thousand to several tens of millions of
electron volts for the following ob-
servables: polarization produced by
elastic scattering, differential cross sec-
tions for elastic scattering, and reaction
and total cross sections. None of the
parameters varies with nuclear species,
and only one varies with energy.

Polarized protons were used to test
the assumptions that reactions involving
strong nuclear forces are invariant
under parity and time-reversal opera-
tions. These experiments bear not only
on fundamental symmetries but also on
nuclear structure, because they involve
the basic interactions.
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Sickle-Cell Trait in Human
Biological and Cultural Evolution

Development of agriculture causing increased malaria is
bound to gene-pool changes causing malaria reduction.

Medical anthropology has been mov-
ing increasingly into central areas of
anthropological theory. Alland () has
demonstrated some of the ways in
which medical anthropology may serve
“as a major link between physical and
cultural anthropology, particularly in
the areas of biological and cultural evo-
lution.” The purpose of this article is
to examine the relationship between the
sickle-cell trait, malaria, and agriculture
in east and west Africa so as to derive
hypotheses regarding concomitant hu-
man biological and cultural evolution.

Malarial infection, both natural and
experimental, and mortality from such
infection are consistently lower in in-
dividuals having the sickle-cell trait (2,
3). The normal population has reduced
fertility rates as compared to the
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“sickler” population in endemic arcas
(4). Also, the distribution of the sickle-~
cell trait in tropical Africa parallels
that of subtertian malaria (3, 5), so it
is reasonable to believe that malaria is
the selective agent producing high fre-
quencies of the sickle-cell trait in the
area of sub-Saharan Africa stretching
from the east coast to Gambia on the
west coast. Livingstone (5) proposed
that malaria in west Africa became
hyperendemic when large tracts of tropi-
cal rain forest were reclaimed for agri-
culture, by multiplying the number of
breeding places for the Anopheles gam-
biae species complex, which contains
major vectors of hyperendemic malaria
6).

Two important areas in the inter-
action of the sickle-cell trait, malaria,
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and agriculture have not been examined
previously. First, not all agricultural
systems have the same effect on the
development of malaria and of high
frequencies of the sickle-cell trait. The
data presented here show that agricul-
tural systems do differ in this respect,
with one, the Malaysian agricultural sys-
tem (7, 8), having a greater effect than
any other. Second, the effects of changes
in the frequency of an adaptive gene
on the incidence of the disease select-
ing for it have not been fully examined.
Computer models were developed to
determine the nature of the interaction
of the sickle-cell trait and malaria, and
it was found that increasing frequencies
of the sickle-cell trait cause reductions
in malaria parasitism by reducing the
number of people capable of being in-
fected in a population. Both of these
arguments are critical to the hypothe-
sis that the development and differentia-~
tion of the Malaysian agricultural sys-
tem is intimately bound to changes in
the gene pools of populations using
this agricultural system. The action of
high frequencies of the sickle-cell trait
is to reduce the environmental limita-
tion of malarial parasitism on these
populations, thus allowing more human
energy to flow into the development
and maintenance of the Malaysian agri-
cultural system. A number of lines of
evidence are presented here to support
the hypothesis.

The author is a medical student at the
University of California San Francisco Medical
Center, San Francisco. This article is based on
a paper presented before the American Federa-
tion for Clinical Research, Carmel, California,
in January 1967.
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Methods and Materials

Data, for the communities of this sur-
vey, on the degree of dependence on
agriculture, the type of crop regime,
and the manner of crop production
were obtained from the “World Ethno-
graphic Survey,” a continuing series in
Ethnology. Each community was
scored from 0 to 9 according to the
reported degree of its dependence on
agriculture (0, dependence O to 5 per-
cent; 1, 6 to 15 percent; 2, 16 to 25
percent; 3, 26 to 35 percent; 4, 36 to
45 percent; 5, 46 to 55 percent; 6,
56 to 65 percent; 7, 66 to 75 percent;
8, 76 to 85 percent; and 9, 86 to 100
percent).

