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Abstract (maximum 300 words) 

Population genetics theory predicted that rare frequent markers would be the main contributors 

for heritability of complex diseases, but meta-analyses of genome-wide association studies are 

revealing otherwise common markers, present in all population groups, as the identified 

candidate genes. In this work we applied a population-genetics informed meta-analysis to 10 

markers located in seven genes said to be associated with dengue fever disease. Seven markers 

(in PLCE1, CD32, CD209, OAS1 and OAS3 genes) have high-frequency and the other three (in 

MICB and TNFA genes) have intermediate frequency. Most of these markers have high 

discriminatory power between population groups, but their frequencies follow the rules of 

genetic drift, and seem to not have been under strong selective pressure. There was a good 

agreement in directional consistency across trans-ethnic association signals, in East Asian and 

Latin American cohorts, with heterogeneity generated by randomness between studies and 

especially by low sample sizes. This led to confirm the following significant associations: with 

DF, odds ratio of 0.67 for TNFA-rs1800629-A; with DHF, 0.82 for CD32-rs1801274-G; with 

DSS, 0.55 for OAS3-rs2285933-G, 0.80 for PLCE1-rs2274223-G and 1.32 for MICB-rs3132468-

C. The overall genetic risks confirmed sub-Saharan African populations and descendants as the 

best protected against the severer forms of the disease, while Southeast and Northeast Asians are 

the least protected ones. European and close neighbours are the best protected against dengue 

fever, while, again, Southeast and Northeast Asians are the least protected ones. These risk 

scores provide important predictive information for the largely naïve European and North 

American regions, as well as for Africa where misdiagnosis with other hemorrhagic diseases is 

of concern. 

 

Keywords: Dengue disease; meta-analysis; East Asian and Latin American cohorts; worldwide 

diversity; global risk 

 

Abbreviations: 



DENV – dengue virus; DF – Dengue Fever; DHF – Dengue Hemorrhagic Fever; DSS – Dengue 

Shock Syndrome; EHH – Extended Haplotype Homozygosity; GWAS - genome-wide 

association studies; MAF – minimum allele frequency; SNP – Single Nucleotide Polymorphism; 

WHO - World Health Organization 

 

Declarations of interest: none 

 

Highlights (3 to 5 bullet points - maximum 85 characters, including spaces, per bullet point) 

- The 10 dengue fever-associated markers present high- and intermediate-frequencies 

- There was directional consistency across trans-ethnic association signals 

- Significant associations were phenotype-specific, and mainly for DSS 

- Sub-Saharan African populations are the best protected against DSS 

- Southeast and Northeast Asians are the least protected against DSS and DF. 

 

  



1. Introduction 

Dengue fever (DF) is amongst the 17 neglected diseases prioritized by the World Health 

Organization (WHO) in the year 2012 [1]. The list will for sure enlarge as new epidemic agents 

emerge, such as chikungunya and Zika viruses [2]. Less than 10% of the global health stipends 

are destined to the treatment of these diseases, which infect around 90% of sick individuals in the 

world [3], contributing immensely to the global health burden. 

Dengue is an acute systemic disease caused by four virus types (DENV1-4) which are 

transmitted to humans by an Aedes mosquito vector (mainly Ae. aegypti and Ae. albopictus). 

Most DENV infections are asymptomatic, but in some individuals, it can lead to a wide range of 

clinical symptoms, from mild fever to life threatening dengue hemorrhagic fever and dengue 

shock syndrome [4]. Usually, but not exclusively, the severe disease appears when the patient is 

infected by a heterologous DENV, in a non-completely understood cross-reaction with 

antibodies against the previous DENV type [5]. Control efforts have failed in counterbalance the 

effects of human international travel and global warming, which are introducing new vectors and 

pathogens into novel geographic areas [6]. Ae. aegypti is well adapted to urban environments, 

breeding in any container of water. This species was able to re-establish in countries of South 

and Central America, from where it had been eliminated in the mid-20th century, and it also 

dispersed throughout Southeast Asia during and after World War 2 [6]. The geographical range 

of the secondary dengue vector, Ae. albopictus, has also expanded substantially over the past 30 

years, being the major potential vector of DENV in Europe [7]. This increased movement of 

people, vector and virus will also increase the co-circulation of serotypes, leading to an increase 

in the risk of sequential infections and severe disease. 

In this high dispersion scenario, it is relevant to estimate the worldwide risk of dengue fever. 

Bhatt et al. [8] undertook an exhaustive assembly of known records of dengue occurrence 

worldwide (8,309 geo-located records), and used a formal modelling framework to map the 

global distribution of dengue risk based on evidence. Dengue was predicted to be ubiquitous 

throughout the tropics, with the highest risk zones in the Americas (14%) and Asia (70%; India 

alone contributed 34%), varying locally by the influence of rainfall, temperature and the degree 

of urbanization. Global values of 390 million (95% credible interval [284–528]) dengue 

infections per year, of which 96 million [67–136] are symptomatic, were estimated. These values 



suppress more than thrice the dengue burden estimates by WHO, of 50–100 million infections 

per year [9]. Predicted risk in Africa, although unevenly distributed, was much more widespread 

than previously suggested, 16 [11–22] million infections, or 16% of the global total, nearly 

equivalent to that of the Americas. This disparity seems to support the fact that dengue disease 

can be masked by symptomatically similar illnesses in Africa [10]. Oceania contributed less than 

0.2% of global apparent infections. The estimated 294 [217–392] million unapparent worldwide 

infections, although having no immediate implications for clinical management, is a huge 

potential viral reservoir, as asymptomatic individuals can also transmit the virus [11], having 

implications in designing vaccination campaigns.  

