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Abstract (word count: 232)

Real-time and large-scale surveillance of molecular markers of antimalarial drug resistance is a
potential method of resistance monitoring, to complement therapeutic efficacy studies in settings
where the latter are logistically challenging. This study investigates whether routinely used malaria
rapid diagnostic tests (RDTs) can be used for massive parallel amplicon sequencing. RDTs used for
malaria diagnosis were routinely collected together with patient age and sex between 2014 and
2017, from two health centres in Bissau, Guinea-Bissau. A subset of positive RDTs (n=2,184) were
tested for Plasmodium DNA content. Those containing sufficient Plasmodium DNA (n=1,390)
were used for library preparation, consisting of amplification of gene fragments from pfcrt, pfmdrl,
pfdhfr, pfdhps and pfK13. A total of 5532 gene fragments were successfully analysed on a single
Illumina Miseq flow cell. Pre-screening of samples for Plasmodium DNA content proved necessary
and the nested PCR protocol applied for library preparation varied notably in PCR-positivity from
13-87%. We found a high frequency of the pfmdrl codon 86N at 88%-97%, a significant decrease
of the pfcrt wildtype CVMNK haplotype and elevated levels of the pfdhfr/pfdhps quadruple mutant
ranging from 33%-51% between 2014-2017. No polymorphisms indicating artemisinin tolerance
were discovered. Lastly, the demographic data indicate a large proportion of young adults (66%,
interquartile range 11-28 years) presenting with P. falciparum infections. With some caution, our
findings suggest that routine collection of RDTs could facilitate large-scale molecular surveillance

of antimalarial resistance.

Importance (word count: 147)
Continuous spread and repeated emergence of Plasmodium falciparum parasites resistant towards

one or more antimalarials represents an enormous threat to current treatment efficacy levels,

especially in sub-Saharan Africa, where 90% of malaria infections occur. In order to prevent
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substantial treatment failure, it is therefore recommended to monitor treatment efficacy every 2-3
years. Therapeutic efficacy studies, however, can present insurmountable logistical and financial
challenges in some settings in sub-Saharan Africa. Molecular surveillance of antimalarial resistance
is therefore an important proxy for treatment efficacy. However, the scale by which such studies
can be performed depends on the development of high-throughput protocols and the accessibility of
samples. If RDTs can be used in the high-throughput protocols available with Next Generation
Sequencing (NGS)-technology, surveillance can be performed efficiently for any setting in which
RDTs are already used for malaria diagnosis. The majority of settings in sub-Saharan Africa have

access to RDTs.

Key words (3-10)
Plasmodium falciparum, Guinea-Bissau, molecular markers of antimalarial resistance, rapid
diagnostic tests, next-generation sequencing, amplicon sequencing, pfcrt, pfmdrl, pfdhfr, Pfdhps,

pfk13.
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Background (word count (incl. conclusion): 3577)

In anticipation of novel emergence or geographic spread of especially artemisinin-resistant
Plasmodium falciparum parasites (1-3), countries with malaria transmission are recommended to
test the efficacy of their recommended artemisinin-based combination therapies (ACTSs) every 2-3
years (4). Therapeutic efficacy studies are often not feasible due to economic and practical
constraints in many settings in Sub-Saharan Africa (SSA). It has been suggested that molecular
surveillance of genetic polymorphisms associated with antimalarial resistance could complement
therapeutic efficacy studies (4-15) because these can provide early warning signs of decreasing
antimalarial efficacy (5). Molecular surveillance only requires sampling of P. falciparum infected
blood, which in turn can be acquired from finger prick samples, as used for malaria rapid diagnostic
tests (RDTs) (16, 17). RDTs are now routinely used for malaria diagnostics in in SSA, and
molecular analysis on used RDTs may enable large-scale molecular surveillance of antimalarial
resistance (18). Large-scale surveillance also requires highly efficient and cost-effective
methodologies for the genetic analysis of the parasite DNA. Novel, high-throughput protocols

based on next generation sequencing (NGS) technology have the potential to achieve this (19-21).

The primary aim of this study was to evaluate collected RDTs as source of parasite DNA for NGS-
based molecular surveillance of antimalarial resistance. A modified version of a recently published
NGS-based amplicon sequencing methodology was used (20). The molecular approach investigated
SNPs and genes associated with tolerance/resistance towards the majority of currently available
antimalarial treatments in a high-throughput manner, applying massive parallel sequencing and a
custom-made sample-indexing approach. A secondary aim was to provide temporal molecular
marker data from the setting in Bissau, Guinea-Bissau from samples obtained from May 2014 until

April 2017, as well as a basic description of the demographic trends amongst malaria patients
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versus non-malaria patients in the study area, by collecting minimal patient information together

with the RDTs.