Data on the frequency of the sickle-
cell trait for various tribes in west and
east Africa were used only if the sample
size was considered adequate. Other-
wise, data were used only if confirming
studies had been made, in which case
the results were pooled.

The mathematical models relating
hyperendemic malaria and the sickle-
cell gene frequency were set up on the
basis of a Fortran IV program and run
on the IBM 1401 computer.

Agriculture and the Sickle-Cell Trait

Data from 60 communities in east
and west Africa met our criteria; they
are plotted in Fig. 1, according to the
percentage of individuals with the
sickle-cell trait in the community. Data
for tribes with agricultural dependence
scores of 3 and below were combined,
as were those for tribes with scores of
8 and 9.

The 50th percentile (median), the 25th
percentile, and the 75th percentile found
for each degree of dependence on agri-
culture show that a greater dependence
on agriculture is associated with a high-
er frequency of the sickle-cell trait.
The 25th and 75th percentiles repre-
sent the amount of variation around
the median. Tribes are ranked either
I, II, III, or IV according to which
region of Fig. 1 they occupy. The
sample of communities having less than
35-percent dependence on agriculture
is too small to be considered sig-
nificant, but communities falling in this
region probably have very low fre-
quencies of the sickle-cell trait. There
is a trend toward stabilization of the
median from 46- to 65-percent de-
pendence on agriculture, but the widest
variations in the trait frequencies are
found here. Cultures with greater than
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75t
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50th
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25th
-7 PERCENTILE

PERCENT OF SICKLERS IN COMMUNITY

DEGREE OF DEPENDENCE
ON AGRICULTURE IN COMMUNITY

Fig. 1. Relationship between percentage
of individuals with sickle-cell trait and
degree of dependence on agriculture, in
60 communities.

66-percent dependence -on agriculture
show a marked increase in the fre-
quencies of the sickle-cell trait, with a
reduction in the amount of variation
around the median.

For . any degree of dependence on
agriculture there is a wide variation in
the frequencies of the sickle-cell trait
in various communities, indicating that
different relevant variables may dif-
ferentiate cultures in ranks III and IV
from those in ranks I and II. Table 1
shows the distribution of the crop com-
plexes among the four ranks of Fig. 1.
Fifty-three of the cultures for which
data were available were classified ac-
cording to their main crop, but this
classification does not mean that mem-
bers of one crop complex may not
have crops from another. Cereals, rep-
resenting crops found in the Sudanic
agricultural complex, have a wide dis-
tribution but are associated mainly with
low frequencies of the sickle-cell trait.
Root and tree crops from the Malaysian

ROOT AND
TREE CROPS

CEREALS

PERCENTAGE OF COMMUNITIES

! 1 1 1 !

< 4 H C 6 7 8>
DEGREE OF DEPENDENCE ON AGRICULTURF

Fig. 2. Normal distribution of the degrees
of dependence on agriculture in com-
munities using cereals and in those using
root and tree crops.

agricultural complex are associated al-
most exclusively with higher frequen-
cies of the sickle-cell trait. A more re-
vealing analysis of the relationship be-
tween crop regime and frequency of
the sickle-cell trait is shown in Table
2. Cereals show wide variation but, for
the most part, are associated with low
frequencies of the trait. The eight com-
munities in the 25- to 29-percent sickler
group do not conform to the normal
distribution that would be expected on
the basis of data in Table 1. Most of
these communities are in east Africa
and are societies practicing intensive
irrigation of crops. Root and tree crops
are clearly associated with very high
frequencies of the trait. )

Also, note that communities with
root and tree crops tend to have a
greater economic dependence on agri-
culture than communities using cereals
(Fig. 2).

Malaysian Agricultural Complex

According to Murdock (7), the pre-
dominant root crops in east and west
Africa are yams and taro and not the
Guinea yam as has been suggested by
Livingstone and Chevalier (9). The
Guinea yam does not have the status
of a staple in either of the areas con-
sidered. The main tree crops are ba-
nanas and coconuts. These root and
tree crops all belong to what Murdock
calls the Malaysian agricultural com-
plex that was introduced into Madagas-
car and the coast of east Africa from
certain parts of southeast Asia a few
centuries before Christ.

