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Abstract

Background Glucose-6-phosphate dehydrogenase deficiency (G6PDd) is an X-linked disorder affecting over 400 mil-
lion people worldwide. Individuals with molecular variants associated with reduced enzymatic activity are suscep-
tible to oxidative stress in red blood cells, thereby increasing the risk of pathophysiological conditions and toxicity

to anti-malarial treatments. Globally, the prevalence of G6PDd varies among populations. Accordingly, this study

aims to characterize G6PDd distribution within the Ecuadorian population and to describe the spatial distribution

of reported malaria cases.

Methods Molecular variants associated with G6PDd were genotyped in 581 individuals from Afro-Ecuadorian,
Indigenous, Mestizo, and Montubio ethnic groups. Additionally, spatial analysis was conducted to identify significant
malaria clusters with high incidence rates across Ecuador, using data collected from 2010 to 2021.

Results The A-c.202G> A and A- c968T > C variants underpin the genetic basis of G6PDd in the studied popu-
lation. The overall prevalence of G6PDd was 4.6% in the entire population. However, this frequency increased

to 19.2% among Afro-Ecuadorian people. Spatial analysis revealed 12 malaria clusters, primarily located in the north
of the country and its Amazon region, with relative risks of infection of 2.02 to 87.88.

Conclusions The findings of this study hold significant implications for public health interventions, treatment strate-
gies, and targeted efforts to mitigate the burden of malaria in Ecuador. The high prevalence of G6PDd among Afro-
Ecuadorian groups in the northern endemic areas necessitates the development of comprehensive malaria eradica-
tion strategies tailored to this geographical region.
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Background

Glucose-6-phosphate dehydrogenase (G6PD) is an evo-
lutionary conserved enzyme associated with the pentose
phosphate pathway. As an oxidoreductase, it generates
reduced nicotinamide adenine dinucleotide phosphate
(NADPH) as a byproduct of glucose oxidation [1]. This
metabolite plays an essential role in cellular reactions
against oxidative stress, as NADPH regenerates reduced
glutathione, a potent antioxidant that protects the cell
from reactive oxygen species like hydrogen peroxide [2].

G6PD deficiency (G6PDd) is an X-linked disorder char-
acterized by reduced enzymatic activity. This reduction
primarily stems from molecular variants, which adversely
affect the enzyme’s stability. Over 200 mutations have
been identified in the G6PD gene to date, with most of
them being single nucleotide variants (SNVs) [3]. The
World Health Organization classifies each allelic variant
of G6PD into one of five levels, considering the percent-
age of reduction in enzymatic activity [4]. While the class
I Harilaou ¢.648G (rs137852319) variant represents the
most severe deficiency mutation, classes IV and V repre-
sent the least severe. The class II Mediterranean ¢.563T
(rs5030868) variant leads to a residual G6PD activity of
less than 10%; carriers of this deficiency are more likely to
develop diseases triggered by intrinsic or extrinsic oxida-
tive stressors [5]. Class III variants ¢.202 A (rs1050828)
and ¢.968 C (rs76723693) retain a range of activity from
10 to 60%. Since these latter classes decrease G6PD activ-
ity, their presence is associated with acute hemolytic ane-
mia. Class IV ¢.376G (rs1050829) is related to enzymatic
activity from 60 to 100%, which is considered normal
enzyme activity [6].

Reduced activity of G6PD affects NAPDH homeostasis,
particularly in red blood cells, leading to varying condi-
tions based on enzyme activity levels [7]. Individuals
might remain asymptomatic until exposed to oxidative
stressors like high consumption of fava beans (favism).
A significant activity reduction can cause chronic non-
sphaerocytic haemolytic anaemia, presenting symptoms
like jaundice and splenomegaly [8]. In children, G6PDd-
related haemolytic anaemia symptoms include fatigue
and irritability [9], while in adults, manifestations vary
based on genetic variations and deficiency severity. Typi-
cally, treating haemolytic anaemia involves removing the
triggering factor, like certain drugs or fava beans [10].

G6PDd also has significant implications in the con-
text of malaria, particularly in terms of treatment
efficacy and the development of toxicity-associated con-
ditions. The recommended treatment drug for eliminat-
ing Plasmodium vivax hypnozoites and Plasmodium
falciparum gametocytes is the 8-aminoquinoline drug
family, including primaquine and tafenoquine. G6PDd
individuals generate toxicity upon administration of
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these drugs, probably due to an imbalance in the redox
reactions within blood cells, favouring the formation of
highly reactive oxidized metabolites of primaquine [11].
Patients receiving treatment for P vivax malaria are at a
higher risk of developing haemolytic anaemia because
of the increased dose of primaquine they receive (0.25—
0.5 mg over a 14-day treatment period), compared to
those with P, falciparum malaria (a single dose of 0.25 mg
on the first day of treatment) [12]. While higher doses of
primaquine effectively clear primary infections and pre-
vent relapse in P. vivax patients compared to lower doses,
there are inherent risks due to factors the unknown
G6PD levels in many patients [13, 14].

The diversity of genetic factors contributing to G6PDd
is closely linked to ethnogeography. The reduced function
Mediterranean ¢.563T variant is prevalent in the Mid-
dle Eastern and Southern Italy. Similarly, the Mediter-
ranean together with the Seattle c.844 C (rs137852318)
variants are prevalent for European groups, with allelic
frequencies for the minor allele (MAFs) of 0.07% and
0.11% respectively [15, 16]. In Asia, although the Mahidol
c.487 A (rs137852314) variant is the best-characterized
and is considered predominant across Myanmar and
Thailand [17, 18], additional variants are described in dif-
ferent regions of the continent. Thus, the Canton ¢.1376T
(rs72554665) and Kaiping c.1388 A (rs72554664) vari-
ants are frequent in East Asia (MAF of 1.1% and 0.7%,
respectively), while the Mediterranean (1.74%) and Ker-
ala ¢.949 A (rs137852339) variants are frequent in the
south, with frequencies of 1.74% and 1.14%, respectively
[19]. The African A-haplotype, formed by the combina-
tion of the ¢.202 A/c.376G (rs1050828/rs1050829) or
c.968 C/c.376G (rs76723693/rs1050829) variants, are
majority for African populations (MAFs=of 11.6-0.24%,
and 0.5% respectively) and for Latin American popula-
tions (MAFs of 0.4% and 0.08% respectively [15, 20, 21].
These molecular markers largely describe G6PD defi-
ciency for these population groups.