A very important factor to consider in the worldwide risk evaluation to dengue disease is the host 

genetic component. A predictive map based on genetic risk information could provide useful 

insights into the still largely naïve regions of Europe and North America, and regions where 

registries/diagnosis mix-up predominates as in Africa. Homo sapiens is a young species dating 

around 200,000 years [12,13], with a single unique origin in Africa. The structure of the modern 

human population was initiated at 60,000 years ago, in the out-of-Africa event when a small 

group of Eastern Africans migrated towards the Arabian Peninsula/Near East, and thence, first to 

Asia (arriving in Australia at around 50,000 years ago) and then (from 45,000 years ago) to 

Europe [14]. The bottleneck in the origin of all Asians and Europeans explains their high 

homozygosity when compared with the high heterozygosity observed in Africans, so that the 

former have proportionally more deleterious genetic variation than the latter [15]. The out-of-

Africa event was probably fuelled by the first noticeable population expansion [16], but 

continuous expansion of the human population begun in the Holocene, around 12,000 years ago, 

when climatic conditions became similar to present-day, also promoting the cultural Neolithic 

revolution of agriculture and domestication [17]. Population expansions lead to increased 

amounts of rare (low MAF, minimum allele frequency) and population-restricted variants. Thus, 

73% of protein-coding variants and 86% of predicted-deleterious variants in humans arose only 

in the past 5,000-10,000 years, and are rare and population specific [18]. A considerable lower 

proportion of variants are shared between continents, presenting higher MAF (>1%), and being 

older [19]. Through genetic drift, variants will be randomly lost or fixed in the population along 

time, or, if they confer susceptibility/resistance to infectious diseases, they can be under the 

effect of selection [20]. Negative selection reduces frequencies of SNPs, which are maintained as 



rare variants, while positive selection increases MAF of protective alleles, generating 

heterogeneity in selected polymorphisms among populations along time, as pathogens emerge 

and become important agents in specific geographical regions. The factors contributing to 

population divergence, in terms of (1) variants (especially the rare ones), (2) MAF of common 

variants, (3) linkage disequilibrium (LD) patterns (tag SNPs vary in LD with the causative SNP), 

(4) biological adaptations, (5) phenotypic prevalence, and (6) effective sizes, have important 

implications in the power and the reproducibility of association studies.  

Association studies in dengue disease began by pinpointing potential candidate genes involved in 

the immune response to viral infection in Asian and Latin American populations [21]. One of the 

first identified candidates was DC-SIGN (dendritic cell-specific intercellular adhesion molecule 

3-grabbing non-integrin 1) protein, coded by CD209 gene. DC-SIGN is an essential molecule for 

the interaction of virus particles with a cellular receptor responsible for its internalization in cells 

otherwise refractory to infection by the four DENV serotypes [22]. In accordance, cell surface 

DC-SIGN expression correlates with DENV infection rates in vitro, while antibodies against 

DC-SIGN can block infection [23,24]. At the genetic level, the G allele at position 336 

(rs4804803) of DC-SIGN was associated with a dominant protection against DF (odds ratio, 

OR=4.90; p=2x10-6) but not against DHF, while among individuals with dengue, genotypes GG 

and GA strongly increased the risk of contracting DHF versus DF (OR=5.84; p=1.4 x 10-7) in 

three Thai dengue cohorts [25]. Further functional studies showed that dendritic cells from AG-

heterozygous have a significantly higher cell surface DC-SIGN expression than AA-homozygous 

and a higher production of TNF-a, IL-12p40, and IP-10 in response to DENV infection [25]. 

However, against expectations, DENV replication was significantly lower in AG individuals, 

probably due to the enhanced production of IP-10 [25]. Replication was positive in Taiwanese 

cohorts [26], for GG/GA genotypes when comparing DHF with DF, other febrile diseases and 

controls (p=0.003; 3x10-5 and 0.001), with ORs in the range 2-5. Replication failed in India 

([27]; although other markers around this SNP presented significant association values) and 

Mexico [28,29]. More difficult to explain was the closeness to significant association of GG 

genotype in Rio de Janeiro, Brazil, but in the other direction, being protective against severe 

dengue [30] (another Brazilian cohort from Salvador da Bahia showed no association [31]).  



Another set of genes associated with dengue, and for which there is already functional evidence, 

is the oligoadenylate synthetase family (OAS1, OAS3 and OAS2 genes, in this order in 

chromosome 12), which consists in interferon-induced cytoplasmic double-stranded RNA 

(dsRNA) sensors. Upon activation by dsRNA, OAS converts ATP to oligoadenylate, which in 

turn activates the latent ribonuclease RNAseL that catalyses the degradation of viral and host 

RNA, thus reducing protein synthesis in the cell [32]. DENV infection leads to an upregulation 

of OAS expression in endothelium HUVEC cells [33], and the stable silencing of RNAseL in 

A549 lung cells increases DENV titers by 10- to 40-fold in agreement with its antiviral activity 

[34]. Some OAS polymorphisms (OAS1 - rs1131454 and rs10774671, OAS3 - rs2285932 and 

rs2072136, and OAS2 - rs15895 and rs1732778) were correlated with clinical severity of dengue 

in India [35], when associated in haplotypes (OAS2 G-G all patients vs. controls, p-

corrected=0.012, OR=1.73 95% CI 1.16–2.59; OAS3-OAS2 C-G-A-G all patients vs. controls, p-

corrected =0.0486, OR=0.09, 95% CI 0.00–0.64). Even more interesting, a recent study in Thai 

dengue cohorts showed that the influence of the OAS polymorphism is probably dengue virus 

strain-dependent: OAS3-G allele (Ser381Arg; rs2285933) conferred protection against shock 

(OR=0.37; p<0.001) when the infection was caused by DENV2 (OR=0.13; p=0.007) but not 

when due to DENV1 [36]. Also, by conducting a multivariate analysis, there was a serotype-

specific effect of the OAS1-G splicing variant (rs10774671) on the risk of plasma leakage 

(p=0.019) in DENV-2 infections (OR=3.17; 95% CI, 1.31–7.68) but not in DENV-1 infections 

(OR=0.81; 95% CI, .37–1.75), while no statistical significant associations were found for the 

OAS3-rs1859330 missense marker (Arg18Lys) in the Thai population.  

