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Antifolate resistance is significant in Kenya and presumed to result from extensive use and
cross-resistance between antifolate antimalarials and antibiotics, including cotrimoxazole/
Bactrim used for HIV-1 chemotherapy. However, little is known about antifolate-resistant
malaria in the context of newly diagnosed HIV-1 co-infection prior to administration of HIV-
1 chemotherapy. Blood samples from a cross-sectional study of asymptomatic adult
Kenyans enrolled during voluntary HIV testing were analyzed by PCR for Plasmodium spp.
More than 95% of volunteers with identifiable parasite species (132 HIV-1 co-infected)
were infected with Plasmodium falciparum alone or P. falciparum with Plasmodium ovale
and/or Plasmodium malariae. Deep sequencing was used to screen for mutations in
P. falciparum dihydrofolate reductase (dhfr) (N511, C59R, S108N, 1164L) and
dihydropteroate synthase (dhps) (S436H, A437G, K540E, A581G) from 1133
volunteers. Individual mutations in DHPS but not DHFR correlated with HIV-1 status.
DHFR haplotype diversity was significantly different among volunteers by gender and HIV-
1 status. DHPS haplotype diversity by HIV-1 status was significantly different between
volunteers paired by age and gender, indicating that patterns of resistance were
independent of these variables. Molecular simulations for a novel DHPS mutation
(1504T) suggested that the mutated protein has increased affinity for the endogenous
ligand DHPPP and decreased affinity for drug binding. A sub-group of monoclonal
infections revealed that age and parasitemia were not correlated and enabled
identification of a rare septuple-mutant haplotype (IRNL-HGEA). In our study, adult
Kenyans newly diagnosed with HIV-1 infection were predominantly infected with
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moderately resistant P. falciparum, with patterns of infecting parasite genotypes
significantly associated with HIV-1 status. Together with the discovery of DHPS 1504T,
these data indicate that antifolate resistance continues to evolve in Kenya. Further, they
highlight the need to understand the effects of associated mutations on both fitness and
resistance of P. falciparum in the context of HIV-1 co-infection to better inform treatment

for asymptomatic malaria.

Keywords: antimalarial drug resistance, antifolate therapy, HIV-1, asymptomatic malaria, targeted deep
sequencing, complexity of infection, Plasmodium falciparum

INTRODUCTION

Repeated episodes of malaria typically result in partial protective
immunity in regions of stable and holoendemic transmission. In
this context, partial immunity can facilitate chronic parasite
carriage and asymptomatic infection, challenging efforts to
reduce transmission. Such persistent, sub-patent infections can
also sustain parasite genetic diversity, including those genotypes
that are drug-resistant, as the predominant reservoir for parasite
transmission (Tadesse et al., 2018). For example, a higher
prevalence of drug-resistant parasites was detected in a 2014
study of asymptomatic parasitemic Ugandan children relative to
infected children with fever (Tukwasibwe et al., 2014). In a
broader context, the number of parasite clones infecting a
single host, defined as complexity of infection (COI), has been
correlated with enhanced protection against subsequent clinical
malaria (Sondeén et al.,, 2015), but elevated COI has also been
suggested to favor survival and transmission of the infecting
parasites (Wargo et al, 2007). Accordingly, the presence of
multiple parasite lineages within a single host can drive the
spread of drug resistance, as has been shown experimentally in a
mouse malaria model following drug administration (de Roode
et al,, 2004). The interactions among host immunity, antimalarial
drug resistance, disease severity and risk of parasite transmission
are further complicated in the presence of HIV-1. Notably, the
prevalence of asymptomatic malaria has been variously reported
in children and adults to be higher or lower in the context of
HIV-1 co-infection (Missinou et al., 2003) (reviewed in Steketee
et al, 1996; Kalyesubula et al., 1997; Whitworth et al., 2000;
Flateau et al, 2011), highlighting the difficulty in discerning
patterns across such studies. Of particular relevance for our
studies, Rutto et al. noted higher mean parasite densities in HIV-
1 co-infected individuals relative to HIV-1 negative individuals
in western Kenya (Rutto et al., 2015).

Early concerns regarding HIV-1 co-infection prompted
studies that suggested mutations in parasite dihydrofolate
reductase (dhfr) and dihydropteroate synthase (dhps) due to
use of trimethoprim-sulfamethoxazole (Bactrim), a commonly
prescribed preventative for HIV-associated opportunistic
infections, provided cross resistance to the antimalarial
sulfadoxine-pyrimethamine (SP) (Iyer et al., 2001). While SP is
no longer a first line antimalarial, this combination is still
recommended for intermittent preventative treatment in
pregnancy and in children in combination with amodiaquine
for seasonal malaria chemoprevention in endemic countries,

including Kenya. In a recent paper, Juma et al. (Juma et al,
2019) reported the unexpected findings that cessation of Bactrim
prophylaxis was associated with significantly increased, rather
than reduced frequency of SP resistance mutations in P.
falciparum DHFR (N51I, C59R, S108N) and DHPS (A437G,
K540E) in HIV-infected volunteers in western Kenya. The
authors concluded that Bactrim lowers the incidence of SP-
resistant parasites (Juma et al., 2019), suggesting that prolonged
use of Bactrim for HIV-1 supportive therapy can limit both
parasite infection and antimalarial resistance, and that in the
absence of Bactrim, SP resistance mutations confer a fitness
advantage over SP-susceptible genotypes. However, Juma et al.
acknowledged the lack of an HIV-negative control group as a
limitation for interpretation of their data.