In Latin America, malaria is considered endemic,
especially in coastal and Amazonian areas, where both
P vivax and P. falciparum are prevalent [22, 23]. Even
though G6PDd frequencies in Latin America are rela-
tively low, with mean frequencies of <1% observed in
Mexico, Guatemala, Peru, Bolivia, Uruguay, Chile, and
Argentina, the highest prevalence is found in the Carib-
bean islands, French Guiana, Suriname, Guyana, north-
western Venezuela, and the Pacific coastal regions of
Colombia, where the estimated prevalence exceeds 10%.
In the Amazon region, prevalence estimates range from
4% in southern areas to 10% along the border with Guy-
ana [24]. Although malaria has been nearly eradicated
in Ecuador, it is still considered endemic, with occa-
sional outbreaks caused by both parasites (2 vivax and P
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falciparum) [25, 26]. Previous studies conducted on Afro-
descendant groups in Ecuador indicate G6PDd rates of
approximately 12—-14% [27, 28]. However, these studies
were limited to specific geographic regions, involved a
small number of participants, and did not apply an accu-
rate genetic screening strategy covering the main phar-
macogenetic variants associated with G6PDd. Hence, the
objective of this study was to analyse the molecular vari-
ants of G6PD associated with reduced enzymatic activ-
ity in various ethnic groups across Ecuador through a
genetic screening approach employing Sanger sequenc-
ing, targeting multiple coding region sequences of the
G6PD and with a specific focus on prevalent variants
such as African A- c.202 A, A- c.968 C, and Mediterra-
nean c¢.563T. The aim is also to provide a spatial distri-
bution of reported malaria infections thus far. Describing
the allelic and genotypic frequencies of G6PD molecular
variants associated with decreased enzymatic activity
will not only enrich the genetic characterization of this
diverse Latin American population, but will also aid in
the development of genetic screening strategies to iden-
tify individuals with G6PDd. The findings of this study
will have implications for improving anti-malarial drug
therapy in the Ecuadorian population, particularly for
those groups residing in areas where malaria is endemic.

Methods

Sample collection

The sampling process was conducted during the period
2017 to 2018, and a total of 292 healthy men and 289
healthy women of Ecuadorian nationality, unrelated and
of legal age, were included in the study. On the contrary,
people who did not have Ecuadorian nationality, minors,
and people sharing first-generation ancestors, were
excluded from the study. To assess genetic diversity in
current Ecuadorian populations, participants from the 3
main regions of Ecuador were considered: Coast (CO),
Andes (HG), and Amazonia (AZ). In addition, ethnic self-
determination was considered, and the sampled individu-
als were classified into 4 ethnic groups: Afro-Ecuadorian
(AFE), Indigenous (IND), Mestizo (MEZ), and Montubio
(MON). The MEZ group was sampled in the provinces
of: El Oro, Esmeraldas, Guayas, Los Rios, Manabi, Santa
Elena, and Santo Domingo (CO); Azuay, Bolivar, Carchi,
Cariar, Chimborazo, Cotopaxi, Imbabura, Loja, Pichin-
cha, and Tungurahua (HG); and Morona Santiago, Napo,
Pastaza, and Sucumbios (AZ). The Montubio group was
limited to the provinces of Los Rios and Manabi (CO
region). IND groups were selected from the provinces
of: Chimborazo, Cotopaxi, and Imbabura (HG region);
Morona Santiago, Napo, Pastaza, Orellana, and Zamora
Chinchipe (AZ region); and Santo Domingo (CO region).
Finally, the AFE groups were included from the provinces
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of: Esmeraldas province (CO region); and Imbabura and
Carchi (HG region).

Each participant signed an informed consent form for
population genetic studies. The applied experimental
methodology was approved by the Ethical Committee in
Human Research from the Universidad de las Américas,
with registration number CEISH-UDLA 2017 -0301.

DNA extraction

Genomic DNA was extracted from blood samples using
the salting-out method [29]. DNA was quantified using
a NanoDrop ND-1000 Spectrophotometer (NanoDrop
Technologies, Willmington, DE, USA) at 260 nm. The
quality of the genetic material was evaluated by the
absorbance values at 280 and 230 nm, and by electropho-
resis in 1% agarose gel.

Genotyping of G6PD SNVs and statistical analysis

For the design of the primers, 4 classes of SN'Vs related
to a decreased enzymatic activity of G6PD were con-
sidered, and the Primer-BLAST tool was used (https://
www.ncbi.nlm.nih.gov/tools/primer-blast/),  reference
sequence NG_009015.2 (GRCh38.p13). The ampli-
fied regions included the class I Harilaou c.648T>G
(rs137852319) variant, the class II Mediterranean
¢.563 C>T (rs5030868) variant, the class III A-
¢.202G > A (rs1050828) and A- c. 968T > C variants, and
the class IV SNV A- ¢.376 A > G (rs1050829). In addition,
the SNVs ¢.1365-13 C>T (rs2071429) and ¢.1431 C>T
(rs77214077) described as likely benign were screened.

PCR reaction was performed with the GoTaq® Green
Master Mix (Promega, Madison, Wisconsin, USA) in a
final volume of 15 ul, with 0.3 pMol of each primer and
~20 ng of genomic DNA. Amplified products were tested
by electrophoresis in a 2% agarose gel and purified using
exonuclease I (Exo I) and alkaline phosphatase (FastAP™)
(Thermo Scientific’") according to the manufacturer’s
standard protocol.

Sequencing reactions were performed using the Big-
Dye® Terminator v3.1 Cycle Sequencing Kit (Applied
Biosystems, Austin, TX, USA), following the manufac-
turer’s instructions. Within the reaction, a final concen-
tration of 1 uM of primer was used in a volume of 10 pl.
Next, amplicons were purified using Sephadex G-50 Fine
(GE Healthcare) and run in an ABI 3130 Genetic Ana-
lyzer 142 (Applied Biosystems, Foster City, CA, USA).
Finally, the sequences were aligned and analysed in the
software Geneious Prime, version 2022.1.1.

Population genetic parameters, such as allele frequen-
cies, gene diversity, Hardy-Weinberg Equilibrium (HWE),
pairwise genetic distances (F¢p), and analysis of molecu-
lar variance (AMOVA), were calculated using Arlequin
software v.3.5.2.2. HWE analysis was performed only for
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females, and LD analysis in males. The significance level
of 0.05 was adjusted by applying Bonferroni’s correction
for multiple tests.