The ancient Malayo-Polynesian-
speaking Mongoloid peoples of the
coastal areas of southeast Asia were
excellent sailors who carried their cul-
ture eastward into the islands of the
Pacific and westward to Madagascar
(10). The Malagasy are Mongoloid peo-
ples found on Madagascar who speak
a language of the Malayo-Polynesian
stock which is very closely related to
the language of the Ma’anyan of
southeast Borneo (/7). These people
once occupied a coastal position and
were great navigators. Southeast Borneo
lies along the Sabaean Lane, a water
route of great antiquity connecting In-
donesia, Malaya, the Philippines, south-
east China, and India. Dyen (I2) has
applied lexicostatistical methods to
Dahl’'s work and estimates that the
separation of the Malagasy from the
Ma’anyan occurred at least 1900 years
ago. . :
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It is believed that the Ma’anyan'

brought with them from Borneo swid-
den agricultural techniques, dry rice,
and root and tree crops. The sweet
potato also appears to have been in-
troduced at this time. Evidently the
wet-rice or paddy-rice cultivation prom-
inent on the mainland of southeast
Asia and established on Java and Suma-
tra around the beginning of the Chris-
tian era had not yet been introduced
into Borneo. Wet rice appears never to
have been adopted by the Ma’anyans,
who were, in succeeding centuries of
the Christian era, displaced from their
original coastal position into the ad-
jacent interior of the island by tribes
practicing paddy-rice cultivation (7).
The Azanians on the coast of east
Africa adopted parts of the Malaysian
agricultural complex during the first
century of the Christian era, accord-
ing to early written evidence (13). Taro
(Colocasia antiquorum), yams (Dios-
corea alata, D. bulbifera, D. esculenta),
bananas, and coconuts are still promi-
nent in this area (I4). These Cushites
of Azania carried the agricultural com-
plex west into the interior of Africa
and southwest into Uganda (7, p. 210).
A solid band of tribes located in
what is called the “yam belt” runs
across sub-Saharan Africa from the east
to the west coast. In all these tribes
the Malaysian agricultural complex fig-
ures importantly (7). Prior to the spread
of this complex the Sudanic agricul-
tural complex, with many cereal crops,
predominated over native agriculture in
sub-Saharan Africa (7). Communities
practicing agriculture with the Sudanic
set of crops were limited to the fringes
of the tropical rain forest, because
these crops were poorly suited to the
rain-forest environment. Also, these
communities never attained a high de-
gree of dependence on agriculture in
their economies (see Fig. 2). Through-
out the “yam belt” there is evidence
of the recent development of the Ma-
laysian agricultural complex, which is
well suited to the tropical forest environ-
ment, and of the recent penetration of
the tropical rain forest by Negroid peo-
ples using this complex; this penetration
caused the displacement of hunting and
gathering pygmy peoples {15). It is esti-
mated that the occupation and displace-
ment occurred within the last 2000
years. '
Although the crops of the Sudanic
complex play only minor roles in the
societies under consideration, their
planting and harvesting are attended
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Table 1. The number of communities in
each rank, according to crop (see Fig. 1).

Rank
11X II I

Cereals i5 13 8 7

Root and
tree crops O 1 3 6

Crop

by elaborate ritual, indicating great an-
tiquity. In west Africa the Sudanic com-
plex is more important in the north,
where it appears to have arrived at an
early date. Also, a number of crops
were probably domesticated originally
in west Africa, among them the Guinea
yams and the oil palm (16). However,
the Malaysian complex is of great im-
portance in the south, where the tropi-
cal forest predominates. Wet rice is
cultivated in many parts of west Afri-
ca; it appears to have been introduced
by Arabs around A.D. 1500 (17).