In light of existing work and unanswered questions regarding
associations among COI, antifolate resistance, and HIV-1 co-
infection in malaria, we used deep sequencing to analyze P.
falciparum dhfr and dhps mutations, as well as three loci in
highly polymorphic genes whose allelic diversity is often used to
estimate COL. We amplified these targets from blood samples
from a cross-sectional study of Kenyan adults who self-presented
for voluntary HIV testing and were, therefore, not currently on
any HIV chemotherapeutic regimen. While our findings did not
reveal significant associations of COI with HIV-1 status, we did
identify HIV-associated differences in the prevalence of encoded
DHFR and DHPS mutations and haplotypes that were age- and
gender-dependent, suggesting that HIV-1 co-infection is
associated with altered drug resistance in P. falciparum in the
absence of HIV chemotherapy. We also identified 15047, a new
mutation in DHPS, that is predicted to enhance binding of the
endogenous substrate dihydropterin pyrophosphate (DHPPP)
and to function cooperatively with A437G and K540E to reduce
drug binding. Collectively, these findings indicate that antifolate
resistance is continuing to evolve in Kenya and highlight the
need to better understand the effects of associated mutations on
both fitness and resistance in P. falciparum.

METHODS

Sample Collection and Genomic

DNA Extraction

Asymptomatic adults (= 18 years old) seeking voluntary HIV
testing and counseling at the HIV Testing and Counseling
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(HTC) Center, Kisumu West Hospital, Kombewa, Nyanza
Province, Kenya, or an associated HTC Center in the Kisumu
West District (within the Kisumu West District WRP/KEMRI
PEPFAR program) between January of 2015 and July of 2018
were asked to participate in a malaria study under guidance by
the Institutional Review Boards of the Uniformed Services
University of the Health Sciences (USUHS# G18753), Walter
Reed Army Institute of Research (WRAIR #2033) and the
Kenya Medical Research Institute (KEMRI, protocol #2600;
Janet Oyieko, Clinical Principle Investigator). Self-report
of pregnancy was an exclusion criterion. A total of 1762
individuals were enrolled. 1133 yielded detectable signal from
blood samples in a quantitative PCR (qPCR) assay for the
Plasmodium genus-specific 18S ribosomal RNA gene and 132
were HIV-1 co-infected; among volunteers for which infection
could be determined to species (n=670), more than 90% were
positive for P. falciparum infection only (n=606), while an
additional 6.0% were positive for infection with P. falciparum
in combination with P. malariae (n= 28) or P. ovale (n=9), or
infected with all three (n=3) (C. Kifude, pers. comm). Dried
blood spots prepared at the time of enrollment were shipped
from study sites to USUHS for nucleic acid isolation on the
QIACube automated platform (QIAGEN, Hilden, Germany).
Purified genomic DNA samples were then shipped to the
University of Idaho for targeted deep sequencing of P.
falciparum genes of interest.

Nested Dual-Barcoded PCR Library
Preparation and lllumina Sequencing

Because many volunteers had low 18S copy numbers, all genomic
DNA samples were amplified by primary PCR in duplicate to
enrich each of the five P. falciparum target loci subsequently used
as templates for two-step, dual-barcoded library sequencing
designed and optimized by the University of Idaho Genomic
Resources Core (SOP#GRC_008). Primer sequences are included
in Supplemental Table 1 (Duraisingh et al., 1998; Ye et al., 2012;
Taylor et al., 2013). Specifically, we amplified sequences of
interest from genomic DNA using KAPA HiFi HotStart
polymerase (Kapa Biosystems, Wilmington, MA, USA) for an
initial 30 cycles according to manufacturer’s instructions.
Samples were included in subsequent steps if the initial
amplification of dhps produced an appropriately-sized visible
band (a qualitative predictor of deep-sequencing success)
following electrophoresis through 2% agarose with ethidium
bromide (70V for 2 h). The dhps-positive samples were
subjected to amplification of mutation-containing regions
of dhfr and dhps and for three highly polymorphic loci
for determination of COI, including regions of the
circumsporozoite protein (csp) gene and the apical membrane
antigen 1 gene domains 1 and 2 (ama d1 and amal d2). Primary
amplicons were nested with target-specific primers bearing
universal common sequence (CS) tags (Fluidigm Corporation,
South San Francisco, CA, USA) complementary to barcode
primers used downstream to label pooled targets. Tagged
amplimers were quantified using Nanodrop ND-1000 (Thermo
Fisher Scientific, Waltham, MA, USA). Amplimers were

normalized in molecular biology grade water and pooled in
equimolar ratios to a final concentration of 100 ng/ul. Pooled
targets (two pools per volunteer, one per PCR replicate) were
cleaned using ChargeSwitch magnetic beads (Invitrogen,
Carlsbad, CA, USA) on the KingFisher Flex automated plate-
based extraction instrument (Thermo Fisher Scientific,
Waltham, MA, USA) using a custom script provided by
Thermofisher technical support.

Cleaned amplimer pools for each sample replicate were used
as input template for dual-barcoding PCR to label targets within
each replicate pool with a unique sample index. Custom
barcoding primer pairs contained sequences complementary to
Fluidigm CS-tags, followed by an 8bp unique sequence barcode
and Illumina P5 or P7 primer to generate a sequenceable library.
Barcoded libraries were combined by qualitative agarose gel
score (two bands, one band, no band). Combined libraries
were cleaned at the University of Idaho IBEST Genomic
Resources Core by size selection via Ampure bead cleanup
(Beckman Coulter, IN, USA) keeping all fragments greater
than 450 base pairs. Cleaned, size-selected libraries were
examined with a Fragment Analyzer (Agilent, Santa Clara, CA,
USA) to verify library quality and composition. Each library was
quantified by qPCR (Kapa Biosystems, Wilmington, MA, USA),
then pooled to equimolar ratios and sequenced on a quarter lane
of Mllumina MiSeq 2x300 (Illumina, Inc. San Diego, CA, USA)
producing ~5 million reads demultiplexed by barcode and
target-specific primers using dbcAmplicons (Settles, 2019).