Results

Evaluation of the applicability of RDTs as source of DNA for NGS-based molecular surveillance

PCR-corrected RDT positivity and negativity

In total, 14,933 RDTs were used to diagnose patients at the two health centres between May 2014
and April 2017, and collected. Out of these, 2,832 RDTs were positive. A flow chart depicting the
sample screening and selection process is shown in Figure 1. All positive RDTs collected at the
Bandim health centre (and not at the Belem health centre) which were received in Denmark
(n=2,184, 77 % of the RDT positive samples) were subjected to DNA extraction. Samples that were
successfully found logged in the RDT database (n=1,879, 86 % of the DNA-extracted samples)
were then checked for PCR-positivity of the ribosomal 18S Plasmodium subunit. The overall PCR-
corrected positivity amongst these samples was 74 % (n=1,390). Median age, sex-distribution and
season of collection indicated no trends in the occurrence of false positive RDTs (data not shown).
A total of 304 negative RDTs from the 2014 and 2015 transmission periods were also tested for

PCR-positivity. Only 1 % of these (n=3) were found to be PCR-positive.

PCR success-rate for single copy genes

In total, 1,390 PCR corrected Plasmodium 18S-positive samples were used in nested PCRs
designed to amplify the various gene fragments analysed in this study. The success-rate of single-
copy gene PCRs varied from 13% to 87% (Figure 1). Specifically, the pfdhfr fragment was
successfully amplified for 87 % of 18S-positive RDTs, while pfcrt and pfmdrl fragment 1 were

amplified for 61 % and 56 %. The pfmdrl fragment 2, pfdhps as well as pfK13 fragments 1-3 were
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all amplified for 28-36 %, and lastly, pfK13 fragments 4 and 5 were amplified for 13 % and 16 %,

respectively. In total, 5532 gene fragments were successfully sequenced.
Molecular markers of antimalarial resistance

The observed frequencies of specific haplotypes are listed in Table 1 (mixed infections were

omitted from haplotype analyses), while single SNP frequencies are listed in Table 2.

SNPs in pfcrt and pfmdri

The pfcrt ¢. 72-76 CVMNK wild type was found to decrease significantly through the years of
sampling; from 45/67 (67 %) to 187/311 (60 %) and to 99/219 (45 %) samples in 2014, 2015 and
2016, respectively (p=0.006, Fisher’s exact test) (Table 1, Figure 3A). The pfmdrl c. 86+184 NF
haplotype was found in 43/75 (57 %), 212/290 (73 %) and 116/187 (62 %) samples, while the NY
haplotype was found in 22/75 (29 %), 68/290 (23 %) and 55/187 (29 %) samples (Table 1, Figure

3B). SNP frequencies for pfmdrl c. 1034, 1042 and 1246 are listed in Table 2.

SNPs in pfdhfr and pfdhps

The pfdhfr c. 51 + 59 + 108 IRN triple mutant was found in 60/82 (73 %), 373/407 (92 %) and
376/443 (85 %) samples in 2014, 2015 and 2016, respectively (p=0.001, Table 1, Figure 3C). The
pfdhps c. 437G was found in 16/49 (33 %), 105/199 (53 %) and 109/185 (58 %) samples during
2014, 2015 and 2016, respectively (mixed infections included). Accordingly, the quadruple
pfdhfr/pfdhps mutant (pfdhfr IRN + pfdhps c. 437G) was found in 33 %, 49 % and 51 % of samples.

SNP frequencies for pfdhps c. 436, 540, 581 and 613 are listed in Table 2.
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SNPs identified in pfk13

As PCR-positivity for PfK13 fragments was very low, only data from the latest of the transmission
periods is presented. A total of 311 samples collected during the 2016 transmission period were
partially or completely sequenced in pfK13, whereof 97 were successfully sequenced in the
propeller region. In total, 18 SNPs were identified in pfK13, only 3 of which were situated in the
propeller region, 2 of which are non-synonymous (R529K and T535M) (Figure 4). In the N-
terminal region, we identified 15 SNPs, 12 of which were non-synonymous (Figure 4). None of the

identified SNPs occurred in more than two samples.

Demographic trends of RDT-positive versus RDT-negative patients

Sampling was carried out for 36 months, starting May 2014. Transmission periods were therefore
defined as periods of 12 months going from May one year up to and including April the following
year, which includes the high transmission period September to January. In order to compare years
and transmission periods, transmission periods have been named according to the year when
transmission started. The number of positive RDTs collected during the 2014, 2015 and 2016
transmission periods were 497, 1374 and 961, respectively (Figure 5A). The number of positive
RDTs collected during the 2014 transmission period was substantially lower than the numbers
collected in the two later transmission periods. Unexpected “dips” in the number of RDT positive
patients were seen during January and September 2016 (Figure 5A).