From the Fgr indices, a cluster analysis was applied to
evaluate the degree of association between the popula-
tion groups studied, using the Euclidean distance and
Ward’s method for grouping. For the visualization of
these data, heatmaps and dendrograms were developed
in RStudio.

Spatial analysis and statistical methods

A spatial cluster analysis was conducted to identify sig-
nificant malaria clusters with high incidence rates across
Ecuador, following the methodology described in pre-
vious studies [30, 31]. The analysis used the National
Archive of Data and Statistical Metadata of the Ecuado-
rian National Institute of Statistics and Censuses (INEC)
[32]. This study encompassed all documented malaria
cases, categorized by canton and ICD-10 identification
code, covering the time frame from 2010 to 2021. Inci-
dence rates were adjusted based on population projec-
tions by year and sex, using exact 95% Poisson confidence
intervals. These rates were reported in terms of abso-
lute numbers of new cases and relative rates per 100,000
members of the population.

By comparing the reported cases with the spatial coor-
dinates of each canton, the occurrence of cases in dif-
ferent areas was assessed using a Poisson distribution.
Spatial clustering was evaluated by comparing the inci-
dence rates in specific areas to the expected rate if cases
were randomly distributed. The statistical significance of
spatial clusters was determined using a likelihood test,
with 999 Monte Carlo simulations employed to calcu-
late the associated p-values. Any spatial clusters with a
p-value below 0.05 were considered statistically signifi-
cant. Additionally, the Gini coefficient [33] was used to
make further selections among the significant clusters.

The identification of statistically significant spatial clus-
ters was carried out using SATSCAN (version 10.1.2).
Spatial analyses were performed using QGIS software
(version 3.32.0), while the calculation of incidence rates
was performed using the Epitools package, R version
4.1.3.

Results

G6PD genotyping

Five regions in G6PD were amplified to genotype previ-
ously described variants using the primers described in
Additional file 1: Table S1. In the screened Ecuadorian
population, the presence of class III and class IV vari-
ants is observed, while no polymorphic genotypes are
recorded for class I Harilaou (c.648T>G) or class II
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Mediterranean (c.563 C>T) variants (Additional file 1:
Table S2).

The class III A- ¢.202G > A and class IV A- ¢.376 A>G
variants are the most prevalent in the AFE groups when
compared to other G6PD variants in the total population.
The MAFs in AFE from the HG (Imbabura and Carchi),
and the CO (Esmeraldas) reach 0.143 and 0.304 respec-
tively. On the other hand, only one AFE heterozygous
individual was recorded in the province of Esmeraldas
for the SNV A- c.968T >C (rs76723693). Additionally,
a high prevalence was observed for the intronic variant
¢.1365-13 C>T (rs2071429) in the Ecuadorian popula-
tion (MAF =0.701). Allele frequencies of 0.358 and 0.021
are recorded for the minor allele of variants class IV
c.1116G > A (rs2230036) and c.1431 C>T (rs77214077)
respectively (Fig. 1).

Hardy Weinberg equilibrium, pairwise genetic distances
and AMOVA

The HWE analysis for the Ecuadorian female population
shows statistical differences for loci A- ¢.202G>A, A-
¢.968T>C, c.1116G > A, and ¢.1365-13 C>T (p<0.001).
However, these differences disappear when considering
ethnic self-determination and when developing the anal-
ysis by AFE, IND, MEZ, and MON groups. No statisti-
cally significant deviations from HWE expectations were
detected for the 6 loci in the studied population when
considering the groups by ethnic self-determinations and
geographic location (Additional file 1: Table S3).

The pairwise analysis shows a high degree of differen-
tiation between Ecuadorian ethnic populations when
calculating Fgp indices, especially between AFE and
each of the three other populations: IND (Fgp = 0.222,
p=<0.0001), MEZ (F¢ = 0.278, p=<0.0001) and MON
(Fgr = 0.172, p=<0.0001). When considering the dis-
tribution of ethnic groups by geographic region, there
is a certain degree of differentiation between MEZ pop-
ulations in the HG and those in the CO (Fg; = 0.0145,
p=0.04505) (Additional file 1: Table S4). The high degree
of divergence between AFE and the other Ecuadorian
ethnic groups is evident in the dendrogram generated
(Fig. 2). This differentiation was confirmed by applying
an AMOVA between the ethnic groups studied. The cal-
culated variability between AFE, MEZ, IND, and MON
groups is 19.16, while within geographic groups it is
80.01.

Prevalence of G6PD deficiency in ecuadorian ethnic groups
The genotyping results for the Ecuadorian population
show the presence of class III A- ¢.202 A and A- ¢.968 C,
and class IV A- c.376G alleles. The A- c.376G allele by
itself is not considered a variant that induces a deficiency
in the enzymatic activity of G6PD, but in association
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Fig. 1 Schematic representation of the G6PD gene and the pharmacogenetic variants screened in the Ecuadorian population. The schematic
diagram shows the exonic (black boxes) and intronic regions of the G6PD gene. The amplified regions are indicated with boxes in pink (at

the bottom of the figure). The stacked bar chart shows the allele frequencies for the minor allele of the total Ecuadorian population (ECU)
and for the Afro-Ecuadorian (AFE), Indigenous (IND), Mestizo (MEZ), and Montubio (MON) ethnic groups
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Fig. 2 Genetic structure of the Ecuadorian ethnic groups evaluated
by pairwise Fq; analyses. Dendrogram and heat map generated

from F¢ genetic distances. F¢; values were calculated from SNVs
found in the G6PD gene. The four Ecuadorian ethnic groups
(Afro-Ecuadorian: AFE; Indigenous: IND; Mestizo: MEZ; and Montubio:
MON) and their geographic distribution (Coast: CO; Highlands: HG;
and Amazon Region: AZ) are considered

with A- ¢.202 A or A- c.968 C it leads to the deficient
enzyme. Furthermore, heterozygous females who carry
the minor allele can be regarded as deficient patients due
to epigenetic X-chromosome inactivation [34]. Due to

the recessive X-linked inheritance of the G6PD gene and
in order to estimate population deficiency by provinces,
the calculation incorporated both hemizygous men for
A- ¢.202 A and heterozygous and homozygous women
for the A- ¢.202 A and A- ¢.968 C alleles. The calculated
prevalence of G6PDd in the general Ecuadorian popula-
tion is 0.046. However, when analysing the distribution
by ethnic self-identification, it is observed that the AFE
population presents a higher frequency (0.192) than the
IND groups (0.014). For MEZ and MON populations,
individuals with diminished phenotypes are not recorded
(Additional file 1: Table S5).

