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ABSTRACT OF THE DISSERTATION 

 

The Duffy antigen system and Plasmodium vivax:  

Immunological and epidemiological approaches to  

unconventional malaria in Sub-Saharan Africa 

 

by 

 

Lauren Elizabeth Bradley 

Doctor of Biological Sciences 

University of California, Irvine, 2024 

Professor Guiyun Yan, Chair 

 

  

In the last two decades’ tremendous progress has been made towards global goals of 

malaria control and elimination, yet there were still an estimated 227 million cases in 20191. 

While the vast majority of these cases occur via the malaria species Plasmodium falciparum on 

the African continent, Plasmodium vivax remains the most geographically widespread. It is 

endemic to large swaths of Asia and South America, and remains among the most challenging of 

tropical diseases to control and eradicate due to its unique biology and global presence2. 

Additionally, while Plasmodium vivax was once considered to be a benign infection, it is now 

recognized as a significant global health threat3. Latent liver-stage hypnozoites can cause relapse 
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weeks or months after initial infection, and difficulties in hypnoizoite treatment related to G6PD 

deficiency based primaquine toxicity4-6 significantly hinder control and intervention efforts.  

In spite of its global dispersal, P. vivax is relatively absent in Sub-Saharan Africa. The 

lack of P. vivax endemicity in Africa has long been attributed to the near fixation of the Duffy 

negative phenotype on the continent7. The Duffy antigen receptor for chemokines (DARC) was 

established as the required binding antigen for P. vivax merozoites over four decades ago8, yet 

recent work has highlighted the occurrence of P. vivax in confirmed Duffy negatives in several 

countries throughout Africa9-13. New attention has been given to these rare cases that challenge 

historical dogma and epidemiology; questioning how these infections are occurring, if there are 

alternate erythrocyte invasion mechanisms at play, if these infections are novel or merely 

historically undetected, and importantly what public health significance do they pose to Duffy 

negative individuals throughout Africa. The presented dissertation explores these infections 

through multiple lenses; investigating immunology, epidemiology and population genetics of 

unconventional Plasmodium vivax infections in Duffy negative people in Ethiopia.  

In our first chapter we assess the impact Duffy genotype has on naturally acquired 

immunity. We calculated seroreactivity to a suite of Plasmodium falciparum and P. vivax target 

antigens and sequenced two sections of the DARC gene to interpret Duffy genotype in humans. 

We found that Duffy negative individuals developed significantly reduced immune responses to 

P. vivax antigens compared to P. falciparum antigens across almost all antigenic targets. 

Additionally, we assessed seroprevalence and found that overall immune responses to P. vivax 

were greatly diminished in Duffy negative individuals highlighting the need for consideration of 

Duffy heterogeneity in control efforts and vaccine development. In chapter 2 we first optimized a 

pooling strategy in order to process copious numbers of Dried Blood Spots (DBS), then assessed 
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malaria prevalence and parasitemia in individuals of different Duffy phenotypes. Out of over 15 

thousand samples a mere 15 were both P. vivax positive and Duffy negative, highlighting the 

rarity of these infections in Ethiopia. Interestingly we found that these infections were most 

commonly found as mixed co-infections with Plasmodium falciparum, and that parasitemia did 

not vary between Duffy phenotype. Our third chapter is a literature review which sought to 

explore the best population genetic approaches currently available for malaria epidemiology. We 

found that despite microsatellite, SNP-barcode, and whole genome sequencing (WGS) all being 

commonly used with great success, each individually falls short in some aspect, making 

intensive population genetic and genomic analyses of malaria epidemiology challenging. Highly 

multiplexed amplicon deep sequencing for microhaplotypes is a novel genetic approach that 

poses great promise for garnering high-resolution genetic data and in this chapter we present 

recent developments of this technology, highlight its novel use in P. falciparum genomic 

exploration, and argue for its superiority as a population genetics approach and tool for malaria 

and specifically P. vivax malaria. 
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Abstract 

Despite historical dogma that Duffy blood group negativity of human erythrocytes confers 

resistance to Plasmodium vivax blood stage infection, cases of P. vivax malaria and 

asymptomatic blood stage infection (subclinical malaria) have recently been well documented in 

Duffy negative individuals throughout Africa.  However, the impact of Duffy negativity on the 

development of naturally acquired immunity to P. vivax remains poorly understood.  We 

examined antibody reactivity to P. vivax and P. falciparum antigens at two field sites in Ethiopia 

and assessed Duffy gene expression by PCR amplification and sequencing of the GATA-1 

transcription factor-binding site of the Duffy antigen receptor for chemokines (DARC) gene 

promotor region that is associated with silencing of erythroid cell transcription and absent 

protein expression. Antibodies to three of the four P. vivax blood stage antigens examined, 

RBP2b, EBP2 and DBPIISal-1, were significantly lower (P-value <0.001) in Duffy negative 

individuals relative to Duffy positive individuals.  In stark contrast no clear pattern was found 

across Duffy negative and positive genotypes for P. falciparum antibodies. We conclude that 

lack of erythroid Duffy expression is associated with reduced serologic responses, indicative of 

less naturally acquired immunity and less cumulative exposure to blood stage P. vivax parasites 

relative to Duffy positive individuals living in the same communities. 

 

Keywords: malaria, Plasmodium vivax, Duffy blood group, serology, naturally acquired 

immunity 
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Background 

Plasmodium vivax is globally the most widely distributed human malaria species. Blood 

stage infection and clinical vivax malaria-infection occur throughout tropical, subtropical and 

temperate regions of the world and it is the predominant Plasmodium species in Asia and South 

America1. One reason for this high prevalence is that dormant liver stage P. vivax hypnozoites, 

maintained in host hepatocytes for months to years, can lead to relapses of blood stage infection 

without continuous exposure to infective mosquitos2,3.  Another unique feature of P. vivax 

biology is that merozoites appear to require expression of the Duffy antigen receptor for 

chemokines (DARC), here referred to as the Duffy blood group, to invade reticulocytes and 

immature erythroid lineage cells in bone marrow. It has long been accepted that the lack of 

Duffy expression, confers resistance to P. vivax blood stage infection4-6. Indeed, erythroid Duffy 

negativity is nearly fixed in populations indigenous to sub-Saharan Africa and has historically 

been credited with the lack of endemic P. vivax on the continent. Notably, P. vivax blood stage 

infection of Duffy positive and Duffy negative individuals also occurs in Madagascar, an Indian 

Ocean island country located 400 km from the southeastern coast of the African land mass7. 

However, recent observations indicate that P. vivax is endemic in many areas and regions of the 

continent, with the highest prevalence (approximately 8 percent) in the horn of Africa8-10.  As 

many areas of sub-Saharan Africa experience reduced malaria burden and transition towards 

elimination, traditional methods for surveillance of blood stage infection such as blood smear 

microscopy, PCR and rapid diagnostic tests may be underestimating true malaria prevalence as 

they tend to miss low-density asymptomatic infections (subclinical malaria)11,12. This is 

especially true for P. vivax as traditional testing primarily accounts for active blood stage 
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infections, which can represent only a small portion of all P. vivax prevalence as they are unable 

to detect latent liver stage infections13. 

Serological tools that detect antibodies to P. vivax antigens are a potentially robust and 

sensitive measure for assessing P. vivax exposure in low-transmission settings14-16. Serology has 

the ability to capture information about not only concurrent blood stage infections, but also past 

infections that occurred at different times regardless of anti-malarial drug treatment17,18.  There is 

currently little information on the relationship between erythroid Duffy blood group negativity 

and antibody responses to P. vivax in African populations. 

We previously collected dried blood spots and whole blood for qPCR diagnosis of P. 

vivax and P. falciparum infection from healthy community residents of two sites in Southwestern 

Ethiopia. Plasma IgG antibodies to four P. vivax antigens and six P. falciparum antigens were 

quantified and genomic DNA was isolated for Duffy blood group sequencing.  The aims of the 

study were to answer the following questions: (1) What is the prevalence of P. vivax and P. 

falciparum blood stage infection according to Duffy expression; (2) Do antibody prevalence and 

level differ based on Duffy expression; (3) Is there spatial clustering of P. vivax and P. 

falciparum infection and serology according to Duffy expression? These questions are of key 

epidemiological importance and will offer valuable insight into the role Duffy expression plays 

immunologically.   
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Methods 

Ethical approval 

Ethical approval was obtained from the Institutional Review Boards (IRB) at the University of 

California at Irvine, Case Western Reserve University, USA, and the Tropical and Infectious 

Diseases Research Center at Jimma University, Ethiopia.  All residents willing to participate in 

the study were included; adults provided signed consent for themselves and assent for minors 

under 18 years of age after explanation of the study objectives and methodologies.   

Study site 

Figure 1 shows the location of villages of study participants within the two study sites, Arjo in 

the eastern Wollega Zone of the Oromia Regional State and Gambella district in the Gambella 

Regional State. These sites were chosen because both locations were previously found to have 

high DARC gene polymorphisms and different P. vivax malaria endemicity19,20.  Arjo is an 

irrigation site for a government owned commercial sugar plantation, and Gambella is an 

irrigation site for a commercially owned large-scale rice farm. Malaria endemicity in Arjo is low 

(infection prevalence <5%), and P. vivax is the predominant malaria species21. Residents from 15 

villages were enrolled (Figure 1). Malaria endemicity in Gambella is moderate (infection 

prevalence 10-20%), and P. falciparum is the predominant species22. Residents from 6 villages 

were studied. 

Blood sample collection and processing 

Dried blood spots containing 50ul of capillary blood collected by finger prick were collected 

from healthy study participants during a house-to-house Mass Blood Survey (MBS) in October 

2018.  Age and sex of each participant were recorded at the time of collection. Dry blood spot 

samples were transported to the University of California, Irvine and stored at -20oC, and plasma  
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Figure 1 Map of the two selected Ethiopian study sites showing study resident locations and 

irrigation boundaries. Top: Arjo, Bottom: Gambella 

 



 

8 
 

was isolated from peripheral blood collected via venipuncture and stored at -80oC until 

processing described below.   

