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The island of Hispaniola remains the last loca-
tion with endemic malaria in the Caribbean re-

gion, and ongoing elimination efforts aim to achieve  
zero cases from local transmission by the year  
2025 (http://www.malariazeroalliance.org) (1). The  

western nation within Hispaniola, Haiti, has renewed 
interest in malaria elimination after the devastating 
2010 earthquake in the southern part of the country, 
and local and international partners are collaborat-
ing to achieve this goal. In Haiti, chloroquine with a 
single dose of primaquine remains the first-line treat-
ment for uncomplicated Plasmodium falciparum ma-
laria, and strong evidence indicates that parasites in 
the country remain largely sensitive to chloroquine 
(2–4), although some researchers recommend moni-
toring patients after chloroquine treatment to ensure 
parasite clearance (5,6). Concerns about the potential 
importation of chloroquine-resistant P. falciparum 
haplotypes into Haiti persist because of the proximity 
to South America and because travelers from Africa 
commonly visit Haiti (1,7,8).

Until recently, sulfadoxine/pyrimethamine (SP) 
was the second-line treatment for malaria in Haiti. SP 
works to inhibit the protozoal folate pathway, can be 
administered inexpensively in a single dose, is gener-
ally well-tolerated by the recipient population (9,10), 
and has a long half-life in humans (both drugs remain 
in plasma well beyond 1 month) (11). These attributes 
have made SP an attractive option for malaria che-
moprophylaxis (9,12) and other types of population-
based mass drug administration (MDA) campaigns 
(13). Other antimalarial medications such as dihydro-
artemesinin/piperaquine are used in other settings 
for MDA but are hampered by the need for multiday 
dosing. As a nation moves toward malaria elimination 
and very low P. falciparum transmission rates, the re-
sidual infections in the human population are predom-
inantly asymptomatic and even below the limit of de-
tection for diagnostic tests (14,15). Having an effective  
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Haiti is striving for zero local malaria transmission by the 
year 2025. Chloroquine remains the first-line treatment, 
and sulfadoxine/pyrimethamine (SP) has been used for 
mass drug-administration pilot programs. In March 2016, 
nationwide molecular surveillance was initiated to assess 
molecular resistance signatures for chloroquine and SP. 
For 778 samples collected through December 2017, we 
used Sanger sequencing to investigate putative resistance 
markers to chloroquine (Pfcrt codons 72, 74, 75, and 76), 
sulfadoxine (Pfdhps codons 436, 437, 540, 581, 613), and 
pyrimethamine (Pfdhfr codons 50, 51, 59, 108, 164). No 
parasites harbored Pfcrt point mutations. Prevalence of 
the Pfdhfr S108N single mutation was 47%, and we found 
the triple mutant Pfdhfr haplotype (108N, 51I, and 59R) in 
a single isolate. We observed no Pfdhps variants except 
in 1 isolate (A437G mutation). These data confirm the lack 
of highly resistant chloroquine and SP alleles in Haiti and 
support the continued use of chloroquine and SP.
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antiparasitic drug therapy capable of clearing this ma-
laria reservoir through MDA could be a tool to inter-
rupt P. falciparum transmission in a population (16).

In areas of the world with low levels of P. falci-
parum transmission, in vivo drug efficacy studies 
with sufficient statistical power are difficult to per-
form; thus, screening parasite populations for well-
characterized genetic drug-resistance markers can 
provide a viable alternative to monitor the emergence 
of drug-resistant haplotypes (17,18). In particular, the 
Pfcrt K76T polymorphism is known to be the stron-
gest single molecular predictor of chloroquine resis-
tance; numerous global studies have linked this mu-
tation with clinical failure (18–20). For SP treatment, 
each antifolate compound has multiple putative mo-
lecular markers that confer resistant phenotypes; mu-
tations in the Pfdhps gene show the highest risk for 
resistance to sulfadoxine, and Pfdhfr mutations show 
the highest risk for resistance to pyrimethamine (21). 
More important, beyond a single missense mutation, 
multiple concurrent mutations (>3) in a P. falciparum 
isolate’s Pfdhps and Pfdhfr genes have been shown to 
be a robust predictor of parasite resistance to SP (18).

As Haiti moves toward malaria elimination, veri-
fication of drug efficacy will be crucial for ensuring 
Plasmodia parasites can be successfully cleared from 
infected persons in the population. However, because 
malaria prevalence has declined to low levels in Haiti, 
conducting in vivo therapeutic efficacy studies be-
comes increasingly difficult. Therefore, routine mo-
lecular surveillance for markers of antimalarial drug 
resistance was established at the 11 sentinel sites in 
Haiti in 2016. In this article, we outline the molecular 
surveillance data related to chloroquine- and SP-re-
sistant alleles from samples collected during the first 
2 years of surveillance (2016–2017).

