12 o . PARASITOLOGY OF MALARIA

Influence of season

In many parts of the world, the transmission of P. falciparum shows
regular annual variations that are related to the seasonal breeding of the
vectors—and, consequently, to temperature and rainfall. The variations

are sometimes also related to seasonal migrations of population, which are

determined largely by the cycles of planting and harvest. The climatic
zones determine the general pattern. In tropical countries, transmission
often occurs throughout the year, and rainfall may determine the months
of a seasonal rise. In subtropical countries, temperature is more likely to
influence the seasonal changes, with the rainfall introducing local varia-
tions. The high temperature of the hot season favours transmission, and
in the higher latitudes infections are increasingly restricted to the summer
months as the difference between summer and winter temperatures becomes
more marked. Finally, at the fringe of the falciparum range, the tempera-
ture difference may be so marked that transmission is restricted to the late
summer months. However, many complex local variations occur, and it is
difficult to describe them conc1se1y The available information appears to
indicate that (4) transmission in the fringe areas of the falciparum range
is likely to be seasonal and related to temperature ; (b) perennial transmis-
sion is common in the tropics, often with a seasonal increase related to
rainfall, and (c) in tropical Africa and tropical South-East Asia the perennial
transmission of infection may be more important than seasonal variation.

Distribution of strains 1

It is not uncommon for the form or behaviour of P. falciparum to vary
from one geographical area to another. The best known differences are

‘biological variations which, in certain areas, are sufficiently distinctive to

provide an acceptable basis for the differentiation of geographical strains.
Less well defined are geographical variants that have a distinctive morpho-
logy. New species and subspecies have been described, later to be aban-
doned (Plasmodium immaculatum, P. tenue, and P. caucdsicum) or denied
taxonomic recognition (Laverania perniciosa and Plasmodium falciparum
aethiopicum), and many parasites formerly recognized as unusual in form

1 A parasite strain has been defined as “a population of common stock descending
from a single ancestor or derived from a single source and maintained without inter~
mixture from other sources through a number of generations *’ (World Health Organiza-
tion (1963) Terminology of malaria and of malaria eradication, Geneva, p. 87). This
definition may be appropriate for experimentally selected and maintained laboratory
strains, but it is too precise for the present purpose of referring to parasites recovered
from natural infections in the field. In the latter context, the term *“ strain »’ is used for a
population of parasites, recovered from a source in a given geographical area, that pos-
sesses confirmed or suspected distinctive characteristics that may be the result of the
pressure of natural selection.
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are now forgotten. It seems that morphology in P. falciparum has seldom
been a reliable criterion of variety or strain. More informative are the
biological variations reported from different parts of the world, of which
the best known are perhaps variations in sensitivity to drugs. As a result
of therapeutic necessity, much work has been carried out in the latter area
in recent years.

Biological variations

Biological differences in the behaviour of P. falciparum may be apparent
in (a) the susceptibility to drugs, (b) the pattern of human infection, (c) the
immunological response of the host, and (d) the ability to infect mosquitos.

Susceptibility to drugs.!

Most of the drugs commonly used to treat malaria have shown varia-
tions in effect that are related to the strain of parasite. Although insen-
sitivity to a given drug is usually induced by contact with the drug, it may
also be natural. Changes in sensitivity may be transient or permanent.

Resistance to proguanil in P. falciparum infections has been reported
from Cambodia, Ghana, Assam (India), Indonesia, Kenya, West Malaysia,
Papua and New Guinea, Tanzania, Thailand, and Viet-Nam, and resistance
to cycloguanil has been reported from West Pakistan. Cross-resistance
involving pyrimethamine has been usual.

Resistance to pyrimethamine in P. falciparum has been observed prin-
cipally in Africa (resistant strains have been recognized in Cameroon,
Ghana, Kenya, Nigeria, Senegal, Sudan. Tanzania, and Upper Volta).
In South America, resistance has been reported from Brazil, Colombia,
and Venezuela, and in Asia from Cambodia, India, West Irian (Indonesia),
West Malaysia, Thailand, and Viet-Nam.

