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Abstract

Immunoglobulin (Ig) GM and KM allotypes, genetic markers of c and k chains, are associated with humoral immune
responsiveness. Previous studies have shown the relationships between GM6-carrying haplotypes and susceptibility to
malaria infection in children and adults; however, the role of the genetic markers in placental malaria (PM) infection and PM
with HIV co-infection during pregnancy has not been investigated. We examined the relationship between the gene
polymorphisms of Ig GM6 and KM allotypes and the risk of PM infection in pregnant women with known HIV status. DNA
samples from 728 pregnant women were genotyped for GM6 and KM alleles using polymerase chain reaction-restriction
fragment length polymorphism method. Individual GM6 and KM genotypes and the combined GM6 and KM genotypes
were assessed in relation to PM in HIV-1 negative and positive women, respectively. There was no significant effect of
individual GM6 and KM genotypes on the risk of PM infection in HIV-1 negative and positive women. However, the
combination of homozygosity for GM6(+) and KM3 was associated with decreased risk of PM (adjusted OR, 0.25; 95% CI,
0.08–0.8; P = 0.019) in HIV-1 negative women while in HIV-1 positive women the combination of GM6(+/2) with either KM1-
3 or KM1 was associated with increased risk of PM infection (adjusted OR, 2.10; 95% CI, 1.18–3.73; P = 0.011). Hardy-
Weinberg Equilibrium (HWE) tests further showed an overall significant positive F(is) (indication of deficit in heterozygotes)
for GM6 while there was no deviation for KM genotype frequency from HWE in the same population. These findings suggest
that the combination of homozygous GM6(+) and KM3 may protect against PM in HIV-1 negative women while the HIV-1
positive women with heterozygous GM6(+/2) combined with KM1-3 or KM1 may be more susceptible to PM infection. The
deficit in heterozygotes for GM6 further suggests that GM6 could be under selection likely by malaria infection.
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Introduction

Malaria is a major global public health problem and affects sub-

Saharan Africa predominantly [1]. Annually, about 125 million

pregnant women living in malaria-endemic areas, with 32 million

in sub-Saharan Africa, are at risk of malaria [2], and nearly 10,000

of these women and 200,000 infants die due to the direct or

indirect consequences of maternal Plasmodium falciparum infection

[2,3]. Inhabitants of malaria-endemic regions usually develop

protective immunity. However, because this protection is de-

creased during pregnancy, pregnant women are at higher risk of

malaria infection than their age-matched non-pregnant women

[4], with malaria parasites sequestering in the placenta due to the

selection of pregnancy-associated P. falciparum erythrocyte mem-

brane protein-1 (PfEMP-1) variant surface antigen (VSA) [5].

Placental malaria (PM) is often associated with maternal illness

and fetal loss in low transmission areas; in high transmission areas,

most mothers are asymptomatic but suffer from maternal anemia,

preterm labor, and low-birth weight infants contributing to

increased risk of neonatal and infant morbidity and mortality

[3,6,7]. Malaria and human immunodeficiency virus (HIV)
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infection often overlap in women of reproductive age in many sub-

Saharan African countries, emphasizing the public health impor-

tance of this co-infection. Co-infection with HIV in pregnant

women increases the risk of malaria infection, high parasite

density, maternal anemia, low-birth weight infants and congenital

malaria infection [8].

Although the immunological mechanisms responsible for

eliminating parasites from the placenta remain unclear, humoral

immune responses have been implicated. Unlike multigravidae,

primigravid women are more susceptible to PM and are less likely

to have the antibodies that inhibit the binding of infected red

blood cells to chondroitin sulfate A (CSA) in the placenta. The

previous studies on parity-dependent antibody responses further

suggest the existence of pregnancy-associated VSA expressed on

infected red blood cells [9,10,11]. In addition, naturally acquired

antibody responses to other blood stage antigens such as the C

terminus of merozoite surface protein 119 (MSP-119) have been

shown to be associated with reduced PM infection [11]. However,

HIV infection selectively alters humoral immune functions [12],

diminishes the development of parity-dependent antibody re-

sponses to pregnancy-associated VSA and impairs humoral

responses to other malaria antigens in pregnant women [13,14].

Furthermore, the effect of gene polymorphism in Fc receptors for

antibody IgG (FccRs) has been investigated in malaria during

pregnancy with or without HIV co-infection [15]. FccRs are

expressed on monocytes, macrophages, B-cells, and other leuko-

cytes and by binding to the antibody Fc-portion, they provide an

important link between the humoral and cellular arms of the

immune system for effector function and for immune modulation

[16]. Our previous report showed that the genotype of FccRIIa-

H/H131 was associated with enhanced susceptibility to PM in

HIV-positive women while the same FccRIIa genotype was found

to be less important for PM in HIV-negative women [15]. These

results indicate that the particular genotype of FccRIIa and

possible polymorphisms in the Fc portion of IgG may epistatically

interact, contributing to the disease-specific effector responses

mediated by IgG molecules [17].

Polymorphisms in the Fc portion of IgG called Ig GM and KM

allotypes are genetic markers of c and k chains, inherited as

autosomal codominant genes according to Mendelian laws [18].

GM allotypes are encoded by three very closely linked cistrons on

chromosome 14. They are localized on the constant region of c1,

c2 and c3 heavy chains, and there are currently 18 testable GM

specificities [19]. Linkage disequilibrium in the GM system is

almost absolute, and the determinants are transmitted as a group

called GM haplotypes. KM determinants are inherited via three

alleles on chromosome 2–KM1, KM1,2 and KM3. The clinical

importance of Ig GM and KM allotypes has been evaluated for a

number of other infectious diseases such as infections with hepatitis

C virus or Haemophilus influenzae type b bacteria. These studies

showed strong associations between specific Ig GM and KM

polymorphisms and susceptibility to and outcome of infections

[19,20]. However, their roles in PM infection and PM with HIV

co-infection have not been investigated. A previous study found an

inverse relationship between the carriage of the GM5,6,13,14

(expressed on IgG3);1,17(expressed on IgG1) phenotype and

uncomplicated malaria in children [21], and results from another

study indicated that the critical element in differences in

susceptibility to malaria infection seen between two sympatric

tribes in eastern Sudan might be GM6-carrying haplotypes [22].

In addition, the geographic distribution of GM6-related haplo-

types coincides with the region of high falciparum malaria, sickle-

cell allele and G6PD deficiency prevalence [23,24]. GM6 is also

confined in sub-Saharan Africa and rarely found in other

continents, with the exception of African-Americans in North

America [24].

