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Assessment of glucose-6-phosphate dehydrogenase activity using CareStart G6PD rapid diagnostic test and associated genetic variants in Plasmodium vivax malaria endemic setting in Mauritania

ou non, émanant des établissements d'enseignement et de recherche français ou étrangers, des laboratoires publics ou privés.

Introduction

Malaria remains a major public health burden in Mauritania with two-thirds of the population at risk. In the northern Saharan zone of the country, including Nouakchott, the capital city, malaria is predominantly caused by Plasmodium vivax [START_REF] Lekweiry | Malaria prevalence and morbidity among children reporting at health facilities in Nouakchott, Mauritania[END_REF][START_REF] Deida | Oasis malaria, northern Mauritania[END_REF], whereas in the southern Sahelian zone, almost all malaria cases are due to Plasmodium falciparum [START_REF] Salem | Malaria-associated morbidity during the rainy season in Saharan and Sahelian zones in Mauritania[END_REF][START_REF] Ba | Widespread distribution of Plasmodium vivax malaria in Mauritania on the interface of the Maghreb and West Africa[END_REF].

Plasmodium vivax infection is characterized by the occurrence of relapses several weeks or even months after the primary infection due to the persistent quiescent liver forms (hypnozoites). Radical cure of P. vivax malaria requires the elimination of both the blood stage parasites and hypnozoites. Primaquine, an 8-aminoquinoline, has long been the only available and effective drug capable of killing hypnozoites and, therefore, of preventing relapses [START_REF] Wells | Targeting the hypnozoite reservoir of Plasmodium vivax: the hidden obstacle to malaria elimination[END_REF]. Tafenoquine (Krintafel), another 8-aminoquinoline with a hypnozoicidal activity, has recently been approved by the United States Food and Drug Administration [START_REF]Krintafel (tafenoquine succinate tablets) FDA Advisory Committee Briefing Document[END_REF]. Despite their effectiveness in eliminating hypnozoites, 8-aminoquinolines may cause dose-dependent oxidant hemolysis in glucose-6-phosphate dehydrogenase (G6PD) deficient individuals [START_REF] Fernando | Primaquine in vivax malaria: an update and review on management issues[END_REF][START_REF] Watson | Implications of current therapeutic restrictions for primaquine and tafenoquine in the radical cure of vivax malaria[END_REF].

G6PD deficiency is the most common genetic enzyme disorder in humans with 400 million affected persons worldwide. Currently, 217 mutations on the g6pd gene have been described and genetically characterized [START_REF] Go ´mez-Manzo | Glucose-6-phosphate dehydrogenase: update and analysis of new mutations around the world[END_REF][START_REF] Minucci | Glucose-6-phosphate dehydrogenase (G6PD) mutations database: Review of the "old" and update of the new mutations[END_REF]. In sub-Saharan Africa, the most frequent G6PD variants are the wild-type G6PD B, the non-deficient variant G6PD A, and the deficient variant G6PD A - [START_REF] Carter | Frequency of glucose-6-phosphate dehydrogenase deficiency in malaria patients from six African countries enrolled in two randomized anti-malarial clinical trials[END_REF]. The variant G6PD A results from the point mutation A376G whereas the deficient variant G6PD A -is characterized by the combination of A376G mutation and one of the following mutations: G202A, A542T, G680T, or T968C. In North Africa, g6pd gene with a point mutation (C563T), known as the "Mediterranean variant (B -)," also occurs [START_REF] Nafa | At least five polymorphic variants account for the prevalence of glucose 6-phosphate deficiency in Algeria[END_REF]. The G6PD A -variant is often associated with mild to moderate hemolytic anemia, as compared to other G6PD variants, although fatal reactions to primaquine have been recorded in a limited number of patients [START_REF] Lacerda | Postmortem characterization of patients with clinical diagnosis of Plasmodium vivax malaria: to what extent does this parasite kill?[END_REF]. The Mediterranean variant often results in a more clinically severe hemolytic reaction following primaquine therapy and predisposes individuals to favism [START_REF] Howes | Spatial distribution of G6PD deficiency variants across malaria-endemic regions[END_REF]. Because of its X-linked mode of inheritance, G6PD deficiency affects men more frequently than women.