Materials and Methods

Surveillance Network and Population
We selected a health facility in each of Haiti’s 10 ad-
ministrative departments, plus an 11th site in Grand 
Anse (the department that consistently has the high-
est number of reported malaria cases [1]), as sen-
tinel sites to participate in antimalarial molecular 
resistance marker surveillance. Treatment-seeking 
persons of all ages who sought care at any of the 11 
sentinel sites for symptoms of malaria and who also 
tested positive for malaria by either rapid diagnostic 
test (RDT) or microscopy were eligible to participate 
and provide a blood sample for malaria testing. Ex-
perienced microscopists performed thick-smear mi-
croscopy on Giemsa-stained slides. RDT testing was 

performed with RDTs available at each health facil-
ity and would have been by 1 of the 3 best-in-class 
HRP2-based tests: First Response Malaria Ag HRP2 
(Premier Medical Corporation, http://premiermed-
corp.com), CareStart Malaria HRP2 (Pf) (Access Bio, 
http://www.accessbio.net), and SD Bioline Malaria 
Ag Pf (Standard Diagnostics, https://sdinc.en). Pa-
tients who were clinically unstable and requiring ur-
gent medical care were ineligible for participation. 

We collected 2,016 samples from consenting pa-
tients from the 11 sentinel sites during March 2016–
December 2017. The protocol for molecular surveil-
lance was approved by the Haitian Ministry of Public 
Health and Population Bioethics Committee as a non-
research programmatic activity. This protocol was 
also reviewed by the US Centers for Disease Con-
trol and Prevention (CDC) Center for Global Health 
and approved as a nonresearch surveillance activity. 
Blood specimens were collected only when partici-
pants (parents or guardians for children) consented 
to participate.

Because the sentinel health facility in Artibonite 
(Centre de Santé Clinique Jolivert) had not provided 
any malaria-positive specimens during 2016–2017, 
we chose samples from a separate malaria prevalence 
survey conducted in southern Artibonite in April 
2017 from 2 health facilities ≈1 km apart to represent 
genotypes from this important malaria transmission 
area. This survey in Artibonite was approved by Hai-
ti’s Ministry of Public Health and Population Bioeth-
ics Committee and the institutional review boards of 
Tulane University and the London School of Hygiene 
and Tropical Medicine. Adult participants provided 
written consent, consent for children (<18 years) was 
provided by a parent or guardian, and children >6 
years of age gave written assent to participate. Per-
sons 16 or 17 years of age who were married, a head 
of household, or a parent were considered mature 
minors and consented directly. Thumbprint consent 
or assent (countersigned by a witness) was used for il-
literate participants. Persons <6 months of age or who 
required immediate medical attention were excluded.

Sample Collection and DNA Extraction in Laboratory
For consenting participants in sentinel surveillance 
and cross-sectional survey study sites, health facil-
ity workers drew a sample of ≈200 µL by fingerprick 
onto Whatman 903 Protein Saver cards (GE Health-
care Life Sciences, https://www.gelifesciences.com). 
To ensure consistency in blood sample collection, all 
health facility workers had previously been trained 
on appropriate dried blood spot sample prepara-
tion. Each filter paper was air-dried overnight and  
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individually stored in a sealed plastic bag containing 
a desiccant packet. Filter papers were stored at health 
facilities at room temperature away from sunlight un-
til transfer. Three times per year, sentinel site samples 
were transferred to Haiti’s National Public Health 
Laboratory (Laboratoire National de Santé Publique 
[LNSP]). For the separate Artibonite survey, samples 
were transported to LNSP on a weekly basis. 

At LNSP, filter paper cards were cut in half, with 1 
section remaining at LNSP and 1 shipped to CDC (At-
lanta, Georgia, USA) for molecular analysis and se-
quencing. On the Whatman 903 card, the center circle 
was not filled with blood to allow cutting of the card 
down the middle without introducing DNA contami-
nation risk. Scissors were wiped with 70% ethanol be-
tween card cuttings. DNA extraction was performed 
by using the DNA Mini Kit (QIAGEN, https://www.
qiagen.com) according to the manufacturer’s pro-
tocol, with the exception that double the amount of 
filter paper blood and proteinase K were used. After 
elution, DNA samples were kept at 4°C for short-term 
storage and −40°C for long-term storage.

P. falciparum Photo-Induced Electron Transfer–PCR 
and Gene Sequencing
We confirmed the presence and quantity of P. falci-
parum DNA by using the P. falciparum photo-induced 
electron transfer PCR (PET-PCR) real-time assay as 
described previously (22). We multiplexed primer 
targets for Plasmodium genus and P. falciparum 18S 
rDNA in a single reaction, which we then amplified 
for 45 cycles. We determined cycle threshold (Ct) on 
the basis of the beginning of the log phase increase in 
fluorescence intensity, and we considered a Ct value 
<40.0 to be DNA-positive signal. We converted Ct 
values to estimated parasite densities on the basis of 
a separate DNA dilution series of 3D7 and Dd2 P. fal-
ciparum blood cultures that had been dried on What-
man 903 filter paper and on the basis of DNA extract-
ed according to the same protocol we have described. 
We estimated parasite density by extrapolating from 
Ct values on the basis of the average regression curve 
of the 2 P. falciparum culture strains (22).