Given the relevance of GM6 in malaria infection in non-

pregnant populations [21,22,23] and the possibility that Ig GM

and KM allotypes may contribute to the risk of PM infection and

PM with HIV co-infection by epistatic interaction with FccR

[15,17], the aim of this study was to investigate the association

between gene polymorphisms of Ig GM6, KM allotypes and PM

infection in Kenyan pregnant women with known HIV status. In

addition, we further evaluated possible selection by malaria on Ig

GM6 and KM in the study population.

Patients and Methods

Ethics Statement
This study was approved by the Ethical Review Committee of

the Kenya Medical Research Institute, Nairobi, Kenya and the

Institutional Review Board of the Centers for Disease Control and

Prevention, Atlanta, Georgia, USA. Informed written consent was

obtained from all study participants.

Study Participants and Data Collection
This study was integrated into an observational cohort study

(VT project) investigating the effect of PM on perinatal mother-to-

child transmission of HIV-1 in western Kenya. Details of the study

design, population and clinical procedures have been published

elsewhere [15,25]. Briefly, pregnant women attending the

antenatal clinic at New Nyanza Provincial General Hospital in

Kisumu from 1996–2001 were enrolled. Inhabitants of this area

are predominantly of the Luo ethnic tribe. At enrollment, a

questionnaire was administered to extract information on repro-

ductive history, socio-demographics, behavior, and clinical status.

Blood samples were taken from mothers for HIV-antibody testing,

as well as malaria blood smears and hemoglobin level. At delivery,

blood samples were collected from the periphery, placenta and

cord to determine placental parasitemia, hemoglobin level and

viral load. One month postpartum, additional blood samples were

obtained from the mothers for CD4 cell counts, hemoglobin and

malaria diagnosis. The maternal samples collected at delivery were

used for the current genetic study. The VT cohort study originally

enrolled 269 HIV-negative and 829 HIV-positive pregnant

women. The difference in the number of women in the two

groups was due to the fact that enrollment priority was given to

HIV-positive women. For the HIV-negative women, enrollment

priority was given to the women with PM. For the present genetic

study, only those women who had maternal DNA samples and

clinical data with no missing information on antimalarial drug

treatment during pregnancy were included. Four groups of

pregnant women in the current study are: (a) 132 HIV-1 negative

women with PM, (b) 107 HIV-1 negative women without PM, (c)

119 HIV-1 positive women with PM, and (d) 370 HIV-1 positive

women without PM.

Laboratory Procedures
Malaria and anemia diagnosis. PM was assessed on blood

samples obtained from a shallow incision on the maternal side of

the placenta. Thick smears were made from the maternal and

placental blood and examined by microscopy. Parasite densities

were calculated based on 8,000 leukocytes/mL blood having

counted 300 leukocytes. Placental smear readings were also

categorized on the basis of malarial pigment in placental

intervillous macrophages [26]. Peripheral blood hemoglobin

concentrations were measured using HemoCue system (Hemo-

Cue).
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HIV-1 serological diagnosis, CD4 count and viral

load. Maternal HIV-status was determined by a primary

Serotrip HIV-1/2 (Saliva Diagnostic Systems) and a confirmatory

Capillus HIV-1/2 test (Cambridge Diagnostics). Maternal CD4

counts were determined by the use of commercial monoclonal

antibodies and standard fluorescent-activated cell sorting analysis

of whole blood (FACScan, Becton Dickinson). Maternal HIV-1

load was measured by use of the Roche Amplicor HIV-1 monitor

(test version 1.0; Roche Diagnostics).

GM6 and KM genotyping. Genomic DNA was purified

from frozen blood pellets by micro-centrifugation using a

commercial DNA purification mini-kit QIAmpH (Qiagen). Since

there are no published methods for molecular genotyping of GM6,

a polymerase chain reaction-restriction fragment length polymor-

phism (PCR-RFLP) method was developed for this investigation

based on the amino acid sequence information provided by Dard

et al. [27]. According to these authors, GM6 is determined by a

glutamine (CAG) to glutamic acid (GAG) substitution at position

419 (CH3 region) of IgG3. The position of the GM6 C/G SNP

has a unique cutting site for the restriction enzyme Fnu4HI. Two

sites were chosen, where the IgG3 gene differed from the genes for

other IgG subclasses, for use as forward and reverse primers.

Briefly, the DNA segment encoding the CH3 region of human c3

chain determinant GM6 gene was amplified by PCR using the

following primers: Forward primer: 5’-GCGGGCAGCCGGA-

GAACAACTACAAC-3’ and Reverse primer: 5’-

GCTTGCCGGCTATCGCACTC-3’. After digestion with

Fnu4HI and the fragments separated on 8% polyacrylamide gel,

the following products corresponding to the three genotypes were

detected: GM6[+] (206-bp fragment), GM6[+/2] (206-bp, 110-bp

and 96-bp fragment) and GM6[2] (110-bp and 96-bp fragment)

(Figure 1). For quality control of this RFLP method for GM6, we

randomly sequenced 133 samples; of these, 118 matched the PCR-

RFLP results. With the remaining 15 samples, the results were

inconclusive because the quality of sequencing was not acceptable.

To our knowledge, GM6 is found exclusively in the populations of

African descent. Therefore, in another measure of quality control

for the GM6 RFLP method, we genotyped 114 HIV-infected

Caucasian subjects for GM6; none was positive for this

determinant. k chain determinants KM1 and KM3 were

characterized by the PCR-RFLP technique published by Moxley

and Gibbs using the following primers: 5’-TAGGGGGAAGC-

TAGGAAGAAA-3’ and 5’-AAAAAGGGTCAGAGGCCAAA-3’

for PCR [28]. After digestion of the amplified product (538-bp)

with the restriction enzyme Acc1, the following products

corresponding to the three genotypes were detected: KM1 (538-

bp fragment), KM3 (390-bp and 148-bp fragment) and KM1-3

(538-bp, 390-bp and 148-bp fragment).