The median age of patients with a positive RDT was 19 years (interquartile range (IQR) 11-28)
(Figure 5B). When divided into age groups of <5 years, 5-9, 10-14 and >15, the number of patients
with positive RDTs were 190 (6 %), 327 (12 %), 428 (15 %) (children less than 15 years of age

combined = 945 (34 %)) and 1,847 (66 %) (Figure 5C, 40 samples did not have age stated). The sex
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distribution amongst RDT positive patients was 1,145 males (52 %) and 1,647 females (48 %)

(Figure 5D, 40 samples did not have sex stated).

The total number of negative RDTs collected was 12,101. The number of negative RDTs collected
during the 2014, 2015 and 2016 transmission periods were 4,001, 4,362 and 3,738 (RDT negative
database only includes until February 19™ 2017), respectively. The median age of patients with a
negative RDT was 18 years (IQR = 4-30) (Figure 5B). When divided into age groups of <5 years,
5-9, 10-14 and >15, the number of patients with a negative RDT was 3,154 (26 %), 1,503 (13 %),
721 (6 %) and 6,638 (55 %) (Figure 5C, 85 samples did not have age stated). The sex distribution
amongst RDT negative patients was 6,248 males (52 %) and 5,768 females (48 %) (Figure 5D, 85

samples did not have sex stated).

In order to assess whether the proportion of adults was higher in the group of RDT positive patients
than in the general population, proportions were compared to that of the general population of the
country, estimated in 2015 as 41.7 % children below the age of 15 vs 58.3 % adults (32). The
proportion of adults within the group of RDT-positive patients was found to be significantly higher
than that within the general population (Pearsons chi-square, p = 0.05), while the proportion of

adults within the entire group of RDT-tested patients was not.

Discussion

The primary aim of this study was to evaluate whether used RDTs sampled from health centres in
Bissau could be applied for molecular surveillance of antimalarial resistance using a recently
developed NGS protocol (20). The secondary aim was to provide temporal molecular marker data

from the setting in Bissau, Guinea-Bissau from samples obtained between May 2014 and April
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2017 and as well explore basic demographic trends related to malaria epidemiology in Bissau, by

collecting limited patient information together with the RDTs.

Proof of concept

Approximately 74 % of the positive RDTs were found PCR positive for the multicopy Plasmodium
18S subunit, indicating firstly a diagnostic false positivity percentage of 26 %, and secondly that
only a maximum of 74 % of the positive RDTs collected would contain Plasmodium DNA, which is
required for molecular surveillance. While the reasons for the high false positivity rate of the RDTs
analysed in this study remain unknown (other studies suggest remainder antigens, substituted RDT
buffer and non-targeted infections (33, 34)), the results indicate that the cost-efficiency of using
RDTs for molecular surveillance can be affected substantially by pre-screening the samples for the
presence of Plasmodium DNA. Furthermore, the PCR-positivity of the single-copy genes involved
in conferring resistance towards antimalarial drugs varied tremendously from 13%-87% after
corrected 18S PCR-positivity. Studies using erythrocyte-enhanced samples (20) or dried venous
blood spots (not erythrocyte-enhanced) on filter paper (C. Schmiegelow, H. S. Hansson, S. Nag and
M. Alifrangis, unpublished) subjected to the same protocol resulted in PCR positivity of at least 90
% for all fragments. Both the minute amount of parasite DNA available from an RDT, the DNA
extraction protocol applied, as well as the state of the DNA in question (both at the time of
extraction and at the time of running PCRs) may have contributed to the considerable variation in
PCR positivity of single-copy genes. Preliminarily screening the DNA extracts for parasitaemia
may give an indication of which samples can successfully produce resistance-data. While such an
approach requires adding an extra gPCR step to the overall analysis, it would allow minimising

reagent costs and time spent during downstream steps.
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Overall, the analysis became more expensive per sample when using RDTs, than it would have
been if samples had consisted of dried venous blood, not considering sampling costs. It was,
however, still feasible to sequence 5532 gene fragments of approximately 500 bp, all with
individual indices allowing trace-back to the sample of origin, on a single Miseq V3 flow cell with
paired-end reads. Due to the possibility of simultaneously analysing a very large number of
samples, the NGS protocol tested in this study has therefore proven highly affordable and also
seems to remain efficient, compared to many other methods allowing trace-back to sample of
origin, despite a very varied PCR-success for resistance-conferring genes. If the actual sampling
costs are taken into consideration, the entire per sample cost still remains far cheaper than for dried
venous blood samples, due to such samples requiring further sampling materials, labour and

logistics.