Spatial distribution of malaria cases and G6PD deficiency
in Ecuador

From 2010 to 2021, 2,277 malaria hospitalized cases were
reported in Ecuador. 1,351 were males and 925 were
females. The average annual incidence rate was 1.16 cases
per 100,000 inhabitants ([1.11;1.21] 95% Poisson confi-
dence intervals). The yearly evolution of hospital records
showed a decline in the incidence of malaria through the
years (Fig. 3). Poisson regression indicated a negative sig-
nificant association of malaria cases with recent years
(p<0.00001).
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Fig. 3 Incidence of hospitalized cases of malaria in Ecuador
during the years 2010-2021

From the reported hospitalized cases, a total of twelve
significant clusters of malaria infection in Ecuador
were identified, 4 of these as single spots and 8 as spa-
tial clusters (Additional file 1: Table S6). The clusters
with the highest relative risk rates (RR) are identified as
single spots in the CO region, specifically the provinces
of Esmeraldas (RR=87.88, p=0.0001) and Los Rios
(RR=12.92, p=0.0001), and as a spatial cluster in AZ,
namely the provinces of Pastaza and Morona Santiago
(RR=11.81, p=0.0001). The remaining clusters exhibit
similar relative risk rates, ranging from 2.05 to 3.09
(Fig. 4A).

As shown in Fig. 4B, the spatial clusters primarily
concentrate in the centre-north CO and AZ regions. By
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comparing the distribution of these clusters with the cal-
culated prevalence of G6PDd for the entire population,
notable observations can be made. Specifically, the clus-
ters located in the provinces of Esmeraldas (clusters 1
and 11) and Carchi (cluster 8) are situated in geographic
regions where a prevalence of G6PD deficiency is evident
in genotyped individuals. In contrast, the clusters identi-
fied in AZ (clusters 3, 4, 10, and 12) and CO-HG region
(clusters 2, 4, 5, 6, 7, and 9) are located in provinces with
low prevalence of G6PD deficiency.

Discussion
MAFs for the SNVs in G6PD show differences across
the groups studied. The HWE analysis reveals statisti-
cal differences for the A- ¢.376 A>G, A- c.968T>C,
¢.1116G > A, and c.1365-13 C> T loci in the total popula-
tion. However, these disparities disappeared upon analy-
sis by ethnic group, suggesting a potential substructure
[35]. This divergence is corroborated by clustering anal-
ysis and calculated Fgp values (Fig. 2). In particular, the
AFE group exhibits a high genetic divergence compared
with the NAM, MEZ, and MON groups. Nonetheless, no
significant differences were observed between the AFE
subgroups of CO and HG regions. These results align
with previous findings on pharmacogenetic variants in
the Ecuadorian population [36], indicating that genetic
variability in the G6PD allows a genetic characterization
of the different ethnicities present in Ecuador.

G6PDd is one of the most common inherited disorders,
affecting approximately 400 million people worldwide,

e Single cluster

O Spatial cluster

o
fG6PDd T

Fig. 4 Spatial distribution of malaria cases and G6PD deficiency in Ecuador. A Relative risk for malaria clusters identified in Ecuador. B Spatial
distribution of malaria clusters and frequency of G6PD deficiency in the Ecuadorian population
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representing 4.87% of the global population [37]. This
deficiency shows significant variation in its prevalence,
being almost nonexistent in the original Amerindian
populations and reaching 20% or more in parts of Africa
and Asia [38]. In addition, the distribution of variants
associated with a decrease in G6PD enzymatic activ-
ity presents a distinctive pattern in populations world-
wide. The A- c.202G>A and A- c.968T > C variants are
predominant in Afro-descendant groups, whereas the
Mediterranean G6PD variant ¢.563 C>T is predominant
in West Asia [21]. In this study, it was identified the pres-
ence of class IV A- ¢.376 A> G and class III A- ¢.202G > A
and A- ¢.968T > C variants, associated with moderate and
severe deficiency, respectively. As reported, the class III
A- ¢.202 A allele is the most common in Latin Ameri-
can groups, and together with A- ¢.968 C, it represents
the genetic basis of the deficiency in more than 90% of
individuals throughout the region [21, 22, 24]. These
variants are predominantly found in AFEs, aligning with
the global distribution where Afro-descendant popula-
tions exhibit higher frequencies of A- ¢.202G > A and A-
¢.968T > C variants compared to European, Asian, and
Indigenous North and South American populations [15,
39]. The presence of these pharmacogenetic markers in
this group may be attributable to the transatlantic slave
trade from West African populations. Conversely, the
absence of European G6PDd variants in the studied pop-
ulation is consistent with its genetic basis, especially con-
sidering that the European ancestral genetic contribution
is not predominant in the general population [40—43].

The main objective of this study is to determine the
prevalence of G6PDd in different Ecuadorian ethnic
groups, which together with the identification of malaria
clusters, can facilitate the implementation of effective
treatment strategies and significantly reduce the likeli-
hood of toxicity associated with the use of anti-malar-
ial therapies. From 2006 to 2018, a total of 9,429 cases
of Plasmodium sp. were documented in Ecuador [44].
Malaria-endemic regions are primarily located along
the Pacific coast in western Ecuador, the inter-Andean
valleys in central Ecuador, and the Amazon River basin
in the eastern part of the country [45]. This distribution
is consistent with the spatial clusters identified in this
study. Specific provinces highlighted as major geographic
foci of infection, such as Esmeraldas, Imbabura, Carchi,
and AZ provinces, provide valuable information for tar-
geted surveillance, prevention, and control efforts. This
knowledge enables the allocation of resources to areas of
greatest need, including improved access to diagnostic,
treatment, and vector control measures.