Definitions
Clinical definitions. Placental parasitemia was defined as P.

falciparum asexual form detected on a thick film. Peripheral

parasitemia was similarly defined as P. falciparum asexual form

detected on a thick film. After the inspection of 100 fields with no

parasite found, the thick film was deemed negative. Placentas with

malarial pigment in the absence of parasitemia were classified as

negative for PM. Gravidity was divided into primigravid,

secundigravid and multigravid (3 or more pregnancies). Newborn

low-birth weight (,2500 g) was classified based on weight

measured within 24 hours of birth. Preterm delivery was defined

as occurrence at ,37 weeks of gestation age assessed by the

Ballard method [29]. Malaria transmission season comprised the

months of April–June and October–December. The variable

‘‘malaria transmission season, third trimester’’ was defined as the

women who encountered malaria transmission season during the

last 3 months before delivery. The variable ‘‘anti-malarial use,

third trimester’’ was based on the self-reported treatment during

third trimester. Maternal anemia was defined as ,11 g/dL and

severe anemia as ,7 g/dL at third trimester. CD4 cell counts

were compared with cutoffs ,350 cells/ml and ,500 cells/ml.

Maternal HIV-1 positive status was determined on the basis of

antibodies to HIV-1, detected by two sequential rapid serological

tests. Maternal viral-load was quantified and assigned values

,1000 copies/ml, 1000–9999 copies/ml and $10,000 copies/

ml.

Genetic definitions. For GM6, individual genotypes are

GM6(+), GM6(2), and GM6(+/2), and for KM, they are KM1,

KM3, and KM1-3 [18]. As previous studies have reported that

GM and KM interactions, rather than GM or KM alone, play an

important role in control of immune responses [20,30,31,32],

combinations of GM6 and KM genotypes were further used to

explore the genetic association with PM in HIV-1 negative and

positive women, respectively. The models for combination of

genotypes in this study consist of the above three different

individual GM6 genotypes combined with either (a) KM1-3(+) or

(2), (b) KM1(+) or (2), or (c) KM3(+) or (2). Among these

combination models, KM1-3(+) is KM1-3 heterozygote and KM1-

3(2) includes KM1 and KM3 homozygotes. Using the model that

includes two homozygous KM1 and KM3 in a single KM

genotypic class (KM1-3(2)) enables us to examine the role of KM

heterozygosity combined with GM6 genotypes in PM.

Statistical Analysis
Because of the stratified enrollment in the main VT epidemi-

ological study, all analyses were conducted in HIV-1 negative and

HIV-1 positive women separately. Univariable analyses were

based on Pearson x2 tests for comparison of proportions and

Wilcoxon rank sum tests were used for comparison of continuous

distributions. Categorical and continuous variables included in the

initial univariable analysis for characteristics were mother’s age,

gravidity, maternal peripheral malaria, placental malaria pigment,

preterm delivery, newborn birth weight, maternal anemia, anti-

malarial use, malaria transmission season during third trimester,

maternal CD4 count and maternal HIV-1 load. The effects of

individual GM6 and KM genotypes, and combined genotypes on

PM were analyzed using a multivariable logistic regression model

controlling for gravidity, anti-malarial use, and malaria transmis-

sion season during the third trimester, all of which were significant

in univariable analyses. GM6(2) and KM3 were used as

references for the individual genotype analysis while GM6(2)

Figure 1. Restriction fragment length polymorphism analysis
for GM6 markers.
doi:10.1371/journal.pone.0053948.g001
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with either KM1-3(2), KM1(2) or KM3(2) were used as

references in the multivariable logistic regression analysis for the

combined genotypes. Odds ratios (OR) with 95% confidence

intervals (CI) were used to measure the strength of associations. All

tests were two-tailed and statistical significance was defined as

P,0.05. In addition, in order to evaluate the possible presence of

selection, Chi-square goodness of fit tests for the departures from

Hardy-Weinberg Equilibrium (HWE) in GM6 and KM genotypes

and allele frequencies and the inbreeding coefficients (F(is)) were

calculated based on the previously published formula [33,34]. The

HWE and F(is) were examined in whole study population and in

four groups stratified by disease status. Data analysis was

performed using SAS version 9.2 and the Hardy Weinberg

package in R version 2.12.

Results

Characteristics of Study Participants
The profile of participants’ characteristics is summarized in

Table 1 (n = 728). Since known and potential confounding

variables associated with PM may differ by HIV-1 status, all the

data analysis was conducted separately for HIV-1 negative and

positive women. Our data showed that younger mothers were

more likely to have PM than the older mothers (P,0.01),

irrespective of their HIV-1 status. In HIV-1 negative women,

univariable analysis showed that primigravid women were more

likely to have PM than multigravid women. However, the

gravidity-dependency of PM was not evident in HIV-1 positive

women. Malaria transmission season during third trimester was

found to be positively associated with PM. Irrespective of HIV-1

status, PM was statistically associated with maternal peripheral

malaria presence during the third trimester and at delivery,

malaria pigment present, and newborn birth weight ,2500 g

(Table 1). In HIV-1 positive women, PM was significantly

associated with maternal anemia at delivery (,7 g/dL and

,11 g/dL). Proportion of anti-malarial use during third trimester

in HIV-1 positive women was higher in the women without PM

than those with PM. Furthermore, HIV-1 positive women with

PM were significantly more likely to have maternal HIV-1 viral-

load copies/ml $10, 000 (Table 1).

Analysis of the Effect of Individual GM6 and KM
Genotypes on PM Infection with or without HIV-1

In univariable analysis, a borderline significant association

between GM6(+) and GM6(+/2) genotypes and PM in HIV

negative women was found, women without PM having higher

frequencies of these genotypes (Pa = 0.05, Table 2), but a similar

association was not seen in HIV-1 positive women. There was no

difference in the distribution of KM genotypes between women

with PM and those without PM in both HIV-1 negative and HIV

positive groups (Table 2). In multivariable analysis using GM6(2)

and KM3 as references, the statistical significance earlier observed

with GM6 genotypes disappeared after controlling for confounders

(Table 3). Overall, there was no effect of the individual GM6 and

KM genotypes on the risk of PM in either HIV-1 negative or

positive women (Table 3).

Analysis of the Combined GM6 and KM Genotypes in
Relation to Risk of PM with and without HIV-1

Since none of the GM6 and KM genotypes were by themselves

significantly associated with PM in HIV-1 negative and positive

women after adjusting for confounders, and since previous studies

also showed an interactive effect of GM and KM in immune

response [20,30,31,32], we further analyzed 3 combinations of

GM6 and KM genotypes (Tables 4 and 5). In HIV-1 negative

women, there was no statistical association between PM and any

combination of GM6 and KM1-3 (Table 4). Conversely, in HIV-1

positive women, the combination of GM6(+/2) and KM1-3(+)

heterozygote was statistically significantly associated with in-

creased risk of PM (OR, 2.08; 95% CI, 1.12–3.89) while the

combination of GM6(+/2) and KM1-3(2) tended to be associated

with decreased risk of PM (OR, 0.47; 95% CI, 0.22–1.00)

(Table 4). Using the second combination (GM6 and KM3) in the

analysis of HIV-1 negative women (Table 5), the combination of

GM6(+) and KM3(+) homozygote was significantly associated with

decreased risk of PM (OR, 0.25; 95% CI, 0.08–0.80) (Table 5).