We performed Sanger sequencing for Pfcrt, Pfd-
hfr, and Pfdhps as described previously (2) by using 
primer sets and reaction conditions for nested PCR 
and sequencing PCR (Appendix Table 1, https://
wwwnc.cdc.gov/EID/article/26/5/19-0556-App1.
pdf). We amplified the Pfcrt and Pfdhfr genes by us-
ing primary and secondary nested PCR reactions 
and amplified Pfdhps genes by using a single PCR 
reaction. We conducted all amplification reactions by 
using the Expand High Fidelity PCR buffer (Roche, 

https://www.roche.com) and the Sigma dNTP kit 
(Sigma Aldrich, https://www.sigmaaldrich.com), 
with addition of 1µL of each primer (at 15 mmol/L) 
and 2 µL DNA per reaction, yielding a final reaction 
volume of 20 µL. We subjected amplified products to 
a sequencing PCR with the Applied Biosystems Big 
Dye kit (ThermoFisher, https://www.thermofisher.
com) with 1 µL of 15 mmol/L primer (Appendix 
Table 1). We cleaned sequencing PCR products by 
ethanol precipitation and resuspended them in Ap-
plied Biosystems Hi-Di formamide (2). We sequenced 
samples on an Applied Biosystems 3130 XL Genetic 
Analyzer and read gene sequences on MacVector 7.2 
software (MacVector, https://macvector.com).

Results
For samples collected during March 2016–Decem-
ber 2017, 757 were analyzed for molecular drug re-
sistance markers associated with chloroquine and 
SP resistance. Of 11 sentinel sites participating in the 
program, 9 provided samples (Figure 1). A total of 
21 samples for Artibonite were gathered through the 
separate survey in April 2017. Most samples analyzed 
(689, 88.6%) came from four health facilities in the 
western half of the southern peninsula (departments: 
Sud, Grand Anse, and Nippes).

As most persons were enrolled through positivity 
to an antigen-based RDT, presence of malaria DNA 
with a person’s blood sample was confirmed through 
PCR reactions at both the LNSP and the CDC malaria 
laboratory. The 2 laboratories showed good concor-
dance in detection of parasite DNA through quantita-
tive PET-PCR assays (Appendix Figure 1). Quantita-
tive estimates for parasite densities in the 778 samples 
analyzed found the majority of P. falciparum infections 
to be at low estimated parasite densities; 299 (38.4%) 
were estimated at a parasite density of <1,000 p/µL 
blood and 544 (69.9%) <5,000 p/µL blood (Figure 2). 
Only 8 (1.0%) of the samples analyzed were estimated 
to contain a parasite density of >50,000 p/µL blood.

Of 778 samples analyzed, we successfully se-
quenced 741 (95.2%) for reporting of Pfcrt polymor-
phisms at codons 72, 74, 75, and 76 (Table; Appendix 
Table 2). All samples successfully sequenced showed 
the CVMNK genotype (codons 72–76), indicating an 
absence of the molecular markers for chloroquine re-
sistance in the Pfcrt gene. Sequencing for Pfdhfr was 
less successful; 548 (70.4%) of all samples analyzed 
provided results for codons 50, 51, 59, 108, and 164 
(Appendix Table 2). We found No polymorphisms 
at the C50R and I164L codons. A single isolate from 
the Cazale facility in the Ouest department showed a 
triple mutation in the N51I, C59R, and S108N codons, 
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but we observed no other N51I or C59R mutants in 
other isolates. Of interest, 46.9% (257/548) of Pfdhfr 
sequenced isolates carried the S108N mutation, asso-
ciated with low level pyrimethamine resistance. The 
S108N mutation was found in all sites except the Pi-
gnon facility in the Nord department (although this 
facility only provided 2 samples) and ranged from 6% 
to 67% of isolates sequenced from each health facil-
ity (Table). Sequencing of Pfdhps was least successful, 
with 406 (52.2%) samples providing interpretable re-
sults. Not considering the 540 codon, we successfully 
465 (59.8%) samples analyzed sequenced for Pfdhps. 

The only mutations in Pfdhps were for the five con-
sidered codons, except for a single polymorphism of 
A437G found in 1 sample from the Les Anglais facil-
ity in Sud department.

The rate of success for sequencing the Pfcrt, Pfd-
hfr, and Pfdhps genes was largely dependent upon 
the estimated parasite density via P. falciparum 
DNA content in the sample. At parasite densities 
>1,000 p/µL blood, all codons were reported for 
Pfcrt in >98% of samples (Figure 3). Even at esti-
mated densities <1,000 p/µL blood, reportable re-
sults were possible for the Pfcrt codons in 91% of 
the isolates. More striking differences in success 
of gene sequencing were observed for Pfdhfr and 
Pfdhps genes. Patient samples with estimated den-
sities >1,000 p/µL blood generated reportable re-
sults for the 10 codons (5 for Pfdhfr and 5 for Pfdhps) 
>75% of the time, and in samples >25,000 p/µL 
blood sequencing was successful 89% of the time 
(if not including Pfdhps K540E at 79%). However, 
at densities <1,000 p/µL blood, the 5 Pfdhfr codons 
were only sequenced in 50% of samples and the 5 
Pfdhps codons in 17% of samples.

Discussion
Our study aimed to describe Haiti’s nationwide sen-
tinel site surveillance program for monitoring anti-
malarial drug resistance for samples collected during 
2016–2017 (1). Because patient samples will continue 
to be collected from these participating health facili-
ties during the country’s progress toward malaria 
elimination, changes in the parasite population (e.g., 
changes in molecular signatures related to drug re-
sistance) should be quickly detected through this 
surveillance system. Epidemiologic findings from the 

Figure 1. Healthcare facility locations and number of samples tested for malaria genetic drug-resistance surveillance, Haiti, 2016–2017. 
Eleven sentinel sites throughout Haiti were selected. Nine of these sites, plus additional healthcare facilities covered in a survey 
conducted in Artibonite Department, provided a total of 778 samples for molecular analysis.