It is noteworthy that Ecuador, like many South Ameri-
can countries excluding Venezuela, has witnessed a sig-
nificant decrease in malaria prevalence in recent years,
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and most cases are now reported as asymptomatic [22,
46]. The study found a significant reduction in malaria
incidence, as evidenced by hospital records over the years
(Fig. 3). While this decline is a positive development for
the population, it presents a challenge, as untreated cases
in endemic regions act as crucial reservoirs for ongoing
disease transmission. Although occasional outbreaks of
P. falciparum are reported in Ecuador [47], the primary
cause of malaria cases can be attributed to P. vivax. Spe-
cifically, along the northern coast of Ecuador, P vivax
accounts for 97.9% of infections, with P falciparum
accounting for 2.1% [26]. A similar pattern is observed
in the Lower Napo region, where P. vivax is the domi-
nant parasite, responsible for 92% of reported cases [48].
Considering this distribution of Plasmodium species, it
is crucial to implement effective pharmacological strat-
egies. The recommended primary prophylaxis strategy
against P. vivax involves the use of primaquine, which is
also recommended as a first-line treatment in eliminat-
ing P vivax hypnozoites and P. falciparum gametocytes
[49-52]. According to the Ministry of Public Health of
Ecuador [53], the recommended protocol for malaria
treatment includes the utilization of 8-aminoquinoline
drugs, with a specific focus on primaquine as a comple-
mentary therapeutic agent. In cases of non-complicated
malaria caused by P. falciparum, the primary treatment
entails TCA (artemether +lumefantrine), coupled with
a single administration of primaquine at a dosage of
0.75 mg per kilogram of body weight. In cases of non-
complicated malaria due to P, vivax or Plasmodium ovale,
the treatment strategy consists of 3-day administration
of chloroquine accompanied by a 14-day regimen of pri-
maquine at a dosage of 0.5 mg. It is important to exercise
caution with chloroquine and hydroxychloroquine due to
their potential anti-malarial efficacy in inducing oxida-
tive stress through the generation of haem-based reactive
oxygen species [20, 54]. Individuals with G6PDd should
be especially careful as they are at an elevated risk of
adverse effects [55, 56].

In Ecuador, different ethnic groups show a specific
spatial distribution due to historical and social events,
which places special value on the present study. The
effects of G6PDd in malaria-exposed populations of dif-
ferent ethnic origins can be characterized with less bias
than in other regions where ethnic groups are mixed,
or where there is dynamic variation among them. As
shown in Fig. 4B, the deficiency calculated by the alleles
A- c.202 A and A- ¢.968 C is geographically and eth-
nically limited, and is concentrated in the north of the
country, specifically in Esmeraldas (CO region) along
with Imbabura and Carchi (HG region). In contrast, the
IND groups within the AZ do not exhibit markers asso-
ciated with G6PDd. Considering the spatial relationship
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found between malaria foci and G6PDd distribution,
treatment strategies should be tailored to AFE groups
distributed in the northern region of the country.

The complex interplay between genetics, ethnic-
ity, and disease susceptibility, shaped by historical and
societal influences on malaria distribution and genetic
factors such as G6PDd, offers invaluable insights.
Understanding these dynamics can guide the develop-
ment of culturally sensitive strategies for malaria pre-
vention and control, considering the diverse needs and
vulnerabilities of different ethnic groups. Patient man-
agement requires careful consideration of the individ-
ual risk/benefit ratio in determining the most suitable
treatment approach. In order to mitigate the occur-
rence of adverse clinical outcomes associated with
anti-malarial drugs, it is essential to know the patient’s
G6PD status prior to prescribing any 8-aminoquino-
line-based drug [57]. For example, a safer alternative for
treating identified G6PDd-positive cases could involve
administrating primaquine at a dose of 0.75 mg/kg/
week for a period of 8 weeks. Considering the relation-
ship found between foci of infection and deficiency
in the north of the country, it is vital to develop and
implement screening methods to ensure the safe and
effective use of anti-malarial drugs, thus minimizing
the potential risks of drug-induced toxicity [58, 59].
By incorporating genetic screening into the treatment
approach, healthcare professionals can tailor treatment
plans to improve patient safety and optimize therapeu-
tic outcomes.

This study provides for the first time the prevalence
and distribution of genetic variants associated with
G6PDd within the Ecuadorian population, encompass-
ing its four primary ethnic groups. However, there are
inherent limitations. The sample size of 581 individu-
als might not capture the full genetic diversity of the
population, suggesting that a larger sample could offer
a more comprehensive insight into G6PDd and its
relation to malaria patterns in Ecuador. Similarly, the
employed methodology facilitated a genetic screen-
ing for prevalent variants in G6PDd that hold predic-
tive value in malaria treatment. While several coding
regions of the gene were screened (9 out of 13 exons),
the need remains for forthcoming studies to employ
high-throughput sequencing techniques and broaden
the coverage of genotyping. Lastly, the spatial cluster
analysis relied on publicly available data, which might
be prone to reporting biases or data gaps, further exac-
erbated by the COVID-19 pandemic. Although the cal-
culated incidence rate shows a decreasing trend in all
the years analysed, the possible biases introduced dur-
ing this pandemic period highlight the need for a cau-
tious interpretation of the findings.
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Conclusions

The genotyping analysis of the G6PD gene identified
the presence of class III A- ¢.202G> A (rs1050828) and
A- C.968T >C (rs76723693) variants, both of which are
associated with a reduction in G6PD enzymatic activ-
ity. The frequency of these variants differed between
the studied Ecuadorian ethnicities, with the AFE groups
showing the highest prevalence. Evaluating G6PDd has
significant implications for the population in question,
especially in light of the spatial distribution of reported
malaria cases in Ecuador and the distribution of G6PDd
molecular variants. Twelve clusters as endemic malaria
areas in Ecuador were identified, mainly distributed
along the northern coast (Esmeraldas), in the Andean
region (Carchi), and the Amazon region (Sucumbios,
Orellana, Pastaza, and Morona Santiago). Given the high
prevalence of G6PDd in AFE groups (19.2%) located in
the northern (both the coastal and the Andean region)
of the country, coupled with the elevated rates of malaria
infection identified in this geographic region (a rela-
tive risk ranging from 2.06 to 87.88), there is a pressing
need to implement genetic screening strategies within
these ethnic communities. This would mitigate toxicity
risks when administrating anti-malarial therapies. The
integration of genetic screening into patient manage-
ment enables health professionals to optimize treatment
plans, improve patient safety, and enhance therapeutic
outcomes.

Abbreviations

AFE Afro-Ecuadorian

AZ Amazonia

AMOVA  Analysis of molecular variance

cOo Coast

G6PD Glucose-6-phosphate dehydrogenase
G6PDd  G6PD deficiency

HG Andes

HWE Hardy-Weinberg equilibrium

IND Indigenous

MAF Minor allele frequency

MEZ Mestizo

MON Montubio

NADPH  nicotinamide adenine dinucleotide phosphate
RR Relative risk rate

SNV Single Nucleotide Variant

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/512936-023-04716-x.