Chloroquine-resistant strains of P. falciparum, first reported from
Colombia, are widely distributed in South America and South-East Asia.
The principal areas involved are Brazil, Colombia, the Guyana-Brazil
border area, Cambodia, northern West Malaysia, Thailand, and Viet-Nam.
There is no real evidence of significant resistance to chloroquine in Africa.

In past years, a decreased senmsitivity to mepacrine was recognized
in falciparum strains from northern New Guinea. Present evidence indi-
cates the existence of cross-resistance to mepacrine in chloroquine-resistant
strains from Cambodia, West Malaysia, Thailand, and Viet-Nam.

Resistance to quinine has been observed in the past. For example,
quinine-resistant strains were thought to be circulating in the Mediterranean
area and in Brazil during the First World War ; and strains from Italy,
observed in the course of therapy, were less sensitive than were strains

1 For further details on the resistance of P. falciparum to drugs, see p. 25.
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from Africa and India. However, there seems to be little indication that
significantly resistant strains are present in any area today.

Pattern of human infection. Differences that seem to be related to the
strain of parasite involved have been recognized in the duration of the
prepatent period and in the duration and virulence of infection. Charac-
teristic differences in the prepatent period, now merely of historical interest,
have been reported in strains from Italy (4 days), Romania (5 days), Florida
(9 days), and South Carolina (Santee Cooper Strain, 6 days, and McLendon
strain, 9 days). Differences in the duration of infection may also be related
to the parasite strain. Such differences have been reported from Europe
(1 year), America and Africa (18 months), and Mauritius (where, in the
past, infections sometimes persisted for 3 years). Differences in virulence
are also clinically important. Under identical conditions, Italian strains
were found to be more virulent than Indian strains, and a South Carolina

-strain’ more virulent than a strain from Florida.

Immunological variations. It is probable that parasites have strain-
related immunological differences, but too few data are available for geo-
graphical analysis. A Colombian strain has been distinguished from a
Thailand strain by the fluorescent-antibody technique, and characteriza-
tion of strains by immunological methods may ultimately become possible.

Ability to infect mosquitos. Differences related to strain have been recog-
nized in the infectivity of P. falciparum for mosquitos. For example, in
past years, Italian strains infected the European mosquito 4. labranchiae
atroparvus, whereas African strains did not. A Panama strain developed
more readily in 4. albimanus than did a Florida strain. Current variations
have yet to be defined. ‘

Morphological variations

Morphological variations in P. falciparum have been reported from
many areas, particularly in Africa. They have involved the size and form
of the trophozoites and schizonts, the amount of chromatin, the form of
the pigment, the size and stippling of the host cells, and the size and shape |
of the gametocytes. Variations in the stage of the cycle at which the para-
sites disappear from the peripheral circulation are related more to behaviour
in the host than to aberrations in form, but they reflect differences in the
microscopic appearance of the parasites. Segmenting forms, which are
.normally seen in blood films only in severe infections, have been observed
in films obtained from patients with mild infections in Africa and West
Malaysia. Such variations may be explained in different ways: (a) they
may be adventitious, as in the so-called tenue form ; (b) they may be deter-
mined by the immune status of the host, as ring-size appears to be in East
Africa ; (c) they may fall within a range of variation that some workers
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might regard as normal ; and (d) they may sometimes be morphological
pointers to geographical strains, which is possible but unproved.

Morphological variations, it seems, have no clear relation to parasite
strain. Despite the indications that variant forms occur in particular areas
(e.g., East Africa and Ethiopia), the evidence is inconclusive, and geo-
graphical strains characterized by distinctive morphology have not been
generally recognized.