The library prep protocol was validated using genomic DNA
from P. falciparum strains V1/S (MRA-176, BEI Resources,
Manassas, VA) and D10-sgkga (MRA-559) with known
mutations. dhfr and dhps were amplified from these strains
and mixed with amplimers from strain NF54 e2 (MRA-1000)
in molar ratios of 1%, 5%, 95%, and 99%. Mixed amplimers were
used as primary PCR products and subjected to adapter and
barcode PCR as above, then analyzed on a full lane of Illumina
MiSeq 2x300 to confirm detection of expected mutations (data
not shown).

Sequence Data Analyses and Statistics

Raw sequence reads were parsed using the Python script
split_library.py in the QIIME bioinformatics pipeline
(Caporaso et al., 2010). The SeekDeep pipeline (v. 3.0.1-dev)
(Hathaway et al., 2018) for targeted amplicon analysis was used
with default parameters for Illumina sequencing initiated with
the utility command setupTarAmpAnalysis which creates a tree
of sample directories to pass sequence data into processes for
analysis, generate folders for output, and create scripts for the
pipeline. The analysis was performed with the script
runAnalysis.sh and results were ported into a browser for
visualization using the script startServerCmd.sh. During
haplotype clustering, duplicate PCR libraries were used to
screen out stochastic amplification errors and chimeric false
haplotypes. Mutations were confirmed only when present in
both PCR replicates with haplotype frequency at least 1% and
greater than 100 reads. Based on homology analysis, all
amplicons from the five target genes were determined to derive
from P. falciparum genomic DNA amplification. Haplotypes
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output by SeekDeep were encoded to 4-letter abbreviations based
on canonical SNPs in DHFR (N511I, C59R, S108N, and 1164L)
and DHPS (S436A/H, A437G, K540E, and A581G).

Parasite sequence data for dhfr (n=332) and dhps (n=417)
were included for analyses of mutations and haplotypes using the
following two approaches and Chi-square analysis. First, we
analyzed proportions of encoded DHFR and DHPS mutations
among HIV-positive versus HIV-negative volunteers. Second, we
analyzed proportions of haplotypes among volunteers paired by
HIV-1 status, gender and age. Haplotypes were assessed as
proportion of haplotypes by group, with groups defined by
HIV-1 status and gender. Each haplotype was regarded as one
parasite type in the parasite population across all volunteers
rather than haplotype by volunteer to simplify the analysis and
control for COI >1. Each volunteer with at least one haplotype
determined from amal or csp was given a COI score based on the
number of unique alleles returned for each target. The highest
number of alleles returned for any of the COI targets was
considered to be the most likely number of clones carried by
that individual. Volunteers with sequence data from at least one
COI target (n=565) were analyzed by Spearman’s Rho
nonparametric test for correlation between parasitemia and
COI and between age and COL Pairwise t-tests for COI were
conducted for volunteers grouped by gender and HIV-1 status.
Spearman’s Rho nonparametric test for correlation and t-tests
were performed on GraphPad Prism 8.3.0 (GraphPad Software,
San Diego, CA USA). Chi-square analyses were performed using
library package Rcompanion on RStudio (RStudio, Inc., Boston,
MA). All analyses were conducted at 95% confidence (0:=0.05).

For age- and gender-matched volunteer pair analyses, all
parasite haplotypes (dhfr n=332, dhps n=417) were sorted by
host volunteer HIV-1 status, then by volunteer gender and finally
by volunteer age. Haplotypes from volunteers with inconclusive
HIV-1 status—five DHFR haplotypes from 4 volunteers and
three DHPS haplotypes from two volunteers—were excluded
from the analysis. For every HIV-positive volunteer, one
volunteer of the same gender and age was selected at random,
with 18S copy numbers blinded to avoid bias. Individuals over
age 40 comprised only 10% (111/1133) of volunteers and were
infrequent among volunteers with data for dhfr (20/320
volunteers or 6.25%) and for dhps (22/360 volunteers or 6.1%).
For dhfr, all matched pairs were within two years’ difference in
age except for the oldest matched pairs which had an age
difference of four years (males) and seven years (females). For
dhps, all matched pairs were within two years’ difference in age.

As an external control to validate the stringency of filtering
parameters utilized by SeekDeep, raw sequence reads were also
analyzed by the Genome Analysis Toolkit (GATK) (McKenna
et al., 2010) variant analysis program HaplotypeCaller in the
Variant Call Format (VCF) Toolkit (Danecek et al., 2011). Reads
were adapter-trimmed and demultiplexed using dbcAmplicons
then and quality filtered with fastp v0.19.6 (Chen et al,, 2018)
using default parameters. Forward and reverse reads were
mapped to dhps (U07706.1), dhfr (EU046230.1), amal
(XM_001347979.1), and csp (XM_001351086) reference
sequences using Burroughs-Wheeler Aligner (BWA) (Li and

Durbin, 2009). Read counts per sample output by BWA-mem
were parsed using Sequence Alignment/Map tools (Li et al.,
2009) to explore the global number of reads mapping to any
locus. This treatment identified disparities between the numbers
of reads kept by mapping using the BWA-mem compared to
those discarded by SeekDeep for failing overlap quality filtering.
To identify SNPs in our data, reads were processed using
SAMtools followed by the VCF Toolkit (Danecek et al., 2011)
to produce mpileup, flagstat, and vcf files. GATK v3.8 (McKenna
et al., 2010) was used to combine individual vcf files from which
variants were identified. In addition to default filtering
performed by vcfutils.pl varFilter, we imposed a minimum
100x coverage cutoff. R was used to parse information from
these files, enabling validation of SNP calls and frequencies
identified by SeekDeep.

