100%  100% | WT:43
KLVo16 | 1% 1% 0% Vel 8% 0% 0% 100% 0% | 100% \;\;;:jﬁ;lcsaovzz;
KLV017 1% 0% 3% 37 0% 0% 0% 100% 0% | 100% |wT:36
KLvois | 2% 1% 0% 35 100%97% | 0% 100%  '100% 100% | C580v:28 Yes
KLvo19 | 0% 1% 0% 28 0% 0% 0% 100% 0% | 100% |WT:19
KLV020 1% 0% 27 0% 0% 0% 100% 0% | 100% | WT:27
KLV021 1% 0% 26 0% 0% 0% 100% 100%  100% | wT:25
Kvo22 | 1% 0% 1% 26 0% 0% 0% 100%  100%  100% | wT:23
KLV023 1% 4% 1% 25 100%" 0% 0% 100%  100%  100% | C580Y:25
KLvo2a | 1% 1% 2 100% 100%" 0% 100%  100%  100% | C580Y:19 Yes
KLvo2s | 1% 1% 0% 2 75% 0% 0% 100%  100%  100% | C580V:12; WT:4
KLV026 | 0% 1% 1% 20 100%  94% 0% 100%  100%  100% | C580Y:20 Yes
Kvo27 | 1% 0% 0% 20 0% % 0% 100%  100%  100% | wT:17
KLV028 0% 0% 1% 19 0% 0% 0% 100%  100%  100% | WT:19
KLVo29 | 1% 0% 0% 19 6% 0% 0% 0% 100%  100% | WT:16; C580Y:3
KLvo3o | 0% 1% 0% 19 100%" 0% 0% 100%  100%  100% | C580Y:15
KLV031 0% 2% 0% 18 0% 0% 0% 100% 0% 0% |WT:16
KLV032 0% 0% 0% 3% 18 0% 0% 0% 0% 0% [7160% | wT:17
KLV033 1% 0% 0% 0% 18 0% 0% 0% 100% 0% | 100% |WT:17
KLvo3a | 1% 1% 18 0% % 0% 100% 100%  100% | wT:16
KLVo3s | 1% 0% 18 12% 0% 0% 100%  100%  100% | WT:7; C580V:1
KLV036 3% 1% 17 0% 0% 0% 100% 0% | 100% |wT:17
KLvo37 | 1% 0% 0% 17 8% 0%  27% 0% 100% " 100% | WT:11; C580Y:1
KLV038 0% 1% 0% 16 100%" 0% 0% 100%  100%  100% | R539T:15
KLV039 1% 0% 16 100% 42% 0% 100%  100%  100% | C580Y:16
KLVo40 | 0% 1% 0% 16 100% 0% 0% 100%  100%  100% | C580Y:14
KLvoal | 1% 0% 0% 16 0% 0% 0% 100% 0% | 100% | WT:9
KLvoa2 | o% 1% 15 100% 0% 0% 100% 100%  100% | C580Y:14
KLV043 2% 0% 1% 13 100% 0% 0% 100%  100%  100% | Y493H:13
KLvods | 0% 1% 13 0% 0% 0% 100% 0% | 100% |wT:12
KLV045 1% 13 0% 0% 0% 100% 0% | 100% |wr:13
KLvods | 1% 0% 13 55% 0% 0% 100% 0% | 100% | C580Y:6; WT:5
KLV047 1% 12 0% 0% 0% 100% 0% | 100% |WT:12
KLV048 1% 12 0%  20% 0% 100% 0% | 100% | WT:12
KLVo49 | 0% 0% 0% 12 100%  100% 0% 100%  100%  100% | C580v:12 Yes
KLVosO | 0% 0% 0% 12 100% 0% 0% 100%  100%  100% | C580Y:10
KLvos1 | 0% 0% 0% 1% 12 0% 0% 0% 0% 0% | 100% | WT:9
KLvos2 | 1% 0% 12 100% 100%  NA 100%7100% " 100% | Cs80V:5 Yes
KLvos3 | 1% 0% 12 33%  11% 0% 100%  100%  100% | WT:2; C580Y:1
KLvos4 | 1% 0% 12 100% 0% 0% 100%  100%  100% | PS53L:11
KLV0S5 1% 1 0% 0% 0% 0% 0% 0% | wri1
KLVOS6 | 1% 0% 0% 1 2% 0% 0% 100% 100%  100% | WT:7; Ya93H:2
KLvos7 | 0% 0% 0% 1% 1 0% 0% 0% 100% 0% | 100% |wT:9
KLvos8 | 0% 0% 1 100%7100%" 0% 100%  '100% 100% | Cs80v:11 Yes
KLV0S9 | 1% 1 0% 0%  NA 0% 100%  100% | wT:s
KLV060 1% 10 0% 0%  NA 100% 0% | 100% | WT:10
KLV061 1% 10 100% | 0% 0% 100% 100%  100% | C580Y:10
KLV062 1% 10 0% 0% 0% 100% 0% | 100% | wT:7
KLVO63 | 0% 0% 0% 10 0% 0% 0% 100% 0% | 100% |WT:9; P574L:1
KLvos4 | 1% 10 0% 0%  NA 0% 0% | 100% | wT:10
Not 43%  30%  26%  26%  36%
clustered
Toal 11091 1804 1447 608 413 329
samples