Additional file 1: Table S1. Primer sequences and amplification condi-
tions for genotyped regions in G6PD. Table S2. Allelic and genotypic
frequencies of SNVs in G6PD found in different Ecuadorian ethnic

groups. Table S3. Observed and expected values of heterozygotes and
significant p-values calculated for the Hardy-Weinberg equilibrium of
molecular variants of G6PD in Ecuadorian females. Table S4. Pairwise
genetic distances (F¢y) calculated from the G6PD genetic variants between
the Ecuadorian populations grouped by geographic regions. Table S5.



https://doi.org/10.1186/s12936-023-04716-x
https://doi.org/10.1186/s12936-023-04716-x

Atarihuana et al. Malaria Journal (2023) 22:283

G6PDd in different Ecuadorian ethnic groups. Table S6. Spatial analysis of
significant malaria clusters across Ecuador.

Acknowledgements
This work was supported by Universidad de Las Américas (Quito, Ecuador),
grant number ENFRCA.20.01.

Author contributions

Conceptualization: ACA. Methodology: SA and JGC. Validation: RFE, ALC, GB
and ACA. Formal analysis: KJV, MC, GB and AKZ. Data curation: SA, JGC, KJV,
AKZ and MC. Writing—original draft preparation: SA, JGC and ACA. Writing—
review and editing: RFE, ALC, GB, AKZ and MC. Visualization: ACA. Funding
acquisition: ACA. All authors read and approved the final manuscript.

Funding
Not applicable.

Availability of data and materials
The datasets used during the current study are available from the correspond-
ing author on reasonable request.

Declarations

Ethics approval and consent to participate

This study was approved by the Ethical Committee in Human Research from
the Universidad de las Américas (Quito, Ecuador), with registration number
CEISH-UDLA 2017 —0301. Each participant signed an informed consent form
for population genetic studies. Participant data were de-identified.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details

"Facultad de Ingenierfa y Ciencias Aplicadas, Universidad de Las Américas,
Quito, Ecuador. 2Cancer Research Group (CRG), Faculty of Medicine, Universi-
dad de Las Américas, Quito, Ecuador. *Latin American Network for the Imple-
mentation and Validation of Clinical Pharmacogenomics Guidelines (RELIVAF-
CYTED), Madrid, Spain. “Grupo de Bio-Quimioinformatica, Universidad de Las
Américas, Quito, Ecuador. 5Departmem of Computer Science and Information
Technologies, Computer Science Faculty, CITIC, RNASA Group, University

of A Corufa, A Corunia, Spain. 50ne Health Research Group, Facultad de
Medicina, Universidad de las Américas, Quito, Ecuador. ’Grupo de Medicina
Xendmica, Instituto de Ciencias Forenses, Universidad de Santiago de
Compostela, A Coruria, Spain. #Centro de Investigacion Genética y Gendmica,
Facultad de Ciencias de la Salud Eugenio Espejo, Universidad UTE, Quito,
Ecuador. °Laboratério de Diagndstico por DNA (LDD), Universidade do Estado
do Rio de Janeiro, Rio de Janeiro, Brazil. '°Carrera de Medicina Veterinaria,
Facultad de Ciencias de la Salud, Universidad de Las Américas, Quito, Ecuador.
Escuela de Enfermeria, Facultad de Ciencias de la Salud, Universidad de Las
Américas, Quito, Ecuador.

Received: 11 July 2023 Accepted: 12 September 2023
Published online: 26 September 2023

References

1. Stanton RC. Glucose-6-phosphate dehydrogenase, NADPH, and cell
survival. [UBMB Life. 2012;64:362-9.

2. Belfield KD, Tichy EM. Review and drug therapy implications of glucose-
6-phosphate dehydrogenase deficiency. Am J Health Syst Pharm.
2018;75:97-104.

3. Gomez-Manzo S, Marcial-Quino J, Vanoye-Carlo A, Serrano-Posada
H, Ortega-Cuellar D, Gonzalez-Valdez A, et al. Glucose-6-phosphate

21.

22.

23.

24,

25.

Page 9 of 10

dehydrogenase: update and analysis of new mutations around the world.
Int J Mol Sci. 2016;17: 2069.

Yoshida A, Beutler E, Motulsky AG. Human glucose-6-phosphate dehy-
drogenase variants. Bull World Health Organ. 1971;45:243-53.

Tishkoff SA, Varkonyi R, Cahinhinan N, Abbes S, Argyropoulos G, Destro-
Bisol G, et al. Haplotype diversity and linkage disequilibrium at human
G6PD: recent origin of alleles that confer malarial resistance. Science.
2001;293:455-62.

Relling MV, McDonagh EM, Chang T, Caudle KE, McLeod HL, Haidar CE,
et al. Clinical pharmacogenetics implementation consortium (CPIC)
guidelines for rasburicase therapy in the context of G6PD deficiency
genotype. Clin Pharmacol Ther. 2014,96:169-74.

Mbanefo EC, Ahmed AM, Titouna A, Elmaraezy A, Trang NT, Phuoc Long
N, et al. Association of glucose-6-phosphate dehydrogenase deficiency
and malaria: a systematic review and meta-analysis. Sci Rep. 2017;7:
45963.

Harcke SJ, Rizzolo D, Harcke HT. G6PD deficiency: an update. Jaapa.
2019;32:21-6.

Praoparotai A, Junkree T, Imwong M, Boonyuen U. Functional and
structural analysis of double and triple mutants reveals the contribution
of protein instability to clinical manifestations of G6PD variants. Int J Biol
Macromol. 2020;158:884-93.

. Arunachalam AK, Sumithra S, Maddali M, Fouzia NA, Abraham A, George

B, et al. Molecular characterization of G6PD deficiency: report of three
novel G6PD variants. Indian J Hematol Blood Transfus. 2020;36:349-55.

. Croft S. Antimalarial chemotherapy: mechanisms of action, resistance

and new directions in drug discovery. Drug Discov Today. 2001;6:1151.

. WHO. Control and elimination of Plasmodium vivax malaria. A technical

brief. Geneva: World Health Organization; 2015.

. Durand S, Cabezas C, Lescano AG, Galvez M, Gutierrez S, Arrospide N,

et al. Efficacy of three different regimens of primaquine for the preven-
tion of relapses of Plasmodium vivax malaria in the Amazon Basin of Peru.
Am J Trop Med Hyg. 2014;91:18-26.