DNA was extracted from dried blood spots using established protocols23 following 

standardized saponin/chelex procedures.  DNA was eluted into ~170ul of molecular grade water, 

and either stored short term at 4oC or at -20oC for long term storage.  Plasmodium species DNA 

determination and quantification of both P. vivax and P. falciparum were conducted using 

published protocols24,25 with some modifications.  qPCR amplification was conducted on a 

ThermoFisher QuantStudio 3 at a total volume of 20ul containing 6ul TaqMan Fast Advanced 

Master Mix, 0.5ul P. vivax-probe (VIC), 0.5ul P. falciparum-probe (FAM), 0.4ul forward and 

reverse primers and 2ul genomic DNA. Primers were prepared at 10uM and probes at 2uM 

concentrations.  

Determination of Duffy genotypes 

Duffy expression for each sample was conducted using established protocols and 

primers9,26.  An approximately ~1,100bp region of the human DARC gene encompassing the 33rd 

nucleotide position was amplified and sequenced.  Reactions contained 10ul DreamTaq Green 

Master Mix (ThermoFisher), 0.3ul forward and reverse primers and 2ul genomic DNA. 

Thermocycling was performed with the conditions of 94oC for 2 min, 35 cycles of 94oC for 

30sec, 61oC for 30sec, and 65oC for 40sec, followed by a 2 min extension at 65oC.  Six 

microliters of amplified DNA were run on a 2.0% agarose gel to check for amplification. 

Successfully amplified samples were submitted to Retrogen Inc for Sanger sequencing.  

Sequencing result chromatograms were visually analyzed for five SNPs informing Duffy Fy 

genotypes; T33C, G125A, G145A, C265T, and G298A (see Duffy blood group nomenclature26). 
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Genotype information from sequence data was used to infer Duffy expression and red blood cell 

(RBS) phenotype (Supplementary Table 1). Dual peaks were determined to be heterozygous.  

Plasma collection and quantification of IgG antibodies to Pf and Pv proteins 

MAGPIX (Luminex) carboxylated microspheres were coupled to target four P. vivax and 

six P. falciparum recombinant protein antigens (Table 1), according to manufacturer’s protocols 

with previously described modifications27.  In order to determine an optimal antibody signal 

varying concentrations of each target protein were coupled to beads and tested with plasma 

pooled from 20 healthy Kenyan adult residents of Kisumu County, Kenya who donated blood 

samples in 2000.  Quantification of IgG antibodies followed previous published methods27,28.  

Plasma pools were 4-fold serially diluted from ratios of 1:50 to 1:51,200, yielding a 6-point 

standard curve.  Standard curves were run on each plate and used to determine the linear range of 

antibody binding for each bead.  We quantified antibody magnitude using the dilution that fell 

within the linear range of the positive control pool.  R-Phycoerythrin AfniPure F(ab’)2 fragment 

goat anti-human IgG F(ab’)2 (Jackson ImmunoResearch Laboratories) was used as the 

secondary antibody, and mean fluorescent intensity (MFI) values obtained during the assay were 

divided by the average MFI of malaria naïve negative controls on the same plate in order to 

normalize results and obviate variations across plates.  Results are presented as the fold-increase 

of participant sample MFI over malaria naïve negative controls.  Samples with an MFI greater 

than the mean plus 3 standard deviations (SD) of negative controls were considered positive, 

MFI values below this cutoff were set equivalent to malaria naïve controls at 1. 
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Table 1 Selected immune biomarkers used to test participant plasma and assess malaria 
exposure in Ethiopian communities. 

Species Abbreviation Antigen Parasite Stage 

Plasmodium 
vivax  

PvMSP1-19  Merozoite surface protein Merozoite 

  PvRBP2b  Reticulocyte binding protein Merozoite  

  PvEBP2  Erythrocyte binding protein Merozoite  

  PvDBPsal1  Duffy binding protein  Merozoite 

Plasmodium 
falciparum  

PfRh2a.b Reticulocyte binding protein homolog Merozoite 

  PfMSP1-42 Merozoite surface protein Merozoite 

  PfAMA1 Apical membrane antigen1 Merozoite 

  PfCSP Circumsporozoite protein Pre-erythrocytic 

  PfEBA175 Erythrocyte binding antigen Merozoite  

  PfMSP3  Merozoite surface protein Merozoite 
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Data analysis.  

Malaria prevalence was calculated for Duffy-negative and Duffy-positive individuals for 

Plasmodium vivax and P. falciparum separately. Statistical significance between the two Duffy  

groups was tested using the Fisher's exact test. Mean fluorescent intensity (MFI) was compared 

across Duffy phenotypes by Kruskall-Wallis test. Significance was adjusted using the Bonferroni 

correction for multiple comparisons for four P. vivax antigens and six P. falciparum antigens. 

Raw MFI data was converted to binary data to assess overall seroprevalence.  Given the 

proportional nature of the converted data, seroprevalence data was arcsine transformed and 

compared across Duffy expression and phenotypes for all P. vivax and P. falciparum antigens. 

Statistical significance was assessed via two-sample t-test for Duffy expression and Kruskall-

Wallis test for Duffy phenotypes. Clustering of antibody profiles was assessed via principal 

component analysis (PCA) for P. vivax and P. falciparum antigens. Non-overlapping confidence 

ellipses representing a 95% confidence interval indicate significant variation between Duffy 

negative and Duffy positive individuals.   
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Results 

Malaria burden and Duffy expression 

A total of 527 dried blood spots were collected from 15 villages in Arjo and 6 villages in 

Gambella, and genotyped for T-33C mutation of the DARC gene.  The prevalence of P. 

falciparum blood stage infection was approximately twice as high as P. vivax at both study sites.  

In total, 17 (3.2%) samples were positive for P. falciparum; P. falciparum prevalence was 0.7% 

in Duffy positives and 6.2% in Duffy negative. Overall, eight (1.5%) P. vivax infections were 

identified, with 2.1% prevalence among Duffy positives and 0.8% prevalence among Duffy 

negatives. Analyses of prevalence and Duffy expression showed a significant difference in P. 

vivax and P. falciparum infection distribution between Duffy negatives and Duffy positives (P < 

0.01, Table 2), where P. vivax infections occurred more rarely in Duffy negative individuals.  

Based on qPCR none of the malaria positive samples exhibited a mixed infection with both P. 

falciparum and P. vivax.   

Among the 527 samples genotyped for T-33C mutation, 395 randomly selected samples 

were successfully genotyped at four additional DARC SNPs (G125A, G145A, C265T and 

G298A). A detailed breakdown of number of samples in each Duffy phenotype, relative to the 13 

different observed genotypes, is presented in Supplementary Table 1. Overall, 179 (45.3%) 

were homozygous Duffy negative Fy(a-b-), while the remaining 216 samples were Duffy 

positive. Duffy positive individuals were comprised of four distinct red blood cell (RBS) 

phenotypes inferred from genotype information; 30 (7.6%) Fy(a+b+), 63 (15.9%) Fy(a+b-), 1 

(0.3%) Fy(a+bweak), and 122 (30.9%) Fy(a+b-). Distribution of Duffy expression was similar in 

both study sites. In Arjo 93/204 individuals (45.6%) were homozygous Duffy negative Fy(a-b-).  
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In Gambella distribution was very similar with 86/191 (45.0%) of individuals exhibiting 

homozygous negativity Fy(a-b-).  

Seroprevalence, Serologic reactivity and clustering effects of Duffy expression on serology  

Due to limited number of children under 5 years old (n=1) and children ages 5-15 (n=32), only 

plasma samples from individuals over 15 years of age (n=362) were included in serologic 

reactivity analyses (Table 3).  We observed distinctly different trends in P. vivax and P. 

falciparum antibodies among the different Duffy phenotypes.  P. vivax antibodies exhibited 

significantly reduced seroprevalence in Duffy negative individuals compared to Duffy positive 

people (P < 0.001; Figure 2). Conversely, P. falciparum antibodies showed no significant 

variation between Duffy phenotypes (P > 0.05). Assessment of seroprevalence across Duffy 

phenotypes was also analyzed for all phenotypes with n>10. We found greater significance 

between Duffy phenotypes for P. vivax antibodies than for P. falciparum antibodies 

(Supplemental Figure 1).  
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Table 2 Prevalence of Plasmodium vivax and P. falciparum in Duffy negative and Duffy positive 
individuals from pooled Arjo and Gambella dried blood spots. 

Duffy expression  n Plasmodium vivax Plasmodium falciparum 

Positive 284  6 (2.11%) 2 (0.70%) 

Negative 243  2 (0.82%) 15 (6.17%) 

Total  527 8 (1.52%) 17 (3.23%) 
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Supplementary Table 1  Sample distribution of Duffy phenotypes and expression relative to 13 observed genotypes 

from Duffy Fy alleles from 395 subjects of all ages (FyA, FyB, FyB*, FyX2, FyAES and FYBES). 