Other noteworthy limitations of the current study, when considering the concept of large-scale
surveillance based on routine sampling of RDTSs, include the fact that routine sampling of RDTS is
completely dependent on RDT availability. In our study, RDTs may have been out of stock during
January and September 2016, where unexplained “dips” in malaria frequency are seen for periods
of time, in which case inclusion numbers for these months would be biased. Such bias can only be
assessed if logs are kept by the clinics regarding their RDT availability, along with potential use of
expired batches of RDTs (which was not the case in our setting). Furthermore, the nested PCR
protocol which is required for the DNA extracted from RDTSs, poses a much larger contamination
risk during PCR procedures, than a simplex PCR protocol (35, 36). Finally, there are no sample

backups when sampling RDTs, which may become a logistical and ethical concern.
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Molecular markers of antimalarial resistance

The high prevalence of pfmdrl 86N in the current study, resembles previously published data for
the same study area in 2010-2012 (approximately 80 %) (37), indicating a relatively stable
prevalence. The data corresponds well with the use of AL and the AL-derived selection of the
pfmdrl c. 86 N (10, 38, 39). Importantly however, a recently performed efficacy study indicates
that the efficacy of AL is still 94-95 % (25), indicating that the prevalence of the pfmdrl c. 86 N at
levels between 88-97 % is not affecting AL treatment efficacy in this setting. AL (lumefantrine
specifically) has also been shown to select for the pfcrt 76K wildtype (40). However, our study
found a significant increase of the mutant pfcrt CVIET haplotype over the study period. A similar
trend has previously been observed in the same study area and QN usage was speculated to be the
cause (37, 41). However, it may also be that the two observed events (2010-2012 and 2014-2016) of
increasing levels of the CVIET haplotype represent “highs” in a more long-term fluctuation of this

haplotype.

The levels of the pfdhfr IRN triple mutant found in this study (fluctuating between 73-92 %)
indicate selection of this haplotype since earlier studies were conducted (in 2004; prevalence of 41
%) (42). Likewise, the current levels of the pfdhfr/pfdhps quadruple mutant (33-51 %) indicate
selection since previous studies were conducted (15 % quadruple mutant in 2004) (42). Large scale
use of IPTp may have contributed to this selection, since IPTp is the only SP-based treatment that is
still recommended and implemented in Guinea-Bissau (24), apart from a very recent deployment of
seasonal malaria chemoprevention (SMC by use of SP+amodiaquine) in a northern region of the
country (43). SP was never first-line treatment in Guinea-Bissau, but was recommended as second-
line treatment from 1996-2007. Selection may also be caused by use of SP for self-treatment of

malaria, the use of sulfamethoxazole-trimethoprim for bacterial infections, and finally it is also

11
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possible that quadruple mutants are imported from neighbouring countries where SP has been used
as first-line treatment and where mutant haplotypes have historically been more prevalent than in

Guinea-Bissau (44-46).

Importantly, the current study revealed no SNPs of concern in pfK13 (47). Combined with the
previously published data regarding pfK13 polymorphisms from the area (20), there are no signs of

artemisinin selective pressure of the kind seen in South-East Asia and Suriname (3).

Demographic trends

The demographic data obtained from routinely collecting used RDTSs, indicate that there was less
malaria during the 2014 transmission period, than during 2015 and 2016 transmission periods.
According to rainfall data obtained from Bandim for the three seasons, an increase in rainfall from
2014 to 2015 was observed, which may have contributed to a rise in malaria cases (yearly rainfall
was 941.2 mm in 2014, 1393 mm in 2015 and 983.9 mm in 2016) (48). A country-wide long-lasting
insecticide treated bed net (LLIN) distribution campaign and subsequent follow-up study carried
out in June and December 2014, confirmed the low prevalence in 2014 (1.3 % amongst children
aged 0-59 months and 0.7 % amongst children 5-14 years) (49). Furthermore, according to the
inclusion data from our study, adults (patients >15 years) represent the majority of infections during
transmission periods, with a significantly larger proportion of adults amongst RDT positive
patients, than amongst the entire RDT-tested population and the general population of the country
(32). These findings correspond well with the trend of increasing median age of malaria patients

previously described for the study area (22, 23).
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Conclusion

This study provides proof of concept for the use of RDTs for molecular surveillance of antimalarial
resistance through massively parallel amplicon sequencing with Illumina technology. Furthermore,
the study provides evidence that there is a high frequency of the pfmdrl c. 86 N, that the pfcrt
CVIET haplotype has increased significantly over the course of the study, that the pfdhfr/pfdhps
quadruple mutant has increased substantially in frequency since 2004, and that there are no
accumulating SNPs in pfK13 as of May 2017 in Bissau, Guinea-Bissau. Lastly, the study provides
evidence as to how routine sampling of used RDTs combined with minimal patient data, can

provide insight regarding basic demographic trends amongst the malaria patients.