Current G6PD deficiency diagnostic methods include the fluorescent spot test [START_REF] Tan | Automated fluorometric determination of glucose-6-phosphate dehydrogenase (G6PD) and 6-phosphogluconate dehydrogenase (6PGD) activities in red blood cells[END_REF], spectrophotometric assay, also called enzyme activity assay [START_REF] Beutler | A series of new screening procedures for pyruvate kinase deficiency, glucose-6-phosphate dehydrogenase deficiency, and glutathione reductase deficiency[END_REF], and cytochemical assay [START_REF] Van Noorden | A sensitive cytochemical staining method for glucose-6-phosphate dehydrogenase activity in individual erythrocytes. II. Further improvements of the staining procedure and some observations with glucose-6-phosphate dehydrogenase deficiency[END_REF]. Although these techniques are reliable to identify G6PD deficiency, they are time consuming and require sophisticated laboratory equipment and skilled personnel to perform the tests, making them difficult to use in low-resource settings [START_REF] Mcnerney | Diagnostics for developing countries[END_REF]. Recently, several qualitative rapid diagnostic tests for screening this enzymatic disorder have been developed [START_REF] Ley | The challenges of introducing routine G6PD testing into radical cure: a workshop report[END_REF]. These provide the results rapidly (within 10-15 min), work in a wide range of ambient temperature, use small amounts of fresh whole capillary blood, and are not costly, compared to conventional diagnostic tests performed in well-equipped laboratories [START_REF] Ley | The challenges of introducing routine G6PD testing into radical cure: a workshop report[END_REF][START_REF] Von Fricken | Performance of the CareStart glucose-6-phosphate dehydrogenase (G6PD) rapid diagnostic test in Gressier, Haiti[END_REF][START_REF] Osorio | Performance of BinaxNOW G6PD deficiency point-of-care diagnostic in P. vivax-infected subjects[END_REF].

Since 2014, primaquine is recommended by the Mauritanian Ministry of Health for the radical treatment of P. vivax malaria in patients with normal G6PD activity [22]. Before primaquine can be administered to a patient for radical treatment of P. vivax malaria, screening for G6PD activity is required because primaquine is contraindicated in patients with G6PD deficiency. However, in almost all health facilities in the country, the G6PD status of P. vivaxinfected malaria patients is not or cannot be determined at present, leading to non-use of primaquine. Moreover, there is no recent database on G6PD status in Mauritania. Therefore, the objective of this study was to assess the prevalence of different variants of G6PD deficiency in Mauritanian blood donors of different ethnic origins in Nouakchott, where P. vivax is endemic. The obtained data will be useful for decision making on the possible need for routine G6PD deficiency testing as part of P. vivax malaria control and elimination in the country.

Methods

Study site

The study was conducted in 2016 at the National Blood Transfusion Center (CNTS) in Nouakchott (Fig 1). The Nouakchott that contributes to a quarter of the total population (1,043,177) of Mauritania reflects the diverse ethnicity of the country [START_REF]General population and housing census[END_REF]. The two major ethno-linguistic groups are the Moors (consisting of white and black Moors) and black Africans (including Pular, Soninke, and Wolof). White and black Moors share the same dialect called "Hassaniya" derived from a Berber-influenced Arabic language, while each of Black African ethnic groups has its own language and cultural specificities [START_REF] Hamed | Frequencies and ethnic distribution of ABO and Rh(D) blood groups in Mauritania: results of first nationwide study[END_REF]. Inter-ethnic marriages are rare in Mauritania.

Blood collection and detection of G6PD deficiency

Between May and December 2016, whole blood was collected in a 5-ml ethylenediaminetetraacetic acid (EDTA)-coated blood collection tube from 454 healthy blood donors and was immediately used for G6PD deficiency screening using CareStart rapid diagnostic test (Access-Bio, Somerset, NJ, USA) according to the manufacturer's instructions. About 200 μl of the remaining blood were spotted on Whatman 3MM filter paper for storage and DNA extraction.

