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Summary

The profound influence that the genetic makeup of the host has on resistance to malaria infection has been
established in numerous animal studies. This genetic heterogeneity is one of the main causes of the difficulties
in developing an effective malaria vaccine. Segregation analysis is the first step in identifying the nature of
genetic factors involved in the expression of human complex diseases, as infectious diseases. To assess the
role of host genes in human malaria, -we performed segregation analysis of blood parasite densities in 42
Cameroonian families by using both the unified mixed model and the class D regressive model of analysis.
The results provide clear evidence for the presence of a recessive major gene controlling the degree of infection
in human malaria. Parameter estimates show a frequency of .44-.48 for the deleterious allele, indicating
that about 21% of the population is predisposed to high levels of infection.

Introduction

Host and parasite genetic factors have been demon-
strated to influence the outcome of malaria infections
in experimental animals (Stevenson et al. 1982; Ste-
venson and Skamene 1985; Sayles and Wassom 1988;
Wunderlich et al. 1988). Certain genetic disorders of
the red cell (abnormal hemoglobins, glucose-6-phos-
phate dehydrogenase deficiency, and absence of Duffy
blood group antigen) are known to influence the resis-
tance against malaria infection in humans (Weatherall
1987; Nagel and Roth 1989). However, even though
these genetic red cell variants have achieved polymor-
phic frequencies in many populations, their role in the
individual degree of protection may be small, espe-
cially among adults (Weatherall 1987). Some associa-
tions between HLA genes and malaria infection have
also been reported at the population level (Osoba et
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al. 1979), and a recent case-control study showed that
common west African HLA antigens were associated
with protection from severe malaria (Hill et al. 1991).
However, thus far, few familial genetic studies on hu-
man resistance to malaria infection have been carried
out.

Malaria is undergoing a worldwide resurgence,
mainly because of the spread of drug-resistant parasite
strains, and malaria vaccines are being developed to
complement traditional control measures (Miller et
al. 1986). However, major difficulties arise from the
genetic restriction of the immune response to subunit
vaccine candidates (Grau et al. 1987; Good et al.
1988; Weiss et al. 1989; Londono et al. 1990), and
one might expect that a better knowledge about host
genes regulating the response to malaria infection
would improve the vaccine research strategy.

The aim of the present study is to investigate the role
of a major gene determining human susceptibility/
resistance to malaria infection and to do so by using
complex segregation analysis. Segregation analysis is
the first step in the effort to determine, from family
data, the mode of inheritance of a complex trait, and
we have followed in this work a strategy similar to the
one used to study the genetic control of susceptibility /
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resistance to infection by Schistosoma mansoni (Abel
et al. 1991). This study was conducted on 42 nuclear
families from Cameroon by using two different models
of analysis— the unified mixed model and a regressive
model.

Methods

Family Data and Measures

A family study on malaria was carried out from
January 1988 to July 1990 in the Bilalang district of
Edea, an industrial town in southwest Cameroon.
This district was constructed by the aluminum factory
ALUCAM for its employees and was chosen for this
study for two main reasons. First, nuclear families
originating mainly from south Cameroon were settled
in Bilalang district by the factory more than 10 years
ago and were comparable in terms of socioeconomic
levels. Second, the ALUCAM medical service is well
developed and efficient, so that the follow up of these
families is comparable to that observed in industrial-
ized countries. Therefore, one might expect the reli-
ability in these subjects’ responses concerning anti-
malarial prophylaxis habits to be greater than that in
other African populations. The ascertainment scheme

Table |
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was complete selection of the 42 nuclear families living
in three subdistricts of Bilalang and totaling 285 per-
sons. The families were questioned about their habits
concerning chemoprophylaxis intake and were classi-
fied into three groups: (a) no intake (15 families), (b)
irregular intake (14 families), and (c) regular intake
(13 families). However, the dose of chloroquine taken
by the members of groups b and c was generally lower
than the one recommended by the WHO (300 mg/wk
for adults, 5 mg/kg/wk for children).