Methods

Study site

The current study was carried out in the capital of Guinea-Bissau. Malaria epidemiology in Guinea-
Bissau has changed during the past decades and is now highly seasonal with epidemics occurring
from September, peaking in November and lasting through January (22, 23). Children aged <5
years no longer account for the majority of malaria cases as the median age is gradually increasing
(23). The 1%-line treatment for malaria is artemether-lumefantrine (AL) (24), which was recently
shown to be effective in the Bissau area (25). Quinine (QN) is the 2"%- and 3"-line treatment for

malaria (24) and intermittent preventive treatment in pregnancy (IPTp) is implemented (24).

RDT sampling

Positive and negative RDTs were collected from patients of all ages whom health workers

suspected might be infected with P. falciparum (typically associated with presence of a fever within
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the last 24 hours), presenting at the Bandim or Belem health centres from May 2014 until April
2017. Patient age, sex and date of collection were written on the RDT and on a clinical records
form. All information was put into a folder on a daily basis, and subsequently entered into an
electronic database. RDTs were collected in a storage box containing silica gel, which was kept
dark at room temperature, and stored between 3 and 9 months before shipment to Denmark, where
they were stored between 0 and 9 months at room temperature before DNA extraction was

performed.

DNA extraction

DNA was extracted by the chelex method, as described previously (26), in a 96-well format with no

samples in lane 12 and 4 blanks dispersed between lanes 1 and 11.

PCR-corrected RDT positivity and negativity
A PCR amplifying the multicopy ribosomal 18S subunit of all Plasmodium species was performed
on all positive RDTs received in Denmark, as well as on 304 negative RDTs from the high

transmission seasons of 2014 and 2015. The PCR protocol has been described previously (27, 28).

Genetic analysis

Molecular markers of antimalarial resistance were assessed by NGS-based amplicon sequencing,
using a modified version of a previously published protocol (20). In brief, amplicons (amplified
gene-fragments) from the infecting parasites, depicted in Figure 2, were produced by PCR and
prepared for massively parallel sequencing on the Illumina Miseq sequencer through a previously
published PCR-based library-preparation method (20) (based on Illumina’s own protocol for 16S

metagenomics sequencing (29)). All amplicons pertaining to the same infection were barcoded with
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the same unique set of custom-made indices in the 5’ and 3’ ends. All barcoded amplicons were
pooled prior to sequencing and sequenced in parallel. De-multiplexing of sequence data was
performed based on all of the unique index-combinations given to the samples during library
preparation. The original multiplex, non-nested amplification of gene-fragments were modified to
simplex, nested amplification of the same or slightly modified gene-fragments (Figure 2) due to the
minute amount of DNA contained in RDT extracts (20). As all PCRs were performed in simplex,
certain fragments were redesigned to accommodate all of the genetic positions of interest within a
single fragment (to reduce the number of PCRs), instead of two fragments (regarding pfdhps and 3’-
pfmdrl). In these cases, certain areas of the fragments are not sequenced, as the paired-end 300 bp
sequencing is not long enough to sequence the entire fragment. All primers are listed in

supplementary Table 1.

Controls and duplicates

The majority of samples were run once, with 10 % of samples run as duplicates. Control samples
used in the study consisted of DNA from well characterised parasites, namely 3D7, FCR3, DD2,
K1, 7G8, MRA-1238 and MRA-1239 (12), the latter two of which are pfK13 controls. Other
controls consisted of patient samples from earlier studies, where the haplotypes within specific
genes are known, namely AA (pfdhps 436A+437A), AG (pfdhps 436A+437G), 540E (pfdhps 540E)
and 164L (pfdhfr 164L). An entire overview of control sample haplotypes is listed in supplementary

Table 2.

Library preparation

PCRs were performed as described previously (20), with the following alterations: all fragments

were amplified individually, and as nested PCRs. The outer and the nested PCR programs were
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identical to the previously published “gene-specific PCR”, except that they consisted of 40 cycles
each. The nested PCR was performed with primers containing the overhangs, as was previously the
case for the “gene-specific PCR”. The nested PCR products were pooled according to sample of
origin, prior to index PCR, as described previously. The index PCR was run according to the
original protocol (20). All primers and corresponding fragments are listed in supplementary Table
1, and depicted in Figure 2. Fragments included in the study cover pfcrt codon (c) c. 31-138, pfmdrl
c. 60-237 and c. 1022-1260 (where c. 1123-1160 are not sequenced), pfdhfr c. 12-174, pfdhps c.

392-622 (where c. 492-522 are not sequenced) as well as pfK13 c. 17-709.

Amplicon purification, dilution, pooling and sequencing were all performed as previously

described, at the DTU Multi Assay Core (DMAC), Technical University of Denmark (20).

Quality trimming and base calling
Data analysis of raw sequencing reads was performed using cutadapt (30) and assimpler (31), as
described previously (20). All primer sequences were trimmed from the raw data prior to SNP

analysis.

