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Genomic Characterization of Recrudescent
Plasmodium malariae after Treatment with
Artemether/Lumefantrine

Technical Appendix

Supplementary Methods

Ethics Statement

The protocol used to collect human blood samples for patients with malaria attending
Royal Darwin Hospital was approved by the Health Research Ethics Committee of Menzies
School of Health Research (HREC 09/83). Written informed consent was obtained from the
patient.

Sample Collection

Plasmodium malariae DNA used in this study was isolated from a symptomatic patient
who presented to the Royal Darwin Hospital, Australia in March and April 2015 with a P.
malariae parasitemia detected by blood film examination. At each episode, 5ml of EDTA blood
was collected from the patient for routine confirmation of malaria by microscopy, full blood
count, urea and electrolytes and liver function tests. An additional 10ml of EDTA blood was
collected and leukodepleted by passage through a Plasmodipur filter (Euro-diagnostica) within 6
hours of collection. DNA was extracted from a 2ml aliquot of the filtered red blood cell pellet
using the QIAamp DNA Blood Midi Kit (Qiagen) as per the manufacturer’s instructions, and
stored at —20°C. Plasmodium species was confirmed by PCR for P. vivax, P. falciparum, P.
malariae and P. ovale parasites using a modified version of that described by Padley et al. (1) so
that each species was identified in a separate (non-multiplex) assay. PCR for P. knowlesi
parasites was undertaken using the method of Imwong et al. (2).

Genome Sequencing
Whole genome sequencing was performed on both parasite isolates (PmUGO01 and

PmUGO02) using Illumina Standard libraries of 200-300bp fragments and amplification-free
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libraries of 400-600bp fragments were prepared (3) and sequenced on the Illumina HiSeq 2000
v4, the MiSeq v2, and the X Ten according to the manufacturer’s standard protocol. Raw
sequence data were deposited in the European Nucleotide Archive (Technical Appendix Table
1).

Genotyping of Single Nucleotide Variants (SNPs)

The two P. malariae samples (PmUGO01, PmUGO02) were mapped against the P. malariae
reference genome (4) using SMALT (-y 0.8, -i 500). The resulting bam files were merged, and
GATK’s (5) UnifiedGenotyper was used to call SNPs from the merged bam files (Technical
Appendix Table 2). According to GATK’s (5) best practices, SNPs were filtered by quality of
depth (QD >2), depth of coverage (DP >20), mapping quality (MQ >30), and strand bias (FS
<60). SNPs in low-complexity regions, as determined by Dustmasker (6), were removed, as were
sites with missing data in either of the two samples, and SNPs within 50bp of each other to avoid
SNPs in repetitive regions. Finally, only exonic SNPs were retained. We performed the same
SNP calling procedure by also including additional previously published samples (4).
Heterozygous sites were filtered out, while SNPs in non-coding regions were retained (Technical
Appendix Table 3). Raw SNPs for PmUGO01 and PmUGO2 differ between Technical Appendix
Tables 2 and 3 due to calling SNPs from a merged bam file instead of individually. Samples are
therefore pooled and SNP calling is performed on the population rather than on the individual.
The consequence of this is that if an individual sample has insufficient reads at a particular locus
to reliably call a SNP there, that SNP might still be called if other samples in the population also
have SNPs at that location, as this increases the likelihood of a SNP at that position. The number
of SNPs therefore differs for identical samples depending on the population on which the SNP

calling was performed.

Abundance Calculations

Using the relative SNP frequencies of the three haplotypes (R1, H1 and H2), the relative
abundances of the different haplotypes were calculated, assuming that the number of sequencing
reads is proportional to the abundance of the specific haplotype in the blood. From the SNP
frequencies, H1 and R1 are in a ratio of 0.35:0.65 and H2 to R1 is in a ratio of 0.15:0.85. In both
cases we ignore the third haplotype because we cannot ascertain its genotype. Ratio
multiplication yields a joint ratio of 975:2975:5525 for H2:H1:R1, simplifying to ~10:30:60. Tri-

allelic sites offer the most straightforward way of observing the ratio of the three haplotypes,
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however their number is low. Following SNP filtering (see above), the retained 13 tri-allelic sites
were spread evenly across the genome (Technical Appendix Table 5). Assuming that the allele
with the highest depth is R1, the intermediate depth is H1, and lowest depth is H2, we calculated
the mean depth for all three. This yielded a ratio of ~9:22:69 for H2:H1:R1 (Technical Appendix
Table 5).
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Technical Appendix Table 1. Sequencing Information and Statistics

Characteristic PmUG01 PmUG02
Accession Number ERS1110316 ERS1110319
Origin Uganda Uganda
Infection Initial Recrudescence
Mean Coverage Depth 407x 136x
Coverage Range (Min-Max) 0x-7499x 0x-3519x