CD32 or FCGR2A (Fc fragment of IgC receptor IIa) gene, together with other Fcγ receptors 

expressed in monocytes, macrophages and dendritic cells, mediate antibody dependent 

enhancement (ADE). This phenomenon occurs during secondary infection with a heterologous 

serotype, when antibodies formed against primary infecting serotype may enhance the entry of a 

different serotype and may contribute to disease severity [37]. A study from Cuba on DENV4 

infected patients and FCGR2A p.R131H polymorphism reported that the R allele and R/R 

genotype are associated with protection to symptomatic dengue while the H allele and H/H 

genotype are associated with both DF and DHF [38]. Genotype frequencies of FCGR2A 

p.R131H were not statistically different between DF, DHF and controls in general in India, but 



the RR genotype was observed significantly increased in DENV cases with thrombocytopenia 

[37].  

TNFA (tumor necrosis factor alpha) gene codes a proinflammatory cytokine, mainly secreted by 

macrophages in response to bacterial or viral infections. Functional assays have shown that 

transient suppression of TNF-α production during the early period of ADE infection in THP-1 

cells promoted the initiation of DENV replication [39]. These results were contradicted in 

another work, where TNF-α at high and medium concentration inhibited DENV replication in 

human dendritic cells, a primary DENV target cells (cited in [40]). The promoter -308A allele 

has been related to enhanced TNF-α gene transcriptional activity [41], and different studies have 

associated it with diverse dengue phenotypes or failed to do so: protective against development 

of DHF/DSS in Malaysia [40]; not associated in Mexico [42]; dominant model marginally 

protective against DF in Brazil [43]; risk factor for DHF in Venezuela [44] and Cuba [45]. 

As technological improvements enabled genotyping of thousands of SNPs at once in a chip, 

association surveys upgraded to unbiased genome-wide association studies (GWAS). The 

thousands of SNPs screened in GWAS elevate the statistical burden, pushing the significance 

threshold to the level of 10-8, implying the genotyping of thousands of cases and controls. A 

common variant identified in the discovery population, if rare in a replication population, will 

imply a greater sample size to achieve comparable statistical power to confirm the significant 

association [46]. And, definitely, trans-ethnic studies are needed, as it is evident that no single 

population is sufficient to fully uncover the variants underlying a certain disease in all 

populations [46]. The only traditional genome-wide association study (GWAS) published so far 

in dengue context was performed in Vietnamese children (2,008 dengue shock cases and 2,018 

controls; replicated in 1,737 cases and 2,934 controls) and showed significant association of 

polymorphisms within MICB (MHC class I polypeptide-related sequence B) and PLCE1 

(phospholipase C, epsilon 1) genes with dengue shock syndrome [47]. The authors hypothesise 

that the possible protective role of PLCE1 gene is through maintenance of normal endothelial 

barrier function, as mutations in this gene are associated with nephrotic syndrome, a kidney 

disorder characterised by dysfunction of the glomerular basement membrane resulting in 

proteinuria and hypoproteinemia that, when severe, leads to reduced vascular oncotic pressure 

and edema. Still, functional assays are needed to fully ascertain the mechanism by which this 



gene may be involved in dengue disease. Several linked PLCE1 SNPs presented significant 

association values with DSS in Vietnamese children [47], and further works have confirmed 

association of some of these SNPs in other dengue cohorts (such as rs3740360 with dengue 

without shock in Vietnamese children and adults [48]; rs3765524 with DSS in Thai children 

[49]). An in silico assay predicted that rs2274223 (H1619R) is deleterious as it induces structural 

changes in the C2 domain of PLCE protein [50]. As occurs in most GWAS-discovered candidate 

markers, the ORs for these SNPs have a limited impact, varying around the value of 0.76-0.85. 

MICB gene is located on the highly gene dense HLA region in chromosome 6, and encodes a 

stress-inducible activating ligand for the NKG2D type II receptor on natural killer and CD8+ T 

cells. The ligation of NKG2D by MICB protein stimulates antiviral effector functions in natural 

killer cells, including cytokine expression and the cytolytic response [51]. The rs3132468-C risk 

allele is associated with lower mRNA expression [48] and may lead to dysfunctional natural 

killer and/or CD8+ T cell activation early in infection, resulting in a higher viral burden in vivo 

[47]. However, given the location of this gene in the rich HLA-A region, it is still possible that 

its association with dengue fever is due to hitchhiking. 

Ethnicity is traditionally considered a confounding factor in association studies, leading to false-

positives when cases and controls are not correctly paired for it, and a principal component-

based correction is usually applied in GWAS [52]. Nevertheless, ethnicity is an important source 

of variability to be accounted for, and not just discarded as noise. In this work, we applied 

population genetics-informed meta-analyses to evaluate the genetic risk/protection conferred by 

10 SNPs across seven genes mostly associated with dengue in the literature (PLCE1, TNFA, DC-

SIGN/CD209, OAS1, OAS3, FCGR2A/CD32 and MICB; Table 1). We surveyed the literature for 

case-control cohorts [25,26,27,29,30,35,36,38,40,42,43,44,48,49,53,54,55,56,57,58], took 

advantage of available datasets chip-genotyped ([47,59]and Oliveira et al. 2018), and added a 

few case-control cohorts of our own (mostly Cambodia, Vietnam and few Brazilian individuals). 

Then this information was used in genetic risk evaluation at the worldwide scale. 

  



2. Material and Methods 

Genotyping and datasets 

The 10 SNPs were included in an array ordered from Life Technologies™. DNA with 

concentration higher than 10 ng/µl was automatically transferred from a 384-well plate to the 

array in AccuFill™ (Life Tecnhologies™) by capillarity. The array was screened in ViiA™7 or 

QuantStudio™ 12K Flex (Life Technologies™). The results were analyzed in TaqMan® 

Genotyper software (Life Technologies™). 

We screened the allele frequencies in our collection of samples from several worldwide 

populations. These population samples were collected from individuals at random, healthy in the 

moment of collection, in which the only selection criteria was the affiliation in that population 

for at least three generations back in time. Sampled individuals gave informed consent and the 

Ethics Committee from University of Porto guaranteed accordance to global ethical guidelines 

(17/CEUP/2012). Around 1,312 individuals from 15 countries were genotyped in this study. 