Combined output files from SeekDeep were parsed in R and
compared to the SNPs identified with VCFtools. Identical
haplotypes from different SeekDeep runs were merged using
the CD-HIT (cd-hit-est) web server (Huang et al., 2010). After
merging SeekDeep runs, we removed contaminating human
amplicons from amal d1 data by aligning haplotypes to amal
reference sequence, then using blastn against non-redundant
sequences to identify the source of extremely divergent
sequences. Phangorn (Schliep, 2011), ape (Paradis and Schliep,
2019), and ade4 (Dray and Dufour, 2007) were used in R to
perform sequence alignments, model testing, and to build
Neighbor-Joining trees. No indels were observed in the final
SeekDeep haplotypes. For amal and csp, the within-host
frequencies of malaria parasite haplotypes were plotted with
the phylogenetic tree of haplotypes using ggtree v2.0.0 (Yu
et al., 2017).

Molecular Modeling of P. falciparum DHPS
The 3D structure of P. falciparum DHPS was not available at the
time this study was initiated but has recently become available
(Chitnumsub et al., 2019). Accordingly, we used a crystal
structure of P. vivax DHPS in complex with substrates 6-
hydroxymethyl-7,8-dihydropterin pyrophosphate (DHPPP)
and 4-aminobenzoic acid (pABA) (Yogavel et al, 2018) to
build a homology model of P. falciparum DHPS, which we
subsequently compared to the published structure
(Chitnumsub et al., 2019). The experimental structure of P.
vivax DHPS in complex with DHPPP and pABA substrates
was downloaded from the Protein Data Bank (PDB) server
(PDB ID: 5779) (Manickam et al.,, 2018) and the structure
prediction wizard from the PRIME module of Schrodinger
suite was used for homology modeling (Jacobson et al., 2002;
Jacobson et al., 2004). The substrates and Mg*2 ion were left in
their respective binding sites in the homology modeling process
since residues in the binding site are conserved between P.
falciparum and P. vivax DHPS. Loops that were not in the
template were refined using the loop refinement module of
Schrodinger suite. Mutations in P. falciparum DHPS (A437G,
1504T, K540E, and A437G+1504T+K540E) were generated using
the “mutate residue” option in Maestro from Schrodinger suite
and appropriate sidechain rotamers were selected based on the
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most probable rotamer list in Maestro (Schrodinger
Release, 2020).

The homology model of P. falciparum DHPS and mutants were
subjected to molecular dynamics (MD) simulations using
GROMACS 2018.3 (Abraham et al., 2015) with the CHARMM?36
forcefield (Huang and MacKerrel, 2013). Forcefield parameters of
DHPPP and pABA substrates were generated using the SwissParam
webserver (Zoete et al.,, 2011) to understand the effects of DHPS
mutations on drug binding, not to calculate absolute binding
affinities to DHPPP and pABA. The protein structures were
solvated using TIP3P water molecules and neutralized using
0.15M Na" and CI ions. Each system was then minimized and
equilibrated using harmonic restraints on the backbone of the
protein and the heavy atoms of the substrates. Equilibration
simulations were performed for 1 ns each using fixed NVT
followed by fixed NPT conditions. Production simulations of each
system were then performed for 100 ns using fixed NPT conditions
with Parrinello-Rahman pressure coupling at 1 atm and v-rescale
temperature coupling at 300 K. The time step was 2 fs and snapshots
were saved at every 10 ps.

RESULTS

COI and Parasitemia Were Predicted to
Minimally Impact Patterns of DHFR and
DHPS Mutations in Our Volunteers
Interpretable sequence data for DHFR (N51I, C59R, S108N,
1164L) and DHPS (S436A/H, A437G, K540E, A581G)
mutations were collected from 680 volunteers yielding 749
haplotype sequences, including 332 haplotype sequences for
dhfr (from 320 volunteers, 36 HIV-1 co-infected) and 417
haplotype sequences for dhps (from 360 volunteers, 42 HIV-1
co-infected; Table 1). All haplotype sequences called by
SeekDeep have been deposited in GenBank to be made

publicly available upon publication of this manuscript
(Luckhart et al., 2020). Overall, the VCF Toolkit (Danecek
et al,, 2011) called slightly fewer dhps SNPs and slightly more
dhfr SNPs compared with SeekDeep (Supplemental Figure 1).
The novel DHPS I504T mutation was detected by SeekDeep in
both replicates for a single volunteer. This SNP was at ~6%
frequency in the BWA alignment of reads but was not called by
VCFtools (Supplemental Figure 1) due to its rarity within the
total population after quality filtering and stitching by the VCF
Toolkit (default parameters).

While there were no differences in parasitemia (18S copies per
ul) by age, HIV-1 status or gender, we stratified our sequence
data for analysis not only by HIV-1 status but also by age and
gender because these parameters were significantly different
among our volunteers (C. Kifude, pers. comm.). Of 565
volunteers with sequence data from one or more COI targets,
305 volunteers had COI=1, 127 had COI=2, 133 had COI=3 or
more, which translated to 76% of volunteers having one or two
parasite clones (overall mean COI=1.94; Table 2).

Across the three groups of volunteers (COI=1, COI=2,
COI>2), mean COIs based on any one locus (AMA1 di,
AMAL1 d2, or CSP) were 2.34 and 2.26, and 2.02 respectively.
However, across all volunteers with haplotype data for one, two,
or three targets, mean COI was 1.50, 2.10, and 2.80, respectively,
suggesting that our overall mean of 1.94 across all volunteers
with any number of targets might be a conservative estimate.
There were weak correlations between age and COI (Figure 1A)
and between parasitemia and COI (Figure 1B), but there were no
significant differences in COI by gender or HIV-1 status (Figure
1C). Collectively, these observations suggested that differences
among patterns of DHFR and DHPS mutations within our
volunteer population were not due to marked underlying
differences in COI or parasitemia.

TABLE 2 | Distribution of loci sequenced for complexity of infection (COI).

TABLE 1 | Frequency of DHFR or DHPS haplotype.