Supplementary Figures

6632 samples (2017-2022)

Cambodia (KH) = 290
Lao PDR (LA) = 2797
Viet Nam (VN) = 3545

Exclusions
n = 650 non-Pf species

A4

Y
5982 P. falciparum genotyped
with SpotMalaria
KH = 242
LA = 2400
VN = 3340

Exclusions
n=882 high genotype
missingness (>25%)

A 4

A
5100 high quality
P. falciparum samples

A 4 A4

Y A A k4 v
2017 2018 2019 2020 2021 2022
Total = 1124 Total = 1676 Total = 1199 Total = 505 Total = 353 Total = 243
KH =47 KH=0 KH=0 KH =23 KH =38 KH =69
LA =552 LA =775 LA = 206 LA =234 LA =222 LA=50
VN =525 VN =901 VN =993 VN =248 VN = 93 VN = 124

Supplementary Figure 1. Collected and genotyped P. falciparum (Pf) samples.

The diagram shows how the analysed sample set was derived from Pf samples collected by GenRe-Mekong, and
the composition of this sample set by country and year.
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Supplementary Figure 2. Amplicon sequencing coverage of barcode loci (n = 100) and drug resistance loci (n = 25).
Boxplots show the distribution of sequencing read counts (logio transformed) across individual barcodes (a) and drug resistance markers (b); center line shows the median, box

limits indicate upper and lower quartiles, whiskers extend to 1.5x interquartile range. Barcharts show the proportions of samples with 210 reads at each barcode locus (c) and
each drug resistance marker (d).
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Supplementary Figure 3. Percentage of WHO-registered Pf infections processed by GenRe-Mekong.

Between January 2017 to December 2022, 32.7% (3,340/10,212) and 16.2% (2,400/14,811) WHO-reported Pf
infections in Vietnam and Laos were sampled by the GenRe-Mekong project, respectively. For Cambodia, 21.0%
(242/1,151) of WHO-reported P. falciparum infections occurred between 2020 and 2022 were sampled GenRe-
Mekong.>*
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Supplementary Figure 4. Number of suspected cases tested in each country.
Numbers reported to the WHO Mekong Malaria Elimination Programme.?* KH: Cambodia, LA: Lao PDR and VN:
Vietnam.
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Supplementary Figure 5. Frequency of piperaquine-resistant parasites over three time periods.
The predictor marker for piperaquine resistance was the pm23 amplifications. Left panel: 2017-2019, middle: 2020-2021, right: January-December 2022. Marker colours reflect
resistance prevalence, ranging from 0 to 1, where 0 means no parasite were predicted to be resistant, and 1 means 100% of the parasites in the province carried the relevant

resistance markers. A marker is shown only if there are at least 2 samples from the province (e.g.: only two samples were samples were present in Salavan in 2022). Sample number
for each province are shown in Supplementary Table 2.
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Supplementary Figure 6. Relationship between PPQ resistance (PPQ-R) and Pf prevalence.