Other publically available population data were used for extracting the allele frequency 

information: 1000 Genomes database, phase 3 [60], composed of 2,504 complete genomes from 

26 populations; 35 Koreans [61]; 100 Southeast Asian Malays [62]; 498 Dutch [63]. A few 

genome-wide SNP chip based population studies were also consulted [64,65,66] as well as 

Maasai data (n=90) from HapMap [67]. Thus, the number of individuals successfully genotyped 

for each SNP was between 4,055 and 4,830, and of populations between 43 and 61. The 

maximum number of populations per population group was: 11 European; 3 North African; 11 

Sub-Saharan African; 11 Southwest Asian; 8 South Asian; 5 Northeast Asian; 4 Southeast Asian; 

2 North American; 1 Caribe; and 5 Latin American. Data are presented in Supplemental Tables 

S1-S10. 

A few control-case samples from Cambodia, Vietnam and Brazil were also genotyped for these 

markers, and data are presented in Table S11. Written informed consent was obtained from all 

subjects or, in case of individuals under 18 years of age, from their parents or tutors. Local ethics 

committees approved the protocol. 

 

Population genetics and selection analyses 

Hardy-Weinberg equilibrium at each locus for each population and FST genetic distances 

between populations were calculated in the software Arlequin vs 3.0 [68]. Heat maps, done in R 



package fields, represent the average FST genetic distances between and within (except same 

population comparison) population groups and average MAFs for the 10 SNPs in each 

population group. To visualize the geographical distribution of allele frequencies and genetic 

risk, we constructed interpolation maps using the “Spatial Analyst Extension” of ArcView 

version 3.2 (www.esri.com/software/arcview/). We used the “Inverse Distance Weighted” (IDW) 

option with a power of two for the interpolation of the surface. IDW assumes that each input 

point has a local influence that decreases with distance. The geographic location used is the 

centre of the distribution area from which the individual samples of each population were 

collected. 

Mantel tests, to evaluate the correlation between FST genetic distance matrices and great-circle 

geographic distance matrices were conducted in R using package Ape [69] and Mantel 

correlograms were obtained in mpmcorrelogram, by using 10,000 permutations. W Kendall’s 

coefficient of concordance and Friedman’ chi-square statistic tests were registered, while in the 

correlograms the rM referring to the vector with the computed Mantel correlations for each of 12 

distance classes (and information on significant p-values after a progressive Bonferroni 

correction) were plot. 

We used the package REHH [70] to evaluate natural or artificial selection in the candidate SNPs, 

through the extended haplotype homozygosity (EHH) measure described by Sabeti et al. [71]. 

This measure was calculated for each SNP in all 1000 Genomes [19] populations belonging to 

the three main human population groups: sub-Saharan Africa (Gambia, Sierra Leone, Nigerian 

Yoruba, Nigerian Esan and Kenya), Europe (Iberia, Italy, Great Britain, Finland) and East Asia 

(Vietnam, Chinese Dai, Chinese Han, South Chinese Han and Japan). 5Mb phased data around 

the focal SNP from 1000 Genomes database were inputed in REHH. For comparison purposes, 

we also obtained this measure for MCM6 SNP rs4988235, which is known to be under strong 

positive selection in Northern European populations (reviewed in [72]). 

By using the 1000 Genomes project populations of Great Britain, China-Han and Yoruba, as 

proxies for European, East Asian and African population groups, we checked the linkage 

disequilibrium (LD) for the two SNPs in PLCE1, two SNPs in MICB and three SNPs in OAS1/3 

in Haploview vs 4.2 [73]. 

 



Meta-analyses 

Meta-analyses were conducted in the R package Metafor [74]. 2x2 contingency tables for MAF, 

and recessive and dominant genotypes were used as inputs for OR calculations in the following 

comparisons (whenever possible due to sample size/number of studies): DF vs controls; DHF vs 

controls; DSS vs controls; symptomatic vs controls. In a few studies, the control groups included 

asymptomatic individuals. Funnel and radial plots were obtained and checked to test for 

publication biases, and heterogeneity across studies was also assessed through Cochran’s Q and 

I2 statistics. Pooled ORs were obtained by using three models: an inverse-variance weighted 

fixed-effects model; Der Simonian-Laird estimator as a random-effects model; a restricted 

maximum-likelihood estimator as another random-effects model. A fixed-effect meta-analysis 

assumes that the true effect of intervention is equal in all studies (that is, fixed across studies), 

implying that the observed differences among study results are due solely to chance, i.e. that 

there is no statistical heterogeneity. A random-effects meta-analysis assumes that the effects 

being estimated in the different studies are not identical, but are random following some 

distribution.  

 

Genetic risk 

The dengue disease genetic risk scores for DF and DHF+DSS were calculated by multiplying 

each individual’s risk allele count for each locus by the reported beta coefficient for that 

polymorphism and summing the product for all corresponding loci (as in [75]). The beta 

parameter for each SNP corresponds with the natural log of the ORs. 

  



3. Results and Discussion 

Worldwide diversity for the 10 SNPs 

The 10 SNPs associated with dengue fever can be divided into two groups in terms of 

frequencies and distribution across the globe (Fig. 1). The SNPs PLCE1-rs2274223-G, PLCE1-

rs3765524-T, CD209-rs4804803-G, OAS1-rs10774671-G, OAS3-rs1859330-G, OAS3-

rs2285933-G and CD32-rs1801274-G are high frequent, rounding 0.20>MAF>0.50 (Fig. 1A). In 

some cases, the minimum allele becomes even the maximum allele in Africa, and the amplitude 

in the frequency between the two alleles can be very high, being 0.41 in OAS1 and 0.38 in 

CD209. For all these seven SNPs, the highest MAF frequencies are observed in sub-Saharan 

African populations, decreasing towards Europe and being lowest in Southeast/Northeast Asians 

(Fig. 1B and Fig S2-S6). This distribution of allele frequencies leads to the highest average FST 

genetic distances (Fig S1) being observed between sub-Saharan African populations or their 

descendants (Caribe, and less so Latin/North America that are mixes between populations having 

variable African input) and Southeast/Northeast Asians, reaching extreme values of 0.32 and 

0.29 for CD209 and OAS1 SNPs. When applying the Mantel test to evaluate correlations 

between the genetic and the geographic distances for each SNP (Table 1; Supplemental Fig S10), 

it is possible to verify the existence of overall significant positive correlations, indicating that 

there is no deviation from the rule of lower exchange of genes as geographical distance 

increases. Also, checking for the possible effect of natural positive selection upon these SNPs 

(Fig 2 and Fig S11-17), the measure EHH indicates that no selective sweeps occurred in these 

makers. For comparison purposes, Fig. 2 (and Fig S18) includes the profiles for the highly 

positively selected marker rs4988235 in MCM6 gene, which in European populations confers 

lactose tolerance in human adult life (an extended haplotype homozygosity is observed for the 

derived allele, especially in northern Europeans; the derived allele is absent in sub-Saharan 

Africans and East Asians) [72]. As can be observed in the figure, the extended haplotype in this 

case is considerable larger than the ones observed in the genes associated with dengue. 