However, in HIV-1 positive women, the combination of GM6(+/

2) and KM3(2) was associated with increased risk of PM (OR,

2.1; 95% CI, 1.18–3.73) (Table 5). This result in HIV positive

women (Table 5) was partially in agreement with the finding in

Table 4, suggesting that combined GM6(+/2) with either KM1-3

or KM1 render women more susceptible to PM in HIV-1 positive

women. Analysis using the third combination of GM6 and KM1

genotypes showed no statistically significant association with PM

(data not shown). In addition, any combination of GM6 and KM

had no effect on other clinical outcomes such as placental malaria

parasite density, maternal anemia ,11 g/dl, low infant birth

weight or gestational age in HIV-1 negative women (data not

shown). In HIV-positive women, however, the combination of

GM6(+/2) and KM3(+) was associated with increased risk for

maternal anemia ,7 g/dl (OR, 5.25; 95% CI, 1.30–21.2;

P = 0.021) (data not shown).

Hardy-Weinberg Equilibrium Tests
Malaria has a strong selective pressure on human genes [35,36].

In this study, we observed that the combination of GM6(+) and

KM3 homozygote was associated with decreased risk of PM in

HIV-negative women while the combined heterozygosity of

GM6(+/2) with either KM1-3 or KM1 was associated with

increased risk of PM in HIV-positive women. In order to examine

possible selection on GM6 and KM genes by diseases, departures

from HWE and F(is) were measured in the Kenyan adult study

population and further in the four disease groups (Tables 6 and 7).

Overall, HWE tests show that there was no deviation for KM

genotype frequency distribution in the whole study population

(P = 0.75, F(is) = 20.01, n = 728) (Table 7) while there was

significant deviation of GM6 genotype frequency distribution in

the study population with positive F(is) (P,0.001, F(is) = 0.26,

n = 725) (Table 6). When further stratified based on PM and HIV

status for the HWE test, the trend remains similar: there was no

deviation for KM genotype frequency distribution in the HIV-1

negative women regardless of PM status or in the HIV-1 positive

women without PM except a borderline significance of deviation

in HIV-1 positive women with PM showing negative F(is)

(P = 0.05, F(is) = 20.18). In contrast, there were still significant

deviations for GM6 genotype frequency distribution in the HIV-1

negative women with or without PM (P,0.001, F(is) = 0.30 and

F(is) = 0.34 respectively) and in the HIV-1 positive women without

PM (P,0.001, F(is) = 0.26), all of the three groups showing positive

F(is) (Table 6). But interestingly, there was no significant deviation

in HIV-1 positive women with PM for GM6 (P = 0.61,

F(is) = 0.05).

Discussion

In this study, we report an association of GM6 and KM

genotypes on the risk of PM in HIV-1 infected and uninfected

pregnant women. Although none of the individual GM6 and KM

GM6 and KM Allotypes and Placental Malaria
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Table 1. Characteristics of HIV-1 negative and HIV-1 positive women, by placental malaria (PM) status.

Category/Characteristics HIV-1 negative women HIV-1 positive women

With PM (n = 132) Without PM (n = 107) Pa With PM (n = 119) Without PM (n = 370) Pa

Mother’s age, mean 6 SD, years 19.563.7 22.364.6 ,0.01 21.664.6 22.764.4 ,0.01

Gravidity

Primigravid 66.2 36.1 ,0.01 43.7 33.2 0.11

Secundigravid 18.8 29.6 …. 24.4 29.4 ….

Multigravid 15.0 34.3 …. 31.9 37.4 ….

Maternal peripheral malaria

Presence during third trimester 35.5 11.9 ,0.01 52.4 11.9 ,0.01

Presence at delivery 71.9 3.8 ,0.01 67.8 2.5 ,0.01

Malaria pigment present 88.0 1.9 ,0.01 88.2 0.5 ,0.01

Preterm delivery, ,37 weeks 7.5 6.5 0.81 10.1 9.4 0.85

Newborn birth weight, ,2500 g 6.8 0 ,0.01 13.5 5.9 0.01

Maternal anemia at delivery, g/dL

,7 7.0 3.8 0.39 13.4 6.3 0.03

,11 60.9 52.4 0.23 73.0 58.2 ,0.01

Anti-malarial use, third trimester 22.7 30.8 0.18 19.5 33.9 ,0.01

Place of living, semiurban (vs. urban) 33.8 23.6 0.09 31.4 25.7 0.24

Malaria transmission
season, third trimester

74.4 61.1 0.04 57.1 51.9 0.34

Maternal CD4 count, cells/ml

,350 …. …. 18.9 18.8 0.99

,500 …. …. 37.8 39.7 0.79

Median (interquartile range) …. …. 602 (422–841) 548 (376–798) 0.43

Maternal HIV-1 load, copies/ml

,1000 …. …. 41.2 49.3 0.05

1000–9999 …. …. 30.6 34.7 ….

$10, 000 …. …. 28.2 16.0 ….

Median (interquartile range) …. …. 1884 (200–14,703) 1021 (200–4,740) 0.07

Note: Data are percentage of women, unless otherwise noted. PM, Placental malaria; SD, Standard deviation.
aP values for univariable analysis are based on either the Pearson x2 test for comparison of proportions, or the Wilcoxon rank sum test for comparison of continuous
distributions.
doi:10.1371/journal.pone.0053948.t001

Table 2. Distribution of individual GM6 and KM genotypes in HIV-1 negative and HIV-1 positive women, by PM status.

Category HIV-1 negative women HIV-1 positive women

With PM (n = 132) Without PM (n = 107) With PM (n = 119) Without PM (n = 370) Pa Pb

GM6 genotype

GM6(+) 10.5 19.6 5.1 10.4 0.05 0.18

GM6(+/2) 24.8 29.9 31.4 26.7 …. ….

GM6(2) 64.7 50.5 63.5 62.9 …. ….

KM genotype

KM1 14.4 10.3 10.1 17.3 0.23 0.11

KM1-3 48.5 42.1 55.5 47.0 …. ….