During the study, each family was visited 10 times,
and blood samples were taken from family members
present (table 1). Each person was not present at each
of the 10 visits, and the mean number of samples per
subject was 5.2 (range 2-10). Determination of para-
site density (PD) was based on the parasite/leukocyte
ratio (Trape 1985), by counting 500 leukocytes on a
Giemsa-stained thick smear; more than 95% of identi-
fied parasites were Plasmodium falciparum. The pro-
portion of persons who have been infected, i.e., who
had at least one positive PD, was 81%. For further
analyses, a logarithmic transformation, based on log-
(PD + 1), was applied to PDs, to allow for zero counts;
the log-transformed PDs will be denoted “LPDs.”

In order to obtain a unique variable accounting for
the degree of malaria infection, a mean PD (MPD1)

Parasite Densities from January 1988 to July 1990 and Standardized MPDI| and MPD3 Values

for Two Families Living in the Same Subdistrict

FAMILY AND SEX

ELEMENTARY PARASITE DENSITIES MEASURED AT EAcH VisiT?

OF INDIVIDUAL

(age in years) 88/1  88/3 88/5 88/7 88/10 89/1 89/6 89/11 90/3 90/7 MPD1¢ MPD3¢
1:
M (35).cuuenennen .. 1,600 Ce. e 100 Ce. 0 e Ce. .81 1.46
F(32) cceuuennnnnn c. 0 0 9,200 2,000 100 . 0 750 .88 1.39
M (11)........... .. 3,200 4,500 14,400 10,000 6,000 .. 65 1,600 5,000 2.75 2.71
F(7)eeuiinannannn .. 0 20,000 68,000 1,500 3,000 Ce 0 850 1,000 1.92 1.82
F(5)eiiniannnnn Ce 1,400 0 4,800 1,000 16,000 e 10 750 600 1.77 1.73
M (4).ceueennenn. e 0 300 50,000 1,500 2,000 e 500 3,500 8,000 2.20 2.2§
5.
M (37).cueennennn 0 0 1,200 0 0 Ce 0 -.55 .02
F (26) ............ 0 0 0 0 0 0 0 -1.09 -1.13
F (11) ............ 0 0 0 0 0 0 0 0 -1.10 -1.62
M(9).oeeuiennnnn 0 0 0 100 300 0 e N 120 0 -.20 -.60
M (8).ceeunnnnnn. 0 0 0 0 0 0 Ce Ce 100 0 -.83 -1.29
F(7)eriinaannnnn 100 0 0 100 0 100 e .. 0 30 -.07 -.41
F(3)eeeiiueennnne 0 0 1,500 40,000 1,000 100 Ce 0 0 0 47 .40

* By April 1989.

b An ellipsis (. . .) indicates that the person was not present at the time of the visit.

¢ Determination as described in Methods.

4 Final value used for segregation analysis by the unified mixed model, corrected for both location and age effects.
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was determined. One-way analysis of variance showed
that the mean LPDs varied across the visits (P <
.0001). As shown in figure 1, the lowest infection lev-
els were observed during the dry season (February-
June), when mosquito transmission was low. There-
fore, the LPDs were first corrected for the visit effect
by substracting from each individual LPD the mean
LPD of the corresponding visit. The MPD1 was then
computed for each subject, as the mean of his visit-
adjusted LPDs (table 1). No effect of the number of
measurements per subject on the MPD1 values was
detected (P > .70).

Data Adjustment

Prior to segregation analysis we studied the effect
that sex, prophylaxis intake (three groups), area of
residence (with three subdistricts coded 1 [#=137], 2
[n=82], and 3 [n = 66]), and age categorized into nine
classes (0-4, 5-8, 9-12, 13-16, 17-20, 21-30, 31-
40, 41-50, and 50-60 years had on the MPD1 values,
using analysis of variance. Correction for the place of
residence was performed by substracting from each
subject MPD1 value the mean MPD1 observed in the
subdistrict where he or she lives. Two different strate-
gies were then employed, according to the model of
analysis. Under the regressive model, the studied phe-
notype was MPD1 adjusted for the location effect (de-
noted “MPD2”), and age was considered as a covariate
influencing MPD2 during segregation analysis. Under
the unified mixed model, MPD2 values were corrected
for the age effect prior to segregation analysis, by
means of forward stepwise polynomial regression us-
ing the SAS software. The MPD2 values adjusted on
age (denoted “MPD3”) were standardized and used for
commingling and segregation analysis. The different
steps of the adjustment for the location and for the
age effect are illustrated with the data of four families
presented in figure 2.