DNA extraction and detection of G6PD allelic variants

DNA was extracted from samples with G6PD deficiency using Quick-DNA Miniprep Plus kit (Zymo Research Corporation, Irvine, CA, USA) according to the manufacturer's instructions. G6PD variants were characterized using DiaPlexC G6PD genotyping kit (SolGent Co., Daejeon, Republic of Korea). The kit provides a simple and rapid alternative to PCR and enzyme digestion-based assays and enables to detect six different g6pd point mutations by a one-step multi-allelic specific PCR [START_REF] Minucci | Glucose-6-phosphate dehydrogenase (G6PD) mutations database: Review of the "old" and update of the new mutations[END_REF][START_REF] Zu ´ñiga | Glucose-6-phosphate dehydrogenase deficiency among malaria patients of Honduras: a descriptive study of archival blood samples[END_REF]: G202A (Val-to-Met substitution in exon 4), A376G (Asnto-Asp substitution in exon 5), A542T (Asp-to-Val substitution in exon 6), C563T (Ser-to-Phe substitution in exon 6), G680T (Arg-to-Leu substitution in exon 7), and T968C (Leu-to-Pro substitution in exon 9). These mutations are associated with three levels of deficiency according to the severity of clinical symptoms that may occur in the presence of stressors [START_REF] Minucci | Glucose-6-phosphate dehydrogenase (G6PD) mutations database: Review of the "old" and update of the new mutations[END_REF][START_REF] Who | Glucose-6-phosphate dehydrogenase deficiency. WHO Working Group[END_REF]: class II (severe deficiency; Mediterranean B -, C563T single mutation; Santamaria, A376G + A542T double mutations), class III (mild to moderate deficiency; A -(202) , G202A + A376G double mutations; A -(680) , A376G + G680T double mutations; A -(968) Betica-Selma, A376G + T968C double mutations), and class III-IV (mild deficiency; type A, A376G single mutation). Two microliters of total genomic DNA (25-50 ng) were added to 23 μl of master mixture containing pre-mix (12.5 μl), G6PD primer mixture (2 μl; African type), and nuclease-free ultrapure water (8.5 μl), as recommended by the manufacturer. PCR was performed for 30 cycles at an annealing temperature of 60˚C, as recommended by the manufacturer. PCR products were analyzed by electrophoresis on 3% agarose gel, stained with GelGreen Nucleic Acid Gel Stain (Biotium Inc., Fremont, CA, USA), and visualized under ultraviolet illumination. The following sizes of PCR products were obtained, depending on the presence of mutations: A376G, 103 bp; G202A, 157 bp; A542T, 241 bp; C563T, 220 bp; G680T, 388 bp; and T968C, 463 bp. The validity of each PCR amplification was confirmed by an internal control (947 bp). PCR was performed in a thermal cycler Eppendorf MasterCycler Personal (Eppendorf, Hamburg, Germany).

Data analysis

Data were analyzed using MedCalc statistical software version 16.4.3 [27]. The chi-square test was used for comparison of proportions. The significance level was set at P < 0.05. 

Ethical approval

The study obtained ethical clearance from the ethical committee of the University of Nouakchott Al-Aasriya, and written informed consent was obtained from all participants.

Results

Characteristics of the study population

Overall, 454 unrelated individuals were enrolled during the study period. Data from 11 donors (2.4%) were excluded from analysis due to missing data (5 without ethnic origin, 2 without gender, 4 invalid G6PD screening tests). Data from the remaining 443 individuals were analyzed. Table 1 summarizes the characteristics of the study population. The median (range; interquartile range) age was 30 (18-61; 12) years. Individuals under 18 years old were not represented in our sample population as the lower age limit for blood donation in the country is 18 years. The proportion of male donors (416/443; 94%) was significantly higher (P < 0.0001) than that of females (27/443; 6%). All ethnic groups in Mauritania were represented in the study population (168 white Moors, 173 black Moors, 100 Black Africans, and 2 mixed ethnic origins). The proportion of white and black Moors in the study population did not differ significantly (P = 0.85).