KM3 37.1 47.6 34.4 35.7 …. ….

Note: Data are percentage of women. PM, Placental malaria.
aP value comparing PM+ and PM- in HIV-1 negative women.
bP value comparing PM+ and PM- in HIV-1 positive women.
doi:10.1371/journal.pone.0053948.t002

GM6 and KM Allotypes and Placental Malaria

PLOS ONE | www.plosone.org 5 January 2013 | Volume 8 | Issue 1 | e53948



genotypes were by themselves significantly associated with PM, the

combination of homozygous GM6(+) and KM3 was significantly

associated with decreased risk of PM infection in HIV negative

women. In HIV-1 positive women, the combination of heterozy-

gous GM6(+/2) with either KM1-3 or KM1 revealed an

increased risk of PM. These results suggest that GM6 and KM

genotypes, two unlinked genetic loci, could interact to influence

the susceptibility to PM infection in HIV-1 negative and positive

women by regulation of disease-specific humoral responses.

The combination of GM6(+) and KM3 homozygotes may

possibly affect susceptibility to PM infection in HIV-1 negative

women through immune regulation to influence the specificity,

subclass switch and titer of anti-malarial antibody responses. GM

markers are located on the constant region and there is evidence

for the involvement of these regions in antibody specificity with the

variable region, probably through the formation of idiotypic

determinants, modulation of antibody binding affinity and linkage

disequilibrium with the variable epitopes [28,37]. A previous study

conducted in non-pregnant Sudanese (all ages) showed that the

carriers of GM1,17 (present on IgG1); 5,13,14,6 (present on IgG3)

phenotype were associated with higher incidence of malaria and

higher baseline levels of total IgG and non-cytophilic IgG

subclasses than the non-carriers [38]. This same study further

suggested that the above-mentioned implication of GM 1,17;

5,13,14,6 phenotype might be mainly due to the GM6 allotype

involvement. Although there was an indication of limited

involvement of KM allotype in susceptibility to malaria infection

and antibody responses in this previous study [38], the current

study showed that the combination GM6(+) and KM3(+)

homozygote plays a role in the decreased risks of PM infection

in HIV negative women. This could be due to the difference in the

study models used, pregnant women vs. general population. In

addition, a more recent study in Beninese children showed an age-

related impact of GM 5,6,13,14;1,17 or KM1 phenotype on

malaria specific cytophilic IgG responses [39]. The interactive

effect of GM and KM phenotypes in the clearance and persistence

of hepatitis C infection has also been reported [19,20], suggesting

that Ig GM and KM allotypes are important immuno-genetic

factors in infectious diseases. Functionally, the c and k chains

carrying specific GM and KM allotypes by nonrandom pairing

could form a paratope with the necessary structure for recognition

[30] of the malaria antigen epitopes. Importantly, GM allotypes

may further interact with Fcc receptors (FccR) to affect disease risk

or protection. All GM epitopes including GM6, with the exception

of G1M3 and 17, are found on the Fc-portion of the IgG molecule

[20]. It is possible that particular FccR and GM6 alleles

epistatically interact [17] to influence the susceptibility to PM

infection. Our previous study showed that FccRIIa-H/H131

receptor for immunoglobulin G is associated with susceptibility to

PM [15]. An in vitro study conducted by others reported that

pregnancy-associated VSA-specific cytophilic IgGs promote

phagocytic clearance of parasite infected erythrocytes, suggesting

Table 3. Effect of individual GM6 and KM genotypes on the risk for PM in HIV-1 negative and positive women.

Genotypesa HIV-1 negative women HIV-1 positive women

PM (%)b Adjusted OR (95% CI) Pc PM (%)b Adjusted OR (95% CI) Pc

GM6(+) 40.0 0.47 (0.21 to 1.05) 0.065 13.6 0.47 (0.19 to 1.19) 0.11

GM6(+/2) 50.8 0.74 (0.39 to 1.41) 0.36 27.4 1.16 (0.73 to 1.86) 0.53

GM6(2) 61.4 1.00 …. 24.5 1.00 ….

KM1 63.3 1.48 (0.60 to 3.66) 0.39 10.1 0.62 (0.30 to 1.28) 0.19

KM1-3 58.7 1.52 (0.84 to 2.76) 0.16 27.5 1.25 (0.78 to 1.98) 0.35

KM3 49.0 1.00 …. 23.7 1.00 ….

Note: PM, Placental malaria; OR, odds ratios; CI, confidence interval.
aGM6(2) and KM3 are used as references respectively.
bFor HIV negative women, one missing GM6 typing data, n = 238; for HIV positive women, five missing GM6 or KM typing data, n = 484.
cP values are derived from multivariate logistic regression, controlling for gravidity, anti-malarial use during third trimester, and malaria transmission season.
doi:10.1371/journal.pone.0053948.t003

Table 4. Effect of combined GM6 and KM1-3 genotypes on the risk for PM in HIV-1 negative and positive women.

Genotypesa HIV-1 negative women HIV-1 positive women

PM (%) Adjusted OR (95% CI Pb PM (%) Adjusted OR (95% CI) Pb

GM6(+) KM1-3(+) 35.7 0.60 (0.18 to 2.05) 0.41 16.0 0.59 (0.19 to 1.87) 0.38

GM6(+) KM1-3(2) 42.9 0.62 (0.21 to 1.77) 0.37 10.5 0.29 (0.06 to 1.33) 0.11

GM6(+/2) KM1-3(+) 50.0 0.90 (0.36 to 2.28) 0.83 42.2 2.08 (1.12 to 3.89) 0.021

GM6(+/2) KM1-3(2) 52.9 1.04 (0.44 to 2.49) 0.93 14.3 0.47 (0.22 to 1.00) 0.051

GM6(2) KM1-3(+) 68.8 1.93 (0.92 to 4.07) 0.08 22.8 0.83 (0.47 to 1.41) 0.50

GM6(2) KM1-3(2) 54.7 1.00 …. 26.1 1.00 ….

Note: PM, Placental malaria; OR, odds ratios; CI, confidence interval.
aKM1-3(+) is KM1-3 heterozygote and KM1-3(2) includes KM1 and KM3 homozygotes. GM6(2)KM1-3(2) is used as reference.
bP values are derived from multivariable logistic regression, controlling for gravidity, anti-malarial use during third trimester, and malaria transmission season.
doi:10.1371/journal.pone.0053948.t004
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the contribution of this immune effector mechanism in the

decrease of parasite load in the placenta [40]. It is known that IgG

opsonized phagocytosis of P. falciparum infected erythrocytes could

be mediated by FccRI and FccRIIa [41]. In addition, the potential

effect of the cytophlic IgG3 involving Fcc receptors in protection

against P. falciparum malaria through phagocytosis of merozoites,

neutrophil respiratory bursts and monocyte-mediated growth

inhibition have been established in naturally acquired immunity

[42,43,44].