Mixed infections
Infections were defined as mixed if more than one base was called for a given position in a given
sample, and was supported by at least 25 % of the base calls for that position for the sample in

question.
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Statistics

Pearson’s chi-square was used to assess whether there was a difference in the proportions of
children and adults amongst RDT-positive patients as compared to the general population. Fisher’s
exact test was used to assess whether there was a significant trend over time in the frequencies of
the detected haplotypes. Mixed infections were counted in all groups for single SNP-prevalence and

omitted for haplotypes.
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Figure legends

Figure 1 Sample screening and processing

Samples were collected from all patients tested with an RDT, and subsets of positive and negative
samples were used for DNA extraction and subsequent analyses. * Almost all samples from Belem
were lost due to faulty extraction procedures, and other samples logged in the database were never
identified amongst the RDTSs received. # A number of positive RDTs received in Denmark, were
not found in the database (no RDT with corresponding number or information had been logged).
DNA extraction was performed before cross-referencing samples with the electronic database
because the electronic database was not ready when samples were received, and postponing DNA-

extraction was avoided.

Figure 2 Amplicons incorporated in the sequencing library preparation

Fragments from pfcrt, pfmdrl, pfdhfr, pfdhps and pfK13 were incorporated in the sequencing
library. Grey circles indicate SNP positions of interest, and the numbering corresponds to codons.

Grey lines indicate areas of amplicons that are not sequenced.

Figure 3 Molecular markers of antimalarial resistance 2014-2017

A) Frequency of pfcrt c. 72-76 haplotypes CVMNK and CVIET found each consecutive
transmission season. B) Frequency of pfmdrl ¢.86 + 184 haplotypes NF, NY, YF and YY found
each consecutive year. C) Frequency of pfdhfr c. 51 + 59 + 108 haplotypes IRN, NCS and “other”
(consisting of NCN, ICN and NRN) found each consecutive year. The single mutant NCN
represented 6/8 “other” pfdhfr haplotypes during the 2014 transmission season, while the two

double mutants ICN and NRN combined accounted for 15/16 and 49/50 of “other” pfdhfr
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haplotypes found during the 2015 and 2016 transmission seasons, respectively D) Frequency of
pfdhps c. 436 + 437 + 540 + 581 + 613 haplotypes AAKAA, AGKAA, SAKAA and SGKAA found

each consecutive year.

Figure 4 pfK13 polymorphisms observed 2016-2017

Polymorphisms detected in pfK13 during the transmission season from September 2016-January
2017. The grey bar indicates the N-terminal part of the translated K13 protein, while the coloured
bars (yellow, blue, brown, peach, green and purple) indicate blades 1-6 in the propeller region. Grey
circles indicate a synonymous SNP, while black circles indicate a non-synonymous SNP. Positions
refer to amino-acid positions in the translated protein. The R529K and T535M mutations were each

found only once.

Figure 5 Description of RDT positive and negative patients included in the study

A) Number of positive RDTs collected at the two health centres combined every month, for the
three consecutive years of sampling, going from May to April. The malaria transmission season
goes from September through January. B) Median age and IQR of RDT positive and RDT negative
patients included throughout the study. C) Age distribution of RDT positive and RDT negative
patients into groups consisting of <5 years, 5-9 years, 10-14 years and >15 years. D) Sex

distribution of RDT positive and RDT negative patients throughout the study.
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Table 1 Frequencies of haplotypes found during the transmission periods 2014-2016 (May 2014-
April 2017), p-values are from Fisher's exact test for trend over time. Mixed infections were omitted
from haplotype analysis.

gene

18S success

pfcrt
c.72-76

pfmdrl
c. 86 + 184

pfdhfr
c. 51+ 59 + 108

pfdhps
C. 436 + 437 + 540
+581 + 613

pfdhfr
c. 51 +59 + 108 +
pfdhps
c. 437

haplotype

CVMNK
(wildtype)
CVIET

(mutant)

NF
NY
YF

YY

NCS
(wildtype)
IRN
(triple mutant)

AAKAA
(wildtype)
AGKAA

(mutant)

SAKAA
(wildtype)

SGKAA

(mutant )

IRN + G

(quadruple mutant)

Frequencies of haplotypes

2014

76 % (n=228)

67% (45/67)

33% (22/67)
57% (43/75)
29% (22/75)
11% (8/75)
3% (2/75)
17% (14/82)
73% (60/82)
2506 (17/68)
15% (10/68)
26% (18/68)

34% (23/68)

33% (16/49)

24

2015
80 % (n=676)
60% (187/311)

40% (124/311)
73% (212/290)
23% (68/290)
3% (9/290)
0% (1/290)
4% (18/407)
92% (373/407)
250 (23/93)
6% (6/93)
29% (27/93)