Test for a Mixture of Distributions

Evidence for a mixture of normal distributions ac-
counting for the MPD3 values is consistent with a
major-gene hypothesis but can be confounded by
skewness in the sample distribution (MacLean et al.
1976; Demenais et al. 1986). Therefore, the presence
of a mixture of as many as three normal distributions
can be tested, while correction for residual skewness
can be done by means of a classical power transforma-
tion (MacLean et al. 1976). Maximum-likelihood
estimates of the relevant parameters were determined
using the computer program SKUMIX (MacLean
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Figure | Influence that the visit had on the LPDs. Results are

presented as the mean, with 95% confidence interval, of the LPD
values observed during the 10 visits from January 1988 to July
1990.

et al. 1976; Morton et al. 1983), and the likelihood-
ratio criterion (Morton et al. 1983) was used to test
hypotheses.

Segregation Analysis

In the above method, all individuals are considered
independent, and tests for a major-gene effect require
that the familial dependence of the phenotypes be ac-
counted for; these tests are performed by complex seg-
regation analysis. Two different models of segregation
analysis were used in this study—the unified mixed
model (Lalouel et al. 1983) and a regressive model
(Bonney 1984).

The unified mixed model assumes that the pheno-
type adjusted for measured covariates (i.e., MPD3)
results from the additive and independent contribu-
tions of a major transmissible effect, a multifactorial
transmissible component, and a random nontransmit-
ted environmental effect. Under a genetic hypothesis,
the major effect results from the segregation of two
alleles (A and a) at a single locus; the frequency of
allele A is denoted g. Within each genotype g (g is
aa, Aa, or AA), the distribution of the phenotype is
assumed to be normal, with mean p, and variance o2.
Transmission at the major locus is parametrized in
terms of Taaa, Taaa, and T..a, which denote the proba-
bility of transmitting allele A for genotypes AA, Aa,
and aa, respectively. Mendelian transmission corres-
ponds to Taaa = 1, Taaa = .5, and T..a = 0; no parent-
offspring transmission of the major effect is repre-
sented by Taan = Tasa = Taaa. Both the nonrejection
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of the Mendelian hypothesis and the rejection of the
hypothesis of nontransmission of the major effect are
required to conclude that the major effect is actually
due to a major gene (Demenais et al. 1986). Multifac-
torial transmission, accounting for both polygenic and
environmental effects common to the family, is param-
etrized in terms of H and HZ (multifactorial heritabil-
ity in children and adults, respectively). Under each
model defined by fixing the appropriate parameters,
the joint likelihood of parents and offspring was max-
imized by means of the computer program POINTER
(Lalouel and Morton 1981; Morton et al. 1983).
Regressive models specify a regression relationship
between the phenotype of an individual (i.e., MPD2)
and (1) a major gene effect, (2) the phenotype of his
preceding relatives, and (3) other explanatory mea-
sured variables or covariates (Bonney 1984). The
major-gene effect is specified in the same way as in
the unified mixed model, with identical parameters.
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Figure 3 Influence that age has on MPD2s. Curve A repre-

sents the mean, with 95% confidence interval, of MPD2 values
observed within nine age groups (i.e., 0-4, 5-8,9-12,13-16, 17~
20, 21-30, 31-40, 41-50, and 51-60 years), with the correspond-
ing number of subjects in each group. Curve B is the distribution
of MPD2s that is predicted by the polynomial regression in age.
Curves C and D represent the evolution with age, of the MPD2
mean for Aa- or aa-resistant (curve C) and AA-susceptible (curve
D) persons, under recessive model 2b in table 3.

Abel et al.

Different patterns of dependence between a person
and preceding relatives can be considered and are sim-
ply expressed in terms of phenotypic correlations. In
the class D model (Bonney 1984, 1986), used in this
analysis, these correlations are parametrized in terms
of pgum (the father-mother [or spouse] correlation), ppo
(the parent-offspring correlation), and pss (the sib-sib
correlation). In the absence of a covariate, the class D
regressive model is equivalent to the unified mixed
model in the particular case where H = HZ, ppm =
0, and ppo = pss, with the following correspondence:
pro = pss = H/2 (Demenais and Bonney 1989). Age
was introduced into this model as a covariate, so that
the parameters of the polynomial regression in age
were estimated simultaneously with the genetic and
familial correlation parameters. Computations were
performed using the REGC program of the software
package SAGE (Elston et al. 1986).