. Gonzalez-Ceron L, Rodriguez MH, Sandoval MA, Santillan F, Galindo-

Virgen S, Betanzos AF, et al. Effectiveness of combined chloroquine and
primaquine treatment in 14 days versus intermittent single dose regi-
men, in an open, non-randomized, clinical trial, to eliminate Plasmodium
vivax in southern Mexico. Malar J. 2015;14:426.

. Koromina M, Pandi MT, van der Spek PJ, Patrinos GP, Lauschke VM. The

ethnogeographic variability of genetic factors underlying G6PD defi-
ciency. Pharmacol Res. 2021;173: 105904.

. Beutler E. G6PD: population genetics and clinical manifestations. Blood

Rev. 1996;10:45-52.

. Matsuoka H, Wang J, Hirai M, Arai M, Yoshida S, Kobayashi T, et al.

Glucose-6-phosphate dehydrogenase (G6PD) mutations in Myanmar:
G6PD Mahidol (487G > A) is the most common variant in the Myanmar
population. J Hum Genet. 2004;49:544-7.

Buchachart K, Krudsood S, Singhasivanon P, Treeprasertsuk S, Phophak
N, Srivilairit S, et al. Effect of primaquine standard dose (15 mg/day for
14 days) in the treatment of vivax malaria patients in Thailand. Southeast
Asian J Trop Med Public Health. 2001;32:720-6.

Tantular IS, Kawamoto F. Distribution of G6PD deficiency genotypes
among southeast asian populations. Trop Med Health. 2021;49:97.
McDonagh EM, Thorn CF, Bautista JM, Youngster |, Altman RB, Klein TE.
PharmGKB summary: very important pharmacogene information for
G6PD. Pharmacogenet Genomics. 2012,22:219-28.

Howes RE, Dewi M, Piel FB, Monteiro WM, Battle KE, Messina JP, et al.
Spatial distribution of G6PD deficiency variants across malaria-endemic
regions. Malar J. 2013;12:1-15.

Recht J, Siqueira AM, Monteiro WM, Herrera SM, Herrera S, Lacerda MVG.
Malaria in Brazil, Colombia, Peru and Venezuela: current challenges in
malaria control and elimination. Malar J. 2017;16:273.

Bardach A, Ciapponi A, Rey-Ares L, Rojas JI, Mazzoni A, Glujovsky D, et al.
Epidemiology of malaria in Latin America and the Caribbean from 1990
to 2009: systematic review and Meta-analysis. Value Health Reg Issues.
2015;8:69-79.

Monteiro WM, Val FF, Siqueira AM, Franca GP, Sampaio VS, Melo GC, et al.
G6PD deficiency in Latin America: systematic review on prevalence and
variants. Mem Inst Oswaldo Cruz. 2014;109:553-68.

Vera-Arias CA, Castro LE, Gomez-Obando J, Saenz FE. Diverse origin of
Plasmodium falciparum in northwest Ecuador. Malar J. 2019;18:251.



Atarihuana et al. Malaria Journal

26.

27.

28.

29.

30.

31

32.

33.

34

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

(2023) 22:283

Saenz FE, Arevalo-Cortes A, Valenzuela G, Vallejo AF, Castellanos A,
Poveda-Loayza AC, et al. Malaria epidemiology in low-endemicity areas
of the northern coast of Ecuador: high prevalence of asymptomatic infec-
tions. Malar J. 2017;16:300.

Guevara A, Calvopina M, Macfas G, Guderian RJA. Deficiencia de glucosa-
6-fosfato dehidrogenasa en poblaciones ecuatorianas de raza negra. Acta
Bioquim Clin Latinoam. 1991,25:113-7.

Martinez-Labarga C, Rickards O, Scacchi R, Corbo RM, Biondi G, Pena JA,
et al. Genetic population structure of two african-ecuadorian communi-
ties of Esmeraldas. Am J Phys Anthropol. 1999;109:159-74.

Miller SA, Dykes DD, Polesky HF. A simple salting out procedure for
extracting DNA from human nucleated cells. Nucleic Acids Res. 1988;16:
1215.

Ron-Garrido L, Coral-Almeida M, Gabriel S, Benitez-Ortiz W, Saegerman C,
Dorny P, et al. Distribution and potential indicators of hospitalized cases
of neurocysticercosis and epilepsy in Ecuador from 1996 to 2008. PLoS
Negl Trop Dis. 2015;9: e€0004236.

Kulldorff M. A spatial scan statistic. Commun Stat Theory Methods.
1997;26:1481-96.

Instituto Nacional de Estadistica y Censos (INEC) Ecuador. Estadisticas
Hospitalarias Camas y Egresos. 2021. https://www.ecuadorencifras.gob.
ec/institucional/home/. Accessed 21 Apr 2023.

Han J, Zhu L, Kulldorff M, Hostovich S, Stinchcomb DG, Tatalovich Z, et al.
Using Gini coefficient to determining optimal cluster reporting sizes for
spatial scan statistics. Int J Health Geogr. 2016;15:27.

Wang J, Xiao QZ, Chen YM, Yi S, Liu D, Liu YH, et al. DNA hypermethylation
and X chromosome inactivation are major determinants of phenotypic
variation in women heterozygous for G6PD mutations. Blood Cells Mol
Dis. 2014;53:241-5.

Chen B, Cole JW, Grond-Ginsbach C. Departure from hardy Weinberg
equilibrium and genotyping error. Front Genet. 2017;8: 167.

Farinango C, Gallardo-Condor J, Freire-Paspuel B, Flores-Espinoza R,
Jaramillo-Koupermann G, Lopez-Cortes A, et al. Genetic variations of the
DPYD gene and its relationship with ancestry proportions in different
ecuadorian trihybrid populations. J Pers Med. 2022;12: 950.

Lippi G, Mattiuzzi C. Updated worldwide epidemiology of inherited
erythrocyte disorders. Acta Haematol. 2020;143:196-203.

Luzzatto L, Ally M, Notaro R. Glucose-6-phosphate dehydrogenase defi-
ciency. Blood. 2020;136:1225-40.

Nkhoma ET, Poole C, Vannappagari V, Hall SA, Beutler E. The global preva-
lence of glucose-6-phosphate dehydrogenase deficiency: a systematic
review and meta-analysis. Blood Cells Mol Dis. 2009;42:267-78.