Number of mutations* 0 1 2 3 4
DHFR Haplotype NCSI NCNI ICNI IRNI IRNL
(n=332 haplotype sequences) ICNL
Malaria-only volunteers 3 0 9 273 3
(n=292 haplotype sequences) 4
HIV-1 co-infected volunteers 0 0 3 34 2
(n=40 haplotype sequences) 1
DHPS Haplotype SAKA SGKA SGEA SGEG HGEG
(n=417 haplotype sequences) AAKA SGKG HGEA
SGEA+1504T

Malaria-only volunteers 3 5 246 3 1
(n=360 haplotype sequences) 2 2 97

1
HIV-1 co-infected volunteers 0 1 36 0 0
(n=57 haplotype sequences) 0 0 20

0

*DHFR haplotypes included nonsynonymous mutations N571I, C59R, S108N, and 1164L;
DHPS haplotypes included S346A/H, A437G, K540E, and A581G and the novel mutation
1504T. Malaria parasite infection was determined by gPCR of Plasmodium genus-specific
18S ribosomal RNA gene and HIV-1 status was confirmed by rapid diagnostic test (C.
Kifude, pers. comm.).

COI (number One target number of Two targets Three
of volunteers) volunteers targets
in COI class
COl =1 AMAT d1 only: 52 AMA1 dland 18 38
(n=305) AMA1 d2 only: 37 AMAT d2: 22
CSP only: 115 AMA1 d1 and 23
CSP:
AMA1 d2 and
CSP:
COl=2 AMAT d1 only: 21 AMA1 d1 and 8 37
(n=127) AMAT d2 only: 9 AMAT d2: 19
CSP only: 19 AMA1 dland 14
CSP:
AMA1 d2 and
CSP:
COl > 2 AMAT d1 only: 20 AMA1 dl and 14 50
(n=133) AMA1 d2 only: 5 AMA1 d2: 23
CSP only: 16 AMAT1 d1 and 5
CSP:
AMA1 d2 and
CSP:
Mean COIs* 1.50 2.10 2.80

*Overall mean COI from all volunteers with any number of loci = 1.94.
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FIGURE 1 | Complexity of Plasmodium falciparum infection (COI) was not associated with HIV-1 status, gender, age and parasitemia. COl is defined as the number
of unique parasite genotypes as determined by encoded sequences for AMA1 d1, AMA1 d2, and CSP. Parasitemia was determined by Plasmodium genus-specific
18S ribosomal RNA gene gPCR and HIV-1 status was determined by rapid diagnostic test (C. Kifude, pers. comm.). (A) Complexity of infection was not strongly
correlated with age of volunteers by Spearman’s Rho nonparametric test for correlation (r=-0.09774, p-value=0.0205). (B) Complexity of infection was not strongly
correlated with parasitemia (r=0.2658, p-value < 0.0001). (C) No significant differences in complexity of infection were detected in comparison by pairwise t-test
between volunteers grouped by HIV-1 infection status and gender (=563 volunteers; n=269 HIV-negative females, n=225 HIV-negative males; n=36 HIV+ females,
n=33 HIV+ males). Two volunteers with inconclusive HIV-1 test results were excluded from this analysis.

Patterns of DHFR and DHPS Mutations in DHEFR haplotype proportions differed between HIV-positive and

OL_"' Study Vquntet_ars Were Associated HIV-negative females (p=0.0144) and between HIV-positive
With HIV-1 Status in Age- and Gender- males and HIV-positive females (p=0.0017). Here, 94% of
Specific Patterns HIV-negative females were positive for IRNI, while 78%

We first examined each encoded DHFR and DHPS mutations by ~ of HIV-positive females were positive for IRNIL. Further, 4% of
HIV-1 status. The assumption of independence among these =~ HIV-positive females were positive for triple-mutant ICNL and
mutations is challenged by the coordinated appearance of DHFR 9% were positive for IRNL, the quadruple-mutant haplotype that
and DHPS amino acid changes with increasing drug resistance  is associated with high level SP resistance, while HIV-positive
(Plowe et al., 1997; Triglia et al., 1998; Mita et al., 2014; Cowell ~ males lacked both ICNL and IRNL. However, these differences in
and Winzeler, 2019), but we chose to examine these mutations  proportions of DHFR haplotypes were no longer evident when
both independently and as haplotypes to detect any  volunteers were analyzed as age- and gender-matched pairs

possible associations. (Figure 2D), an outcome that may derive from the sample size
For DHEFR, there were no significant associations between  reduction following volunteer pairing.
HIV-1 status and proportions of individual mutations across all As for DHEFR, the prevalences of individual DHPS mutations

volunteers or when volunteers were analyzed as age- and gender- ~ (K540E, A437G, S436H) were not significantly different by HIV-
matched pairs (Figures 2A, B). In contrast, we did detect 1 status in our volunteers (Figure 3A). When these data were re-
significant differences in proportions of DHFR haplotypes  analyzed following age- and gender-matching, a single mutation
among volunteers by HIV-1 status (Figure 2C). Specifically, =~ (S436H) was significantly different by HIV-1 status among age-
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and gender-matched pairs (p=0.02662; Figure 3B). When DHPS
mutations were analyzed as proportions of haplotype
frequencies, there were no significant differences among HIV-
positive and HIV-negative volunteers (Figure 3C). Intriguingly,
however, and in contrast to findings with DHFR, age- and
gender-matching of our volunteers revealed significant
differences in DHPS haplotypes by HIV-1 status (Figure 3D).
Specifically, proportions of DHPS haplotypes differed between
HIV-positive and HIV-negative males (p=0.0146) and between
HIV-positive and HIV-negative females (p=0.0386; Figure 3D).
While this finding is clearly independent of that for DHFR
haplotypes (Figure 2D) where significant differences were lost
following age- and gender-matching, our DHPS haplotype data
indicate the potential to identify significant differences despite
reduced statistical power associated with a smaller number of
paired samples.