In HIV-1 positive women the combination of heterozygous

GM6(+/2) with either KM1-3 or KM1 was associated with

susceptibility to PM infection. This suggests that HIV-1 infection

could influence the relationship between GM and KM allotypes

and PM infection, possibly by altering malaria-specific antibody

responses. Indeed, several studies in pregnant women have

reported that HIV infection decreases frequency and concentra-

tion of malaria-specific antibodies and/or changes balance of IgG

subclasses against various antigens including pre-erythrocytic and

blood stage antigens as well as pregnancy-associated VSA with

impairment of opsonic phagocytic clearance of parasites

[13,14,40]. This could lead to the increased risk of PM infection

in HIV-1 positive women. In this study, we also observed that the

combination of heterozygous GM6(+/2) again with different KM,

homozygous KM3(+), was associated with maternal anemia

(Hb,7 g/dL) in HIV-1 positive women. Although the actual

mechanism by which the combination of GM6(+/2) and KM3

would regulate anemia in pregnant women is not clear, the result

indicates that GM6(+/2) could play a role in the risk of severe

maternal anemia, one symptom of malaria during pregnancy.

We also measured departure from HWE in GM6 and KM allele

frequencies and F(is) in the study population to evaluate possible

selection [33,45,46] by malaria on GM6 and KM as malaria has a

strong selection on human genes [35,36]. HWE tests clearly

showed that there was no deviation for KM genotype frequency

distribution in the study population. In contrast, an overall

significant deviation of GM6 genotype frequency distribution was

observed in the same population, showing significant positive F(is).

Positive F(is) indicates a deficit on heterozygotes in the population

[34]. Most importantly, when further stratified by PM and HIV

status there were still significant positive F(is) for GM6 in the HIV-

1 negative women regardless of PM and in the HIV-1 positive

women without PM while there was no significant deviation from

HWE in HIV-1 positive women with PM. Tests of departure from

HWE and F(is) have been used for different purposes; some have

used the tests for searching disease-susceptibility gene loci and

detecting selection, others have used them for genotyping quality

control [33,45,46,47]. However, HWE and F(is) results from our

study with distinct patterns between GM6 and KM and with

different strength among disease groups for GM6 were unlikely

due to genotype errors as we employed different quality control

measures for GM6 genotyping (see method section). In addition,

our study was not a typical case-control study; rather, a diseases-

stratified enrollment was used (see method section). Most likely,

GM6 showing overall significant positive F(is) indicates low

heterozygote fitness in the population possibly shaped by selection

Table 5. Effect of combined GM6 and KM3 genotypes on the risk for PM in HIV-1 negative and positive women.

Genotypesa HIV-1 negative women HIV-1 positive women

PM (%) Adjusted OR (95% CI) Pb PM (%) Adjusted OR (95% CI) Pb

GM6(+) KM3(+) 35.3 0.25 (0.08 to 0.80) 0.019 15.4 0.61 (0.13 to 2.89) 0.53

GM6(+) KM3(2) 44.4 0.48 (0.16 to 1.44) 0.19 12.9 0.56 (0.18 to 1.71) 0.31

GM6(+/2) KM3(+) 51.9 0.61 (0.24 to 1.57) 0.31 13.5 0.57 (0.24 to 1.36) 0.20

GM6(+/2) KM3(2) 51.4 0.53 (0.23 to 1.26) 0.15 36.6 2.10 (1.18 to 3.73) 0.011

GM6(2) KM3(+) 51.8 0.54 (0.26 to 1.15) 0.11 30.4 1.56 (0.91 to 2.71) 0.11

GM6(2) KM3(2) 67.5 1.00 …. 21.4 1.00 ….

Note: PM, Placental malaria; OR, odds ratios; CI, confidence interval.
aKM3(+) is KM3 homozygote while KM3(2) includes KM1 homozygote and KM1-3 heterozygote. GM6(2)KM3(2) is used as reference.
bP values are derived from multivariable logistic regression, controlling for gravidity, anti-malarial use during third trimester, and malaria transmission season.
doi:10.1371/journal.pone.0053948.t005

Table 6. Hardy-Weinberg Equilibrium Test for GM6 genotypes.

GM6 Group Observed Genotypes (n) Allele Frequency Expected Genotypes (n)
Hardy Weinberg
Results

Inbreeding
Coefficient

GM6 2 GM6+/2 GM6+ Total (n) GM6 2 GM6+ GM6 2 GM6+/2 GM6+ x2 P value F(is)

All women 446 200 79 725 0.75 0.25 411.2 269.6 44.2 48.3 ,0.001 0.26

HIV+/PM+ 75 37 6 118 0.79 0.21 74.1 38.8 5.1 0.3 0.61 0.05

HIV+/PM2 231 98 38 367 0.76 0.24 213.6 132.8 20.6 25.2 ,0.001 0.26

HIV2/PM+ 86 33 14 133 0.77 0.23 79.0 47.0 7.0 11.8 ,0.001 0.30

HIV2/PM2 54 32 21 107 0.65 0.35 45.8 48.4 12.8 12.3 ,0.001 0.34

Chi-square tests were used to determine deviation from HWE, and F(is) was calculated based on the formula F = 1– Het/HetHW, where Het is the number of
heterozygotes observed, and HetHW is the number of heterozygotes expected under HWE [33,34].
doi:10.1371/journal.pone.0053948.t006
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over time [33,34]. The results of no significant departure from

HWE in GM6 genotype frequency in HIV-1 positive women with

PM but strong positive F(is) in other three groups further suggest

that the group without low heterozygote fitness has less potential

for resistance to malaria and/or HIV-1 infection. This notion

could be partially explained by the results from our association

analysis above showing GM6(+) involvement in the association

with decreased risk of PM (homozygote advantage) while GM6(+/

2) was associated with increased risk of PM (heterozygote

disadvantage) regardless of HIV-1 status. As such, GM6 has

fitness value likely selected by malaria infection. The assertion that

GM6 is under selection by malaria is also supported by the fact

that the geographic distribution of GM6 related haplotypes

coincides with the region of high falciparum malaria and sickle-

cell allele prevalence [24].