Figure 2. Frequency of estimated parasite densities for dried 
blood spot samples collected, Haiti, 2016–2017. 
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first 2 years of the surveillance program will be re-
ported elsewhere.

We used a total of 778 samples, representing 9 of 
the 10 departments in Haiti (no samples were taken in 
the Nord-Ouest department), for this initial report to 
establish a molecular baseline for polymorphisms in 
the P. falciparum genes Pfcrt, Pfdhfr, and Pfdhps. Being 
able to draw from samples in many different areas 
of the country enables a higher confidence of genetic 
representation in identifying any drug-resistant pop-
ulations; however, isolated foci of drug-resistant hap-
lotypes might exist in the country. Because the RDT 
used in this survey relies on detection of histidine-
rich protein (HRP) 2 for primary diagnosis, any P. fal-
ciparum isolates lacking functional HRP2 and HRP3 
production might have been overlooked through this 
surveillance strategy (23). However, this possibility is 

remote, given that no evidence to date suggests any 
deletion of the HRP2 gene in this population. 

All persons in this study were enrolled at health 
facilities, so the data do not represent the asymp-
tomatic or non–treatment seeking reservoir in Hai-
ti, and our enrollment procedures might also have 
missed smaller foci of inbred or clonal P. falciparum 
drug-resistant haplotypes in the country outside of 
the catchment areas of these health facilities (24,25). 
Most (689 [88.6%]) of the samples tested were from 
patients enrolled in 1 of 4 health facilities in the 
southwest corner of Haiti. This proportion is indica-
tive of current P. falciparum transmission in Haiti, 
where higher case counts have been observed in the 
departments of Grand Anse, Sud, and Nippes com-
pared with the rest of the country (1,5,26). Samples 
coming from sentinel sites in areas of Haiti subjected 

 
Table. Serum samples indicating putative malaria drug-resistance codon mutations for genes Pfcrt, Pfdhfr, and Pfdhps, by healthcare 
facility, Haiti, 2016–2017* 

Site (no. samples) Pfcrt† 
Pfdhfr 

 
Pfdhps 

C50R N51I C59R S108N I164L S436X‡ A437G K540E A581G A613X§ 
Arnaud (211) ND ND ND ND 132 (63) ND  ND ND ND ND ND 
Capotille (13) ND ND ND ND 1 (8) ND  ND ND ND ND ND 
Cazale (23) ND  ND 1 (4) 1 (4) 13 (57) ND  ND ND ND ND ND 
Thienne/Dauphine (21) ND ND ND ND 14 (67) ND  ND ND ND ND ND 
Lavanneau (12) ND ND ND ND 1 (8) ND  ND ND ND ND ND 
Les Anglais (211) ND ND ND ND 27 (13) ND  ND 1 (0.5) ND ND ND 
Pignon (2) ND ND ND ND ND ND  ND ND ND ND ND 
Roseaux (68) ND ND ND ND 15 (22) ND  ND ND ND ND ND 
Sainte-Hélène (199) ND ND ND ND 53 (27) ND  ND ND ND ND ND 
Thomonde (18) ND ND ND ND 1 (6) ND  ND ND ND ND ND 
Total (778) ND ND 1 (0.2) 1 (0.2) 257 (47) ND  ND 1 (0.2) ND ND ND 
*Values are no. (%) unless indicated. ND, not detected. 
†Mutations in any of the Pfcrt C72S, M74I, N75E, or K76T codons. 
‡S436A, S436Y, or S436F mutations. 
§A613S or A613T mutations. 

 

Figure 3. Success rate of 
reporting codon sequencing data 
by Plasmodium falciparum gene 
and estimated parasite density, 
Haiti, 2016–2017. Successful 
reporting rates are shown by 
estimated parasites densities 
of <1,000, 1,000–25,000, and 
>25,000 parasites/µL.
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to future drug pressure will be of particular focus for 
timely acquisition of molecular drug-resistance data.

Investigations of P. falciparum resistance to chlo-
roquine in Haiti have been numerous and ongoing 
since 1981. Even the first reports in the early 1980s 
found in vivo and in vitro evidence for possible re-
sistance to chloroquine (27,28), which had been in use 
in Haiti at least since the 1950s (29). With the advent 
of mutations in the Pfcrt gene serving as molecular 
markers for chloroquine resistance (18,19), the Pfcrt 
K76T haplotype has been reported sporadically in 
Haiti since 2009, but always at very low rates (2,30). 
Our study found that all 741 isolates collected from 
sites around Haiti that were successfully sequenced 
for Pfcrt have codons 72–76 of the CVMNK genotype, 
which indicate chloroquine susceptibility (31,32). Our 
data and previous reports indicate that chloroquine-
resistant Pfcrt alleles evidently are rarely found in 
Haiti, a finding which supports the continued use of 
this drug for the primary treatment of malaria in Hai-
ti. As antimalarial treatment practices are improved 
nationwide during elimination efforts, ongoing mon-
itoring will be necessary to ensure the appropriate 
use of this important drug in the country.