Parasite Diversity Was Limited

in Our Study Volunteers

All three polymorphic loci for COI estimation performed
equitably, returning sequence data for 322, 258, and 381

B Presence / absence of individual DHFR mutations in
age- and gender-matched pairs
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FIGURE 2 | Presence of individual nonsynonymous mutations and proportions of DHFR haplotypes by HIV-1 status, or by age- and gender-matched pairs.

(A) Individual mutations by HIV-1 status; n=292 nonsynonymous mutations identified from HIV-negative volunteers, n=40 nonsynonymous mutations identified from HIV-
positive volunteers. (B) Individual mutations in age- and gender-matched, HIV-positive and HIV-negative volunteers; n=32 males, n=40 females. (C) Proportion of haplotypes in
volunteers grouped by gender and HIV-1 status. The observed proportions were significantly different between HIV-positive versus HIV-negative females (p=0.0144) and
between HIV-positive males versus HIV-positive females (p=0.0017) by Chi-square analysis. (D) Haplotypes of age- and gender-matched pairs grouped by HIV-1 status and
gender. There were no significant differences in observed proportions of haplotypes when volunteers were matched by age and gender.

volunteers for AMA1 dl, AMA1 d2, and CSP (Table 2)
which reduced to 131, 90, and 115 unique encoded
haplotypes for AMA1 d1, AMA1 d2, and CSP, respectively.
Using the haplotype sequences from SeekDeep we calculated
pairwise differences, constructed Neighbor Joining phylogenies,
and plotted within-host parasite composition for each volunteer
(Figure 4). Slightly higher pairwise differences were observed
for AMA1 dl sequences than for AMA1 d2 and CSP. The
average numbers of nucleotide differences between any two
haplotypes of AMA1 d1, AMALI d2, and CSP were 11.5, 5.3, and
6.7, respectively. Higher diversity in domain 1 of AMA1 has
been observed previously and attributed to stronger balancing
selection (Barry et al., 2009; Arnott et al., 2014; Zhu et al., 2016).
Overall, the infecting parasites appeared to be divided into two
clades containing most haplotypes (Figure 4) but this
observation may not reflect a true bifurcation of the parasite
population since each of our three loci cannot be linked in hosts
with COI>1. Although there were many unique genotypes for
each amplicon, only a handful of haplotypes were present in a
large proportion of the samples (Figure 4). For each of the three
amplicons, about one third of the volunteers had high within-
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A Presence / absence of individual DHPS mutations
by volunteer HIV status

B Presence / absence of individual DHPS mutations in
age- and gender-matched pairs

C DHPs haplotype proportion in HIV+ and HIV- volunteers
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FIGURE 3 | Presence of individual nonsynonymous mutations and proportions of DHPS haplotypes by HIV-1 status, or by age- and gender-matched pairs.

(A) Individual mutations by HIV-1 status; n=361 mutations identified in HIV-negative volunteers, n=57 nonsynonymous mutations identified in HIV-positive volunteers.
(B) Individual mutations in age- and gender-matched, HIV-positive and HIV-negative volunteers (=46 males, n=64 females). S436H was significantly more prevalent
in HIV-negative volunteers (p-value=0.02662). (C) Proportion of haplotypes in volunteers grouped by gender and HIV-1 status. (D) Haplotypes of age- and gender-
matched pairs grouped by HIV-1 status. Significant differences were detected for HIV-positive males versus HIV-negative males (p=0.0146) and for HIV-positive
females versus HIV-negative females (p=0.0386) by Chi-square analysis. Haplotype proportions were also significantly different between HIV-positive males and

host parasite diversity, comprised of genetically distant
haplotypes. In general, however, volunteers with common
haplotypes had low within-host parasite diversity, with only
one haplotype present.

In Volunteer Blood Samples With COI=1,

P. falciparum DHFR and DHPS Mutation
Prevalences Predicted Moderate Drug
Resistance

Among the 305 individuals with COI=1, parasitemias were
highly variable and showed no significant correlations with age
(Figure 5) or with HIV-1 status (Chi-square, p=0.1,973). A total
of 75 individuals with COI=1 had interpretable sequence data for
both dhfr and dhps, allowing us to comment on haplotypes
inclusive of both gene products or combined haplotypes (Table
3). Here, 18 volunteers were infected with the sextuple mutant
IRNI-HGEA clone. One volunteer was infected with a clone with
seven mutations across DHFR and DHPS with the haplotype

IRNL-HGEA; the quadruple-mutant DHFR haplotype IRNL
confers high-level resistance to pyrimethamine. One volunteer
was infected with the quintuple mutant clone ICNI-HGEA and
one volunteer was infected with the quintuple mutant ICNL-
SGEA clone. A total of 54 volunteers were infected with the
quintuple mutant clone IRNI-SGEA. A total of 5 of 75 volunteers
were co-infected, four with the IRNI-SGEA clone (major
haplotype for volunteers with COI=1) and one with the
sextuple mutant IRNI-HGEA clone. By comparison, Juma
et al. (Juma et al, 2019) noted that the IRNI-SGEA haplotype
was significantly more prevalent in HIV-positive, co-infected
volunteers randomized to stop Bactrim treatment (51.8%)
relative to those who were HIV-positive and co-infected and
remained on treatment after enrolling (6.3%). In our limited
subset of volunteers newly diagnosed with HIV-1 with COI=1
and prior to administration of any HIV chemoprophylaxis, the
presence of the quintuple mutant IRNI-SGEA was detectable in 4
of 5 of these individuals (80%).
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by having a single sequence for ama1 and/or csp (n=305)
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FIGURE 5 | In volunteers infected with a single parasite clone (COI=1) of P.
falciparum as identified by a single allele encoding AMA1 and/or CSP,
parasitemia was highly variable across all ages. P. falciparum 18S copy
number is represented as parasitemia on the y-axis in log scale. Age in years
is represented on the x-axis.