Taken together, this study highlights the association between

GM6 and KM genotypes with PM in HIV-1 negative and HIV-1

positive women. These findings suggest that the combination of

homozygous GM6(+) and KM3 may protect against PM in HIV-1

negative women, while the HIV-1 positive women with hetero-

zygous GM6(+/2) combined with KM1-3 or KM1 may be more

susceptible to PM. In addition, the result of a deficit in

heterozygotes for GM6 in our study population (Kenyan pregnant

women) suggests that low GM6 heterozygous fitness could be due

to selection mainly by malaria infection. However, more studies in

other populations and in different malaria endemic areas are

needed to validate this finding.

Presentation of Results
This result was presented in part at the 59th Annual ASTMH

meeting, November 3–7, 2010, in Atlanta, Georgia, USA.

Acknowledgments

We thank all the mothers for their participation and cooperation in this

study. Our special thanks are to the field and laboratory staff who

conducted VT project and data management. We also thank Shannon

Stockham and Anna Marshall at Medical University of South Carolina for

their technical assistance for genotyping. We are grateful to Dr. Nicole

Dowling at National Office of Public Health Genomics, CDC for reviewing

the paper and also providing valuable suggestions. We thank the director of

the Kenyan Medical Research Institute for the approval of this article for

publication.

Author Contributions

Conceived and designed the experiments: YPS JPP LS BN RS. Performed

the experiments: JPP AMN KMR AMvE JA JO FOK RBL YPS. Analyzed

the data: JW AJB AY. Wrote the paper: NCI YPS.

References

1. WHO (2010) World Malaria Report 2010. Geneva, Switzerland. Available:

http://wwwwhoint/malaria/world_malaria_report_2010/ worldmalariareport2
010pdf.

2. Dellicour S, Tatem AJ, Guerra CA, Snow RW, ter Kuile FO (2010) Quantifying
the number of pregnancies at risk of malaria in 2007: A demographic study.

PLoS Med 7: e1000221.

3. Desai M, ter Kuile FO, Nosten F, McGready R, Asamoa K, et al. (2007)

Epidemiology and burden of malaria in pregnancy. Lancet Infect Dis 7: 93–104.

4. Menendez C (1995) Malaria during pregnancy: a priority area of malaria

research and control. Parasitol Today 11: 178–183.

5. Hviid L (2010) The role of Plasmodium falciparum variant surface antigens in

protective immunity and vaccine development. Hum Vaccin 6: 84–89.

6. Steketee RW, Nahlen BL, Parise ME, Menendez C (2001) The burden of

malaria in pregnancy in malaria-endemic areas. Am J Trop Med Hyg 64: 28–35.

7. Menendez C, D’Alessandro U, ter Kuile FO (2007) Reducing the burden of

malaria in pregnancy by preventive strategies. Lancet Infect Dis 7: 126–135.

8. ter Kuile FO, Parise ME, Verhoeff FH, Udhayakumar V, Newman RD, et al.

(2004) The burden of co-infection with human immunodeficiency virus type 1
and malaria in pregnant women in sub-saharan Africa. Am J Trop Med Hyg 71:

41–54.

9. Duffy PE, Fried M (2005) Malaria in the pregnant woman. Curr Top Microbiol

Immunol 295: 169–200.

10. Maubert B, Fievet N, Tami G, Cot M, Boudin C, et al. (1999) Development of

antibodies against chondroitin sulfate A-adherent Plasmodium falciparum in
pregnant women. Infect Immun 67: 5367–5371.

11. Taylor DW, Zhou A, Marsillio LE, Thuita LW, Leke EB, et al. (2004)
Antibodies that inhibit binding of Plasmodium falciparum-infected erythrocytes to

chondroitin sulfate A and to the C terminus of merozoite surface protein 1

correlate with reduced placental malaria in Cameroonian women. Infect Immun

72: 1603–1607.

12. Juompan L, Lambin P, Zouali M (1998) Selective alterations of the antibody

response to HIV-1. Appl Biochem Biotechnol 75: 139–150.

13. Mount AM, Mwapasa V, Elliott SR, Beeson JG, Tadesse E, et al. (2004)

Impairment of humoral immunity to Plasmodium falciparum malaria in pregnancy

by HIV infection. Lancet 363: 1860–1867.

14. Ayisi JG, Branch OH, Rafi-Janajreh A, van Eijk AM, ter Kuile FO, et al. (2003)

Does infection with Human Immunodeficiency Virus affect the antibody

responses to Plasmodium falciparum antigenic determinants in asymptomatic

pregnant women? J Infect 46: 164–172.

15. Brouwer KC, Lal AA, Mirel LB, Otieno J, Ayisi J, et al. (2004) Polymorphism of

Fc receptor IIa for immunoglobulin G is associated with placental malaria in

HIV-1-positive women in western Kenya. J Infect Dis 190: 1192–1198.

16. Nimmerjahn F, Ravetch JV (2007) Fc-receptors as regulators of immunity. Adv

Immunol 96: 179–204.

17. Pandey JP (2006) Genetic polymorphism of Fc. Science 311: 1376–1377; author

reply 1376–1377.

18. Grubb R (1995) Advances in human immunoglobulin allotypes. Exp Clin

Immunogenet 12: 191–197.

19. Pandey JP (2001) Immunoglobulin GM and KM allotypes and vaccine

immunity. Vaccine 19: 613–617.

20. Pandey JP, Astemborski J, Thomas DL (2004) Epistatic effects of immunoglob-

ulin GM and KM allotypes on outcome of infection with hepatitis C virus. J Virol

78: 4561–4565.

Table 7. Hardy-Weinberg Equilibrium Test for KM genotypes.