RBC 
phenotype 

Genotype Antigen Expression* 
Nt 
33 

Nt 
125 

Nt 
145 

Nt 
265 

Nt 
298 

Total 
Genotype 

(n) 

Total 
Phenotype 

(n) 

(a+b+) 
FyA/FyB 

Fya+Fyb+ Positive 
T/T G/A G/G C/C G/G 28 

30 
FyA/FyB* T/T G/A G/G C/C G/A 2 

(a+b-) 

FyA/FyA 

Fya+ Positive 

T/T G/G G/G C/C G/G 6 

63 FyA/FyBES T/C G/A G/G C/C G/G 56 

FyA/FyAES T/C G/G G/G C/C G/G 1 

(a+bweak) FyA/FyX2 
Fya+Fyb 

weak 
Positive T/T G/A G/G C/T G/A 1 1 

(a-b+) 

FyB/FyBES 

Fyb+ Positive 

T/C A/A G/G C/C 
G/G 
or 

G/A 
93 

122 

FyB/FyB T/T A/A G/G C/C G/G 20 

FyB/FyB* T/T A/A G/G 
C/C 
or 

C/T 
A/G 7 

FyB*/FyX2 T/T A/A G/G C/T A/A 1 

FyAES/FyB* C/T G/A G/G C/C G/A 1 

(a-b-) 
FyBES/FyBES no 

antigen 
Negative 

C/C A/A 
G/G 
or 

G/A 
C/C G/G 176 

179 

FyAES/FyBES C/C G/A G/G C/C G/G 3 

* Duffy expression is determined based on T-33C mutation in the promote region of the DARC gene. 
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Table 3 Distribution Duffy Phenotypes in adult Plasma samples collected from Arjo and Gambella, 
Ethiopia 

Duffy Expression* Duffy Phenotype Arjo Gambella Total 

Positive 
 

a+b+ 12 (6.7%) 18 (9.8%) 30 (8.3%)  

a+b- 36 (20.1%) 21 (11.5%) 57 (15.7%) 

a+bweak 0 1 (0.5%) 1 (0.3%) 

a-b+ 52 (29.1%) 60 (32.8%) 112 (30.9%) 

Negative a-b- 79 (44.1%) 83 (45.4%) 162 (44.8%) 

Total  179 183 362 

* Duffy expression is determined based on T-33C mutation in the promote region of the DARC gene. 
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Serologic responses of P. vivax antigens were distinctly different in most cases depending 

on Duffy phenotype. Homozygous Duffy negative phenotype generally exhibited significantly 

lower MFI than Duffy positive phenotypes against PvRBP2b, PvEBP2, and PvDBPSal1 

antigens, but not for PvMSP1-19 (Fig. 3). Conversely, serologic responses did not vary 

significantly for six P. falciparum antigens across Duffy phenotypes. No significant variation 

was found between Duffy negatives Fy(a-b-) and any Duffy positives Fy(a-b+), Fy(a+b-) and 

Fy(a+b+) for PfCSP, PfEBA175, and PfMSP3. Interestingly, homozygous negative Fy(a-b-) 

phenotype was found to show a significantly higher MFI than Fy(a+b-) phenotype for PfRh2a.b, 

PfMSP1 and PfAMA1 (P < 0.05).    

 The principal component analyses (PCA) showed distinct difference in clustering patterns 

between Duffy phenotype for P. vivax and P. falciparum (Fig. 4). For P. vivax, serologic 

response non-overlapping confidence ellipses provide evidence that antibody profiles differ 

distinctly between Duffy negative and Duffy positive individuals whereas P. falciparum 

antibody profiles did not show significant overlap.  
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Discussion 

Overall, our study sites exhibited high levels of Duffy heterogeneity with approximately 

45.3% (179/395) individuals being homozygous negative for the Duffy antigen.  These levels are 

notably lower than other areas of the continent, with west and central Africa generally having 

nearly fixed allele levels of Duffy negativity (>97%)29; yet are higher than previous studies on 

Duffy expression in Ethiopia which recorded levels of Duffy negativity to range from 20-30% in 

areas around Harar and Jimma9,30.  Cases of P. vivax were found predominantly in Duffy positive 

individuals, yet did not exhibit significant variation from Duffy negative infection rates. 

Conversely and interestingly P. falciparum infections were mainly found in Duffy negative 

individuals and exhibited significant variations in infection levels across Duffy phenotypes.  

Given that these results are derived from very small sample sizes of positive malaria infections 

caution should be exercised in their interpretation. Antibody levels were generally significantly 

reduced in homozygous Duffy negative peoples Fy(a-b-), when compared to the three Duffy 

positive phenotypes for all P. vivax target antigens except PvMSP1-19. No significant difference 

in antibody levels was observed between Duffy negatives and positives for P. falciparum 

antigens. This phenomenon was more clearly observed in seroprevalence analyses where P. 

vivax seroprevalence was significantly lower in Duffy negative individuals, while P. falciparum 

seroprevalence did not differ between Duffy expression.  Additionally, PCA visualizations depict 

clear clustering of Duffy expression for P. vivax antigens, yet yield no observable pattern for P. 

falciparum; corroborating the pattern that Duffy negative peoples experience greatly reduced 

development of P. vivax antibodies.     

Despite historical evidence that Duffy negativity inhibits infection by P. vivax4-6,31, our 

study adds to the growing body of research showing that cases of active P. vivax infection in 
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Duffy negative peoples occur in Africa28,32-35. We also observed P. falciparum infections 

occurred more frequently in Duffy negative individuals. This pattern could simply be resultant of 

small number of P. falciparum infections in a low-transmission zone. Some studies, however, 

have linked Duffy binding-like (DBL) domains to the susceptibility of P. falciparum infected red 

blood cell (RBCs) by natural killer (NK) cells36-38. Natural killer (NK) cell killing of P. 

falciparum infected RBCs requires specific contact between NK natural cytotoxicity receptors 

(NCRs) and DBL-1α domain expressed on the P. falciparum erythrocyte membrane protein 

(PfEMP1)38. It is possible that there exists an interaction between phenotypic Duffy positivity, 

and NK innate recognition of DBL domains on P. falciparum infected RBCs.  The pattern 

observed in our study is highly novel and interesting; warranting further study and investigation, 

yet we acknowledge that it arises from very small sample sizes which warrants caution in 

interpretation and presents a limiting factor in this aspect of our study.  Any such conclusions 

will require further large-scale studies of P. falciparum infections across a wide range of Duffy 

positive and negative individuals. Future studies should seek to determine if there is a 

relationship between Duffy phenotype and immune response by NK cells to P. falciparum 

infection.   

The role that Duffy expression plays in the development of natural immunity is not well 

understood, and there has been little work done exploring the relationship between Duffy 

negativity and immune response development given exposure to P. vivax infection39,40. Our data 

shows distinct trends of immune response across Duffy expression for P. vivax antibodies, but 

not for P. falciparum antibodies.  Duffy negative individuals had notably and significantly lower 

immune responses to P. vivax antigens than did Duffy positives, suggesting that successful blood 

stage infection plays a role in broad immune response, despite the fact that only one of our target 
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antigens was directly related to the Duffy antigen system (PvDBPSal1). The notable exception to 

the observed pattern in P. vivax antigens was the Pv-merozoite surface protein (PvMSP1-19), 

which did not vary significantly between Duffy phenotypes, but was also the only class of 

antigen to be analyzed for both P. falciparum and P. vivax (PvMSP1-19/PfMSP1-42/PfMSP3). 

Kano et al. (2018)41 found that Duffy-negative individuals had a greater chance to acquire high 

levels of anti-PvMSP1-19 antibodies than Fy(a+/b+) individuals in the Northeast of Amazonas 

State of Brazil, but we did not find such a phenomenon. The finding on the relationship between 

Duffy phenotypes and antibody response to P. vivax antigens should be interpreted with caution 

because both the frequency and levels of the antibody response to PvMSP1-19 was low. Previous 

work has shown that certain immunities established against one Plasmodium species are able to 

cross react against other Plasmodium species through commonly shared epitopes, and do indeed 

exhibit high levels of cross reactivity between P. vivax and P. falciparum antigens42.  It is 

possible, that the lack of antibody variation for PvMSP1-19 between Duffy phenotypes could be 

attributed to cross-species reactivity of the MSP antigen class, however, several studies have also 

shown MSP antibodies to be highly species specific40,43 and therefore further study is required to 

determine why PvMSP1-19 development does not appear to be influenced by Duffy 

expression44,45.  

Vivax malaria, though far less pervasive and causal of much less mortality than P. 

falciparum in Africa, presents a notable problem for management and elimination and is 

increasingly attributed to significant morbidity in endemic areas46.  Vaccination development 

efforts for P. vivax have been hampered by a multitude of species-specific challenges. These 

include lifecycle complexities such as relapses and latent-stage hypnozoites, technical challenges 

in in-vitro culturing for pre-clinical experimentation, and difficulties in both understanding and 
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establishing functionally-conserved epitopes from antigens at various life stages of infection47.  

Our work clearly shows that Duffy expression is now an additional complexity to be considered 

in P. vivax vaccine development.  Areas of high Duffy negativity and indeed nearly all of Sub-

Saharan Africa may not respond to P. vivax vaccine efforts as predicted if Duffy negative 

individuals experience significantly reduced development of P. vivax antibodies.  This 

information is vitally important to further understanding the epidemiology of P. vivax on the 

continent, and establishing future elimination and management strategies.  

Due to the rarity of P. vivax infection in Duffy negative people, our study was limited in 

that very few active cases of P. vivax were found, and that even fewer of these occurred in Duffy 

negative peoples. Our study also primarily examined merozoite blood-stage antigens for P. vivax 

and therefore could be presenting an incomplete picture of antibody profile and development 

across different lifecycle stages.  Future studies would do well to closely examine antibody 

profiles for individuals both with and without active P. vivax infection, and include more pre-

erythrocytic serologic markers to assess if reduction in antibody response is occurring only at the 

erythrocytic stage where Duffy negativity inhibits infection.  Inclusion of salivary gland 

antibodies48 to known local vectors would also be highly beneficial as they could potentially 

control for exposure differences and ensure that variations in antibody profiles are not simply 

resultant of reduced exposure.   