Structural Analysis of 1504T With A437G
and K540E P. falciparum DHPS

The novel 1504T mutation, confirmed in both PCR replicates,
occurred with A437G and K540F in parasites from a single
volunteer who was not co-infected with HIV-1. The parasitemia
in this blood sample was ~3,387 18S copies/pl by qPCR with
COI=2. The minor frequency clone (1%) included the I504T
mutation along with A437G and K540E while the major clone

B
CSP (381 volunteers)
-
— i '
e ’
D ' AMA1d1
: AMA1d2
300 ! Csp
1.00 '
0.75 200
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0 :
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FIGURE 4 | Sequence similarity among infecting strains of P. falciparum in our study volunteers. (A-C) Neighbor-joining phylogenies of the three loci used to
determine COI. Haplotypes are given across rows, each column is an individual volunteer. Red indicates a single haplotype in a given volunteer, green indicates four
or more haplotypes in a single volunteer. (D) Histogram of pairwise differences among haplotypes of ama7 d1, amal d2, and csp. Averages are indicated with
dashed vertical lines. There are on average 5.3 nucleotide changes separating haplotypes of ama7 d2 and 6.7 nucleotide changes separating haplotypes of csp.
amal d1 seems to suggest the strongest evolutionary potential with 10-15 nucleotides separating most unique haplotypes.

included only A437G and K540E. While A437G and K540E are
well known sulfa drug resistance mutations (Chitnumsub et al.,
2019), the role of 1504T is unknown, so we developed a
homology model to predict substrate and drug binding
interactions. The newly published P. falciparum DHPS model
(Chitnumsub et al., 2019) included 13 crystal structures of
different mutants in complex with sulfa drugs. Supplemental
Figure 2A shows the superposition of our homology modeled
structure of P. falciparum DHPS (violet) on the crystal structure
(yellow) from Chitnumsub et al. (2019). The structural similarity
is very high with an RMSD of 0.8 A. Note that two inserts, insert-
N3 (466-475) and insert-D7 (620-660), present in the crystal
structure were not included in our homology modeled structure.
Supplemental Figure 2B shows the superposition of endogenous
ligands pABA and DHPPP on the combined product pteroate
(PTA, gray).

The pABA binding pocket in P. falciparum is formed by five
loops: loopl, loop2, loop5, loop6, and loop7 (Figure 6A).
Figures 6B, C show the binding interactions of the substrates
DHPPP and pABA with DHPS. The position of mutations A437,
1504 and K540 are shown in Figure 6D. Figure 7A represents the
location of 1504 in the wild type structure of P. falciparum DHPS.
1504 is present in the binding site of DHPPP and does not
interact with DHPPP. Figure 7B shows the location of novel
mutation 1504T in the DHPPP binding site. The -OH group of
the Thr sidechain forms an H-bond with DHPPP that increases
the binding affinity of the mutant for DHPPP. This H-bond
interaction was stable during the MD simulations and no other
conformational changes were observed. We believe this predicted
interaction is reasonable since 1504T is located far away from the
modeled loops and the inserts that were not included in our
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TABLE 3 | Dihydrofolate reductase and dihydropteroate synthase haplotypes in
volunteers with COI=1*,

Combined haplotypes (DHFR-DHPS) Number of  Volunteers with this
mutant residues bolded mutations haplotype (%)
ICNI-HGEA 5 1(1.3%)
IRNI-SGEA 5 54 (72%)
ICNL-SGEA 5 1(1.3%)
IRNI-HGEA 6 18 (24%)
IRNL-HGEA 7 1(1.3%)

*DHFR and DHPS haplotypes in volunteers determined as having a single circulating clone
of P. falciparum by encoded sequences for AMAT and CSP (n=75). Increasing resistance
is shown for DHFR, DHPS and combined mutations based on published literature
resistance (Plowe et al., 1997; Triglia et al., 1998; Mita et al., 2014; Cowell and
Winzeler, 2019).

structure. Future studies are needed to determine whether 1504T
also affects enzymatic catalytic activity.

The well-known resistance mutation A437G is in the
hydrophobic region of loop2 (A437, P438, F439, V440) in the
binding site of pABA. The Ala sidechain has a hydrophobic
interaction with the benzene ring of pABA. Mutation to Gly
disrupts this hydrophobic interaction. In our MD simulations of
the A437G mutant, loop2 becomes more flexible and different
conformations were observed (Supplemental Figure 3). Similar
conformational flexibility of the A437G mutant was discussed by
Chitnumsub et al. (2019) in that this mutation reduced the

binding affinity for PTA, but catalytic efficiency was increased.
Our finding is consistent with other studies where Ala to Gly or
Gly to Ala mutations significantly changed the conformational
flexibility (Yan and Sun, 1997; Scott et al., 2007) and studies
reporting that a Gly located adjacent to a Pro can alter
conformations (Jacob et al., 1999).

Figure 8A shows the wild type P. falciparum DHPS
structure with triple mutation sites and the residues involved
in the rearrangement due to conformational change observed
because of mutations. Mutation K540E is located in the small
helix turn after loop5, farther away from the binding sites for
both the substrates (Figure 8A). Our MD simulations of the
K540E mutant show that loop5 undergoes a conformational
change forming a new stable H-bond with R532 (Figure 8B).
The formation of this bond breaks the adjacent salt bridge
between D539 and R610, but does not affect the H-bond
interaction between R610 and pABA. We believe this salt
bridge breaking could be the molecular mechanism for the
K540E drug resistance mutation. The breaking of the salt
bridge between R610 and D539 was not observed in the
newly published crystal structure (Chitnumsub et al., 2019),
but their structure was a double mutant A437G/K540E in
complex with pterin and p-hydroxy benzoic acid substrates
which may explain the disagreement. Our MD simulations of
the triple mutant A437G/1504T/K540E showed an additive

endogenous ligands. Pink sphere is Mg*?