KM Group Observed Genotypes (n) Allele Frequency Expected Genotypes (n)
Hardy Weinberg
Results

Inbreeding
Coefficient

KM 1 KM 1,3 KM 3 Total (n) KM 1 KM 3 KM 1 KM 1,3 KM 3 x2 P value F(is)

All women 106 349 273 728 0.39 0.61 108.1 344.8 275.1 0.1 0.75 20.01

HIV+/PM+ 12 66 41 119 0.38 0.62 17.0 56.0 46.0 3.8 0.050 20.18

HIV+/PM2 64 174 132 370 0.41 0.59 61.6 178.8 129.6 0.3 0.61 0.03

HIV2/PM+ 19 64 49 132 0.39 0.61 19.7 62.6 49.7 0.1 0.80 20.02

HIV2/PM2 11 45 51 107 0.31 0.69 10.5 46.0 50.5 0.1 0.82 0.02

Chi-square tests were used to determine deviation from HWE, and F(is) was calculated based on the formula F = 1– Het/HetHW, where Het is the number of
heterozygotes observed, and HetHW is the number of heterozygotes expected under HWE [33,34].
doi:10.1371/journal.pone.0053948.t007

GM6 and KM Allotypes and Placental Malaria

PLOS ONE | www.plosone.org 8 January 2013 | Volume 8 | Issue 1 | e53948



21. Migot-Nabias F, Noukpo JM, Guitard E, Doritchamou J, Garcia A, et al. (2008)

Imbalanced distribution of GM immunoglobulin allotypes according to the
clinical presentation of Plasmodium falciparum malaria in Beninese children. J Infect

Dis 198: 1892–1895.

22. Pandey JP, Nasr A, Rocca KM, Troy-Blomberg M, Elghazali G (2007)
Significant differences in GM allotype frequencies between two sympatric tribes

with markedly differential susceptibility to malaria. Parasite Immunol 29: 267–
269.

23. Allison AC (1961) Genetic factors in resistance to malaria. Ann N Y Acad Sci 91:

710–729.
24. Steinberg AG, Cook CE (1981) The distribution of human immunoglobulin

allotypes. New York: Oxford University Press.
25. Ayisi JG, van Eijk AM, Newman RD, ter Kuile FO, Shi YP, et al. (2004)

Maternal malaria and perinatal HIV transmission, western Kenya. Emerg Infect
Dis 10: 643–652.

26. Bulmer JN, Rasheed FN, Francis N, Morrison L, Greenwood BM (1993)

Placental malaria. I. Pathological classification. Histopathology 22: 211–218.
27. Dard P, Lefranc MP, Osipova L, Sanchez-Mazas A (2001) DNA sequence

variability of IGHG3 alleles associated to the main G3m haplotypes in human
populations. Eur J Hum Genet 9: 765–772.

28. Moxley G, Gibbs RS (1992) Polymerase chain reaction-based genotyping for

allotypic markers of immunoglobulin kappa shows allelic association of Km with
kappa variable segment. Genomics 13: 104–108.

29. Ballard JL, Novak KK, Driver M (1979) A simplified score for assessment of fetal
maturation of newly born infants. J Pediatr 95: 769–774.

30. Czerwinski M, Siemaszko D, Siegel DL, Spitalnik SL (1998) Only selected light
chains combine with a given heavy chain to confer specificity for a model

glycopeptide antigen. J Immunol 160: 4406–4417.

31. Wachsmuth RR, Pandey JP, Fedrick JA, Nishimura Y, Sasazuki T (1987)
Interactive effect of Gm and Km allotypes on cellular immune responses to

streptococcal cell wall antigen. Exp Clin Immunogenet 4: 163–166.
32. Pandey JP, Baker CJ, Kasper DL, Fudenberg HH (1984) Two unlinked genetic

loci interact to control the human immune response to type III group B

streptococcal antigen. J Immunogenet 11: 159–163.
33. Lachance J (2009) Detecting selection-induced departures from Hardy-

Weinberg proportions. Genet Sel Evol 41: 15.
34. Hedrick PW (2005) Genetics of populations (third edition). Jones and Bartlett

Publishers, Inc Massachusetts.
35. Kwiatkowski DP (2005) How malaria has affected the human genome and what

human genetics can teach us about malaria. Am J Hum Genet 77: 171–192.

36. Pozzoli U, Fumagalli M, Cagliani R, Comi GP, Bresolin N, et al. (2010) The role

of protozoa-driven selection in shaping human genetic variability. Trends Genet

26: 95–99.

37. Torres M, Fernandez-Fuentes N, Fiser A, Casadevall A (2007) The

immunoglobulin heavy chain constant region affects kinetic and thermodynamic

parameters of antibody variable region interactions with antigen. J Biol Chem

282: 13917–13927.

38. Giha HA, Nasr A, Iriemenam NC, Arnot D, Troye-Blomberg M, et al. (2009)

Antigen-specific influence of GM/KM allotypes on IgG isotypes and association

of GM allotypes with susceptibility to Plasmodium falciparum malaria. Malar J 8:

306.

39. Migot-Nabias F, Lokossou AG, Vigan-Womas I, Guitard E, Guillotte M, et al.

(2011) Combined effects of Gm or Km immunoglobulin allotypes and age on

antibody responses to Plasmodium falciparum VarO rosetting variant in Benin.

Microbes Infect 13: 771–775.

40. Keen J, Serghides L, Ayi K, Patel SN, Ayisi J, et al. (2007) HIV impairs opsonic

phagocytic clearance of pregnancy-associated malaria parasites. PLoS Med 4:

e181.

41. Tebo AE, Kremsner PG, Luty AJ (2002) Fcgamma receptor-mediated

phagocytosis of Plasmodium falciparum-infected erythrocytes in vitro. Clin Exp

Immunol 130: 300–306.

42. Joos C, Marrama L, Polson HE, Corre S, Diatta AM, et al. (2010) Clinical

protection from falciparum malaria correlates with neutrophil respiratory bursts

induced by merozoites opsonized with human serum antibodies. PLoS One 5:

e9871.

43. Bouharoun-Tayoun H, Oeuvray C, Lunel F, Druilhe P (1995) Mechanisms

underlying the monocyte-mediated antibody-dependent killing of Plasmodium

falciparum asexual blood stages. J Exp Med 182: 409–418.

44. Druilhe P, Khusmith S (1987) Epidemiological correlation between levels of

antibodies promoting merozoite phagocytosis of Plasmodium falciparum and

malaria-immune status. Infect Immun 55: 888–891.

45. Alvarez G (2008) Deviations from Hardy-Weinberg proportions for multiple

alleles under viability selection. Genet Res (Camb) 90: 209–216.

46. Wittke-Thompson JK, Pluzhnikov A, Cox NJ (2005) Rational inferences about

departures from Hardy-Weinberg equilibrium. Am J Hum Genet 76: 967–986.

47. Lee WC (2003) Searching for disease-susceptibility loci by testing for Hardy-

Weinberg disequilibrium in a gene bank of affected individuals. Am J Epidemiol

158: 397–400.

GM6 and KM Allotypes and Placental Malaria

PLOS ONE | www.plosone.org 9 January 2013 | Volume 8 | Issue 1 | e53948