Prevalence of G6PD deficiency

Among 443 screened study subjects, 50 (11.3%) were phenotypically deficient for G6PD using CareStart rapid diagnostic test (Table 1). G6PD deficiency was found, with no significant differences, in 49 of 416 (11.8%) males and 1 of 27 (3.7%) females (χ 2 = 1.6; df = 1; P = 0.8). The prevalence of G6PD deficiency by ethnic groups indicated that Black Africans (15/100, 15.0%) and black Moors (25/173; 14.4%) had similar frequencies of G6PD deficiency (P = 0.89). Compared to these two ethnic groups, the prevalence of G6PD deficiency in white Moors was 5.9% (10/168; P = 0.009). Of 50 G6PD-deficient blood donors, 13 (26%) reported that they had a past history of malaria but were not able to remember the Plasmodium species and treatment they received.

Identification of G6PD allelic variants

G6PD allelic variants were assessed in 45 (44 men and 1 woman) of 50 phenotypically G6PDdeficient individuals. PCR failed in 5 of 50 samples, probably due to poor storage conditions leading to DNA degradation. G6PD variant A (376G), characterized by little or no clinical significance, was observed in three individuals (two men and one woman) and was associated with a faint color change in CareStart rapid diagnostic test. 

Discussion

In countries where P. vivax is endemic, primaquine and more recently tafenoquine remain the only 8-aminoquinoline antimalarial drugs available for radical treatment. In Mauritania, several studies have confirmed that P. vivax is endemic in the northern Saharan zone, including ��� None of the six tested allelic variants was detected in these individuals with phenotypic deficiency although the internal control was positive. The only woman with G6PD deficiency had G6PD A (376G) genotype. G680T was not found.

https://doi.org/10.1371/journal.pone.0220977.t002

Nouakchott [START_REF] Lekweiry | Malaria prevalence and morbidity among children reporting at health facilities in Nouakchott, Mauritania[END_REF][START_REF] Deida | Oasis malaria, northern Mauritania[END_REF][START_REF] Salem | Malaria-associated morbidity during the rainy season in Saharan and Sahelian zones in Mauritania[END_REF]. White Moorish individuals are more susceptible to P. vivax infection than other ethnic groups, probably due to the high prevalence of positive Duffy blood group among them, even though P. vivax was also found in few Duffy-negative patients [START_REF] Lekweiry | Malaria prevalence and morbidity among children reporting at health facilities in Nouakchott, Mauritania[END_REF][START_REF] Wurtz | Vivax malaria in Mauritania includes infection of a Duffy-negative individual[END_REF][START_REF] Hamdinou | Distribution of Duffy blood group (FY) phenotypes among Plasmodium vivax-infected patients in Nouakchott, Mauritania[END_REF]. Primaquine was introduced in the national malaria treatment guideline in 2014 for the control and elimination of P. vivax malaria. At present, artemisinin-based combination therapy (ACT) is the first-line drug to treat P. falciparum and P. vivax malaria. Primaquine administration has not been implemented in the country owing to concerns about its potential toxicity, including hemolytic anemia, in G6PD-deficient patients and the absence of a prior routine G6PD deficiency testing for the safe use of primaquine at health facilities.

In the present study, G6PD deficiency was investigated in blood donors living in Nouakchott, an endemic area of P. vivax in Mauritania. Our results showed that the prevalence of phenotypic G6PD deficiency using CareStart rapid diagnostic test is 11.3%. The mean prevalence of G6PD deficiency among countries with ongoing malaria transmission is estimated to be 8% [START_REF] Go ´mez-Manzo | Glucose-6-phosphate dehydrogenase: update and analysis of new mutations around the world[END_REF][START_REF] Howes | G6PD deficiency prevalence and estimates of affected populations in malaria endemic countries: a geostatistical model-based map[END_REF]. The prevalence of G6PD deficiency reported in the present study is similar to those reported from other West African countries, such as Senegal (12%) [START_REF] Araujo | The role of the G6PD A-376G/968C allele in glucose-6-phosphate dehydrogenase deficiency in the Sereer population of Senegal[END_REF], Sierra Leone (11.3%) [START_REF] Jalloh | G6PD deficiency assessment in Freetown, Sierra Leone, reveals further insight into the molecular heterogeneity of G6PD A[END_REF] and Burkina Faso (9.5%) [START_REF] Ouattara | Glucose-6-phosphate dehydrogenase (G6PD) deficiency is associated with asymptomatic malaria in a rural community in Burkina Faso[END_REF]. On the other hand, the prevalence of G6PD deficiency in Mauritania is higher than that reported in North African countries, such as Tunisia (4.4%), Algeria (5.4%), and Egypt (5.9%) [START_REF] Settin | Screening for G6PD Mediterranean mutation among Egyptian neonates with high or prolonged jaundice[END_REF][START_REF] Benmansour | Two new class III G6PD variants [G6PD Tunis (c.920A>C: p.307Gln>Pro) and G6PD Nefza (c.968T>C: p.323 Leu>Pro)] and overview of the spectrum of mutations in Tunisia[END_REF]. However, comparison of the frequency of G6PD deficiency (5.9%) in White Moors of Arab descent and that of the dominant Arab ethnic groups in Tunisia and Algeria reveals comparable results.