Our study adds to the growing body of literature showing that Duffy expression 

potentially plays a significant role in P. vivax naturally acquired immunity, and that Duffy 

negative people appear to develop a greatly reduced immune response to P. vivax compared to 

Duffy positive individuals. In addition to vaccine developments and implementation, this work is 

of vital importance as studies and projects continue to use serological tools as a surveillance 
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method.  The use of serologic tools to inform malaria transmission is often highly beneficial and 

can give a higher resolution of transmission dynamics14-18.  They are able to account for 

asymptomatic and sub-patent infections (subclinical malaria) missed by traditional microscopy, 

RDT and qPCR; and are also able to provide insight into the timeline of both infections and 

prevalence’s by accounting for individual antibody half-life’s.  Thus, studies aiming to use 

serologic assays as a surveillance tool in areas of high Duffy admixture should strongly consider 

the effect of Duffy expression levels in the area of study on their results.  Finally, our work adds 

to the growing evidence that Duffy negativity may no longer offer complete resistance to 

infection by P. vivax28,31-35,49.  These findings, combined, leave us concerned that as P. vivax 

endemicity in Duffy negative populations continues, these people could not only be more 

susceptible to infection, but also lack naturally acquired immunity; leaving them more 

susceptible to greater levels of infection prevalence and morbidity. 
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Figure Captions 

Figure 1. Map of the two selected Ethiopian study sites showing study resident locations and 

irrigation boundaries.  

Figure 2: Box-plots of seroprevalence for Duffy negative and Duffy positive individuals across 

4 Plasmodium vivax antigens (A) and 6 P. falciparum antigens (B). Significance was obtained 

via two-sample t-test. NS, non-significant; ***, P < 0.001. 

Figure 3: Mean fluorescent intensity box-plot of Plasmodium vivax (A) and P. falciparum 

antigens (B) across different Duffy phenotypes. Phenotypes are classified as homozygous 

negative Fy(a-b-), heterozygous positive Fy(a-b+) and Fy(a+b-), and homozygous positive 

Fy(a+b+). Central box plot represents interquartile range with a median center line. P-values 

were obtained via Kruskall-Wallis test with Bonferroni correction for multiple comparisons. NS, 

non-significant: *, P < 0.05; **, P < 0.01; ***, P < 0.001.   

Figure 4: PCA on antibody profiles of Duffy negative and Duffy positive individuals for 

combined P. vivax and P. falciparum serologic responses. 

 

Supplementary Materials  

Supplemental Figure 1: Seroprevalence box-plots of Duffy phenotypes across 4 Plasmodium 

vivax antigens (A) and 6 P. falciparum antigens (B). Phenotypes are classified as homozygous 

negative Fy(a-b-), heterozygous positive Fy(a-b+), Fy(a+b-), and homozygous positive 

Fy(a+b+). Significance was obtained via Kruskall-Wallis test. NS, non-significant; ***, P < 

0.001 
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Supplementary Table 1:  Sample distribution of Duffy phenotypes and expression relative to 13 

observed genotypes from Duffy Fy alleles from 395 subjects of all ages (FyA, FyB, FyB*, FyX2, 

FyAES and FYBES). 
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Abstract 

Background Malaria remains a significant cause of morbidity and mortality in Ethiopia with an 

estimated 3.8 million cases in 2021 and 61% of the population living in areas at risk of malaria 

transmission. Throughout the country Plasmodium vivax and P. falciparum are co-endemic, and 

Duffy expression is highly heterogeneous. The public health significance of Duffy negativity in 

relation to P. vivax malaria in Ethiopia, however, remains unclear. This study seeks to explore 

the prevalence and rates of P. vivax malaria infection across Duffy phenotypes in clinical and 

community settings.    

Methods A total of 9,580 and 4,667 subjects from community and health facilities from a 

malaria endemic site and an epidemic-prone site in western Ethiopia were enrolled and examined 

for P. vivax infection and Duffy expression from February 2018 to April 2021.  Association 

between Duffy expression, P. vivax and P. falciparum infections were examined for samples 

collected from asymptomatic community volunteers and symptomatic subjects from health 

centers.  

Results Infection rate of P. vivax among Duffy positives was 2-22 fold higher than Duffy 

negatives in asymptomatic volunteers from the community.  Parasite positivity rate was 10-50 

fold higher in Duffy positives than Duffy negatives among samples collected from febrile 

patients attending health centers and mixed P. vivax and P. falciparum infections were 

significantly more common than P. vivax mono infections among Duffy negative individuals. P. 

vivax parasitemia measured by 18sRNA parasite gene copy number was similar between Duffy 

positives and Duffy negatives. 

Conclusions Duffy negativity does not offer complete protection against infection by P. vivax, 

and cases of P. vivax in Duffy negatives are widespread in Ethiopia, being found in 
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asymptomatic volunteers from communities and in febrile patients from health centers.  These 

findings offer evidence for consideration when developing control and intervention strategies in 

areas of endemic P. vivax and Duffy heterogeneity.   

 

Keywords Malaria, Duffy blood group, Plasmodium vivax, qPCR, gene copy number 
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Background 

In spite of significant progress towards malaria control in the past two decades, malaria 

remains a major cause of mortality and morbidity in Africa1. According to the World Health 

Organization, Plasmodium vivax and P. falciparum contributed to approximately 700 thousand 

and 230 million cases, respectively, in Africa in 20212. In Ethiopia there were an estimated 3.8 

million cases in 2021 and 61% of the population resides in areas with endemic transmission2, 3. 

Plasmodium vivax and P. falciparum account for approximately 33% and 67% of all malaria 

cases, respectively, and it is one of only a few countries in Africa where P. vivax remains 

consistently endemic4.  

Current endemicity of P. vivax in Africa correlates with areas of high heterogeneity in 

Duffy expression5,4. The Duffy antigen receptor for chemokines (DARC), often referred to as the 

Fy glycoprotein, is a silent heptahelical chemokine receptor located on chromosome 1 and 

expressed on the surface of erythrocytes. DARC has been recognized as the binding antigen of P. 

vivax, and a single point mutation located in the GATA-1 transcription factor binding site of the 

DARC gene promoter (-67T>C) causes this receptor to not be expressed, resulting in a Duffy 

negative phenotype6,7. The absence of this receptor on red blood cells has been shown to confer 

resistance to blood-stage infection by P. vivax5, 8, 9. This negative phenotype is nearly fixed in 

sub-Saharan Africa, correlating with the general lack of endemic P. vivax on the continent. 

Despite this established dogma, cases of P. vivax are being found in confirmed Duffy negative 

individuals throughout different African countries10-14.  In addition to Duffy blood group, other 

population-level factors that influence P. vivax epidemiology include climatic conditions, age, 

socioeconomic status, access to healthcare, malaria control measures15, 16. Whether discovery of 

increasing number of P. vivax infections in Duffy negatives results from more recent research on 
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P. vivax in Africa or from new P. vivax genetic variants, the data suggest that Duffy negativity 

no longer confers complete resistance to blood-stage P. vivax infection17, 18. Furthermore, Duffy 

negatives generally develop reduced natural immunity to P. vivax blood-stage antigens19-21.   

There remains little information on the public health significance of P. vivax infection in 

individuals lacking the Duffy antigen in Africa. For example, how frequent are Duffy negative 

individuals infected with P. vivax compared to Duffy positive individuals from the same 

communities? How frequently does P. vivax contribute to clinical malaria among Duffy 

negatives compared to Duffy positives from areas of same endemicities?   This population-based 

study aimed to address these questions in two locations with varying malaria endemicities in 

southwestern Ethiopia, using samples from communities and health centers 
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Methods 

Study Sites  

Samples were collected from two study sites, Arjo-Didessa and Gambella, both located in 

western Ethiopia (Figure 1) with a rainy season lasting from May to October. The Arjo-Didessa 

sugarcane plantation is located within the Oromia Regional State 395 km west of the Ethiopian 

capital Addis Ababa and the area covers most of the Arjo-Didessa sugarcane irrigation scheme. 

It is located at an elevation ranging from 1200m to 1500m above sea level, and comprises 15 

villages in 3 districts (Jimma Arjo, Bedele District, and Dado Hana District). It contains 1 health 

center, 3 health posts, and 9 command posts which are smaller scale health posts located within 

the temporary residential areas formed by migrant workers. The sugarcane plantation was 

formerly the Didessa Wildlife Sanctuary before 2006 when the state owned sugarcane plantation 

was developed to supply the proximal sugarcane factory. It is one of the biggest sugarcane 

developments in the country, currently covering 5000 hectares with plans to expand to 80,000 

hectares22-24. Gambella is located in the Abobo District in the Gambella Regional State, 811 km 

west of Addis Ababa. The area’s elevation ranges from 400-600m above sea level and as of 2019 

had a population of 20,080. The main socio-economic activity in the area is farming of cotton, 

maize and sorghum, or working fruit plantations to produce mango, papaya and banana. 

Additionally, the Alwero Dam provides fishing opportunities and employs approximately 2000 

people at a large-scale rice irrigation scheme that currently spans 3,000 hectares with plans to 

expand to 10,000 hectares. The district comprises 19 villages containing 4 health centers and 16 

health posts25, 26. The populations at both locations primarily consisted of local villagers and 

migrant workers with long-term residency. These sites were chosen for the study as both areas 

have high levels of Duffy admixture, and continuous P. vivax endemicity12, 27.  
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Blood sample collection 

Finger prick blood samples were collected throughout both study sites from community 

members who were asymptomatic during cross-sectional surveys, and from febrile volunteers 

attending health centers from February 2018 to April 2021.  From each individual, a total of 3 

blood spots, equaling ~50ul, was pressed to Whatman 3MM filter paper for storage and 

transportation. For community collections all residents willing to participate were included in the 

study and provided signed informed consent and/or assent for minors under 18 years old. At the 

time of sample collection, for both clinical and community samples, the age and sex of 

participants were recorded when possible.  Dried blood spots were transported to the University 

of California Irvine and stored at 4°C.   