During malaria elimination efforts in Haiti in the 
1960s, MDA campaigns distributed chloroquine/
pyrimethamine tablets (at an adult dose of 600 mg 
chloroquine and 50 mg pyrimethamine) to the popu-
lation in areas with a high level of transmission, with 
particular focus on the southern peninsula (33). Drug 
uptake in the population was high (>90%), and in to-
tal, >2 million persons in Haiti were reached by these 
campaigns, some receiving up to 15 rounds of MDA. 
The MDA campaigns were begun in 1964, and by 
1966, widespread success in reducing parasite rates 
led to focal drug distribution in outbreak areas and 
eventual cessation in the late 1960s (34). With termi-
nation of malaria elimination efforts in the 1970s, P. 
falciparum cases rapidly increased throughout the na-
tion to the point where most of the population was 
again at risk for exposure (34).

One of the most consistent findings in this 2016–
2017 study was the pervasive prevalence of the Pfd-
hfr S108N mutation in Haiti; 47% of all successfully 
sequenced isolates showed this polymorphism. This 
point mutation is well known to develop under py-
rimethamine drug pressure (18), and previous stud-
ies in Haiti have found evidence to both in vivo and 
in vitro pyrimethamine resistance (35,36), and, more 
recently, the specific S108N mutation at frequencies 
of 36% (2) and 33% (37). Because the P. falciparum 
parasite population in Haiti has been shown to be of 
low genetic diversity and distinct from that of South 

America (2,3,38), presence of this genotype in Haiti 
probably could be traced back to MDA campaigns in 
the 1960s. It is remarkable that P. falciparum parasites 
in Haiti would continue to carry this polymorphism 
after 50 years, although the S108N mutation has been 
shown to be the first to arise during pyrimethamine 
drug pressure (39,40). This observation is consistent 
with the hypothesis that the S108N mutation does not 
affect fitness of the parasites carrying this allele (41). 
S108N mutation confers only low-level resistance to 
pyrimethamine, and the presence of >3 mutations 
(leading to the N51I/C59R/S108N triple mutant) is 
required for high-level resistance (42–45). Outside of 
pyrimethamine, the atovaquone/proguanil chemo-
prophylactic regimen often used by travelers to Haiti 
might also have the potential to induce drug pressure 
on the Pfdhfr gene and might lose efficacy if multiple 
codon mutations would arise in the gene (46). Be-
cause the P. falciparum parasite population in Haiti is 
currently only showing incomplete penetrance of the 
S108N mutation, if SP were used for MDA in Haiti, 
then this ongoing drug-resistance surveillance pro-
gram will be crucial to detect any emergence of Pfdhfr 
double or triple mutants, especially in conjunction 
with the A437G and K540E mutations in the Pfdhps 
gene (47). The presence of 1 Pfdhfr triple mutant in 
Cazale and 1 Pfdhps single mutant in Les Anglais is 
notable, but both represent well under 1% of the para-
site isolates in the our study, which is consistent with 
previous reports (2,37).

Categorizing the samples by quantified parasite 
DNA levels was very predictive of success in Sanger 
sequencing for the Pfdhfr and Pfdhps genes, although 
Pfcrt Sanger sequencing performed well at any level 
of DNA content. Using this strategy of DNA quan-
tification will assist in excluding samples for Pfdhfr 
and Pfdhps Sanger sequencing that would have a low 
likelihood of interpretable results. Although the suc-
cess rate for Sanger sequencing of Pfdhfr and Pfdhps 
was low compared with the success rate for Pfcrt, es-
pecially in low-density parasitemia samples, resistant 
chloroquine or highly resistant SP resistant genotypes 
clearly are very rare across Haiti. Furthermore, our 
results support the rationale for using SP for MDA 
in certain areas of Haiti with the aim of interrupting 
P. falciparum transmission as part of malaria elimina-
tion efforts. If different antimalarial drug strategies 
are proposed for Haiti in the future, this nationwide 
sentinel surveillance system could also be used for 
monitoring of other putative genetic markers of re-
sistance. In addition, employing next-generation se-
quencing methods will also enable the comprehen-
sive characterization of this parasite population for 
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well-established resistance markers in other target 
genes besides only Pfcrt, Pfdhfr, and Pfdhps. Contin-
ued monitoring for drug-resistance markers, espe-
cially during MDA, will be critical for detecting any 
potential emergence of highly resistant genotypes as-
sociated with resistance to SP and chloroquine.

Acknowledgments
The authors thank all the patients for their participation in 
this study.

Funding for this study was provided by the Centers for 
Disease Control and Prevention and by a grant from the 
Bill and Melinda Gates Foundation (grant no. OPP1114297) 
awarded to the CDC Foundation.

About the Author
Dr. Rogier is a microbiologist in the Malaria Branch,  
Division of Parasitic Diseases and Malaria, Center for 
Global Health, Centers for Disease Control and Prevention. 
His current research interests focus on multiplex  
IgG- and antigen-detection assays for malaria surveillance 
and integrated disease serosurveys.

References
  1.	 Lemoine JF, Boncy J, Filler S, Kachur SP, Fitter D, Chang MA.  

Haiti’s commitment to malaria elimination: progress in 
the face of challenges, 2010–2016. Am J Trop Med Hyg. 
2017;97(4_Suppl):43–8. 