All hypotheses were tested by means of the likeli-
hood-ratio criterion (Morton et al. 1983). For exam-
ple, under the mixed model including the major effect
with the multifactorial component (model 3 in table
2), evidence for a major effect is obtained by rejecting
the multifactorial model (model 5a); this test will be
denoted “model 5a versus model 3,” where 5a repre-
sents the reduced model and where 3 represents the
complete model. As the 42 families were not chosen
for any particular reason (i.e., there was random se-
lection), there was no need for any ascertainment cor-
rection.

Results

Influence of Sex, Drug Intake, Area of Residence,
and Age on MPDI Values

There was clearly no evidence for a difference in the
MPD1 values by sex (P > .80) and chloroquine intake
(P> .87). The low dose of chloroquine taken by the
persons from families (b) and (c) and the presence of
chloroquine resistance in Edea (Gazin et al. 1990) can
explain this last result; nevertheless, tests of homo- gen-
eity of the sample, according to prophylaxis habits,
were performed later in segregation analysis. The effects
that both the area of residence and age (categorized
into nine classes) had on MPD1 values were significant
(P<.0001 for both), and no interaction between these
two factors was observed (P > .21). The effect of the
area of residence, accounting for 6% of the MPD1
variability, was easily explained by geographical differ-
ences in transmission conditions. The highest infection
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levels were observed in subdistrict 3, which is located
near a swamp area infested by mosquitoes and which
had an MPD1 mean of .41 (95% confidence interval
.16 to .66), whereas this mean was .03 (- .19 to .25)
and —.22 (-.38 to —.06) in subdistricts 2 and 1,
respectively. The MPD1s were corrected for this fac-
tor, as described in Methods, to constitute the MPD2
values. The standardized MPD2 values were the phe-
notypes used for segregation analysis by means of the
regressive model. Figure 3 shows the mean MPD2 val-
ues observed in the nine age classes. The infection
levels were the highest among children (9-12 years)
and then decreased with age, consistent with the devel-
opment of an acquired immunity. Polynomial regres-
sion in age was performed before segregation analysis
by the unified mixed model. The final regression equa-
tion was a function of age (P < .02), age? (P < .002),
and age® (P < .002), with the coeflicients MPD2 =
—.03 + .072 age — .0041age? + .000047age® and
explained 15% of the variance of the MPD2s. The
MPD?2 values predicted by this regression equation are
shown in figure 3. The distribution of the standardized
residuals, i.e., the MPD3’s, is presented in figure 4.
Figure 2 shows the standardized MPD1, MPD2, and
MPD3 values for four nuclear families.

Evidence for a Mixture of Distributions

The likelihood-ratio tests showed that the most par-
simonious hypothesis for the MPD3 data was a mix-
ture of two normal distributions with no residual
skewness. This conclusion for a bimodal distribution
is compatible with but is not evidence of a major-gene
effect for which familial dependence of the pheno-
types, as performed by segregation analysis, has to be
taken into account.

Segregation Analysis

Results of segregation analysis obtained with the
unified model are presented in table 2. The presence
of a recessive major gene (model 5a vs. model 3) was
highly significant (34, = 28.9, P < .001), and addi-
tion of a residual multifactorial component to this
major gene (model 4b vs. model 3) was not needed
(x3 = .1, P> .9). With respect to the degree of domi-
nance of the major gene, the recessive hypothesis was
not rejected when compared with the codominant one
(model 4b vs. model 4a); however, the test was border-
line significant (x7 = 3.7, P = .07). A dominant major
gene did not fit the data (model 4c vs. model 4a). The
Mendelian transmission of the recessive major effect
was compatible with the data whether H and HZ were
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Figure 4  Histogram of the standardized MPD3s in 285 per-

sons. The curves represent the predicted distribution of the MPD3,
under the recessive major gene model (model 4b in table 2) and
under the assumption of a normal distribution for each genotype
(for a recessive model, aa and Aa individuals have the same distribu-
tion). The estimated variance within each component is .43, and
the proportion of AA individuals, according to the estimated gene
frequency, is .23.

fixed at 0 (model 4b vs. model 1b; x3 = 4.6, P> .19)
or estimated (model 3 vs. model 1a; ¥} = 4.7, P >
.18). Furthermore, the hypothesis of nontransmission
was excluded whether H or HZ were fixed at 0 (model
2b vs. model 1b; ¥} = 19.4, P < .001) or estimated
(model 2avs. model 1a; %3 = 15.3,P<.01). Although
not shown in table 2, the same results were observed
with a codominant major gene. The curves of figure
4 show the predicted distribution of the MPD3s under
the recessive model (model 4b); and in figure 2 are
indicated the most likely genotypes of family mem-
bers, according to their MPD3 values.