DNA Extraction and qPCR of Plasmodium species 

Parasite DNA was extracted from dried blood spots (DBS) using a standardized 

saponin/chelex method28. DNA was eluted to ~200ul molecular grade water stored at 4°C in the 

short term or -20°C for long term storage. Plasmodium species-specific primers and probes were 

used to amplify the 18sRNA gene using a previously described protocol with modification29. 

Real time PCR was conducted at a total volume of 12ul containing; 6µl ThermoFisher 

FastAdvanced MM (2X), 0.5µl of each species-specific probe, 0.4µl of each forward and reverse 

species-specific primer, and 2µl parasite DNA.  Reaction conditions were set as follows: 50°C 

for 2 min, and 45 cycles of 95°C for 2 min, 95°C for 3 seconds, 60°C for 30 seconds and run on 

a QuantStudio 3 Real-Time PCR System.   

Duffy Sequencing  

An approximately ~600-bp fragment of the human DARC gene encompassing the -33rd 

nucleotide position located in the GATA-1 box of the promoter region was amplified sequenced 
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following established protocols to assess Duffy expression27, 30, 31.  Specifically, the total volume 

for amplification was a 20ul reaction mixture containing; 10µl DreamTaq Green PCR MM (2X), 

0.3µl of each forward and reverse primer, and 2µl genomic DNA. Thermocycling conditions 

were set at; 94°C for 2 minutes, 35 cycles of 94°C for 30 seconds, 61 for 30 seconds, and 65 for 

40 seconds followed by a 2-minute extension at 65°C. Five microliters of PCR product were run 

on a 1.5% agarose gel to confirm amplification. PCR product which had successful amplification 

was cleaned enzymatically to remove remaining primers and dNTPs; 2µl SAP and 0.2µl XO1 

per was added to PCR product and cleaned via the following thermocycling conditions; 37°C for 

15 minutes, 80°C for 15 minutes, and then held at a 4C extension. Sanger sequencing was 

conducted by Retrogen Inc. using forward primers and chromatogram results were visually 

analyzed via Chromas for a TC mutation at the 33rd nucleotide position indicating Duffy 

negativity. Only samples positive for P. vivax mono and mixed infections were sequenced for 

Duffy expression.  

Data Analysis 

 Malaria prevalence was calculated for both study settings at each study site separately. 

Overall prevalence of both Plasmodium species we compared between study sites for community 

and clinical collections via the Chi-Square test for independence. Given that only P. vivax 

positive samples were sequenced for Duffy expression, rates of Duffy negativity in the 

population was not directly assessed for this study, the overall rate of P. vivax in Duffy negative 

and Duffy positive individuals was calculated by dividing the number of P. vivax infections by 

the expected number of Duffy negative and positive individuals at each site. Expected Duffy 

negative and positive populations were calculated by multiplying the total number of samples by 

the Duffy negativity rate in Arjo (43.6%) and Gambella (45.9%) as determined in a previously 
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published study21. The ratio of mixed (Pv +Pf) to mono (Pv) infections was determined for each 

study setting, community and health facility, for both Duffy negatives and Duffy positives.  

Comparisons of the rate of P. vivax in Duffy negatives to Duffy positives, and the ratio of mixed 

to mono infections for Duffy negatives and positives were made via Fisher’s Exact test for both 

community and health facility collected samples. Parasite Gene Copy Number (GCN) was 

calculated from qPCR Cycle threshold (Ct) values via standard curve to estimate parasite 

density.  Log10 transformed GCN was compared between community and health facility settings 

for both P. vivax and P. falciparum via two-sample t-test, and between Duffy negatives and 

Duffy positives for both settings via Fisher’s Exact test.  
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Results 

Prevalence of P. vivax Across Study Sites, Collection Method and Duffy Expression 

A total of 14,247 dried blood spots were collected from two study sites in southwestern 

Ethiopia (Figure 1) from February 2018 to December 2021. Asymptomatic community 

collections were made via cross-sectional surveys conducted during the spring and late-fall of 

each year and making up 9,580 of the total dried blood spots. The remaining 4,667 samples were 

from symptomatic infections collected from health clinics and facilities in the regions via passive 

case detection (PCD).  In total 344 DBS were positive for only P. vivax, 937 for only P. 

falciparum and 35 samples exhibited a mixed infection being positive for both P. vivax and P. 

falciparum (Table 1). A total of 7,519 of these DBS were collected from Arjo; 5,454 from cross-

sectional surveys and 2,065 from passive case detection. In Gambella 6,728 samples were 

collected in total; 4,126 were collected from the community during cross-sectional surveys and 

2,602 via passive case detection (Table 1).  Overall, P. vivax and P. falciparum infection rate 

was significantly higher in Gambella than in Arjo (P < 0.001 for both species). 
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Table 1 PCR Prevalence of Plasmodium vivax (Pv) and P. falciparum (Pf) infections among community-based 

asymptomatic sampling and sample positivity among febrile patients detected by passive case surveillance from 

health centers in two sites in Ethiopia. 

Settings Site 
Samples 

(n) 

Total 

Plasmodium 

infections 

Mixed Pv and 

Pf infections 

Pv mono 

infections 

Pf mono 

infections 
P-value* 

Community Arjo 5454 19 (0.35%) 0 3 (0.06%) 16 (0.29%) < 0.05 

 Gambella 4126 424 (10.28%) 8 (0.19%) 133 (3.22%) 283 (6.86%) < 0.001 

 Total 9580 443 (4.62%) 8 (0.08%) 136 (1.42%) 299 (3.12%)  

Health 

Center 
Arjo 2065 313 (15.16%) 9 (4.36%) 114 (5.52%) 190 (9.20%) < 0.001 

 Gambella 2602 560 (21.52%) 18 (0.69%) 94 (3.61%) 448 (17.22%) < 0.001 

 Total 4667 873 (18.79%) 27 (0.57%) 208 (4.46%) 638 (13.67%)  

*Fishers exact test comparison between Pv and Pf mono infection rate 
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Duffy genotyping was performed only on P. vivax mono infections and mixed P. vivax 

and P. falciparum infections across all study sites and collection methods (Table 2).  Of the 379 

P. vivax positive and mixed-species infections, 345 were successfully sequenced at the T33C 

promoter of the GATA-1 transcription factor.  Among the community-based cross-sectional 

samples, infection rate of P. vivax among the Duffy negatives and positives was low and similar 

in Arjo, but significantly higher infection rate was found in Gambella among Duffy positives 

than Duffy negatives (5.6% vs. 0.26%, P < 0.001; Table 2).  Similarly, sample positivity rate 

was more than 10-50 fold higher in Duffy positive than Duffy negatives in both sites among 

samples collected from the health center settings (Table 2), suggesting a much reduced P. vivax 

burden among Duffy negative people in febrile patients.  
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Table 2 Rate of Plasmodium vivax (Pv) infections among Duffy negative and Duffy positive individuals in both 

community-based asymptomatic and passive case surveillance from health centers at two study sites in 

Ethiopia. 

Setting  Site  
Duffy 

Negatives 

Duffy 

Positives 

Rate of Pv in Duffy 

Negatives 

Rate of Pv in Duffy 

Positives 
P-value* 

Community   Arjo 2525 2929 0.04% (1/2525) 0.07% (2/2929) > 0.05 

 Gambella 1894 2232 0.26% (5/1894) 5.60% (125/2232) < 0.001 

Health 

Center 
Arjo 956 1109 0.21% (2/956) 10.64% (118/1109) < 0.001 

 Gambella 1194 1408 0.59% (7/1194) 6.04% (85/1408) < 0.001 

*P-value calculated via Fishers Exact Test for comparing Rate of Pv in Duffy Negatives to Duffy Positives  
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Interestingly, we found that a considerably large proportion of malaria infections were 

mixed species infection. Among the 133 successfully sequenced community-based samples, 

eight out of 133 (6.0%) malaria infections were mixed species and 26 out of 212 (12.3%) 

samples were mixed infections from the health center settings (Table 3). Among the Duffy 

negatives, P. vivax was found more frequently found in the form of mixed-species infection than 

mono infections, whereas mono P. vivax infections were far more common in Duffy positives. In 

the community asymptomatic samples, the ratio of mixed species infection to P. vivax mono 

infection was 0.5 among Duffy negatives, but this ratio was reduced to 0.05 in Duffy positives (P 

< 0.05; Table 3). In febrile samples from health centers the ratio of mixed species infection to P. 

vivax mono infection was 3.5 among Duffy negatives, far greater than the ratio observed in 

Duffy positive (0.10; P < 0.001). This data strongly suggests that in Duffy negative individuals 

P. vivax is more frequently found in mixed infections compared to P. vivax only mono 

infections. 
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Table 3 Distribution of Duffy phenotypes across Plasmodium vivax (Pv) and Mixed (Pv and 

Pf) infections in both community-based asymptomatic and passive case surveillance via health 

centers from two study sites in Ethiopia  

Setting Infection n 
Duffy 

negative 

Duffy 

positive  

Ratio of mixed 

species infection to P. 

vivax only infections  

Fisher’s 

exact test 

     
Duffy 

negative 

Duffy 

positive  

 

Community Pv 125 4  121  

0.5 0.05 P < 0.05 

 Pv + Pf 8 2  6  

Health Center  Pv 186  2  184  

3.5 0.10 P < 0.001 

 Pv + Pf 26  7  19  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

53 
 

P. vivax Parasitemia in Community and Clinical Samples and Across Duffy Expressions 

Analyses of qPCR data revealed significant differences in the parasitemia between cross-

sectional samples without clinical symptoms and clinical samples collected during passive case 

detection from health centers for both P. vivax and P. falciparum.  In both P. vivax and P. 

falciparum infections parasitemia was significantly higher in samples collected via passive case 

detection than via cross-sectional survey (P < 0.001, Figure 2). Symptomatic P. vivax infections 

showed a geometric mean gene copy number (GCN) of 2.03 parasites/µl, which was 

significantly higher than the asymptomatic P. vivax infections, which had a geometric mean of 

0.94 parasites/µl (P < 0.001, Figure 2).  Similarly, symptomatic P. falciparum infections 

exhibited a geometric mean of 1.67 parasites/µl, which was significantly higher than the 

asymptomatic P. falciparum infections which had a mean of 0.90 parasites/µl (P < 0.001).  