The study also revealed that the most common G6PD variants were G6PD A -(African variant) and G6PD B -(Mediterranean variant) found in 31.8% and 29.5% of G6PD-deficient blood donors, respectively. G6PD A -and G6PD B -are among the most common G6PD variants worldwide. They may be associated with different severity of clinical symptoms in the presence of antimalarial drugs such as primaquine, ranging from moderate (for G6PD A -) to severe (for G6PD B -) anemia. In sub-Saharan Africa, G6PD A -(202A/376G) variant is the most common variant [START_REF] Howes | Spatial distribution of G6PD deficiency variants across malaria-endemic regions[END_REF]. For instance, in Burkina Faso, A -(202A/376G) was the only variant observed [START_REF] Ouattara | Glucose-6-phosphate dehydrogenase (G6PD) deficiency is associated with asymptomatic malaria in a rural community in Burkina Faso[END_REF]. In Mali, A -(202A/376G) was also observed but the differences in proportions between ethnic groups were not significant [START_REF] Dolo | Fre ´quence du de ´ficit en glucose-6phosphate de ´shydroge ´nase (A-376/202) dans trois groupes ethniques vivant en zone d'ende ´mie palustre au Mali[END_REF]. In some Arab African countries like Algeria and Tunisia, the frequency of G6PD A -was as high as 46% [START_REF] Nafa | At least five polymorphic variants account for the prevalence of glucose 6-phosphate deficiency in Algeria[END_REF][START_REF] Benmansour | Two new class III G6PD variants [G6PD Tunis (c.920A>C: p.307Gln>Pro) and G6PD Nefza (c.968T>C: p.323 Leu>Pro)] and overview of the spectrum of mutations in Tunisia[END_REF]. Inversely, in Senegal and The Gambia, A -(376G/968C) was the most frequent allele associated with G6PD deficiency, with the prevalence of 10% and 7%, respectively [START_REF] Araujo | The role of the G6PD A-376G/968C allele in glucose-6-phosphate dehydrogenase deficiency in the Sereer population of Senegal[END_REF][START_REF] Clark | Allelic heterogeneity of G6PD deficiency in West Africa and severe malaria susceptibility[END_REF][START_REF] Sirugo | G6PD Adeficiency and severe malaria in The Gambia: heterozygote advantage and possible homozygote disadvantage[END_REF]. The Mediterranean G6PD variant has not yet been described in sub-Saharan Africa, but it is the second most common variant in Algeria (23%) and Tunisia (33.1%) [START_REF] Nafa | At least five polymorphic variants account for the prevalence of glucose 6-phosphate deficiency in Algeria[END_REF][START_REF] Benmansour | Two new class III G6PD variants [G6PD Tunis (c.920A>C: p.307Gln>Pro) and G6PD Nefza (c.968T>C: p.323 Leu>Pro)] and overview of the spectrum of mutations in Tunisia[END_REF].