The remaining three SNPs, TNFA-rs1800629-A, MICB-rs3132468-C and MICB-rs3134899-C, 

are intermediately frequent (~0.05>MAF>0.20) across the globe (Fig. 1A), presenting higher 

MAF in Europeans and North Africans/Southwest Asians, decreasing towards Africa and Asia 

(Fig. 1C; Fig S7-9). Distinctly, SNPs on MICB and TNFA genes are the ones that display lower 



inter-population group divergence, with values of FST attaining at most 0.06-0.08 and especially 

between Asian and European ancestries (Fig. S1). These four markers also display a positive 

correlation in the Mantel test (Table 1; Supplemental Fig S10), except for MICB-rs3132468-C 

allele, where values are not significant. The three markers equally do not show signals of 

positive selection (Fig. S19-21). 

 

Meta-analysis 

The 2009 WHO classification for dengue disease phenotypes [9] introduced important changes 

in relation to the 1997 classification [76], aiming at a better clinical structuring of dengue 

patients. However, it led to addition of noise when joining cohorts from different studies, with 

considerable overlap between phenotypic classes. Despite these biases, we decided it was worth 

to compare the information gain from considering (a) stricter phenotypic classes and (b) a 

broader symptomatic class with higher sample size. Thus, we performed meta-analyses in the 

following phenotypic classes versus healthy controls: DSS (dengue shock syndrome); DHF 

(dengue hemorrhagic fever); DF (dengue fever); and Symptomatic (all the other classes together 

and a few cases that were identified as presenting symptoms but not allowing to classify patients 

in the previous classes).  

The SNPs with larger cohorts are the ones discovered in the Vietnamese GWAS [47], rounding 

thousands of patients and controls (Table S11), although they have been mainly screened in East 

Asian populations. Beginning by the SNPs in MICB gene, MICB-rs3132468-C was genotyped in 

9493 patients (4360 DSS, 224 DHF, 3971 DF and 938 with symptoms) versus 6785 controls, 

while MICB-rs3134899-C was screened in 4781 patients (3987 DSS, 225 DHF, 472 DF and 97 

with symptoms) versus 5630 controls. The most significant results are for the comparison DSS 

vs controls (Fig. 3), although values are still significant for the symptomatic vs controls 

comparison (Fig. S24), while comparisons for the less severe phenotypes are not significant (Fig. 

S22-23). In the DSS vs controls, all the studies showed a high concordance between them, as can 

be confirmed in the funnel and radial plots (Fig 3B,C,E,F), and also through the non-significant 

Cochran’s Q measure and nil I2 values. The pooled OR values in DSS were of 1.32 [1.22-1.42] 

for MICB-rs3132468-C and 1.27 [1.16-1.39] for MICB-rs3134899-C, being highly statistically 

significant (1.19e-12 and 3.13e-7, respectively). The concordance between these OR values reflect 



the fact that the two markers are linked (Fig. S33) and may be tagging the not yet identified 

causative marker in this chromosome region.  

For PLCE1 markers, also thousands of patients and controls (Table S11), mainly (97%) Eastern 

Asians, have been genotyped. PLCE1-rs2274223-G was genotyped in 4763 patients (3987 DSS, 

217 DHF, 192 DF and 90 with symptoms) versus 5614 controls, while PLCE1-rs3765524-T was 

screened in 5133 patients (3904 DSS, 157 DHF, 141 DF and 931 with symptoms) versus 5281 

controls. The small Brazilian cohorts and the Thai cohort from Oliveira et al. (which has a higher 

frequency of heterozygous in DSS class than neighbour cohorts; Oliveira et al. 2018) introduced 

heterogeneity in the meta-analyses for PLCE1-rs2274223-G (Fig. S25A-C). If these samples are 

removed from the analyses, the other studies give a homogeneous signal, leading to the detection 

of a significant protective association for this allele and DSS (Fig. 4A), with an OR of 0.80 

[0.76-0.86] (p=1.93e-10). The significant value is still detectable in the Symptomatic vs control 

comparison (p=2.81e-10), but not in the other phenotypes (Fig. S25D-L). Identical results are 

obtained for the linked (Fig. S33) PLCE1-rs3765524-T allele: OR=0.79 [0.75-0.85] (p=1.79e-11) 

in DSS (Fig. 4B; Fig S26). 

CD32-rs1801274-G meta-analysis departed from 5343 patients (3988 DSS, 588 DHF, 673 DF 

and 94 with symptoms) versus 6195 controls, with 8% of the individuals being from Latin 

America. This SNP was contained in the chip screened in Khor et al. [47], and that is the reason 

for this large dataset. Notice that this SNP is not significantly associated with DSS in this 

Vietnamese cohort alone (see Fig. 5). A first test (Fig. S27) showed that our data from Cambodia 

and Cuban cohort from Garcia et al. [38] were introducing biases (I2≈65%), in opposite 

directions. When removing these two studies, the other studies are homogeneous, as can be 

verified in the funnel and radial plots, as well as in Cochran’s Q and I2 measures. Association for 

this marker (Fig. 5) is close to association in DHF (p=0.053), with a protective OR (0.82 [0.67-

1.00]), which becomes significant (p=0.038) in the larger symptomatic comparison with OR 

(0.94 [0.89-1.00]). Curiously, despite the large sample size in DSS comparison (~7x larger than 

DHF), the association is not significant in this phenotype class. It thus seem that CD32 is more 

closely associated with DHF. 