Murdock also believes that the Ma-
laysian complex was an important fac-
tor in the large expansion of the Bantu
peoples through much of tropical Afri-
ca, and in the development of forest
states in west Africa, due to the suit-
ability of the crops for the tropical
forest environment. As noted above,
slash-and-burn cultivation is conducive
to the development of breeding places
for the Anopheles gambiae species
complex, and thus to the development
of intense malaria parasitism. With the
shift from use of the tropical forest
for hunting and gathering to swidden
cultivation, there was a change in the
nature of breeding places available to
various species of mosquitoes and there-
fore a shift from A. funestus to A.
gambiae as the major vector of malaria.
This shift is significant because the be-
havior of the species comprising the
A. gambiae species complex is much
more conducive to the development of
hyperendemic malaria.

Livingstone (5) noted a north-south

Table 2. Relationship between crop regime
and frequency of the sickle-cell trait in 53
communities.

Percentage of individuals
with sickle-cell trait

Crop 30
0-  5-10- 15- 20- 25~

4 9 14 19 24 29 up
Cereals 9 9 5 2 0 8 0
Root and

treecrops 0 0 O 1 6 2 1

* These communities practice extensive irriga-
tion and have high malarial parasitism (see text).

gradient in the frequencies of the
sickle-cell trait, with greater frequencies
in the south. All along the “yam belt,”
especially in the central Sudan and in
Nigeria, there is a north-south gradient
in the distribution of Malaysian crops
(7), paralleling the gradient of the
sickle-cell trait. Figure 3 shows the dis-
tribution of the Malaysian agricultural
complex and the distribution of sickle-
cell-trait frequencies higher than 5 per-
cent. There is a striking overlap of these
areas.

The relationship between agriculture
and malaria was noted over a century
ago when outbreaks of malaria fol-
lowed irrigation work (/8). Angel (I9)
has demonstrated that in the eastern
Mediterranean during prehistoric times
porotic hyperostosis, or a thickening of
the spongy marrow space of the skull
due to sicklemia or one of the thalas-
semias, is associated frequently with
early farmers who lived in marshy areas
in Greece, but rarely with paleolithic
hunters. The frequency of the disease
also appears to have decreased in areas
where farming methods improved.

Genes and Socioeconomic
Adaptations

The introduction of the Malaysian
food complexes into sub-Saharan Afri-
ca brought about major changes in
human ecological niches. Introduction
of the crops allowed Negroes to pene-
trate the tropical rain forest and al-
lowed their populations to increase to
new equilibrium levels, making this
band across the continent, especially in
west Africa, the most densely populated
part of Africa. As Geertz (20) has dem-
onstrated in Indonesia, a population
adopting a new agricultural system
which provides a greater and more cer-
tain food supply not only undergoes ex-
pansion but also tends to involute.
More people are centered in one area,
and people tend to move less, due to
vastly increased needs of husbandry to
keep the agricultural system yielding
at maximum capacity. Malaria increases
in such a situation, for infected in-
dividuals remain constantly close to un-
infected individuals and the probability
of transmission by mosquito increases.

The new agricultural system allows
expansion and involution of the popu-
lation and, at the same time, is the
ultimate cause of an increase in malaria
parasitism. The population growth puts
increased pressure on the agricultural
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system for greater food production, but
the parasitism takes its toll through
mortality and morbidity, thus reducing
the total energy available for agricul-
tural production. The sickle cell pre-
sents a biological solution to a cultural
problem by providing many members
of the population with genetic immuni-
ty, thereby allowing more human ener-
gy to flow into agricultural production
to meet the demands of an increasing
population. »

These concepts may be formulated
into a principle regarding the interac-
tion of biology and culture in man.
Where a socioeconomic adaptation
causes a change in the environment, the
frequency of a gene will change in pro-
portion to the survival value the gene
confers on the carriers in the new eco-
system. Increasing frequencies of an
adaptive gene remove environmental
limitations and allow further develop-
ment of the socioeconomic adaptation.
The environmental conditions crucial
to the transmission of malaria are also
crucial to the economy, but the sickle-
cell trait removes a limitation for agri-
cultural development and maintenance
by reducing the number of people capa-
ble of being infected by malaria in a
community. The gene frequency and
the socioeconomic adaptation continue
to develop in a stepwise fashion until
either the limit of the gene frequency
or the limit of the socioeconomic adap-
tation is reached.