Community Duffy-negative and Duffy-positive samples exhibited a similar parasitemia, with a 

GCN of 1.28 and 0.93 parasites/µl respectively (P > 0.05, Figure 3). Similarly, PCD Duffy-

negative and Duffy positive samples showed a mean GCN of 1.93 and 2.07 parasites/µl 

respectively (P > 0.05, Figure 3).  These data do not include four Duffy negative samples as 

their gene copy numbers fell just outside of our standard curve based cutoff range. Given the 

substantial differences in sample sizes between Duffy-negatives and Duffy-positives it is 

possible that the lack of significance observed here is indeed due to a small samples size of 

Duffy negatives.   
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Discussion 

 This study sought to examine P. vivax malaria burden in Duffy negative individuals at 

two field sites with similar proportion of Duffy negativity, but different malaria endemicities in 

southwest Ethiopia. We found, firstly, that P. vivax posed a significant health burden at both 

sites, but was far more prevalent in the community in Gambella than in Arjo where infection 

prevalence was over 50 times higher. In febrile patients P. vivax was found more often in Arjo 

than in Gambella; however, this difference was much less drastic than in the community with 

Arjo exhibiting only 1.5 times more P. vivax clinical infections than Gambella. Across both sites 

and collection settings P. vivax was found far less frequently in Duffy negatives than Duffy 

positives. In the community Duffy positives had approximately 2 and 22-fold greater infection 

rate of P. vivax than Duffy negatives at Arjo and Gambella, respectively. In febrile patients and 

samples collected from health facilities this trend was even more apparent; in Arjo and Gambella 

Duffy positives exhibited a 51 and 10-fold greater positivity rate of P. vivax infections, 

respectively, than Duffy negatives. The variations in rate of infection were highly significant for 

samples from health centers at both sites, but only significant for community samples from 

Gambella. The lack of significance in Arjo community samples could potentially be due to the 

small sample size as only three P. vivax infections were found in the community in Arjo.  These 

strongly suggest that P. vivax infections, though commonly found in Duffy negative individuals, 

are still predominantly occurring in Duffy positive people. Despite the significant variations in 

rate of P. vivax infection between Duffy expressions, we did not observe significant differences 

in parasitemia between Duffy negatives and Duffy positives in either the community or health 

centers.  Perhaps most interestingly this study highlights a pattern of mixed versus mono 

infections related to Duffy negativity. We found the ratio of mixed to mono P. vivax infections 
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among Duffy negative and positive individuals we found that Duffy negatives exhibited a 10 and 

35-fold greater ratio of mixed to mono infections than Duffy positives in both the community 

and clinical settings, respectively. Therefore, for Duffy negatives, P. vivax is predominantly 

found in mixed infections more than mono infections. 

Since the level of P. vivax exposure remained consistent among both Duffy positive and 

Duffy negative individuals across our distinct study locations, the observed diminished burden of 

P. vivax in Duffy negative individuals underscores that while Duffy negativity does not confer 

absolute resistance to P. vivax infection, it does exert a significant inhibitory effect on infection 

establishment. The mechanism behind P. vivax infections of Duffy negatives remains highly 

elusive, however, several studies have highlighted potential invasion mechanism adaptations of 

P. vivax that may circumvent Duffy-based infection inhibition and allow for infection on a lesser 

scale17, 32. One of the most well studied of these potential adaptations is the P. vivax Duffy 

binding protein 1 (PvDBPI) copy number expansion. Several different studies have clearly 

shown that PvDBP gene amplification both facilitated binding to alternative lower affinity 

receptors in Duffy negatives, and also suggested that the binding affinity of DARC with high 

copies of PvDBP could be much higher than with single-copy PvDBP parasites17, 33-35, providing 

a potential selective pressure towards gene duplication and thus increased infectivity. Two 

additional ligands, P. vivax glycosylphosphatidylinositol-anchored micronemal antigen 

(PvGAMA) and P. vivax merozoite surface protein-1 paralog (PvMSP1P), were recently found 

capable of binding to both Duffy positive and negative red blood cells, suggesting possible 

involvement in Duffy-independent invasion pathways36.  

Collectively our findings build on previous work documenting P. vivax infections in 

Duffy negative individuals in numerous African countries37, 38 including Cameroon39, 
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Madagascar10, Angola and Equatorial Guinea40, Kenya41, Ethiopia4. These studies are consistent 

with our findings and support the conclusion that Duffy negative individuals are not completely 

resistant to infection by P. vivax, yet still have a greatly reduced prevalence of P. vivax infections 

compared to Duffy positive individuals. Our data show that regardless of exhibiting no 

significant variation in parasitemia between Duffy positives and Duffy negatives, several P. 

vivax infections from Duffy negatives exhibited relatively high levels of parasitemia potentially 

implying that these parasites readily infect and adapt to Duffy negativity, allowing for greater 

erythrocyte invasion. Despite this, several studies have ample evidence that parasitemia of P. 

vivax is greatly reduced in Duffy negatives, supporting the hypothesis that parasite infectivity to 

the human erythrocyte, though not completely inhibited, is indeed reduced in the absence of the 

Duffy antigen42, 43. Several prior studies have also observed that P. vivax infections within Duffy 

negative individuals are frequently mixed infections, yet these data are limited in that they are 

predominantly descriptive and do not explore these mixed infections in detail nor compare their 

prevalence between Duffy negatives and positives10, 44, 45. Thus this current study stands out in its 

efforts to systematically evaluate the prevalence of mixed infections in individuals with Duffy 

negative status as compared to those with Duffy positive status. Our findings thus shed light on 

the noteworthy phenomenon that P. vivax infections in Duffy negatives frequently encompass 

mixed-species infections, especially when compared to Duffy positives. 

It warrants mention that in the present study is limited in that Duffy expression (negative 

vs. positive) was inferred based on genotype data of the T33C point mutation in the promoter 

region of the GATA-1 transcription factor binding site of the Duffy antigen receptor for 

chemokines (DARC) gene, which is known to alter erythroid expression and eliminate Duffy 

antigen expression on the red blood cell surface30, 31, 46. However, the direct antigen expression 
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(phenotype) was not assessed. It is therefore possible for a genotypically categorized Duffy 

negative individual to potentially express Duffy receptors in some quantity, and the P. vivax 

strains infecting Duffy negatives in this study may be utilizing such an expression in invasion, 

despite genotypic negativity. Additionally, we did not assess the prevalence or burden of P. 

falciparum across Duffy negatives and positives as Duffy expression is not known to be 

associated with P. falciparum infection.  

Understanding the distribution of P. vivax in Africa and exploring the significance of 

Duffy expression continues to be a challenging and intricate endeavor. Given the low parasitemia 

often associated with P. vivax infections of Duffy negative individuals, microscopy and RDTs 

are often not sensitive enough to detect infection, hindering their diagnosis and study in the field. 

Indeed, corresponding microscopy data from this area  accounted for only approximately 70%, 

of all qPCR confirmed P. vivax positive infections22, highlighting the need for more sensitive 

molecular detection tools in the field. This has significant implications for malaria elimination on 

the continent as a high proportion of P. vivax cases are likely being overlooked by traditional 

diagnostic methods. This work shows that not only does P. vivax transmission remain 

widespread in Ethiopia, but these asymptomatic community infections make up a significant 

portion of P. vivax cases resulting in a large undetected parasite reservoir that may greatly 

complicate and hinder interventions and elimination efforts. Finally, it is clear through the 

current study that Duffy negativity is not a definitive barrier to infection, and P. vivax infections 

were detected in Duffy negative individuals, encompassing both asymptomatic and febrile 

malaria instances, frequently occurring in mixed infections. Importantly, these trends persist 

across both study sites representing high and low endemic settings. This information is vital to 
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informing control and elimination strategies in areas of Sub-Saharan Africa with variable P. 

vivax endemicity and of high Duffy heterogeneity. 
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Figure Captions 

Figure 1. Figure 1 Map showing location of both study sites; Arjo and Gambella, in western 

Ethiopia. Includes locations of study clusters, health facilities, and major towns in the 

regions. The map was created with Esri ArcGIS Pro 3.1 with data sources from our field 

survey, and elevation data from NASA SRTM v3 

(https://doi.org/10.5067/MEaSUREs/SRTM/SRTMGL1.003). 

Figure 2 Violin plots of the log-transformed malaria parasite gene copy number of samples 

collected from asymptomatic communities and febrile patients of all ages from health 

centers in Ethiopia. (A) Plasmodium vivax, and (B) P. falciparum by qPCR for 

individuals of all ages. The central box represents the interquartile range with the median 

shown as the center line in the box. ***, P < 0.001 based on Fisher’s exact test. 

Figure 3 Box plots of the log-transformed Plasmodium vivax parasite gene copy number for 

Duffy negative and Duffy positive individuals of all ages. A) asymptomatic community 

samples; and B) febrile malaria samples from health centers. Box plots represent the 

interquartile range with the median expressed as the center line. NS, non-significant 

based on Fisher’s exact test. 
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Abstract As malaria interventions continue to cause decline in global prevalence and certain 

regions approach pre-elimination status, the changing landscape of malaria epidemiology must 

be met with powerful and high-resolution genomic approaches to discerning population diversity 

and transmission dynamics. While microsatellites, single nucleotide polymorphisms, and whole 

genome sequencing have all been used with great success, each possesses limiting constraints. 