  2.	 Morton LC, Huber C, Okoth SA, Griffing S, Lucchi N,  
Ljolje D, et al. Plasmodium falciparum drug-resistant  
haplotypes and population structure in postearthquake 
Haiti, 2010. Am J Trop Med Hyg. 2016;95:811–6. 
https://doi.org/10.4269/ajtmh.16-0214

  3.	 Charles M, Das S, Daniels R, Kirkman L, Delva GG,  
Destine R, et al. Plasmodium falciparum K76T pfcrt gene  
mutations and parasite population structure, Haiti, 2006–
2009. Emerg Infect Dis. 2016;22:786–93. https://doi.org/ 
10.3201/eid2205.150359

  4.	 Elbadry MA, Existe A, Victor YS, Memnon G, Fukuda M, 
Dame JB, et al. Survey of Plasmodium falciparum multidrug 
resistance-1 and chloroquine resistance transporter alleles in 
Haiti. Malar J. 2013;12:426. https://doi.org/10.1186/ 
1475-2875-12-426

  5.	 Raccurt CP, Brasseur P, Cicéron M, Parke DM, Zervos MJ, 
Boncy J. In vivo study of Plasmodium falciparum chloroquine  
susceptibility in three departments of Haiti. Malar J. 
2017;16:313. https://doi.org/10.1186/s12936-017-1961-2

  6.	 Okech BA, Existe A, Romain JR, Memnon G, Victor YS,  
de Rochars MB, et al. Therapeutic efficacy of chloroquine 
for the treatment of uncomplicated Plasmodium falciparum 
in Haiti after many decades of its use. Am J Trop Med Hyg. 
2015;92:541–5. https://doi.org/10.4269/ajtmh.14-0302

  7.	 Inoue J, Lopes D, do Rosário V, Machado M, Hristov AD, 
Lima GF, et al. Analysis of polymorphisms in Plasmodium  
falciparum genes related to drug resistance: a survey over 
four decades under different treatment policies in Brazil.  
Malar J. 2014;13:372. https://doi.org/10.1186/1475-2875- 
13-372

  8.	 Juliao PC, Sosa S, Gonzalez LD, Padilla N, Ortiz L,  
Goldman I, et al. Importation of chloroquine-resistant  
Plasmodium falciparum by Guatemalan peacekeepers returning  
from the Democratic Republic of the Congo. Malar J. 
2013;12:344. https://doi.org/10.1186/1475-2875-12-344

  9.	 Cissé B, Ba EH, Sokhna C, NDiaye JL, Gomis JF, Dial Y,  
et al. effectiveness of seasonal malaria chemoprevention in 
children under ten years of age in Senegal: a stepped-wedge 
cluster-randomised trial. PLoS Med. 2016;13:e1002175. 
https://doi.org/10.1371/journal.pmed.1002175

10.	 Benjamin JM, Moore BR, Salman S, Page-Sharp M, Tawat S, 
Yadi G, et al. Population pharmacokinetics, tolerability, and 
safety of dihydroartemisinin-piperaquine and sulfadoxine-
pyrimethamine-piperaquine in pregnant and nonpregnant 
Papua New Guinean women. Antimicrob Agents Chemother. 
2015;59:4260–71. https://doi.org/10.1128/AAC.00326-15

11.	 Karunajeewa HA, Salman S, Mueller I, Baiwog F, Gomorrai S,  
Law I, et al. Pharmacokinetic properties of sulfadoxine-
pyrimethamine in pregnant women. Antimicrob Agents 
Chemother. 2009;53:4368–76. https://doi.org/10.1128/
AAC.00335-09

12.	 Nonvignon J, Aryeetey GC, Issah S, Ansah P, Malm KL,  
Ofosu W, et al. Cost-effectiveness of seasonal malaria 
chemoprevention in upper west region of Ghana. Malar J. 
2016;15:367. https://doi.org/10.1186/s12936-016-1418-z

13.	 Shekalaghe SA, Drakeley C, van den Bosch S, ter Braak R, 
van den Bijllaardt W, Mwanziva C, et al. A cluster- 
randomized trial of mass drug administration with a  
gametocytocidal drug combination to interrupt malaria 
transmission in a low endemic area in Tanzania. Malar J. 
2011;10:247. https://doi.org/10.1186/1475-2875-10-247

14.	 malERA Refresh Consultative Panel on Characterising  
the Reservoir and Measuring Transmission. malERA: an 
updated research agenda for characterising the reservoir  
and measuring transmission in malaria elimination and 
eradication. PLoS Med. 2017;14:e1002452. https://doi.org/ 
10.1371/journal.pmed.1002452

15.	 Britton S, Cheng Q, McCarthy JS. Novel molecular  
diagnostic tools for malaria elimination: a review of options 
from the point of view of high-throughput and applicability 
in resource limited settings. Malar J. 2016;15:88.  
https://doi.org/10.1186/s12936-016-1158-0

16.	 World Health Organization. The role of mass drug  
administration, mass screening and treatment, and focal 
screening and treatment for malaria 2015 [cited 2019 Apr 1]. 
https://www.who.int/malaria/publications/atoz/ 
role-of-mda-for-malaria

17.	 Nsanzabana C, Djalle D, Guérin PJ, Ménard D, González IJ.  
Tools for surveillance of anti-malarial drug resistance: an 
assessment of the current landscape. Malar J. 2018;17:75. 
https://doi.org/10.1186/s12936-018-2185-9