Evidence to support the hypothesis
is found in Table 2 and Fig. 2, which
show that societies with the greatest
dependence on agriculture have the
highest frequencies of the sickle-cell
trait.

Mathematical Models: Concepts

It has been possible to develop mathe-
matical simulations relating the dy-
namics of the sickle-cell trait to the dy-
namics of hyperendemic malaria. The
models show that an increase in the
sickle-cell trait reduces the intensity of
malaria parasitism by reducing the pro-
portion of the population capable of
being infected. The models are offered
as evidence that the sickle-cell trait re-
moves an environmental limitation on
the development of the Malaysian agri-
cultural complex in Africa. The model
presented is believed to be valid for
hyperendemic malaria in sub-Saharan
Africa. The variables used reflect basic
epidemiologic determinants of malarial

8 SEPTEMBER 1967

MALAYSIAN
774 AGRICULTURAL
COMPLEX
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Fig. 3. Distribution of the Malaysian
agricultural complex and distribution of
sickle-cell-trait frequencies higher than 5
percent.

transmission and are taken from actual
field studies. Before considering the
models we should consider certain fac-
tors of the epidemiology of malaria.

Malaria is a three-factor disease, with
mosquitoes and mammals serving as
hosts, and is a disease caused by in-
fection with one of the four malaria
parasites; however, only two of them,
Plasmodium falciparum and P. ovale,
are important in areas where the sickle-
cell trait is found. Plasmodium falci-
parum is usually associated with stable,
hyperendemic malaria, while P. vivax
and P. ovale are dominant in areas
with unstable, epidemic malaria with
marked seasonal variations. Stable ma-
laria, as found in sub-Saharan Africa,
is associated with the following char-
acteristics. The mosquito, usually from
the Anopheles gambiae species com-
plex, bites man frequently, and its
probability of survival through the pe-
riod of development of the parasite in
its salivary gland is good. An infective
mosquito with a long life span is a
greater epidemiologic hazard than a
short-lived counterpart. The high lon-
gevity of the mosquito in sub-Saharan
Africa is due mainly to the humid and
stable climatic conditions.

The main vectors for malaria in sub-
Saharan Africa are the species of the
Anopheles gambiae complex and A.
funestus. The A. gambiae species com-
plex is mainly associated with agricul-
tural societies and hyperendemic ma-
laria, while A. funestus is associated
with areas of unchanged tropical rain
forest, hunting and gathering cultures,
and lower levels of endemic malaria.
This difference in ecological niche is
due solely to a difference in the breed-
ing places of the various species, as
noted above. The freshwater breeders

of the A. gambiae species complex will
multiply in many types of water but
prefer open, sunlit pools of the type
created in the tropical rain forest when
slash-and-burn agriculture is practiced.
Anopheles funestus is found in swamps
with heavy vegetation, in vegetated river
edges, and in other bodies of water
that are not in direct sunlight (21).
Such breeding places are found most
readily in the unchanged tropical forest.
It is possible to use these mosquitoes
as ‘“‘ecological labels” for different hu-
man socioeconomic adaptations, a con-
cept introduced by Audy (22).