38% (35/93)

49% (97/199)

2016
66 % (n=486)
45% (99/219)

55% (120/219)
62% (116/187)

29% (55/187)
9% (16/187)
0% (0/187)
4% (17/443)

85% (376/443)

23% (39/170)
11% (19/170)
21% (36/170)

43% (73/170)

51% (94/185)

p-value (trend)

0.006

0.006

0.052
0.052
0.084
0.109

0.001
0.001
0.956
0.439
0.083

0.448

0.072
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Table 2 SNP prevalence, mixed infections counted in both groups

2014 2015 2016
amino
Gene | codon acid percentage | count | percentage count percentage count
18S 228 676 486
24 M 74% 64 67% 267 48% 120
| 43% 37 53% 209 61% 152
pfert 7c N 74% 64 67% 267 48% 120
E 43% 37 53% 209 61% 152
26 K 74% 64 68% 271 48% 120
T 43% 37 53% 210 61% 152
86 N 88% 70 97% 351 92% 202
Y 14% 11 4% 13 13% 29
184 F 70% 56 81% 315 74% 163
Y 34% 27 42% 163 38% 84
S [ 0, 0,
pfmdr1 | 1034 ’ 1200/4 607 12((’3/6 132 13(())/A) 282
0 (] (0]
1042 N 100% 67 100% 182 100% 202
D 0% 0 0% 0 0% 0
1246 D 96% 64 100% 182 100% 201
Y 4% 3 0% 0 0% 1
c1 N 28% 24 9% 40 16% 80
| 76% 65 94% 408 92% 471
cg C 29% 25 11% 47 19% 96
pfdhfr R 76% 65 93% 403 91% 466
108 S 20% 17 7% 35 7% 40
N 84% 73 96% 449 97% 526
164 | 100% 86 100% 432 100% 513
L 0% 0 0% 0 0% 0
436 S 73% 36 77% 157 68% 127
A 31% 15 30% 62 36% 67
437 A 67% 33 57% 114 47% 88
G 33% 16 53% 107 58% 109
pfdhps £40 K 98% 52 99% 134 99% 186
E 2% 1 1% 2 1% pA
c81 A 100% 53 100% 136 100% 185
G 0% 0 0% 0 0% 0
613 A 100% 52 98% 129 99% 187
S/T 0% 0 2% 2 1% 1

25
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Supplementary Table 1 Primers and fragments amplified

fragment fragment . . . .
gene . outer fw primer outer reverse primer nested fw primer nested reverse primer
(genomic) (codons)
crt.48.70.0F crt.805.826.0R crt.270.296.Fi0 crt.750.772.Ri0
pfert 270-772 31-138 TCGTCGGCAGCGTCAGATGTGTATAAG | GTCTCGTGGGCTCGGAGATGT
I\??ACSAGCGTTATAGAGA ??TTGGATATHCCAGTAGT AGACAGTGGCTCACGTTTAGGTGGAGG | GTATAAGAGACAGCAGGCATC
TTCTTG TAACATGGATATAGC
mdr1.1.25.0F mdr1.942.961.0R mdr1.179.208.FiO mdr1.682.711.Ri0O
fragment 1 60-237 TCGTCGGCAGCGTCAGATGTGTATAAG | GTCTCGTGGGCTCGGAGATGT
-179-711
ﬁgigi;AAAGAGCAGAA :EEATATAACTGAGGCACC AGACAGCATTTGTATGTGCTGTATTATCA | GTATAAGAGACAGAGCCTCTTC
GGAGGAA TATAATGGACATGGTATTGTT
pfmdrl
mdr1.2908.2935.0F mdr1.3892.3921.0R mdr1.3067.3094.Fi0 mdr1.3754.3780.Ri0
fragment 2
- 3067- 1022-1260 TCGTCGGCAGCGTCAGATGTGTATAAG | GTCTCGTGGGCTCGGAGATGT
3780 X%ii’;?gAGﬁCAGATG I?:%CTQZCAWGTATCATA AGACAGAGAATTATTGTAAATGCAGCTT | GTATAAGAGACAGTAACATGG
TATGGG GTTCTTGACTAACTATTGA
dhfr.1.29.0F dhfr.630.659.0R dhfr.35.62.Fi0 dhfr.493.523.Ri0O
GTCTCGTGGGCTCGGAGATGT
pfdhfr 35-523 12-174 ATGATGGAACAAGTCTGC | GTTGTATTGTTACTAGTATAT Z((:iGA-::cAGGGAiAGGCCCi-;(A:?gIT-\;gZ$;A': é\TAAGA GTATAAGAGACAGCTAAAAAT
GACGTTTTCGA ACATCGCTA TCTTGATAAACAACGGAACCTC
GGTTGA c
dhps.1061.1089.0F dhps.1916.1944.0R dhps.1177.1203.Fi0 dhps.1843.1868.Ri0
pfdhps 1177-1868 392-622 TCGTCGGCAGCGTCAGATGTGTATAAG | GTCTCGTGGGCTCGGAGATGT
ACAAATATGTGAGTAGGA | CATCCAATTGTGTGATTTGTC
TOAAAGAACAA CACAATAT AGACAGGGAATATTAAATGTTAATTATG | GTATAAGAGACAGATTACAAC