% Genome Covered at 1x 99.9% 99.9%

Sequencing Platform

lllumina HiSeq X Ten lllumina MiSeq v2
lllumina HiSeq 2000 v4

lllumina HiSeq X Ten lllumina MiSeq v2
lllumina HiSeq 2000 v4

Amplification Free

Library Type Amplification Free
Technical Appendix Table 2. SNP Calling Results specifically for both PmUGO01 and PmUG02
Sample ID PmMUGO01 PmMUG02
Raw SNPs 274,494 287,610
Private 79,953 93,069
Ref 362,848 333,615
Missing* 298 1,470
Filtered SNPs 2,442 1,499
Private 1,132 189
Ref 189 1,773
Missing* 0 0

*Sites at which the sample has no coverage. SNP calling results as per mapping the two P. malariae samples from the present clinical case against the
PmUGOL1 reference genome (4). The raw SNPs are the total number of SNPs that we called using GATK’s UnifiedGenotyper default parameters in the
different samples. Of these raw SNPs, some are exclusive to a certain sample (Private), are identical to the reference genome (Ref), or there is no
coverage and therefore no SNP call could be made (Missing). The same information is also shown for the filtered SNPs, which were filtered according

to several different parameters (Methods).

Technical Appendix Table 3. SNP Calling Results for all P. malariae samples

Sample ID PmUGO01 PmUG02 PmMMYO01 PmID01 PmMMAO1 PmGNO1
Origin Uganda Uganda Malaysia Papua Indonesia Mali Guinea
Raw SNPs 200,679 191,766 252,172 187,327 198,029 503,175
Private 13,300 10,462 48,632 19,396 26,637 73,208
Ref 531,180 479,142 367,672 347,257 360,155 398,393
Missing* 5,468 23,064 65,361 107,355 95,973 38,609
Filtered SNPs 1,375 2,707 22,696 17,564 16,057 21,329
Private 0 414 8,816 5,939 6,079 10,343
Ref 49,647 47,868 27,521 32,762 34,205 29,021
Missing* 0 0 0 0 0 0

*Sites at which the sample has no coverage. SNP calling results as per mapping all P. malariae samples against the PmUGO01 reference genome (4).
The raw SNPs are the total number of SNPs that we called using GATK'’s UnifiedGenotyper default parameters in the different samples. Of these raw
SNPs, some are exclusive to a certain sample (Private), are identical to the reference genome (Ref), or there is no coverage and therefore no SNP call
could be made (Missing). The same information is also shown for the filtered SNPs, which were filtered according to several different parameters

(Methods).

Technical Appendix Table 4. Changes in genotype calls between the two infections
Recrudescence Genotype

Number of Sites

Initial Genotype

HR HA 1

h h 217
h HR 1,178
h HA 1,038
HA h 1*
HR h 196
HA HR 0

HR = Homozygous reference HA = Homozygous alternate h = heterozygous
* in repetitive region of rhoptry-associated membrane antigen
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Technical Appendix Table 5. Sequencing reads for the three haplotypes in tri-allelic sites in PmUGO01

Genomic Location H2 haplotype reads H1 haplotype reads R1 haplotype reads
Chrl: 704,003 6 21 202
Chr2: 437,291 43 71 130
Chr7: 1,580,127 12 18 75
Chr9: 1,095,695 39 91 117
Chr9: 1,429,882 21 82 140
Chr10: 873,165 9 31 209
Chr11: 987,107 17 60 173
Chrl1: 2,535,419 47 84 113
Chrl2: 2,746,074 9 44 192
Chr12: 2,855,999 11 36 176
Chr12: 3,047,435 11 34 204
Chr13: 1,061,473 13 16 221
Chrl4: 1,118,313 27 62 139
Total (Proportion) 265 (0.09) 650 (0.22) 2,091 (0.69)

Assuming that the lower-level genotype is H2, intermediate-level genotype is H1, and higher-level genotype is R1, the tri-allelic sites have a certain
number of sequencing reads confirming each of these three genotypes.

Technical Appendix Table 6. Sequencing reads for the three haplotypes in tri-allelic sites in PmUG02