Figure 4 shows the relationship be-
tween the sporozoite rate (or the pro-
portion of mosquitoes, in a population
of mosquitoes, with malaria parasites
in their salivary glands) and the selec-
tive advantage of the sickle-cell trait
in seven African communities. The
sporozoite rate is a good index of the
amount of malaria in an area where
it is endemic because the sporozoite
rate depends (i) on the number of in-
fected people in a population capable
of producing infection in a mosquito,
(i) on the frequency with which a
mosquito will bite men, (iii) on the
time it takes the malaria parasite to
develop within the mosquito, and (iv)
on the mortality rate of the mosquitoes
(see Appendix, Eq. 3). The selective
advantage of the population with the
sickle-cell trait is determined accord-
ing to Livingstone (23), and in Africa is
represented as some value greater than
1, because 1 is taken as the selective
advantage of the population lacking the
sickle-cell trait. The greater the selective
advantage of the sickler, the more the
sicklers will contribute to the composi-
tion of future generations. The basic
prerequisite for determining the selec-
tive advantage of the heterozygote is
that the frequency of the sickle-cell
gene be in equilibrium with the amount
of malaria in the area being considered.

The best-fitting straight line was de-
termined (see Appendix, Eq. 1). The
selective advantage of the heterozygote
clearly tends to increase as the amount
of malaria in an area increases.

Mathematical Models: Results

Figures 5 and 6 are mathematical
simulations of various epidemiological
conditions and show the dynamics of
endemic malaria in response to the
presence of the sickle-cell trait in the
population.
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SELECTIVE ADVANTAGE OF SICKLER
HETEROZYGOTE OVER NORMAL POPULATION
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Fig. 4. Relationship between the intensity
of endemic malaria (the sporozoite rate)
and the selective advantage of the sickler
heterozygote over the normal population
(see Appendix).

One more epidemiological concept
must be introduced before the models
are discussed. This is the basic reproduc-
tion rate, or the number of human in-
fections produced by an earlier human
infection (see Appendix, Eq. 5). If one
case of malaria gives rise to two other
cases at a later date, then the basic
reproduction rate is 2. The basic re-
production rate is directly proportional
to the sporozoite rate and serves as a
very good index of the intensity of
malaria. If the basic reproduction rate

[ an.,

BASIC REPRODUCTION RATE OF MALARIA

09

-
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03

FREQUENCY OF SICKLE CELL GENE

01

10 30 50 70 90 no 130 150
TIME(IN GENERATIONS)

Fig. 5. Mathematical models of the inter-
action of the sickle-cell trait and malaria
in populations where the percentage of
human individuals producing the form of
parasite capable of infecting mosquitoes
is (4) 3.6 percent; (B) 1.8 percent, or
(C) 1.0 percent, or where mosquito bites
man once every (A) 2 days, (B) 4 days,
or (C) 10 days.

1138

ever falls below 1.0, malaria will not
continue to be transmitted in the com-
munity, so 1.0 represents the critical
value for the continuance of malaria.
If the basic reproduction rate ‘“con-
tinuously exceeds this critical value, ma-
laria will persist but its epidemiologi-
cal characteristics will be largely de-
termined by the biting habit and lon-
gevity of the mosquito” (24).

The logic of these models may be
presented with a minimum of mathe-
matics. The frequency of the sickle-
cell gene in a population is assumed
to be initially very low, and the lon-
gevity of the mosquito and its man-
biting habit are taken to be high. For a
given sporozoite rate in a particular
area it is possible to determine what
the selective advantage of the sickler
population is, according to the rela-
tionship shown in Fig. 4 and in Eq. 1
of the Appendix. For each generation
the frequency of the sickle-cell trait is
determined for the next generation on
the basis of the selective advantage of
the sickler (Appendix, Eq. 2). Given
this new frequency of the gene, it is
possible to see by what degree the popu-
lation capable of being infected is re-
duced, hence the value for the basic
reproduction rate of malaria for that
generation may be determined (Appen-
dix, Eq. 6). Since the basic reproduc-
tion rate is directly proportional to the
sporozoite rate and the sporozoite rate
is directly proportional to the selective
advantage of the sickler heterozygote,
it is possible to derive an expression
relating the selective advantage to the
basic reproduction rate (Appendix, Eq.
7), and a new value for the selective
advantage is found, which is used in
determining the frequency of the gene
in the next generation. These three steps
—determining (i) the new gene fre-
quency, (ii) the new basic reproduction
rate, and (iii) the new selective ad-
vantage of the heterozygote—are fol-
lowed for each generation.