For each country, we show a Spearman’s rank correlation analysis highlighting the relationship between levels
of PPQ resistance (PPQ-R) and prevalence of Plasmodium falciparum (Pf) across three countries: a Cambodia
(sample size, n = 229), b Laos (n = 1437), and ¢ Vietnam (n = 2852). Samples with missing plasmepsin2/3
genotypes are excluded from the analysis. Data points represents quarterly observations (n = 24 per country)
over six years. Each panel shows the linear regression fit (black line) with 95% confidence intervals (shaded gray
area). The correlation coefficient (R) and associated p-value are shown in each panel. The analysis indicates a
weak non-significant correlation in Cambodia, but strong and significant positive correlations in Laos and
Vietnam. Pf malaria prevalence was estimated from WHO data.>*
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Supplementary Figure 7. Prevalence and pm2/3 amplifications frequency changes.

Panels: (a) Cambodia, (b) Laos and (c) Vietnam. Pf malaria prevalence (black lines, left-axis) was derived from
WHO data,** while pm23 amplification frequencies (red lines, right-axis) were derived from GenRe-Mekong
genotypes. Shaded areas represent 95% confidence intervals, with wider intervals reflecting smaller sample
sizes. The Pf prevalence scale varies between countries. First line ACT treatment for uncomplicated malaria,
according to national policy, and COVID-19 lockdown restrictions are shown under each graph. Cambodia
switched ACT from dihydroartemisinin-piperaquine (DHA-PPQ) to artesunate-mefloquine (AS-MQ) starting
2017,>% and did not implement a nationwide lockdown but focused on localized restrictions: in Phnom Penh and
Ta Khmau in April-May 2021, and provinces bordering Thailand in July-August 2021.” GenRe-Mekong started
routine surveillance in Cambodia in Q3 2020. Laos continued the use of artemether-lumefantrine (AL)
throughout the study period, and lockdowns were imposed nationally March-May 20208 and April-December
2021.° Vietnam changed frontline ACT from DHA-PPQ to artesunate-pyronaridine (AS-PYR) in five provinces in
late Q1 2020, and COVID-19 lockdowns were imposed nationwide in April-May 2020; in Danang July-August
2020; and in Hanoi and the Southern region in July-August 2021.1213
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Supplementary Figure 8. Temporal distribution of crt mutations and pm23 amplifications.

The proportion of samples carrying crt mutations is shown by year in red (crt.nref), while the proportion of pm23
amplifications is shown in blue (pm.copy), with value ranging from 0 (no samples carrying the resistant allele) to
1 (100% of samples carrying the resistant allele). Sample sizes (n) are indicated on the x-axis for each year.
Shaded areas represent 95% confidence intervals, with wider intervals reflecting smaller sample sizes. Analysis
includes only samples for which both the crt and pm23 genotypes are available.
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Supplementary Figure 9. Temporal distribution of crt mutations and pm23 amplifications.

The proportion of samples carrying crt mutations is shown by year in red (crt.nref), while the proportion of pm23
amplifications is shown in blue (pm.copy) for (a) Cambodia (KH), (b) Laos (LA) and (c) Vietnam (VN), with value
ranging from 0 (no samples carrying the resistant allele) to 1 (100% of samples carrying the resistant allele).
Sample sizes (n) are indicated on the x-axis for each year. Shaded areas represent 95% confidence intervals, with
wider intervals reflecting smaller sample sizes. Analysis includes only samples for which both the crt and pm23
genotypes are available.
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Supplementary Figure 10. Regional proportions of samples with crt mutations and pm23 amplifications.