Eight of 44 phenotypically deficient male blood donors showed none of the six expected mutations. One possible explanation is that G6PD deficiency in these ethnically different individuals is associated with other variants not detected using DiaPlexC G6PD genotyping kit and that the observed phenotype could be associated with different G6PD genotypes. Only sequencing of g6pd gene in these individuals could provide further information. In Tunisia, no mutation was identified in 6 of 56 (10.7%) G6PD-deficient screened subjects using PCRrestriction fragment length polymorphism (RFLP) [START_REF] Laouini | Glucose-6-phosphate dehydrogenase deficiency in Tunisia: molecular data and phenotype-genotype association[END_REF]. It is also possible that 8 G6PD-deficient subjects whose genotype was not characterized in our study could be false positives, but due to insufficient resources, we were not able to test the performance of CareStart rapid diagnostic test compared to the gold standard. Other studies have reported that diagnostic performance of CareStart rapid diagnostic test is high compared to other existing rapid diagnostic tests, and that this rapid diagnostic test is considered as a promising tool for point-of-care use in countries with poor resources [START_REF] Espino | Comparison of three screening test kits for G6PD enzyme deficiency: implications for its use in the radical cure of vivax malaria in remote and resource-poor areas in the Philippines[END_REF][START_REF] Adu-Gyasi | Evaluation of the diagnostic accuracy of CareStart G6PD deficiency rapid diagnostic test (RDT) in a malaria endemic area in Ghana, Africa[END_REF][START_REF] Satyagraha | Assessment of pointof-care diagnostics for G6PD deficiency in malaria endemic rural eastern Indonesia[END_REF][START_REF] Roh | Screening for glucose-6phosphate dehydrogenase deficiency using three detection methods: a cross-sectional survey in southwestern Uganda[END_REF]. In the previous studies, the sensitivity and specificity of CareStart rapid diagnostic test, compared to the reference quantitative spectrophotometric method, were 85-100% and 72-99%, respectively, at the threshold of 30% of normal G6PD activity [START_REF] Espino | Comparison of three screening test kits for G6PD enzyme deficiency: implications for its use in the radical cure of vivax malaria in remote and resource-poor areas in the Philippines[END_REF][START_REF] Adu-Gyasi | Evaluation of the diagnostic accuracy of CareStart G6PD deficiency rapid diagnostic test (RDT) in a malaria endemic area in Ghana, Africa[END_REF][START_REF] Satyagraha | Assessment of pointof-care diagnostics for G6PD deficiency in malaria endemic rural eastern Indonesia[END_REF][START_REF] Roh | Screening for glucose-6phosphate dehydrogenase deficiency using three detection methods: a cross-sectional survey in southwestern Uganda[END_REF][START_REF] Fricken | Performance of the CareStart glucose-6-phosphate dehydrogenase (G6PD) rapid diagnostic test in Gressier, Haiti[END_REF][START_REF] Henriques | Comparison of glucose-6-phosphate dehydrogenase status by fluorescent spot test and rapid diagnostic test in Lao PDR and Cambodia[END_REF]. Low sensitivity (62-68%) was reported in two studies, but the source of these discrepant results was due to the misinterpretation of faint color change which, if corrected, would have increased the sensitivity [START_REF] Kim | Performance of the CareStart™ G6PD deficiency screening test, a point-of-care diagnostic for primaquine therapy screening[END_REF][START_REF] Brito | Validation of the rapid test Carestart™ G6PD among malaria vivax-infected subjects in the Brazilian Amazon[END_REF][START_REF] Monteiro | Accuracy of CareStart™ G6PD rapid diagnostic test: variation in results from different commercial versions[END_REF]. These data lend support to the view that this rapid diagnostic test may become an indispensable tool to screen P. vivax-infected patients before primaquine is administered.

Overall, the present study revealed heterogeneous prevalence of both African and Mediterranean variants of G6PD deficiency using phenotypic and molecular tests among study subjects belonging to different ethnic groups present in Mauritania. These findings were somewhat expected because Mauritania is located at the intersection between Maghreb and sub-Saharan African countries, and its ethnic composition is made up of Moors of Arab descent, in whom Mediterranean G6PD variant B -(563T) predominates, and black Africans in whom G6PD deficiency is mostly due to G6PD A -variant.

The main limitation of the present study was the inability to link the observed phenotypic and genotypic G6PD deficiency with enzymatic activity determined by a reference method in the study population. Moreover, despite the fact that 454 healthy individuals were recruited, the sample size of the present study does not have an adequate power to compare differences according to sex, ethnicity, and genotyping data. Nonetheless, to our knowledge, this is the first report on the prevalence of G6PD deficiency and its molecular variants in Mauritania. Further genotyping studies are needed to confirm the presence of additional variants that may be associated with G6PD deficiency and determine further the frequencies of mutations in G6PD in the general population as well as in different ethnic groups in relation to P. vivax infection. Accurate and up-to-date mapping of the prevalence of G6PD deficiency and its variants is required to design appropriate strategies of P. vivax malaria elimination that includes mass administration of primaquine.