The total sample sizes for the remaining SNPs are smaller given their absence from the chip 

screened in Vietnam [47]. CD209-rs4804803-G, one of the first dengue-associated genetic 



marker, amounted to 3177 patients (123 DSS, 1262 DHF, 1682 DF and 110 with symptoms) 

versus 1616 controls. Around 10% of patients and 26% of controls are from Latin America, 

while the rest are of East/South Asian ancestry. This disparity in the sample sizes between 

ethnicities does not allow to test the hypothesis if the effect of this SNP could be opposite 

between East Asian and Latin American backgrounds, as advanced previously [30]. The strong 

significant causative effect of CD209-rs4804803-G in DF in the Thai cohort reported in 

Sakuntabhai et al. [25] was not obtained in any other work available so far. Even after removing 

that Thai cohort from the test, the remaining samples input a significant heterogeneity into the 

meta-analysis in DF vs control comparison (Fig. 6A), so that overall there is no significant effect 

in this phenotype in the three tested models. The same being true for the phenotype DHF (Fig. 

6B), and when considering all Symptomatic (Fig. S28). 

TNFA-rs1800629-A dataset sums up 1943 patients (165 DSS, 776 DHF, 906 DF and 96 with 

symptoms) versus 1934 controls, of which 51% patients and 74% controls are from Latin 

American ancestry. When samples are considered together, only the larger Symptomatic vs 

control comparison presents a significant protective effect (OR=0.81 [0.67-0.98]; p=0.022 to 

p=0.046 depending on the model), although heterogeneity is still around 20% for I2 measure 

(Fig. 7A). Limiting the analysis to the Latin American samples, a significant protective effect 

(OR=0.67 [0.50-0.90]; p=0.0092) was observed for the DF vs control comparison (Fig. 7B), and 

not for the severer phenotypes (Fig. S29).  

Lastly, the OAS family presented the lower sample sizes screened so far, and with the exceptions 

of a few individuals from India [35] and Cuba [59] typed for OAS1-rs10774671-G, the Thai 

cohorts from Simon-Loriere et al. [36] dominate these meta-analyses. Notice that Simon-Loriere 

et al. [36] did not provide controls, and in order to be consistent in our tests we included our Thai 

population screening as controls to compare with these Thai patient cohorts. We also decided to 

perform an overall evaluation, disregarding DENV strain, which was not accounted for in all 

other studies besides Simon-Loriere et al. [36]. Numbers amounted to 1125 patients (185 DSS, 

505 DHF, 407 DF and 28 with symptoms) versus 402 controls for OAS1-rs10774671-G, 931 

patients (187 DSS, 412 DHF, 304 DF and 28 with symptoms) versus 242 controls for OAS3-

rs1859330-G, and 941 patients (187 DSS, 419 DHF, 307 DF and 28 with symptoms) versus 236 

controls for OAS3-rs2285933-G. Values were non-significant for all OAS1-rs10774671-G and 



linked (Fig. S33) OAS3-rs1859330-G comparisons (Fig. S30-31). While OAS3-rs2285933-G 

confers significant protection in DSS, with OR of 0.55 [0.34-0.90], p=0.016 considering the 

fixed-effect model (Fig. 8; Fig. S32). 

 

Genetic risk scores 

For markers confirmed here to be associated with the severer phenotype DSS, the protective are 

highly frequent in Africa (PLCE1 SNPs and OAS3-rs2285933-G), while the causative are low 

frequent in Africa (MICB SNPs). The same is true for the CD32-rs1801274-G, which seems to 

protect from DHF. Thus, when summing up the risk scores conferred by PLCE1-rs2274223-G 

(linked PLCE1-rs3765524-T was left out), MICB-rs3132468-C (linked MICB-rs3134899-C was 

also left out), OAS3-rs2285933-G and CD32-rs1801274-G (Fig. 9A), sub-Saharan populations 

and their descendants are the best protected against the severer dengue phenotypes, in contrast 

with both Northeast Asian and Southeast populations, which are least protected. The difference 

in the means of genetic risk between those populations groups are highly significant (sub-

Saharan Africa vs Southeast Asia, p=2.96e-63; sub-Saharan Africa vs Northeast Asia, p=7.66e-56). 

European populations and neighbor North African and Southwest Asian populations are in 

between those genetic risk scores, being significantly different from both (sub-Saharan Africa vs 

Europe, p=2.02e-16; Europe vs Southeast Asia, p=2.63e-8). 

The protection conferred by TNFA-rs1800629-A to DF is higher in European, North African and 

Southwest Asian populations, and decreases towards Africa and especially East Asia (Fig 9B), 

being statistically significant different for the latter (sub-Saharan Africa vs Europe, p=0.85; 

Europe vs Southeast Asia, p=2.22e-16). 

  



4. Conclusions 

Population genetic models predict that a large fraction of missing heritability for complex traits 

could be explained by loci that contain classes of rare (MAF <1%) susceptibility variants [77]. 

However, GWAS have been identifying mainly common variants, already present in the 

ancestral African population that migrated out-of-Africa [46]. In fact, by analysing 400 

susceptibility-conferring SNPs across a spectrum of qualitative and quantitative traits, Park et al. 

[78] observed that both their number and their collective contribution to genetic variance were 

highest for more common MAF categories (30–40% or 40–50%), and dropped substantially for 

lower allele-frequency categories (5–10% or 10–20%). The authors confirmed that these results 

are not caused by lower statistical power for detection of association for low-frequency SNPs. 

Another simulation analysis [79] showed that variance due to rare alleles is only expected for 

diseases caused primarily by strong deleterious mutations (diseases tightly coupled to fitness). 

The 10 markers surveyed here for association with dengue disease follow these tendencies of 

SNPs uncovered by GWAS for non-strong uncoupling diseases. Seven markers (in PLCE1, 

CD32, CD209, OAS1 and OAS3 genes) have high-frequency MAF and the other three (in MICB 

and TNFA genes) have intermediate frequency MAF. Most of these markers have high 

discriminatory power between population groups. This is especially so for the SNPs in CD209 

and OAS1 genes, which attain FST values between 0.20-0.32 in comparisons involving sub-

Saharan African and Northeast/Southeast Asian ancestries. This level of values is attained by the 

so-called ancestry informative markers (our own calculations in SNPs referred in [80]), while 

reference values taking into account multiple SNPs based on whole genome sequencing are at 

the level of 0.106 for European-East Asian and 0.139 for European-West African comparisons 

[81]. Despite this high population discrimination, frequencies of these alleles follow the rules of 

genetic drift and seem not to have been under strong selective pressure. 