The stacked bar plots show the proportion of each genotype combination in each year: wild-type for both crt
and pm23 (REF.WT, light blue), wild-type crt with pm23 amplification (REF.Amp, navy), crt mutant with single-
copy pm23 (ALT.WT, yellow), and crt mutant with pm23 amplification (ALT.Amp, brown). Sample sizes (n) for
each year are shown in parentheses below the x-axis.

(Next page)

Supplementary Figure 11. Proportion of samples with combined crt and pm23 genotypes, by country.

The stacked bar plots show the proportion of each genotype combination in each year for (a) Cambodia (KH),
(b) Laos (LA) and (c) Vietnam (VN): wild-type for both crt and pm23 (REF.WT, light blue), wild-type crt with pm23
amplification (REF.Amp, navy), crt mutant with single-copy pm23 (ALT.WT, yellow), and crt mutant with pm23
amplification (ALT.Amp, brown). Sample sizes (n) for each year are shown in parentheses below the x-axis.
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Supplementary Figure 12. Predicted resistance to mefloquine per province divided in three periods.

Left panel: 2017-2019, middle: 2020-2021, right: January-December 2022. Marker colours reflects resistance prevalence, ranging from 0 to 1, where 0 means no parasite were
predicted to be resistant, and 1 means 100% of the parasites in the province carried the relevant resistance marker. A marker appears when at least 2 samples were processed
from the province. Sample number for each province are shown in Supplementary Table 2.
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Supplementary Figure 13. Predicted resistance to chloroquine per province divided in three periods.
Left panel: 2017-2019, middle: 2020-2021, right: January-December 2022. Marker colours reflects resistance prevalence, ranging from 0 to 1, where 0 means no parasite were

predicted to be resistant, and 1 means 100% of the parasites in the province carried the relevant resistance marker. A marker appears when at least 2 samples were processed
from the province. Sample number for each province are shown in Supplementary Table 2.
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Supplementary Figure 14. Prevalence of KEL1/PLA1 between 2017 and 2022.

Pie charts show the proportions of samples classified as KEL1/PLA1, having both C580Y kelch13 mutation and plasmepsin 2/3 amplification, in the three periods. Left panel: 2017-
2019, middle: 2020-2021, right: January-December 2022. The pie size reflects the sample number in the province. Sample number for each province are shown in Supplementary
Table 2.
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Supplementary Figure 15. Distribution of mdr1 haplotypes and kelch13 alleles.

Panels show the proportions of parasites carrying different mdrl haplotypes (a) and kelch13 alleles (b) in three time periods (left: 2017-2019, middle: 2020-2021, right: Jan-Dec
2022. NYD is the wild-type mdrl haplotype. Parasites with wild-type (WT) kelch13 alleles are predicted to be sensitive to artemisinin, while other kelch13 alleles have been
associated with delayed parasite clearance and therefore predicted to be artemisinin-resistant, with the exception of G357S and G544R which are not in the WHO validated marker
list, and thus their association with artemisinin resistance is undetermined. Sample number for each province are shown in Supplementary Table 2.

19



kelch13
WT
C580Y
R530T
Y493H
P553L
C469F
P5T4L
G357S
G544R
Other

2017 - 2019

2020 - 2021

2022

20



Supplementary Methods

Sample genotyping. DNA was extracted from DBS samples and processed using the SpotMalaria v2 amplicon
sequencing and genotyping platform. Detailed sample processing procedures, and the set of amplicons and
variants targetted, are given in the “SPOTmalaria Technical Notes and Methods”. Amplicon primer sequences
are available in “Supplementary File 1”. Both files are available at https://www.malariagen.net/resource/29/,
released as supplementary material for Jacob CG et al., 2021.** The FASTQ files produced by sequencing were
then processed by an informatics pipeline that genotyped the samples and produced the Genetic Report Cards
datasets that were used in the analyses. The pipeline is available open-source at https://github.com/genomic-
surveillance/AmpRecon with documentation, including a complete workflow. Here, we give an overview of
functional blocks that are relevant to the results presented.