18.	 Picot S, Olliaro P, de Monbrison F, Bienvenu AL, Price RN, 
Ringwald P. A systematic review and meta-analysis of evidence 
for correlation between molecular markers of parasite  
resistance and treatment outcome in falciparum malaria. Malar 
J. 2009;8:89. https://doi.org/10.1186/1475-2875-8-89

19.	 Djimdé A, Doumbo OK, Cortese JF, Kayentao K, Doumbo S,  
Diourté Y, et al. A molecular marker for chloroquine-
resistant falciparum malaria. N Engl J Med. 2001;344:257–63. 
https://doi.org/10.1056/NEJM200101253440403

20.	 Mita T, Tanabe K, Kita K. Spread and evolution of  
Plasmodium falciparum drug resistance. Parasitol Int. 
2009;58:201–9. https://doi.org/10.1016/j.parint.2009.04.004

21.	 Gregson A, Plowe CV. Mechanisms of resistance of malaria 
parasites to antifolates. Pharmacol Rev. 2005;57:117–45. 
https://doi.org/10.1124/pr.57.1.4



	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 26, No. 5, May 2020	 909

P. falciparum Drug-Resistance Alleles, Haiti

22.	 Lucchi NW, Narayanan J, Karell MA, Xayavong M,  
Kariuki S, DaSilva AJ, et al. Molecular diagnosis of malaria 
by photo-induced electron transfer fluorogenic primers:  
PET-PCR. PLoS One. 2013;8:e56677. https://doi.org/ 
10.1371/journal.pone.0056677

23.	 Bharti PK, Chandel HS, Ahmad A, Krishna S, Udhayakumar V,  
Singh N. Prevalence of pfhrp2 and/or pfhrp3 gene deletion in 
Plasmodium falciparum population in eight highly endemic states 
in India. PLoS One. 2016;11:e0157949. https://doi.org/10.1371/
journal.pone.0157949

24.	 Duffy CW, Ba H, Assefa S, Ahouidi AD, Deh YB, Tandia A, 
et al. Population genetic structure and adaptation of malaria 
parasites on the edge of endemic distribution. Mol Ecol. 
2017;26:2880–94. https://doi.org/10.1111/mec.14066

25.	 Sáenz FE, Morton LC, Okoth SA, Valenzuela G,  
Vera-Arias CA, Vélez-Álvarez E, et al. Clonal population 
expansion in an outbreak of Plasmodium falciparum on the 
northwest coast of Ecuador. Malar J. 2015;13(Suppl 1):497. 
https://doi.org/10.1186/s12936-015-1019-2

26.	 Elbadry MA, Tagliamonte MS, Raccurt CP, Lemoine JF, 
Existe A, Boncy J, et al. Submicroscopic malaria infections in 
pregnant women from six departments in Haiti. Trop Med Int 
Health. 2017;22:1030–6. https://doi.org/10.1111/tmi.12909

27.	 Magloire R, Nguyen-Dinh P. Chloroquine susceptibility of 
Plasmodium falciparum in Haiti. Bull World Health Organ. 
1983;61:1017–20. 

28.	 Duverseau YT, Magloire R, Zevallos-Ipenza A, Rogers HM, 
Nguyen-Dinh P. Monitoring of chloroquine sensitivity  
of Plasmodium falciparum in Haiti, 1981–1983. Am J Trop 
Med Hyg. 1986;35:459–64. https://doi.org/10.4269/
ajtmh.1986.35.459

29.	 von Fricken ME, Weppelmann TA, Hosford JD, Existe A, 
Okech BA. Malaria treatment policies and drug efficacy 
in Haiti from 1955–2012. J Pharm Policy Pract. 2013;6:10. 
https://doi.org/10.1186/2052-3211-6-10

30.	 Londono BL, Eisele TP, Keating J, Bennett A, Chattopadhyay C, 
Heyliger G, et al. Chloroquine-resistant haplotype Plasmodium 
falciparum parasites, Haiti. Emerg Infect Dis. 2009;15:735–40. 
https://doi.org/10.3201/eid1505.081063

31.	 Ecker A, Lehane AM, Clain J, Fidock DA. PfCRT and its 
role in antimalarial drug resistance. Trends Parasitol. 
2012;28:504–14. https://doi.org/10.1016/j.pt.2012.08.002

32.	 Cheruiyot J, Ingasia LA, Omondi AA, Juma DW, Opot BH, 
Ndegwa JM, et al. Polymorphisms in Pfmdr1, Pfcrt, and 
Pfnhe1 genes are associated with reduced in vitro activities 
of quinine in Plasmodium falciparum isolates from western 
Kenya. Antimicrob Agents Chemother. 2014;58:3737–43. 
https://doi.org/10.1128/AAC.02472-14

33.	 Mason J. Development of the Haiti Malaria Eradication  
Programme: World Health Organization. 1968 [cited 2018 
Dec 5]. https://apps.who.int/iris/handle/10665/65479

34.	 Clinton Health Access Initiative. The feasibility of malaria 
elimination on the island of Hispaniola, with a focus on 
Haiti. 2013 [cited 2018 Dec 7]. https://mesamalaria.org/
resource-hub/feasibility-malaria-elimination-island- 
hispaniola-focus-haiti

35.	 Nguyen-Dinh P, Payne D, Teklehaimanot A,  
Zevallos-Ipenza A, Day MM, Duverseau YT. Development 
of an in vitro microtest for determining the susceptibility of 
Plasmodium falciparum to sulfadoxine-pyrimethamine:  
laboratory investigations and field studies in Port-au-Prince, 
Haiti. Bull World Health Organ. 1985;63:585–92. 