Genomic Location H2 haplotype reads H1 haplotype reads R1 haplotype reads
Chrl: 704,003 16 0 7
Chr2: 437,291 20 4 0
Chr7: 1,580,127 18 0 9
Chr9: 1,095,695 25 0 0
Chr9: 1,429,882 23 0 0
Chr10: 873,165 19 8 1
Chrl1: 987,107 11 0 7
Chrl1: 2,535,419 15 0 1
Chrl2: 2,746,074 9 0 1
Chr12: 2,855,999 6 4 4
Chrl2: 3,047,435 16 0 0
Chrl13: 1,061,473 8 0 5
Chr14: 1,118,313 26 0 0
Total (Proportion) 212 (0.81) 16 (0.06) 35 (0.13)
Technical Appendix Table 7. H2 specific nonsynonymous and synonymous mutations in drug resistance genes
Gene ID Gene Description P. falciparum nsSNPs sSNPs Resistance
(PmUGO01_*) ortholog
01020700 Chloroquine resistance transporter 0709000 0 0 Chloroquine (8), Quinine
10021600 Multidrug resistance protein 1 0523000 0 2 Multiple
12069100 Multidrug resistance protein 2 1447900 3 0 Multiple, Artemisinin (9)
14053100 AP-3 complex subunit mu 1218300 0 0 Artemisinin (10,11)
02019300 Ubiquitin carboxyl- terminal 0104300 0 0 Artemisinin (11)
hydrolase 1
02011900 ABC transporter C family member 0112200 0 0 Artemisinin (12),
1 Sulfadoxine/Pyrimeth amine
(13)
14063400 ABC transporter C family member 1229100 2 0 Chloroquine (14),
2 Piperaquine (14),
Mefloguine (14)
Lumefantrine (15)
02017400 Calcium-transporting ATPase 0106300 0 0 Artemisinin (16)
13021900 P-type ATPase4 1211900 0 1 Spiroindolones (17),
Pyrazoleamides (18),
Dihydroisoquinolone s (19)
12021200 Kelch protein k13 1343700 0 0 Artemisinin (20)
14020100 Sodium/hydrogen exchanger 1 1303500 0 0 Quinine (21)
05034700 Bifunctional dihydrofolate 0417200 2 1 Pyrimethamine (22)
reductase- thymidylate
14036800 ATP-dependent Clp protease 0810800 0 0 Sulfadoxine (23)
adaptor protein
MIT001100 Cytochrome b mal_mito_3 0 0 Atovagquone (24)
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Technical Appendix Figure 1. Positive Plasmodium malariae thin blood films. Thin smear scans of the
initial infection (A, B) and of the recrudescence (C, D), both indicating a P. malariae infection.
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Technical Appendix Figure 2. Similar SNP spectra for PmUGO01 and PmUGO02. Multidimensional scaling
plot based on differences in SNP spectra between the different P. malariae samples (4), showing that the
initial (PMUGO1) and the recrudescent (PmUGO02) infections are significantly more similar to each other

than to the other P. malariae samples. This suggests that the two infections have a similar origin.
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Technical Appendix Figure 3. Differences in SNP frequencies between PmUGO01 and PmUGO02. SNP
frequency bar plots for both the initial infection (A) and the recrudescence (B), showing that there was a
significant shift in the SNP frequency spectra between the two infections, with the initial infection being a
polyclonal infection, while the recrudescence seems to be monoclonal. Interestingly, the initial infection
seems to have a bimodal distribution of heterozygous SNPs.
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Technical Appendix Figure 4. Clustered SNP distribution in PmUGO02 across chromosomes. Distribution
of heterozygous sites (yellow) in the initial infection (PmUGO01) and homozygous alternate sites (other
colors) in the recrudescence (PmUGO02) across the 14 chromosomes of P. malariae. The different colors
for the homozygous alternate SNPs are arbitrary. Chromosome regions with more heterozygous sites in
the initial infection becoming homozygous reference than becoming homozygous alternate in the

recrudescence are marked in green. Genotypes were plotted using Artemis (7).
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Technical Appendix Figure 5. Unusual SNPs in other P. malariae samples. Presence/absence in other
P. malariae samples of SNPs with SNP frequencies of over 0.4 in the initial infection that increased in
frequency in the recrudescence. The black bar indicates SNPs that are present in all other P. malariae,
suggesting that the reference strain is rather the variant compared to the general population. The gray bar
indicates SNPs that are present in multiple other P. malariae samples, suggesting that they are highly
polymorphic sites. In sum, this suggests that most of these SNPs are likely SNPs shared by both H1 and

H2, explaining why they have high frequencies in the initial infection and in the recrudescence.
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Technical Appendix Figure 6. Inferred number of parental haplotypes. The relatedness of the three
haplotypes in the initial infection (offspring haplotypes) as inferred by the sharing of genomic regions. This
sharing suggests that there were four parental haplotypes present in the mosquito that interbred to form
the three haplotypes we see in the initial infection. Of these, it seems that R1 is a half-sibling with both H1

and H2, but via a different parental haplotype.
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Technical Appendix Figure 7. Indiscriminate versus targeted interventions. Differences in probabilities
for (A) indiscriminate interventions (i.e., explanations for a recrudescence) that affect all haplotypes in the
infection equally, such as insufficient drug dosage or drug avoidance through a longer lifecycle, versus
(B) targeted interventions that potentially affect one haplotype different to another, for example haplotype-
specific drug resistance or an increased propensity for greater sequestered biomass in one haplotype.
The two scenarios show that the difference is in how an intervention ‘selects’ for n number of parasites in

the recrudescence. In an indiscriminate intervention, all haplotypes have the same probability of being
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selected, while H2 is x times more likely to be selected in a targeted intervention. An indiscriminate
intervention has a low probability (<0.05) at all values of n > 1 (C), while the probability of a targeted
intervention increases across all values of n the higher x. If an indiscriminate intervention were to be the
sole explanation for a recrudescence, then it would suggest that only a singly parasite survived from the
entire initial infection, an unlikely scenario. On the other hand, a targeted intervention presents a more

parsimonious explanation for the lower level haplotype recrudescing.
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