Alignment and Read Counts. Illlumina short read pairs were aligned against reference amplicon sequences,
obtained from the 3D7 reference genome V3; reference files are available from https://github.com/genomic-
surveillance/AmpReconResources/tree/main/plasmodium/falciparum. Alignments were processed to remove
reads that did not meet quality criteria, as detailed in the “SPOTmalaria Technical Notes and Methods”, and
bcftools mpileup (https://samtools.github.io/bcftools/beftools.html) was used to extract VCF files
containing the read depth of each allele at every position of interest.

Variant Genotyping. At every position of interest, nucleotide genotypes were established by analyzing allele
read depths. If the position was covered by fewer than 10 reads, the genotype was considered “missing” (i.e.
undetermined due to insufficient coverage). Otherwise, the sample was deemed as carrying all alleles that were
in no less than 5 reads AND in at least 10% of the total reads at that position. If a single nucleotide allele met
these criteria, the sample was genotyped as homozygous for that allele; if more than one allele met the criteria,
the sample was genotyped as heterozygous. Amino acid alleles were genotyped by concatenating the nucleotide
alleles of the adjacent positions in the codon, and then translating the codon to an amino acid. The amino acid
genotype was deemed missing if any of the codon’s nucleotide genotypes were missing.

Barcodes. For each sample, a 101-SNP barcode was called, simply by concatenating the genotypes from each of
the positions. Barcode missingness was estimated as the proportion of sites that had a missing genotype;
barcode heterozygosity was estimated as the proportion of non-missing positions that carried a heterozygous
genotype. Barcode missingness was used as a quality measure, as it increases when low levels of DNA
concentration reduce sequencing yield.

kelch13 genotyping. Nucleotide positions covering kelch13 amino acid positions 340-695 were genotyped for
each sample, using 6 overlapping amplicons. The genotypes were then scanned to detect changes in the amino
acid sequence. If more than 25% of positions was missing, the kelch13 genotype was deemed “missing”.
Otherwise, the sample was genotyped as “wild type” (“WT”) if all the amino acid positions were called with the
same allele as the 3D7 reference. If a single amino acid change caused by a homozygous nucleotide allele was
detected, the sample was assigned the relevant mutation. However, if the nucleotide allele that caused the
amino acid change was heterozygous, the position was considered heterozygous (i.e. harbouring both mutant
and wild type parasites). Similarly, the detection of multiple amino acid changes produced a heterozygous allele.

plasmepsin 2/3 amplifications. Plasmepsin 2/3 (pm23) amplifications were determined by combining results
from two methods: breakpoint sequence identification'#!2 and qPCR.%> Copy numbers were not quantified, so
the test outcomes were only “wild type” (“WT”) if there was a single copy of the gene, or “Amplified” if multiple
copies were detected. When both methods produced matching results, or if only one method produced a result,
that outcome was assigned as the result. In the presence of discrepancies between the two methods, a
“missing” (undetermined) status was assigned.

mdr1 amplifications. Amplifications of the Pf genes multidrug resistance 1 transporter (mdrl1) was detected by
gPCR.'® Copy numbers were not quantified, so the test outcomes were only “wild type” (“WT”) if there was a
single copy of the gene, or “Amplified” if multiple copies were detected. A “missing” (undetermined) value was
assigned when gPCR could not determine an amplification status.

Phenotype Predictions. The amino acid genotypes at specific positions were used to derive predictions of the
drug resistance status for a variety of drugs. The prediction rules are detailed in “Phenotype Rules”, available at
http://ngs.sanger.ac.uk/production/malaria/Resource/29/20200705-GenRe-05-PhenotypeRules-0.39.pdf,
released as supplementary material for Jacob CG et al., 2021.*
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