36.	 Nguyen-Dinh P, Zevallos-Ipenza A, Magloire R.  
Plasmodium falciparum in Haiti: susceptibility to  
pyrimethamine and sulfadoxine-pyrimethamine. Bull  
World Health Organ. 1984;62:623–6. 

37.	 Carter TE, Warner M, Mulligan CJ, Existe A, Victor YS, 
Memnon G, et al. Evaluation of dihydrofolate reductase and 
dihydropteroate synthetase genotypes that confer resistance 
to sulphadoxine-pyrimethamine in Plasmodium falciparum in 
Haiti. Malar J. 2012;11:275. https://doi.org/10.1186/ 
1475-2875-11-275

38.	 Londono-Renteria B, Eisele TP, Keating J, Bennett A,  
Krogstad DJ. Genetic diversity in the merozoite surface  
protein 1 and 2 genes of Plasmodium falciparum from the  
Artibonite Valley of Haiti. Acta Trop. 2012;121:6–12.  
https://doi.org/10.1016/j.actatropica.2011.09.005

39.	 Cowman AF, Morry MJ, Biggs BA, Cross GA, Foote SJ. 
Amino acid changes linked to pyrimethamine resistance 
in the dihydrofolate reductase-thymidylate synthase 
gene of Plasmodium falciparum. Proc Natl Acad Sci U S A. 
1988;85:9109–13. https://doi.org/10.1073/pnas.85.23.9109

40.	 Peterson DS, Walliker D, Wellems TE. Evidence that a point 
mutation in dihydrofolate reductase-thymidylate synthase 
confers resistance to pyrimethamine in falciparum malaria. 
Proc Natl Acad Sci U S A. 1988;85:9114–8. https://doi.org/ 
10.1073/pnas.85.23.9114

41.	 Osman ME, Mockenhaupt FP, Bienzle U, Elbashir MI, 
Giha HA. Field-based evidence for linkage of mutations 
associated with chloroquine (pfcrt/pfmdr1) and sulfadoxine-
pyrimethamine (pfdhfr/pfdhps) resistance and for the fitness 
cost of multiple mutations in P. falciparum. Infect Genet Evol. 
2007;7:52–9. https://doi.org/10.1016/j.meegid.2006.03.008

42.	 Cisse M, Awandare GA, Soulama A, Tinto H, Hayette MP, 
Guiguemdé RT. Recent uptake of intermittent preventive 
treatment during pregnancy with sulfadoxine-pyrimethamine 
is associated with increased prevalence of Pfdhfr mutations in 
Bobo-Dioulasso, Burkina Faso. Malar J. 2017;16:38.  
https://doi.org/10.1186/s12936-017-1695-1

43.	 Ndiaye D, Dieye B, Ndiaye YD, Van Tyne D, Daniels R,  
Bei AK, et al. Polymorphism in dhfr/dhps genes, parasite  
density and ex vivo response to pyrimethamine in  
Plasmodium falciparum malaria parasites in Thies, Senegal. Int 
J Parasitol Drugs Drug Resist. 2013;3:135–42.  
https://doi.org/10.1016/j.ijpddr.2013.07.001

44.	 Iriemenam NC, Shah M, Gatei W, van Eijk AM, Ayisi J, Kariuki 
S, et al. Temporal trends of sulphadoxine-pyrimethamine (SP) 
drug-resistance molecular markers in Plasmodium falciparum 
parasites from pregnant women in western Kenya. Malar J. 
2012;11:134. https://doi.org/10.1186/1475-2875-11-134

45.	 Malisa AL, Pearce RJ, Abdulla S, Mshinda H, Kachur PS, 
Bloland P, et al. Drug coverage in treatment of malaria and 
the consequences for resistance evolution—evidence from 
the use of sulphadoxine/pyrimethamine. Malar J. 2010;9:190. 
https://doi.org/10.1186/1475-2875-9-190

46.	 Staines HM, Burrow R, Teo BH, Chis Ster I, Kremsner PG, 
Krishna S. Clinical implications of Plasmodium resistance  
to atovaquone/proguanil: a systematic review and  
meta-analysis. J Antimicrob Chemother. 2018;73:581–95.  
https://doi.org/10.1093/jac/dkx431

47.	 Sridaran S, McClintock SK, Syphard LM, Herman KM, 
Barnwell JW, Udhayakumar V. Anti-folate drug resistance 
in Africa: meta-analysis of reported dihydrofolate reductase 
(dhfr) and dihydropteroate synthase (dhps) mutant genotype 
frequencies in African Plasmodium falciparum parasite  
populations. Malar J. 2010;9:247. https://doi.org/10.1186/ 
1475-2875-9-247

Address for correspondence: Michelle A. Chang, Centers for 
Disease Control and Prevention, 1600 Clifton Rd NE, Mailstop 
D-67, Atlanta, GA 30029-4027, USA; email: aup6@cdc.gov