Highly multiplexed amplicon deep sequencing of microhaplotypes is a powerful, novel 

genotyping approach capable of surmounting previous constraints. Microhaplotypes are able to; 

garner high-resolution population data, assess point mutations in genes of interest, detect minor 

clones, determine multiplicity of infection and is overall less expensive than previous approaches 

making it an ideal assay for high-throughput genetic analyses. Microhaplotypes should therefore 

be strongly considered in future genetic epidemiology and population genetic studies in malaria.  

 

Keywords Malaria, population genetics, microhaplotypes, genomics 
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Introduction 

In the past two decades’ extensive public health campaigns have resulted in drastic 

reductions in malaria mortality and morbidity with cases declining by 27% globally from 2000 to 

2015, and deaths in Africa down 44% from 2000 to 20191.  Advances in targeted interventions, 

genetic epidemiology and surveillance have all contributed greatly to this global reduction, yet 

over recent years’ progress has notably stalled2-4. While disruptions in malaria treatment and 

interventions due to the COVID-19 pandemic no doubt contributed to a contraction in recent 

progress1, 5, other biologic factors have also played important roles in this interference of 

advancement towards malaria elimination.   

As cases of malaria decrease, recent work has shown more unstable transmission 

patterns, increases in outbreaks and areas of hot-spots, rises in non-falciparum malarias 

previously non-endemic areas, and expansion in anti-malaria drug resistance6-8. Recent successes 

in intervention and control have also correlated with the discovery of more expansive 

asymptomatic reservoirs than were previously thought to exist9, 10, and transmission stemming 

from these subclinical infections is a key obstacle to malaria control. Asymptomatic reservoirs 

may be both undetected and long-lasting; predictive of future periods of patent infection leading 

to local hot-spots and a key factor in determining routes of connectivity11. Importantly, in all 

areas but especially those approaching pre-elimination settings, detection of minor clones and 

resolving haplotypes in polyclonal infections are both vital to understanding fine-scale 

transmission dynamics12. This is especially true for Plasmodium vivax as it remains far more 

widespread and relatively understudied. Additionally relapses from latent stage hypnozoites 

enhance transmission resulting in higher prevalence of polyclonal infections, thus Plasmodium 
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vivax often retains higher levels of genetic diversity even at low transmission settings compared 

to P. falciparum malaria13, 14. 

These ongoing complexities surrounding malaria elimination must be met with accurate, 

timely, and detailed information on parasite diversity, transmission dynamics, and mechanisms 

of adaptation to interventional pressures including genetic markers of anti-malarial resistance. 

The importance of population genetics and genomics for surveillance in the context of control 

and elimination therefore cannot be overstated3, 15, 16. Genetic epidemiology must empower 

policymakers and health authorities to make informed decisions regarding targeted interventions, 

resource allocation, treatment policy and surveillance strategies. An ideal genotyping method is 

capable of: 1) discriminating between infections in endemic areas where polyclonality is high 2) 

maintain quality coverage in low-parasitemia or asymptomatic infections 3) offer a high power 

of relationship inference for population genetic analyses 4) garner sequence data on specific 

genes or points of interest 5) be standardized and thus able to be directly compared across 

multiple studies; yet common methodologies fail to meet all of these requirements.  

Highly multiplexed amplicon deep sequencing for microhaplotypes is a relatively novel 

sequencing methodology that garners detailed, in-depth genomic data and has immense potential 

as a tool for population genetics in malaria surveillance17. In this paper we overview current 

common molecular approaches used to acquire genomic data including microsatellites, SNP 

barcodes and whole genome sequencing (WGS), and discuss the limiting factors of each. 

Limitations in common genotyping methods turn highlights the need for a novel approach to 

population genetics that is high-throughput, high-resolution, cost-effective and practical for 

mitigating complexities in the current landscape of malaria genetics.  
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Traditional approaches to malaria population genetics 

Microsatellites  

Microsatellites are highly polymorphic short tandem repeats of DNA, usually consisting 

of 1-10 base pair long nucleotide repeats18. These length-type polymorphisms are common and 

widely distributed throughout the genome; with the AT richness of the Plasmodium falciparum 

genome there are approximately 132 thousand potential repeated motifs that can be used for 

microsatellite analyses in the 3D7 reference genome19. Given this abundance and their relative 

ease of use, microsatellites have been used in hundreds of studies defining transmission patterns 

of P. falciparum and P. vivax for over two decades; predating other genetic approaches to 

population genetic analyses. A consensus panel of 12 microsatellite loci was first developed for 

P. falciparum in 199920, and has been heavily referenced in the majority of population genetics 

studies on the species in many studies over the past twenty years19, 21-23. While less accord has 

been reached on non-falciparum malaria microsatellite panels, two panels established in 2007 

and 200824, 25 have been commonly applied to several studies with great success. In Thailand 10 

Plasmodium vivax markers were used to genotype infections along the country borders which 

harbor 95% of the remaining malaria, the center of the country being now nearly malaria-free. 

They found that despite this reduction in prevalence and low transmission, genetic diversity 

throughout the country remained high26. In Papua New Guinea the same microsatellite panel was 

used along with 10 P. falciparum markers pre- and post-intervention and showcased that, for 

Plasmodium vivax in particular, genetically diverse and intermixing parasite populations 

remained common despite substantial prevalence reduction22.  

Despite their extensive use in population genetics the major limitation in microsatellite 

genotyping is its’ limited discrimination of alleles of similar sizes27. Assays are often unable to 
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discriminate allele size differences less than 20bp, and stutter peaks and non-specific 

amplification from sub-optimal PCR conditions commonly confound fine-scale differentiation28. 

Minority clones common in low-transmission areas also present difficulties for microsatellite 

genotyping (Figure 1). Minor, mixed or contaminated parasite sub-populations can be missed by 

microsatellite typing when they represent less than 20% of the overall parasite population. 

Common filters that disregard minor peaks less than one-quarter to one-third the size of major 

peaks are often used in microsatellite protocols and potentially give incorrect impressions of 

clonality with mixed parasite populations29. Microsatellites are also significantly limited for 

population genetic analyses as they cannot genotype point mutations in specific genes of interest 

and thus must often be used in conjunction with other genotyping methods to garner more 

detailed genetic information. 
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SNP-based genotyping  

Following the sequencing and assembly of the West African 3D7 clone of P. falciparum, 

rapid characterization of genomic variation and profiling of geographically diverse isolates via 

Sanger sequencing initiated the era of malaria genomics30.  This template was then repeated and 

applied to P. vivax, and identified ample variants allowing targeted single nucleotide 

polymorphism (SNP) genotyping of parasites, promoting more extensive analyses of 

demographic variation and selection31. A 24 SNP barcode developed for P. falciparum32 and a 42 

SNP barcode was subsequently developed for P. vivax33, these barcodes and others derived from 

them have been utilized extensively as globally applicable SNP panels to fingerprint infections. 

They have been successfully applied in a plethora of locals including Nigeria34, Malawi35, 

Kenya36, Senegal37, 38, Zambia39, Papua New Guinea40, Sri Lanka41, and China42 by assessing 

population diversity, structure and dynamics. Recent work expanded on the initially developed 

P. vivax barcode, and found this updated panel to far outperform microsatellite genotyping in 

Papua New Guinea (PNG)40. Despite their extensive use SNP-barcodes still lack the 

discriminatory power and resolution to detect minor clones, assess multiplicity of infection and 

reconstruct haplotypes in areas of high transmission and polyclonality, and identify subtle but 

important local transmission dynamics in high resolution27, 43-45. Rigorous assessment of 24- and 

96-SNP molecular barcodes for P. falciparum highlighted difficulties in assessment of minor 

clones and fine-scale population genetic dynamics46. Additionally, SNP barcoding often requires 

large amount of DNA template and often struggles with low grade infections common in 

asymptomatic reservoirs27 
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Whole Genome Sequencing 

 Whole genome sequencing undoubtedly provides the most comprehensive view of a 

pathogen genome and its advent revolutionized molecular epidemiology47. In recent years WGS 

data availability from field collected samples has greatly expanded with continually developing 

technologies. Until recently studies required vast amounts of venous blood and leukocyte 

depletion at the time of collection, challenging for most field operations48. Yet recent 

developments in pre-enrichment methods including selective Whole Genome Amplification 

(sWGA) allow for WGS on easily collected and stored dried blood spots (DBS) expanding the 

use of WGS for field studies49, 50.  Regardless of sample enrichment, WGS has been extensively 

used in the characterization of genetic diversity and population dynamics in multiple 

Plasmodium species51-55. In Ethiopia WGS data was used to investigate adaptive molecular 

changes in P. vivax populations and compare them to existing genomic data from Southeast Asia 

P. vivax isolates54. From this study they were able to assess that pressure from anti-malarial 

drugs appeared weaker in Ethiopia than Asia, and found an absence of MDR1 (multi-drug 

resistant) amplification suggesting that P. vivax populations in Ethiopia remain susceptible to 

mefloquine treatment. In Cape Verde off the West African coast and in pre-elimination phases of 

malaria control WGS data on P. falciparum was used to investigate parasite population 

structuring during an outbreak and found that not only did parasites carry antimalarial mutations 

in pfcrt and pfhdr genes, but samples were highly genetically clustered and genetically similar, 

suggesting the outbreak resulted from a clonal expansion of local parasites55. 