Comparison of the corresponding
curves of the top and bottom graphs
of Fig. 5 shows that an increase in
the frequency of the sickle-cell gene
causes a reduction in the basic re-
production rate of hyperendemic ma-
laria by reducing the proportion of
people capable of being infected. High
sporozoite rates in the mosquitoes,
caused by the fact that a relatively
high proportion of the human popula-
tion is capable of infecting mosquitoes,
allow development of proportionately
high equilibrium frequencies of the
gene, which in turn cause marked re-

ductions in the basic reproduction rate
(Fig. 5, top, curve A). When the pro-
portions of human populations capable
of infecting mosquitoes are lower, this
allows the development of lower equi-
librium frequencies, and this in turn
causes lesser reductions in the basic
reproduction rate of malaria (Fig. 5,
top, curves B and C). Notice also that
it takes more time for lower frequencies
to reach equilibrium because of the
lower pressures of malaria on the popu-
lation as a whole.

Figure 5 also shows the effect of vary-
ing the mosquito man-biting habit—its
effect on the frequencies of the gene
developed, and its subsequent effect on
the reduction of malaria in a popula-
tion. The frequencies with which mos-
quitoes bite man vary a great deal
with various species and have profound
effects on the nature of malaria in a
region. Stable, hyperendemic malaria is
associated with high frequencies of bit-
ing. Where mosquitoes bite man regu-
larly, the number of infected mos-
quitoes (the sporozoite rate) is high,
the selective advantage of the heterozy-
gote is high, and the frequency of the
gene rises rapidly to a high equilibrium
value (Fig. 5, bottom, curve A4). This
increase in the gene frequency causes
a marked - reduction in the basic re-

production rate of malaria. Lower
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where the daily mosquito mortality is (4)
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values for the man-biting habit of mos-
quitoes allow lower frequencies of the
gene to develop, with proportionately
milder reductions in the basic repro-
duction rate (Fig. 5, bottom, curves
B and C).

Increases in the man-biting habit
of the mosquito have significant effects
on the intensity of malaria and hence
on the frequency of the sickle-cell
“trait. In many parts of the world an
increase in the mosquitoes’ man-biting
habit is caused by the displacement or
reduction in numbers of cattle or other
animals that previously served as hosts
for the mosquito. This displacement is
caused by growth in human popula-
tion, so the mosquito must turn in-
creasingly to man as the major host.
Epidemics caused by such a situation
have been reported in India (25), and
it has been speculated that man has
caused the displacement of original
hosts for many parasites in densely
populated parts of the world, especial-
ly in the tropics.

Figure 6 shows the effect on the in-
teraction of the sickle-cell trait and
malaria of varying the longevity of
the mosquito. The daily mortality of
mosquitoes depends mainly on humid-
ity and on seasonal climatic variations.
Throughout tropical .Africa there is rel-
atively little seasonal climatic variation
and the relative humidity is constant-
ly high, so the daily mortality of mos-
quitoes is low. Figure 6, top and
bottom, curve A, shows a simulation
in which a low value was used for
mosquito daily mortality, one typical
for hyperendemic malaria in Africa,
which was determined from actual field
studies (26). The model stabilized af-
ter about 40 generations or 1000 years,
and the equilibrium values approximate
very closely the values determined for
malaria and the sickle-cell trait in
Uganda, where values for all the pa-
rameters in this model were obtained.

MacDonald determined the basic re-

production rate to be around 1.25, and
various field studies on frequencies of
the sickle-cell trait show values rang-
ing from 27 to 39.1 percent (27). For
the sickle cell, the gene frequency is
half the trait frequency.