Conclusion

The observed prevalence of G6PD deficiency and molecular variants are in agreement with those observed in West and North African populations. The study highlights the need to implement adequate G6PD deficiency screening with a reliable rapid diagnostic method before prescribing primaquine for the radical treatment of P. vivax-infected patients in Mauritania to minimize the risk of clinically relevant and severe hemolytic anemia associated with different G6PD variants in the country. More studies on a larger population size, including a higher number of women, are being planned in areas where P. vivax transmission occurs in the country. Further evaluation of quantitative rapid diagnostic tests for G6PD is warranted, especially for females in whom the random X chromosome inactivation may affect the interpretation of qualitative tests.

Fig 1 .

 1 Fig 1. Study site for the investigation of G6PD deficiency in Mauritania (red box). Inset map shows location of Mauritania in Africa. This map was created using Microsoft Paint application (Redmond, WA). https://doi.org/10.1371/journal.pone.0220977.g001

Table 1 . Demographic characteristics and G6PD-deficient phenotypes using Carestart rapid diagnostic test in healthy blood donors in Nouakchott, Mauritania.
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	Characteristics

� Pular, Soninke and Wolof; �� 12 Pulars and 3 Soninkes https://doi.org/10.1371/journal.pone.0220977.t001

  Table2summarizes the results of molecular analysis in 44 phenotypically G6PD-deficient males. The most commonly observed G6PD allelic variant among G6PD deficient men was the moderate African variant A -(202A/ 376G) in 14 of 44 (31.8%) individuals. Although the sample size was small, the African variant A -was observed more frequently in Black Moors than the other ethnic groups (10 Black Moors vs. 3 Black Africans and 1 White Moor). By contrast, in this small sample of G6PD-deficient Mauritanians, the severe Mediterranean variant B

-(563T) was observed in 13 of 44 (29.5%) subjects and occurred more frequently in White Moors (8 White Moors vs. 3 Black Moor and 2 Black Africans). The moderate A -(376G/968C) allelic variant (also known as Betica-Selma) was observed in 6 of 44 (13.6%) (5 Black Africans and 1 Black Moor) G6PDdeficient subjects. The severe Santamaria variant A -(376G/542T) was observed in only one White Moor. None of the expected allelic variants detectable by DiaPlexC G6PD genotyping kit was observed in 8 (18.2%) of the tested phenotypically G6PD deficient men from two different ethnic groups (5 Black Moors and 3 Black Africans). The allelic variant G680T was not found in our study population.

Table 2 . G6PD allelic variants among phenotypically deficient male blood donors by ethnic group in Nouakchott, Mauritania.

 2 

	G6PD allelic variant �	Common name		Ethnic group		Total (%)
				White Moors	Black Moors	Black Africans ��	
	Single	376G	A	0	2	0	2 (4.5)
		563T	Mediterranean (B -)	8	3	2	13 (29.5)
	Double	202A/376G	African (A -)	1	10	3	14 (31.8)
		376G/968C	Betica-Selma	0	1	5	6 (13.6)
		376G/542T	Santamaria	1	0	0	1 (2.3)
	Uncharacterized ���		0	5	3	8 (18.2)
	Total			10	21	13	44 (100.0)
	� PCR failed in samples from 5 phenotypically G6PD-deficient males, most probably due to DNA degradation;		

�� 

11 Pular and 2 Soninke;

PLOS ONE | https://doi.org/10.1371/journal.pone.0220977September 16, 2019 

Abbreviations: ACT, artemisinin-based combination therapy; G6PD, glucose-6-phosphate dehydrogenase; CNTS, Centre National de Transfusion Sanguine (National Center for Blood Transfusion); EDTA, ethylenediaminetetraacetic acid; G6PD, glucose-6-phosphate dehydrogenase; RFLP, restriction fragment length polymorphism.
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