ATTCT

ATTTTGATCATTCATGCA

26
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592  Supplementary Table S1 continued

pfK13

K13.1.29.0F K13.1023.1047.0.R K13.50.76.FiO K13.471.498.FiO
fragment
1-50-498 17-166 ATGGAAGGAGAAAAA TCGTCGGCAGCGTCAGATGTGT | GTCTCGTGGGCTCGGAGATGTGT
GTAAAAACAAAAGC TCTTCATCAAATCGTTTCCTATGTT ATAAGAGACAGCTATGACGTAT | ATAAGAGACAGGTTGGTATTCATA
GATAGGGAATCTGGTG ATTGATGGAGAATTC
K13.427.455.FiO K13.890.914.RiO
fragment
2 - 427 143-304 TCGTCGGCAGCGTCAGATGTGT | GTCTCGTGGGCTCGGAGATGTGT
same as pfk13
914 fragment 1 same as pfk13 fragment 1 ATAAGAGACAGCTGACAGCAA | ATAAGAGACAGTCTTCATCAAATC
ATAATATAACTAATAATCT GTTTCCTATGTT
K13.764.794.0.F K13.2145.2167.0R K13.803.831.FiO K13.1178.1207.RiO
fragment
3 - 803- 267-402 TCGTCGGCAGCGTCAGATGTGT | GTCTCGTGGGCTCGGAGATGTGT
T TTGT. A TATTAAA T AATCT
1207 iéi A?‘?Sg A Ai Aléftg (GSC ATTAAAACGGAGTGACCAAATC ATAAGAGACAGTTGAAGAACA | ATAAGAGACAGATAACTCACTATC
GAAATTACATGATGAAAGA CCTATCTAAGAATATTC
K13.1139.1166.FiO K13.1642.1669.Ri0O
fragment
4 - 1139- 380-556 same as pfk13 TCGTCGGCAGCGTCAGATGTGT | GTCTCGTGGGCTCGGAGATGTGT
1669 fragment 3 same as pfk13 fragment 3 ATAAGAGACAGTAAGTGGAAG | ATAAGAGACAGCTTCTACATTCGG
& ACATCATGTAACCAGAGA TATAATAGAAGAGCC
K13.1637.1663.FiO K13.2100.2127.RiO
fragment
5 - 1637- 546-709 ame  as  pfki3 TCGTCGGCAGCGTCAGATGTGT | GTCTCGTGGGCTCGGAGATGTGT
same as pfk13 fragment 3 ATAAGAGACAGATGATGGCTC ATAAGAGACAGCCAAGCTGCCATT
2127 fragment 3

TTCTATTATACCGAATG

CATTTGTATCTGGT

593

594
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Supplementary Table 2 Control sample data

pfcrt pfmdrl pfdhfr pfdhps

c.72-76 c. 86, 184, 1034, 1042, 1246 | c.51,59, 108, 164 | c. 436,437, 540, 581, 613
AA CVMNK NYSND NRNI AAKAA
164L CVIET YYSND IRNL SGKAT
540 | -—-- NYSND IRNI AAKAA
AG CVMNK N/YFSND NRNI AGKGS
mral239 CVIET NYSND IRNL SGEAS
mral238 CVIET NYSND IRNI AGEAA
788 SVMNT NFCDY ICNI SGKAA
k1l CVIET YYSND NRNI SGKGA
dd2 CVIET YYSND IRNI SGKAS
fcr3 CVINT YYSND NCTI SAKAA
3d7 CVMNK NYSND NCSI SGKAA
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Figure 1. Sample screening, processing and PCR positivity
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Figure 2. Amplicons incorporated in the sequencing library preparation
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Figure 3: Molecular markers of antimalarial resistance 2014-2017
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Figure 4: PfK13 polymorphisms observed 2016-2017.

H136T/N
5285 D4IN E54D S74T NT10N L114Q T 1787 R255K
rrr o1 1t 11
©O e ® @ ©® 0080 | J | J

Ny

M4él S67N M106l1 L1191
G112E

54595


https://doi.org/10.1101/481390
http://creativecommons.org/licenses/by-nc-nd/4.0/

Figure 5: Description of RDT positive and negative patients included in the study
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