Table 3 shows the results of segregation analysis
using the class D regressive model. For all models,
likelihood-ratio tests showed that the best fit was ob-
tained with a cubic polynomial regression in age need-
ing three more parameters, denoted “Bage,” “Bage2,” and
“Bage3” in table 3. Model 3b (ppM =0, pro = pss) is
equivalent to model 5b of table 2, for the familial
correlations, and the values of ppo or pss (.159) esti-
mated simultaneously with the age effect were very
closeto H/2(.161). The presence of a recessive major
gene (model 3a vs. model 1b) was again highly sig-
nificant (3 = 42.3, P < .001), and addition of resid-
ual familial correlations to this major gene (model 2b
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Table 2
Segregation Analysis of MPD3s by Using the Unified Mixed Model
PARAMETER®
MopEeL q Raa HAa Haa TAAA ThaA Taah H HZ o -2InL+c

1. General transmission of recessive

major effect (free 1’s):

a. Mixed ....ooviiiiiiiiiniiieei .47 -.40 -.40 1.42 .92 .59 12 .02 .02 42 752.7

b.H=HZ =0 ...ccocovuuvnn... .47 -.40 -.40 1.43 .93 .59 A1 (0) (0) .42 752.9
2. No transmission of recessive

major effect (equal 7’s):

a. Mixed ...coovviiiiiiiiiieiee .49 -.40 -.40 1.29 .49 .49 .49 .14 .14 .48 768.0

b.H=HZ=0 .47 -4 -.41 1.40 .47 .47 .47 (0) (0) .43 772.3
3. Mixed Mendelian recessive ...... 48 -.41 -.41 1.38 (1) (.5) (0) .01 .01 .44 757.5
4, Mendelian, H = HZ = 0:

a. Codominant ................u..... .46 -.67 -.23 1.46 (1) (.5) (0) (0) (0) .40 754.0

b. Recessive .......ccceveevniennnnnen. .48 —-.41 -4 1.38 (1) (.5) (0) (0) (0) .43 757.6

c. Dominant ...........cccoeuvinnen. .14 -.39 1.07 1.07 (1) (.5) (0) (0) (0) .58 773.2
5. Multifactorial (equal p’s, g = 0):

a.Hand HZ ..........cccccvunee. (0) (0) (0) (0) .32 .33 (1) 786.4

b.H = HZ ....cccouvvveeevnnannnnen (0) (0) (0) (0) .32 .32 (1) 786.4

? Values in parentheses are fixed.
b Variance residual from the major effect.

< For all models, the overall mean and variance of the MPD3s were fixed at 0 and 1, respectively.

vs. model 1b) was not necessary (3 = 1.9, P > .5).
The recessive hypothesis was not rejected when com-
pared with the codominant one, whether the residual
familial correlations were estimated (model 1b vs.
model 1a; y} = 2.4, P > .12) or not (model 2b vs.
model 2a; i = .5, P > .45). However, problems of
convergence occurred when the transmission proba-
bilities and the B parameters of the polynomial regres-
sion in age were estimated simultaneously, and tests
of transmission of the major effect could not be per-
formed. It can be noted that the estimates of the
parameters under recessive model 2b are close to the
ones obtained in the previous paragraph under the
hypothesis of independence between individuals, and
figure 3 shows the evolution of the p,’s with age, as
predicted by model 2b.

The class D regressive model was also used to per-
form segregation analysis on the MPD3 values. In this
case no additional covariate was needed in the analysis
model. The conclusion of the analysis was the same as
that of the analysis conducted with the unified mixed
model —i.e., the presence of a recessive major gene
with no residual familial correlations. The parameter
estimates were identical to those of model 4b in table
2, since in the absence of both familial correlations
and covariates, the regressive and unified mixed mod-
els are equivalent.