Nagar SD, Conley AB, Chande AT, Rishishwar L, Sharma S, Marino-Ramirez
L, et al. Genetic ancestry and ethnic identity in Ecuador. HGG Adv.
2021,2:100050.

Zambrano A, Gaviria A, Vela M, Cobos S, Leone P, Gruezo C, et al. Ancestry
characterization of Ecuador’s Highland mestizo population using autoso-
mal AIM-INDELs. Forensic Sci Int Genet Suppl Ser. 2017;6:e477-€8.
Lépez-Cortés A, Echeverria-Garcés G, Burgos G, Zambrano A, Cabrera-
Andrade A, Garcia-Cérdenas J, et al. Molecular analysis of ancestry
informative markers (AIMs-INDELSs) in a high altitude Ecuadorian mestizo
population affected with breast cancer. Forensic Sci Int Genet Suppl Ser.
2017,6:e231-e232.e2.

Santangelo R, Gonzalez-Andrade F, Borsting C, Torroni A, Pereira V,
Morling N. Analysis of ancestry informative markers in three main ethnic
groups from Ecuador supports a trihybrid origin of Ecuadorians. Forensic
Scilnt Genet. 2017,31:29-33.

Gunderson AK, Kumar RE, Recalde-Coronel C, Vasco LE, Valle-Campos A,
Mena CF, et al. Malaria transmission and spillover across the Peru-Ecuador
border: a spatiotemporal analysis. Int J Environ Res Public Health. 2020;17:
7434,

Kroeger A, Meyer R, Mancheno M, Gonzalez M. Health education for
community-based malaria control: an intervention study in Ecuador,
Colombia and Nicaragua. Trop Med Int Health. 1996;1:836-46.

Vizzi E, Bastidas G, Hidalgo M, Colman L, Perez HA. Prevalence and
molecular characterization of G6PD deficiency in two Plasmodium vivax
endemic areas in Venezuela: predominance of the African A-(202A/376G)
variant. Malar J. 2016;15:19.

Saenz FE, Morton LC, Okoth SA, Valenzuela G, Vera-Arias CA, Velez-Alvarez
E, et al. Clonal population expansion in an outbreak of Plasmodium
falciparum on the northwest coast of Ecuador. Malar J. 2015;14:1-10.

48.

49.

50.

51.

52.
53.

54.

55.

56.

57.

58.

59.

Page 10 of 10

San Sebastian M, Jativa R, Goicolea I. Epidemiology of malaria in the
Amazon basin of Ecuador. Rev Panam Salud Publica. 2000;7:24-8.

Howes RE, Piel FB, Patil AP, Nyangiri OA, Gething PW, Dewi M, et al. GGPD
deficiency prevalence and estimates of affected populations in malaria
endemic countries: a geostatistical model-based map. PLoS Med. 2012;9:
e1001339.

Fernando D, Rodrigo C, Rajapakse S. Primaquine in vivax malaria: an
update and review on management issues. Malar J. 2011;10: 351.

WHQO. Testing for G6PD deficiency for safe use of primaquine in radical
cure of P vivax and P, ovale malaria. Geneva: World Health Organization;
2016. https://www.who.int/malaria/publications/atoz/g6pd-testing-pg-
radical-cure-vivax/en/. Accessed 3 May 2023.

WHO. Guidelines for malaria. Geneva: World Health Organization; 2021.
Ministerio de Salud Publica del Ecuador. Diagndstico y tratamiento de
malaria, protocolo. 2019. https://aplicaciones.msp.gob.ec/salud/archi
vosdigitales/documentosDirecciones/dnn/archivos/AC_0346_2019%
2029%20ABRIL.pdf/. Accessed 24 Aug 2023.

Loria P, Miller S, Foley M, Tilley LIBJ. Inhibition of the peroxidative degra-
dation of haem as the basis of action of chloroquine and other quinoline
antimalarials. Biochem J. 1999;339:363-70.

da Rocha JEB, Othman H, Tiemessen CT, Botha G, Ramsay M, Masimirem-
bwa C, et al. G6PD distribution in sub-saharan Africa and potential risks of
using chloroquine/hydroxychloroquine based treatments for COVID-19.
Pharmacogenomics J. 2021;21:649-56.

Doyno C, Sobieraj DM, Baker WL. Toxicity of chloroquine and hydroxy-
chloroquine following therapeutic use or overdose. Clin Toxicol.
2021;59:12-23.

Chu CS, Freedman DO. Tafenoquine and G6PD: a primer for clinicians. J
Travel Med. 2019;26:taz023.

Bancone G, Chu CS. G6PD variants and haemolytic sensitivity to pri-
maquine and other drugs. Front Pharmacol. 2021;12: 638885.

Bancone G, Chowwiwat N, Somsakchaicharoen R, Poodpanya L, Moo PK,
Gornsawun G, et al. Single low dose primaquine (0.25 mg/kg) does not
cause clinically significant haemolysis in G6PD deficient subjects. PLoS
ONE. 2016;11:e0151898.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://www.ecuadorencifras.gob.ec/institucional/home/
https://www.ecuadorencifras.gob.ec/institucional/home/
https://www.who.int/malaria/publications/atoz/g6pd-testing-pq-radical-cure-vivax/en/
https://www.who.int/malaria/publications/atoz/g6pd-testing-pq-radical-cure-vivax/en/
https://aplicaciones.msp.gob.ec/salud/archivosdigitales/documentosDirecciones/dnn/archivos/AC_0346_2019%2029%20ABRIL.pdf/
https://aplicaciones.msp.gob.ec/salud/archivosdigitales/documentosDirecciones/dnn/archivos/AC_0346_2019%2029%20ABRIL.pdf/
https://aplicaciones.msp.gob.ec/salud/archivosdigitales/documentosDirecciones/dnn/archivos/AC_0346_2019%2029%20ABRIL.pdf/

	Genetic basis and spatial distribution of glucose-6-phosphate dehydrogenase deficiency in ecuadorian ethnic groups: a malaria perspective
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Sample collection
	DNA extraction
	Genotyping of G6PD SNVs and statistical analysis
	Spatial analysis and statistical methods

	Results
	G6PD genotyping
	Hardy Weinberg equilibrium, pairwise genetic distances and AMOVA
	Prevalence of G6PD deficiency in ecuadorian ethnic groups
	Spatial distribution of malaria cases and G6PD deficiency in Ecuador

	Discussion
	Conclusions
	Anchor 20
	Acknowledgements
	References