 Despite the high-resolution genetic data garnered by WGS, generally several issues 

present themselves that warrant consideration. Firstly, the low ratio of parasite to human DNA 
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present in even high-grade infections can dramatically hinder successful sequencing. As human 

DNA gets amplified and sequenced along with parasite DNA, human genetic material can 

contaminate reactions and hinder sequencing efficacy, especially in low parasitemia or 

asymptomatic samples27, 53, 56, 57. In some instances this has been addressed by the addition of a 

pre-enrichment step such as sWGA of parasite DNA, yet this presents its own challenges as 

sWGA may preferentially amplify the majority clone in multi-clonal samples thus exaggerating 

the estimated proportion of dominant clones49. While WGS may be able to provide the most high 

resolution data, it remains cost-prohibitive for high throughput studies, especially those where 

assessment of MOI is the primary objective27, 58. For certain cases with polyclonal infections 

WGS may be able to discern parasite strains, yet as MOI increases and minority clones under 

10% in frequency are more common, coverage of each individual clone is reduced and overall 

sequence resolution is lost27. These limitations are of particular importance in P. vivax studies as 

vivax parasites preferentially invade young reticulocytes leading to generally low-density 

infections, early gametocyte emergence enhances transmission, relapse from hypnozoites 

complicates clonal differentiation, and the difficulties in establishing a P. vivax reference 

genome limit data interpretation59. Finally, WGS approaches garner massive amounts of data, 

requiring complex bioinformatics pipelines and expertise which may be prohibitive to certain 

labs or locations60, 61. 
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Highly multiplexed amplicon deep sequencing of Microhaplotypes  

 Thus far we have discussed three of the most commonly used genotyping methods for 

malaria genomics, how each of them have been used with great success, and where they 

individually fall short. Due to the inherent limitations of these approaches, many in depth and 

large-scale studies often utilize multiple molecular approaches in order to garner a 

comprehensive understanding of malaria dynamics and genomics58, 62-64. This allows complete 

informational coverage where alternately using only one of the discussed approaches may leave 

gaps in the knowledge and result in an incomplete epidemiological view.  While these 

methodologies all capture valuable genomic information each subject to technical and biological 

constraints; particularly in polyclonal infections which represent the vast majority of cases in 

Sub-Saharan Africa. Microsatellite sequencing falls short in its ability to detect minor clones, 

which is of vital importance in low-grade polyclonal infections, and its limitations in calling and 

reporting on specific alleles and point mutations of interest. SNP barcoding methodologies were 

developed in part to combat the difficulties in standardization and throughput associated with 

microsatellites, and are well adept at assessing point mutations and analyzing population 

structure and diversity in exploration of transmission dynamics. However, SNP’s lack the 

discriminatory power to resolve multilocus haplotypes in complex infections which represent the 

vast majority of infections in Sub-Saharan Africa, even in areas of low-endemicity. Whole 

genome sequencing provides the highest resolution of genomic data, yet remains technically 

challenging and costly, placing limitations on high-throughput studies. Additionally, in low-level 

infections the abundance of human DNA compared to parasite genetic material presents 

laboratory complexities and often results in a substantial loss of both read coverage and 

resolution. An ideal genotyping method would be capable of: 1) discriminating between 
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infections in endemic areas where polyclonality is high 2) maintain quality coverage in low-

parasitemia or asymptomatic infections 3) offer a high power of relationship inference for 

population genetic analyses and 4) garner sequence data on specific genes or points of interest. 

Recent developments of a novel assay may present a solution to the historic problems in malaria 

genomics, and may meet all the requirements of one such ideal assay (Table 1). Highly 

multiplexed amplicon deep sequencing, also known by microhaplotypes, Amp-seq, and other 

colloquial names is a novel genotyping assay that we believe will revolutionize malaria 

genomics; offering a high-resolution cost effective solution.   

 Microhaplotypes are targeted deep sequence data of short, highly variable sections of 

interest in the genome, generally consisting of several closely linked SNPs (Figure 2). This 

recent development in next generation sequencing (NGS) allows for incredibly detailed genomic 

characterization by utilizing simple library preparation and massive efficiency of scale to greatly 

increase efficiency and decrease the cost of genotyping hundreds of genetically variable 

targets65.  Additionally, microhaplotypes, unlike traditional SNPs, are multiallelic, with targeted 

regions generally consisting of 3 or more traditional SNPs; thus yielding significantly higher 

discriminatory power in complex infections. They have been shown across multiple biologic 

fields and disciplines to provide drastically increased power for relationship inference65-69, 

therefore proving themselves as a potentially powerful tool for malaria genomics and 

epidemiology. This tool is especially useful in areas of high polyclonality, with minor clones and 

a need for high-resolution data on fine-scale transmission dynamics where other common 

methodologies fall short; SNPs in their inability to resolve multilocus haplotypes and granularity 

of population genetic dynamics, and WGS in coverage limitations in low-grade infections, or 

infections with high clonality (Figure 3).  
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While initial applications of this methodology focused on one or a few targets of 

interest68, new work has expanded upon this approach and taken influence from SNP-barcoding 

to develop a microhaplotype panel consisting of numerous genetically diverse loci and genomic 

areas of interest. Bioinformatic pipelines allow for the bespoke selection of these targets across 

different species and settings and a workflow highlighting panel development and target 

selection is highlighted in Figure 4. A recent study on Plasmodium falciparum developed one 

such panel; selecting 93 discrete microhaplotype targets with high diversity (median expected 

heterozygosity = 0.7) and 7 drug resistance loci, out of the potential 4,465 publicly available 

high-diversity genomic regions17. They found that the novel sequencing method achieved very 

high coverage (median 99%), specificity (99.8%), and sensitivity (90%). Furthermore, the 

microhaplotype panel far outperformed biallelic SNP-barcodes in its ability to discriminate 

related from unrelated polyclonal infections, even across a wide range of parasite densities. A 

malaria case study conducted an evaluation of new P. falciparum microhaplotype panels one 

consisting of solely 4 highly diverse antigens, and a second consisting of 129 drug resistance 

markers, highly diverse loci, and a locus to detect P. vivax co-infection. They found that the two 

panels performed comparatively, were both capable of evaluating the number of distinct parasite 

strains within samples (MOI), and showed tremendously strong performance across a wide range 

of parasitemia levels without the need for DNA pre-amplification69.  

This methodology is therefore clearly capable of; distinguishing individual parasite 

strains in complex infections, providing insight into targets of interest including potential co-

infections and drug resistance markers, and garnering information on population structure at both 

a fine and broad geographic scale across a wide range of parasite densities including low-grade 

infections. Additionally, it is an immensely efficient and cost effective assay, with simultaneous 
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deep-sequencing of numerous and readily customizable loci allowing for high-throughput and 

bespoke approaches to malaria epidemiology and surveillance. Highly multiplexed 

microhaplotype panels are therefore a powerful new tool for integrated approaches to malaria 

genomics, allowing for more routine generation of valuable genetic data that could inform real 

time data on malaria intervention, control and elimination efforts.   
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Analytical Limitations 

 One potential issue with microhaplotype panels as a population genetic and 

epidemiological tool is that with the generation of massive amounts of data comes a need for 

vastly complex bioinformatics. Realizing the full potential of data generated via this 

methodology will therefore undoubtedly require significant improvement in and development of 

downstream analyzes and software’s. Currently few programs exist allowing for the sequence 

discrimination required to discern different parasite strains and assess MOI, with the central 

bioinformatic challenge being able to accurately resolve true biologic variation, from that of 

errors introduced via PCR amplification and sequencing. Recent work has focused on developing 

software suites to handle just this. Seekdeep is one such open-suite software designed for de 

novo amplicon analysis; specifically with the intention of being able to consistently differentiate 

true biologic single base pair differences across a wide range of variations and applications 

whilst yielding improved accuracy and sensitivity to operational taxonomic units (OTUs)70. It 

was found to far outperform previously used software suites including DADA271 and MED72, 

both of which were considered best-in-class programs also aiming for single-base resolution. 

When compared to OTU based clustering programs including USEARCH (aka 

UCLUST/UPARSE)73, and Swarm74, neither of which are capable of resolving at the single-base 

level, Seekdeep was also found superior and showed better accuracy and precision resulting in 

drastically improved haplotype recovery and far fewer false haplotypes. More recently the 

development of an identity-by-descent (IDB) framework seeks to accurately calculate genetic 

distance between polyclonal infections, while explicitly accounting for complexity of infection 

and population allele frequencies in order to provide a reliable inference. Dcifer’s (Distance for 

complex infections: fast estimation of relatedness) IBD-based framework allows for just that75 
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and has been utilized with great success on Plasmodium microhaplotype data.  Despite these 

innovative developments in analytic resources, difficulties remain in the complexities 

surrounding their use and implementation. As developments in NGS continue, and 

microhaplotype panels gain more traction in malarial genomics, use of these software suites will 

likely continue to expand. With this expansion we hope to see a subsequent continued expansion 

both in analytic options, and resources to assist with ease of use and understanding of the options 

presented here. With their ability for rapid computation and power of inference these tools will 

prove invaluable for obtaining epidemiological insight from pathogenic data.    

 

Concluding Remarks 

 In summation, this review has discussed the need for a novel population genetic and 

genomic sequencing approach for malaria, as changing landscapes and continued efforts towards 

elimination highlight the need for a more cost-effective, high-throughput and high-resolution 

genotyping approach. The advent of highly-multiplexed deep sequencing for microhaplotypes 

offers a solution that is ideal for numerous applications in malaria genetic epidemiology. 

Microhaplotype panels are overall less expensive once pipelines and panels have been 

developed, they allow for genotyping specific points of interest including anti-malarial markers 

of vital importance with increased intervention efforts. Perhaps most importantly they are 

capable of detecting minor clones and resolve multilocus haplotypes to accurately discern 

multiplicity of infection with greater power of inference than previous methods have allowed. 

For these reasons the use of microhaplotypes in malaria genetic epidemiology should be greatly 

expended and employed, detailed genetic information on population and transmission dynamics 

is of vital importance to malaria elimination efforts, and high-resolution data will empower 
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researchers, policy makers, and health officials to continue intervention and elimination efforts 

most strategically and effectively. 
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