If a large proportion of causal variants are common and shared across diverse populations, they 

will be replicated in trans-ethnic GWAS, as demonstrated in a large-scale review [82] for 28 

diseases in European, East Asian and African ancestries. Even when power is insufficient to 

achieve statistically independent significance, there are high rates of directional consistency 

across trans-ethnic GWAS signals [83]. We confirmed this tendency to directional consistency 

between studies performed in East Asia and Latin America in dengue, with heterogeneity 



generated by randomness between studies and especially by low sample sizes. Also the patterns 

of LD for the PLCE1, MICB and OAS genes are quite consistent in the three main population 

groups, and, so, the potential of replication in East Asia or Latin America for these markers is 

identical. 

Another important result from Park et al. [78] study was that the genetic variance due to 

individual susceptibility SNPs, on average, remains fairly constant over different ranges of allele 

frequency, as for example in Crohn’s disease, the average regression effects corresponded to OR 

of 1.08 for MAF=0.45, 1.13 for MAF=0.15, and 1.16 for MAF=0.05. Our results also 

corroborate this evidence, with close protective OR values, between 0.55 for OAS3-rs2285933-

G, 0.67 for TNFA-rs1800629-A, 0.80 for PLCE1-rs2274223-G and 0.82 for CD32-rs1801274-G, 

despite differences in MAFs. Even the causative OR was of similar order of magnitude, of 1.32 

for MICB-rs3132468-C.  

Our meta-analysis was not informative enough to replicate overall the significant association 

between CD209-rs4804803-G and DF/DHF reported by Sakuntabhai et al. [25] in Thai, neither 

the opposite-direction association reported in Brazilians [30]. This result could be interpreted as 

surprising given the collected functional evidence that this polymorphism interferes with 

response to DENV infection [25], but follows many failed replication studies, even of 

associations that turned out to be genuine. The meta-analysis conducted by Lohmueller et al. [84] 

of 301 association studies of 25 disease loci, showed that only 11 loci were confirmed in the 

replications, and, even more striking, 24 of the 25 loci presented lower ORs than the initial study. 

This result is a consequence of the data set used to identify the variant of interest being a non-

random population sample [85]. In fact, tests oversample affected individuals relative to their 

frequency in the population (an unreal similar number of cases and controls are tested), and there 

is a major ascertainment effect that occurs when a variant is of interest, specifically because it 

was significant for association. As most of the associations have modest effects, when there is a 

significant result, it may imply that the genotype counts of cases and controls are more different 

from each other than expected. Consequently, the estimates of effect size are biased upwards, an 

effect known as the “winner’s curse”. Gorroochurn et al. [86] developed a formula for the 

replication power of a second association study based on the p-value of an initial study, 

concluding that: (1) a p-value only slightly lower than the nominal α results in only 



approximately 50% replication power; (2) very low p-values are required to achieve a replication 

power of at least 80% (e.g., at α=0.05, a p<0.005 is required). The authors state that because 

many initially significant findings result in low replication power, replication failure should not 

be surprising or be interpreted as necessarily refuting the initial findings. 

Our results also support the structuring of dengue patients into specific phenotype classes, 

despite the lowering in sample size for the statistical evaluation. It seems that particular 

polymorphisms can confer susceptibility or protection against particular molecular phenomena, 

which play a different role along the disease course, as we have recently (Oliveira et al. 2018) 

demonstrated in a GWAS conducted in Thai cohorts. In this study we were able to identify four 

genes involved in xenobiotic metabolism that are protecting against dengue fever phenotype, 

possibly through linking to the virus and conditioning of its localization in host cells. While a 

new gene (PLCB4) of the PLCE1-family protects against dengue shock syndrome and may be 

related with cytokine dynamics, inflammation and activation of vascular endothelium cells. In 

the current study, TNFA seems to protect for DF, CD32 protects for DHF (the large sample size 

for DSS in the meta-analysis shows that the non-association with this phenotype class is not a 

sample size issue), while PLCE1, MICB and OAS3 play a role at the level of DSS.  

We were not able to evaluate the influence of dengue virus strain in the associations detected in 

these markers. Simon-Loriere et al. [36] showed statistically and functionally that this is an 

important factor when ascertaining the association for OAS family. Most studies do not provide 

information about the circulating strain when cohorts were collected, rendering it is impossible to 

conduct meta-analyses incorporating the strain information. Groups working in the field should 

henceforth make an effort to provide this information for future proper evaluation. 

As failures in replications accumulate in GWAS, and sample sizes in the order of thousands are 

difficult to cope with (implying huge efforts in sample collection and financing), the net result 

was a general disinterest in performing GWAS, and specifically in neglected tropical diseases. 

Fortunately, some improvements in statistical methods are allowing to take advantage of 

ethnicity information in conducting more powerful association studies in lower sample size 

cohorts [87,88]. These methods analyse blocks of SNPs that can be affiliated to one of the 

ancestral populations. The blocks are randomly distributed by recombination across the 

chromosomes of the admixed descendant individuals, reflecting the frequency contributions of 



the parental populations (expectation for the control group), except in genomic locations where a 

candidate gene confers susceptibility to a certain disease (significant frequency increase in the 

parental population with higher MAF for the susceptibility marker) in cases. As there are only 

hundreds of ancestral blocks, these tests have considerable lower statistical burdens than the 

traditional GWAS with thousands of SNPs. We took advantage of joined admixture-association 

studies and conducted work in Cuban [59] and Thai (Oliveira et al. submitted) cohorts, mapping 

new candidate genes: lipid metabolism-related OSBPL10 and RXRA; and the already mentioned 

four genes involved in xenobiotic metabolism (CHST10, AHRR, GRIP1 and PPP2R5E) and 