FIGURE 6 | (A) Loop1, loop2, loop5, loop6, loop7 from the binding pocket for pABA in modeled P. falciparum DHPS. (B) Binding interactions of DHPPP with
modeled P. falciparum DHPS. (C) Binding interactions of pABA with modeled P. falciparum DHPS. (D) Positions of three mutations around the binding site of
ion. Violet residues are involved in the binding sites. The endogenous ligands DHPPP and pABA are represented in green.
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FIGURE 7 | (A) Position of 1504 within binding site of endogenous ligand DHPPP in wild type P. falciparum DHPS. 1540 is shown in cyan. (B) H-bond interactions of
T504 side chain with endogenous ligand DHPPP (dotted line) in mutated P. falciparum DHPS. T504 is shown in yellow. In both panels, pink sphere is Mg+2 ion and
the endogenous ligands DHPPP, pABA are represented in green.

FIGURE 8 | (A) Wild type P. falciparum DHPS structure: yellow with triple mutation sites and residues involved in rearrangement due to mutations shown in cyan.
(B) Superposition of simulated modeled K&40E P. falciparum DHPS structure (violet) on the crystal structure of K&40E P. falciparum DHPS (yellow). New salt bridge
formation between E540 and R532 due to conformational change while R610 maintains interactions with pABA. (C) Superposition of simulated modeled triple
mutant A437G/1504T/K540E P. falciparum DHPS structure (violet) on the crystal structure of wild type P. falciparum DHPS (yellow). New salt bridge formation is
shown between E540 and R532 and all the loops around the binding sites have undergone conformational change but maintained the interactions with endogenous
ligands. In all the panels, pink sphere is Mg+2 ion and the endogenous ligands DHPPP, pABA are represented in green.

effect of the conformational changes from both A437G and DISCUSSION

K540E (Figure 8C). With triple mutations, other than forming

a new H-bond between E540 and R532, all loops involved in ~ In our cross-sectional study in western Kenya, HIV-1 co-
binding with endogenous ligands DHPPP and pABA show the  infection in the absence of HIV chemotherapy was associated
conformational changes. with altered proportions of individual mutations and haplotypes
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for DHFR and DHPS and these differences were variously
dependent on age and gender both within the context of co-
infection and relative to volunteers who were not co-infected
(Figures 2 and 3). Based on weak correlations between age and
COI and between parasitemia and COI and no differences in COI
by gender and HIV-1 status, we inferred that these differences
were not due to marked underlying differences in COI or
parasitemia associated with gender, age or HIV-1 status.
Because sequence data were not recovered for all three COI
targets in all volunteers (Table 2), we cannot disregard the
potential for underestimation of the number of clones per
volunteer to impact our interpretations. Overall, the
proportions of data captured (three targets per sample in each
COI class) were 49% (444/915) for COI=1, 64% (242/381) for
COI=2, and 69% (275/399) in COI>2. These observations
suggest that with higher numbers of circulating clones in any
volunteer, the probability of obtaining enough reads to reliably
call an individual AMA1 or CSP allele in the population at a
frequency of greater than 1% increases. In other words, there is
potential for underestimation of true COI when minor allele
frequencies are very small.

We identified in a single volunteer a novel DHPS mutation
1504T, which we predict increases the affinity of DHPS for the
endogenous substrate DHPPP. The I504T mutation occurred
with A437G and K540E, two mutations that alter the
conformation of the pABA binding pocket and is predicted to
function cooperatively with A437G and K540E to reduce drug
binding. Our molecular modeling studies predicted
conformational flexibility in loop2 with A437G mutation
which is in agreement with a recently published structure
(Chitnumsub et al., 2019). In contrast to A437G, our
simulations of K540E showed a conformational change that
suggests a possible drug resistance mechanism not observed in
the crystal structure of double mutant A437G/K540E DHPS
(Chitnumsub et al., 2019). Collectively, these observations
indicate that antifolate resistance is continuing to evolve in
Kenya and highlight the need to better understand the effects
of associated mutations on both fitness and resistance in
P. falciparum.

The effects of age on patterns of drug resistance are perhaps not
surprising due to accumulated immunity, but the male-female
differences are intriguing from the standpoint of the reported
effects of gender on infection with a variety of pathogens
(Garenne, 2015). While impacts of gender on risk of falciparum
malaria have been studied (Bernin and Lotter, 2014), it remains
difficult to determine the potential effects of a variety of factors on
these patterns, including but not limited to gender-specific social
behaviors (Diiro et al., 2016) and preferences for vector feeding on
male and female human hosts (Okwa et al., 2011).

Clearly, the effects of HIV-1 status, prior to HIV
chemotherapy, on patterns of drug resistance in P. falciparum
are of concern, given that HIV co-infection reduces antimalarial
efficacy due to a lack of supportive host immunity (Flateau et al.,
2011). While co-infection with HIV-1 was not universally
associated with increased diversity of DHFR and DHPS
resistance haplotypes in our study, our data showed that larger

proportions of co-infected volunteers were infected with parasite
haplotypes with higher levels of drug resistance (Figures 2C, 3D)
despite relatively low parasite genetic diversity (Figure 4). These
differences highlight the importance of resistance genotyping to
develop the most effective therapeutic interventions for co-
infection. Further, given that HIV-1 co-infected volunteers in
our cohort were more likely to have mature falciparum
gametocytes in circulation than volunteers with malaria alone
(D. Stiffler, pers. comm.), we are currently evaluating whether co-
infection not only increases transmission risk to exposed
mosquitoes, but also transmission risk of drug-resistant
genotypes of P. falciparum.
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