Test of Homogeneity of the Sample, According
to Prophylaxis Habits

To assess the influence of prophylaxis habits on our
conclusions, we performed segregation analysis, with
the unified mixed model, separately in two subsets of
families: families (a), who did not take any prophy-
laxis (15 families), and families (b + ¢), who had irreg-
ular or regular prophylaxis intake (27 families). Under
the recessive-major-gene model, a test of homogeneity
done by calculating twice the difference between the
likelihood of the overall data and the summed like-
lihoods of the two subsamples clearly showed no het-
erogeneity (x3 = 0.1, P > .9). Furthermore, in both
subsamples, separate segregation analyses showed evi-
dence for the presence of a Mendelian recessive major
gene with parameter estimates close to the ones ob-
tained in the overall data, indicating that prophylaxis
habits do not influence the conclusions of the analysis.

Discussion

The results provide clear evidence for the segrega-
tion of a recessive major gene controlling the levels
of infection in human malaria. Under the recessive-
major-gene model (model 4b in table 2), about 23%
of the population is predisposed to high infections and
77% is resistant. With respect to the degree of domi-
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nance of the major gene, the results obtained using the
unified mixed model cannot exclude a codominant
major gene. Under this hypothesis (model 4a in table
2), the susceptibility level of heterozygotes (50% of the
population) remains much closer to that of resistant
homozygotes (29% ) than to that of susceptible homo-
zygotes (21%).

Although segregation analysis of the MPD2s by
means of the class D regressive model could not be
entirely completed, it is important to note that two
different strategies of age correction yielded close re-
sults. Furthermore, the shape of the regression func-
tion between the MPD2s and age was similar, whether
a major gene was included in the analysis (models 2
and 3 in table 3) or not (model 1 in table 3), indicating
that there is probably no interaction between the ma-
jor gene and the age effect. To strengthen our findings
we repeated the analysis with the unified mixed model,
using an alternative mode of age correction. As differ-
ent patterns of commingling in parents and children
could lead to conflicting results (Rice et al. 1990), both
the adjustment on age and the commingling analysis
were carried out separately in parents and in offspring.
There was evidence for a bimodal distribution in par-
ents and in children, and the conclusions of segrega-
tion analysis were the same as previously, i.e., the
presence of a recessive major gene, with close parame-
ter estimates (@ = .53, Baa = Paa = —.45, and paa
= 1.15).

The presence of a major gene controlling infection
intensities in human malaria is consistent with experi-
mental findings in mice, which show the role of a non-
H2-linked major gene controlling resistance to Plas-
modium chabaudi (Stevenson et al. 1982; Stevenson
and Skamene 1985), and studies of leprosy indicate
that parallels concerning the genetic control of suscep-
tibility to infectious diseases between mice and hu-
mans could be drawn (Abel and Demenais 1988;
Schurr et al. 1989). However, other H-2 and non-
H-2-linked genetic factors have been shown to be in-
volved in the susceptibility /resistance of mice to vari-
ous species of Plasmodium (Sayles and Wassom 1988;
Wunderlich et al. 1988), and one might expect a simi-
lar complexity in human genetic control. In this case,
the isolation of the effect of a single gene is of major
interest and provides an impetus for locating this gene
by linkage analysis. Further linkage studies will deter-
mine the relationships between the red cell genetic de-
fects known to influence the resistance against malaria
infection (Weatherall 1987; Nagel and Roth 1989)

Abel et al.

and the HLA system with the major gene that we have
detected.

Protective immunity as induced by injection of irra-
diated P. yoelii sporozoites have also been shown to
be genetically controlled by both non-H-2 and H-2
genes (Weiss et al. 1989). This genetic restriction of
the host response to immunization is one of the major
obstacles to developing an effective malaria vaccine
(Grauetal. 1987; Good et al. 1988; Weiss et al. 1989;
Londono et al. 1990). Our results showing the role of
a major gene in the determination of blood infection
levels suggest that protective immunity in human ma-
laria could be genetically controlled also. This conclu-
sion is the first step toward identifying the genetic
mechanisms of the human immune responsiveness to
malaria infection and may have important implica-
tions for the control of this disease.
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