PLCB4 of the PLCE1-family. The genetic risks conferred by the markers reported in these 

publications add precisely to the genetic risks displayed by the markers studied here. Sub-

Saharan African populations and descendants are the best protected against the severer forms of 

the disease, while Southeast and Northeast Asians are the least protected ones. European and 

close neighbours are the best protected against dengue fever, while, again, Southeast and 

Northeast Asians are the least protected ones.  
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Figure legends 

 

Figure 1- Worldwide diversity for the 10 SNPs. (A) Heatmap for the minimum allele 

frequency (MAF) in the 10 SNPs. (B) Map of allele frequency distribution for 

PLCE1_rs2274223_G, which follows a pattern shared with PLCE1-rs3765524-T, CD209-

rs4804803-G, OAS1-rs10774671-G, OAS3-rs1859330-G, OAS3-rs2285933-G and CD32-

rs1801274-G (maps for these SNPs are displayed in Fig S2-7). (C) Map of allele frequency 

distribution for TNFA-rs1800629-A, which follows a pattern shared with MICB-rs3132468-C 

and MICB-rs3134899-C (maps for these are displayed in Fig S8-9). 

 

Figure 2- Extended Haplotype Homozygosity (EHH) for PLCE1_rs2274223_G and the 

well-known positively selected European marker for lactase persistence MCM6-rs4988235. 

Data for one population representative from the three main human population groups (Nigerian 

Yorubans from sub-Saharan Africa, Great Britain from Europe and Chinese Han from East Asia; 

1000 Genomes database).  

 

Figure 3- Meta-analysis in MICB-rs3132468-C (A-C) and MICB-rs3134899-C (D-F) for 

DSS vs controls comparison. (A and D) Forest plots, pooled log OR ([95% CI] and p-values), 

Cochran’s Q measure (and p-values) and I2 values for the tested three models (weighted Mantel-

Haenszel fixed-effect, Der Simonian-Laird, and restricted maximum-likelihood). (B and E) 

Funnel plots. (C and F) Radial plots. 

 

Figure 4- Meta-analysis in PLCE1-rs2274223-G (A-C) and PLCE1-rs3765524-T (D-F) for 

DSS vs controls comparison. (A and D) Forest plots, pooled log OR ([95% CI] and p-values), 

Cochran’s Q measure (and p-values) and I2 values for the tested three models (weighted Mantel-

Haenszel fixed-effect, Der Simonian-Laird, and restricted maximum-likelihood). (B and E) 

Funnel plots. (C and F) Radial plots. 

 



Figure 5- Meta-analysis in CD32-rs1801274-G for DHF vs controls (A-C) and Symptomatic 

vs controls (D-F) comparisons. (A and D) Forest plots, pooled log OR ([95% CI] and p-values), 

Cochran’s Q measure (and p-values) and I2 values for the tested three models (weighted Mantel-

Haenszel fixed-effect, Der Simonian-Laird, and restricted maximum-likelihood). (B and E) 

Funnel plots. (C and F) Radial plots. 

 

Figure 6- Meta-analysis in CD209-rs4804803-G for DF vs controls (A-C) and DHF vs 

controls (D-F) comparisons. (A and D) Forest plots, pooled log OR ([95% CI] and p-values), 

Cochran’s Q measure (and p-values) and I2 values for the tested three models (weighted Mantel-

Haenszel fixed-effect, Der Simonian-Laird, and restricted maximum-likelihood). (B and E) 

Funnel plots. (C and F) Radial plots. 

 

Figure 7- Meta-analysis in CD209-rs4804803-G for DF vs controls (A-C) and DHF vs 

controls (D-F) comparisons. (A and D) Forest plots, pooled log OR ([95% CI] and p-values), 

Cochran’s Q measure (and p-values) and I2 values for the tested three models (weighted Mantel-

Haenszel fixed-effect, Der Simonian-Laird, and restricted maximum-likelihood). (B and E) 

Funnel plots. (C and F) Radial plots. 

 

Figure 8- Meta-analysis in OAS3-rs2285933-G for DSS vs controls comparison (A-C). (A) 

Forest plots, pooled log OR ([95% CI] and p-values), Cochran’s Q measure (and p-values) and I2 

values for the tested three models (weighted Mantel-Haenszel fixed-effect, Der Simonian-Laird, 

and restricted maximum-likelihood). (B) Funnel plots. (C) Radial plots. 

 

Figure 9- Genetic risk for DHF+DSS (A) and DF (B) in population samples reported in 

Tables S1-S10. (A) Values were calculated taking into account the significant association found 

here for PLCE1-rs2274223-G, MICB-rs3132468-C, OAS3-rs2285933-G and CD32-rs1801274-

G. (B) Values were calculated for the significant association with TNFA-rs1800629-A. 

  



Table 1- General information about the 10 SNPs screened in this work and results for the Mantel 

test (W= Kendall’s coefficient of concordance; p-value for Friedman’ chi-square statistic tests of 

W; significant values are indicated on bold). MAF refers to the minimum allele frequency in the 

global human population. 

          Mantel test 

Gene SNP 
Position in build 
GRCh37 Function/Location MAF W p-value 

PLCE1 rs2274223 10:96066341 Missense (His1927Arg) G 0.677 0.0001 
PLCE1 rs3765524 10:96058298 Missense (Thr1777Ile) T 0.659 0.0001 
TNFA rs1800629 6:31543031 Upstream gene variant A 0.557 0.0219 
DC-SIGN 
(CD209) rs4804803 19:7812733 Upstream gene variant G 0.616 0.0004 
OAS1_splicing rs10774671 12:113357193 Splice acceptor variant G 0.603 0.0010 
OAS3_K18R rs1859330 12:113376388 Missense (Arg18Lys) G 0.607 0.0010 
OAS3_S381R rs2285933 12:113386779 Missense (Ser381Arg) G 0.724 0.0001 
FCgRIIa (CD32) rs1801274 1:161479745 Missense (His166Arg) G 0.646 0.0001 
MICB rs3132468 6:31475486 Intron variant C 0.486 0.6919 
MICB rs3134899 6:31473286 Intron variant C 0.585 0.0029 
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