Plasmodium vivax

Although P. vivax tolerates high temperatures and thrives, as does
P. falciparum, in the tropics and. subtropics, it is also adapted to lower
temperatures and is able to penetrate more deeply than P. fcz[czparum
into the temperate zones. In the tropics, the development of the parasite in
the mosquito is often completed within 8 days; at 17.5°C, development
takes over a month, and under natural conditions many mosquitos do not
survive to transmit infection ; below 15°C, completion of the sporogonic
cycle is unlikely. Consequently, the species is not usually found beyond
the 15°C summer isotherm ; indeed, owing to the lack of suitable vectors
and for other reasons, transmission of P. vivax usually ceases well short
of this limit. P. vivax has been the main cause of endemic malaria in
temperate climates, since it is adapted in the mosquito to a lower summer
temperature than is P. falciparum. Furthermore, P. vivax is often carried
through the winter cold in a latent form in the human host. The former
western limit of the range of P. vivax in Europe was the coastal areas of
England, and the northern limit was around Archangel, USSR. In Asia
the species extended to the Amor River in Manchuria ; in America foci of
infection occurred as far north as New England and Oregon on the Atlantic
and Pacific coasts of the USA, and extended into Canada in the Great
Lakes region. The southern limits were apparently determined more by the
absence of vectors than by temperature. Endemic infection was unusual
beyond the 30th parallel in South Africa and South America, and the
species had only a precarious hold in Australia.

This situation has been changed since the Second World War. The
species has disappeared from Europe, the USA, the USSR, and a number
of areas in Asia. With a few exceptions, the northern and southern limits
of P. vivax and P. falciparum now appear to be almost the same.

The Americas

At present, the range of P. vivax appears to extend from Mexico in the
north to Paraguay and northern Argentina in the south. Within these
boundaries the parasite is widely distributed, usually as a majority species.
In 1966, transmission was still occurring and the following figures are the
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proportions of the total infections accounted for by P. vivax: Argentina,
" 100% ; Costa Rica, 100% ; Mexico, 99% ; Paraguay, 98 % ; Peru, 93% ;
Honduras, 92% ; southern Venezuela, 87% ; Guatemala, 85% ; Nica-
ragua, 85% ; Sdo Paulo State, Brazil, 85% ; El Salvador, 84% ; Bolivia,
82% : Panama, 75% ; British Honduras, 53% ; Dominican Republic,
49% ; Brazil, excluding.S3o Paulo State, 46% ; and Colombia, 41%.
Notable exceptions to the usual predominance of P. vivax occurred in
Haiti and Surinam, countries with a predominantly Negro population.
In these countries only 1% of the malaria infections reported were attributed
to P. vivax, a phenomenon on which the resistance of the Negro to vivax
infection may have some bearing. Countries that were formerly within the
vivax range but that are now apparently free from endemic vivax infection
include Barbados, Dominica, Grenada and Carriacou, Guadeloupe,
Jamaica, Martinique, Puerto Rico, St. Lucia, Trinidad and Tobago, the
USA, and the Virgin Islands.

i
Africa

The distribution of P. vivax in Africa is not well defined. In most areas
it is overshadowed by P. falciparum, and it appears to be absent from parts
of West Africa where the Negro population may have a natural resistance
to infection. Recent statistics give an indication of its distribution. Its
prevalence relative to other species is high only in territories at the northern
fringe of the range—94% in Algeria, 92% in Morocco, 99% in Tunisia,
and 96% in Lower Egypt. It seems to have been eliminated from Mauritius,
" and natural vivax infection is unknown in Cameroon, Ghana, Liberia, Nige-
ria, Senegal, and Togo. Elsewhere, P. vivax is widespread, although usually
as a minority species. The following figures show the proportion of total
infections accounted for by P. vivax : Uganda, 0.2% ; Zanzibar and Pemba
(United Republic of Tanzania), <1% ; southern Sudan, 1% ; Southern
Rhodesia, 3-5% ; South Africa, 5% ; Swaziland, 4-10% ; northern Sudan,
13-22% ; Ethiopia, 0-40%. The species has been reported at altitudes up to
1700 m (Swaziland, 1150 m; South Africa, 1150 m; Uganda, 1500 m;
Southern Rhodesia, 1600 m ; Democratic Republic of the Congo, 1700 m).

Asia

The range of P. vivax in Asia is a wide belt that extends across the.
continent. The northern boundary is not clear, but appears to extend
from Turkey in the west through northérn Iran, Afghanistan, West Pakistan,
and Nepal to the Republic of Korea in the east. The species appears to
have been eradicated from Israel, Lebanon, Taiwan (China), and the
USSR. Information is not available from mainland China, North Korea,
and North Viet-Nam. The species is present in all other areas (at least in