On the fringe of the tropical rain
forest large areas of savanna are found,
where the humidity is lower and where
there is more seasonal climatic varia-
tion. These conditions cause a reduc-
tion in the longevity of the mosquito,
the results of which are represented
in Fig. 6, top and bottom, curve B.
The model reaches equilibrium in

8 SEPTEMBER 1967

about 60 generations or 1500 vyears,
and the equilibrium values reached
are similar to the values reported for
northwestern Nigeria, where the values
for the parameters of the model were
obtained (5, 28). The time necessary
for the development of equilibrium in
all models is well within 2000 years—
the interval since the Malaysian agri-
cultural system was introduced into
Africa.

Conclusion

The particular agricultural adapta-
tion we have been considering is the
ultimate determinant of the presence
of malaria parasites in the intracellular
environment of the human red blood
cell. This change in the cellular envi-
ronment is deleterious for normal in-
dividuals, but individuals with the sick-
le-cell gene are capable of changing
their red-cell environment so that in-
tense parasitism never develops. Nor-
mal individuals suffer higher mortality
rates and lower fertility rates in a ma-
larious environment than individuals
with the sickle-cell trait do, so the lat-
ter contribute proportionately more peo-
ple to succeeding generations.

In the case of an intensely malari-
ous environment created by a new ag-
ricultural situation, the viability of the
normal individual is reduced and there
is selection for the individual with the
sickle-cell trait; this means that the
nature of the gene-pool of the popula-
tion will change through time. This
biological change helps to maintain the
cultural change causing the new cellu-
lar environmental change, and the bi-
ological change may allow further de-
velopment of the cultural adaptation,
which in turn increases the selective
pressure to maintain the biological
change. In this way it is possible to
see human biology and culture inter-
acting and differentiating together in a
stepwise fashion. If valid, the hypothe-
sis developed here serves to demon-
strate the important role that disease
may have in human evolution.

Appendix

The mathematical analysis. The pur-
pose of this mathematical analysis is
to allow the development of models
in which various factors may be var-
ied to determine their effects on the
process being considered. The mathe-
matics of the epidemiology of malaria

has been developed by MacDonald
(29), and the basic statements about
malaria in this simulation are his.
Equations relating to changes in the
gene frequency are derived from the
Hardy-Weinberg law and the notation
of Wright used by Livingstone (23).

1) The equation for the relationship
between the sporozoite rate and the.
selective advantage of the sickler over
the normal individual shown in Fig.
4 is

wi = 1.075 4 1.289s (1)

where wj, is the selective advantage
of the heterozygote sickler and s is the
sporozoite rate, or the proportion of
mosquitoes capable of transmitting the
parasite to man.

2) The expression for the change in
gene frequency for one generation is
derived from the Hardy-Weinberg law
and is given as follows:

(Wi@i—i)) +2

Wi qs

Gisy ==

@)

where g is the gene frequency, i is the
number of the generation being con-
sidered, and w,; is the selective ad-
vantage of the normal population.

3) The expression for the sporozoite
rate is given by MacDonald as

prax

ax — logp )
where p is the probability of a mos-
quito’s surviving through the first day
of life; p® is the probability of its
surviving through n days, or the time
that it takes for the parasite to de-
velop within the mosquito; @ is the num-
ber of times a mosquito bites a man
in one day; and x is the proportion
of the human population capable of
infecting mosquitoes.

4) To Eq. 3 I have added the fol-
lowing factors: 2g, the proportion of
the human population incapable of be-
ing infected due to genetic immunity,
and ¢ = (1—2¢q), or the proportion of
the population capable of being in-
fected due to lack of genetic immu-
nity. Rewritten, the sporozoite rate is

pPlaxe
axa — log.p )

5) MacDonald defines z,, or the
basic reproduction rate, as

s =

pn
= P —s )

Substituting the value of s from Eq.
4 into Eq. 5, we get

Zo

Zom=1— ax(1 —2g)

log.p (6)
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6) The selective advantage of the
heterozygote may be expressed in
terms of the basic reproduction rate
through substitution of the expression
for s in Eq. 1 into Eq. 5; the substi-
tution yields

Wizt +1 = 128917" [1—(1/20)] + 1.075
7
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