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Malaria parasite strain characterization,
cryopreservation, and banking of isolates:
a WHO Memorandum*

There has been considerableprogress in the biological characterization ofmalariapara-
sites in thepastfewyears. Physiologicalparameters such as host adaptation, virulence, exo-
erythrocytic development, in vitro growth oferythrocytic stages, and drug sensitivity are of
particular importance to epidemiologists. Advances in enzyme analysis, 2-dimensional
protein electrophoresis, and nucleic acid analysis haveproducedseveralnew techniques that
can be applied to the malaria parasite. Similarly, antigenic characterization is expected to
progress as a result oftechnical improvements. Many ofthe biologicalparameters are needed
for the study ofparasite genetics, afield which has expanded greatly through the develop-
ment ofcloning techniques. The latter also hold interestfor theproduction, and thefuture
use in research, of biologically well characterized standard clones. In this connexion, the
cryopreservation and banking of malaria parasites deserve attention, in order to ensure the
supply of well defined, viable isolates and clones to interested research workers.

The biological characterization of malaria parasites
is a subject of particular interest to epidemiologists
and laboratory-based scientists. Little attention has
been paid to this field in the past, mainly because of
the lack of suitable methods of characterization.
However, recent progress in research in parasite bio-
logy, chemotherapy, and immunology has produced
many more possibilities for determining parasite
characteristics. Studies on strain differentiation are
also essential for genetic studies, which are funda-
mental to an understanding of the nature of variation
in malaria, as they facilitate the identification of inter-
breeding populations of parasites and the understand-
ing of the spread of drug resistance. At present,
however, such genetic studies cannot be carried out
with Plasmodium falciparum or any other human
malaria parasite because of the technical difficulties of
maintaining the complete life-cycle in the laboratory.

0 This Memorandum was drafted by the signatories listed on page
547 on the occasion of an informal consultation held in Geneva in
December 1980. Requests for reprints should be addressed to: Chief,
Research and Technical Intelligence, Malaria Action Programme,
World Health Organization, 1211 Geneva 27, Switzerland. A French
translation will appear in a future issue of the Bulletin.

Until this is possible, genetic work must be carried out
with other Plasmodium species, such as those infec-
ting rodents. Studies on the genetics of characteristics
such as drug resistance in these organisms, however,
provide important information on the extent to which
gene mutations are involved, and on how the mutant
genes are inherited and spread in parasite populations.

In P.falciparum, it is possible only to characterize
isolates for variations in characters such as drug-
response, antigens, and enzymes. The advent of clon-
ing of asexual blood forms of P.falciparum is
expected to provide a number of well characterized
uniform strains, which are urgently required for basic
research in various disciplines, especially malaria
chemotherapy and immunology.

This Memorandum reviews the available biological
markers, including drug sensitivity, isoenzymes, anti-
genic determinants, plasmodial infectivity to insect
vectors, and DNA and other biochemical character-
istics. Cloning techniques and their application in
genetic studies are also reviewed. The problems of
cryopreservation and banking of parasite isolates and
strains are discussed, with particular emphasis on the
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standardization of procedures and the documentation
of material, since this is of particular importance in
relating laboratory findings to the epidemiological
situation.
Major emphasis is given to P.falciparum, the most

important human pathogenic Plasmodium species,
and at present the only one that is available from in
vitro culture. There is a need to extend strain charac-
terization to other human pathogenic plasmodia,
especially to P. vivax, which is a species of consider-
able socioeconomic importance. However, the prac-
tical implementation of such work depends on the
development of suitable systems for in vitro culture.
Recommendations are made for future research in all
these areas.

BIOLOGICAL CHARACTERIZATION

Vectors

The adaptation of parasite populations to local
vectors has not been studied sufficiently. The failure
to infect the Italian strain of Anopheles atroparvus,
formerly an efficient vector for Mediterranean
P.falciparum, with P.falciparum from Nigeria (28),
suggests the existence of differences in the infectivity
of various parasite isolates. Similarly, A. labranchiae
and one strain of A. atroparvus from Italy proved to
be refractory to infection with Kenyan P.falciparum.
Also, information from Nepal indicates that no
locally transmitted cases of chloroquine-resistant
P.falciparum have been found to date, despite the
importation of chloroquine-resistant P.falciparum
malaria in Nepalese subjects returning from India.
The suggestion that the local vectors may be unable to
transmit resistant P.falciparum has yet to be
confirmed and warrants careful study. Similarly, epi-
demiologically significant mechanisms exist else-
where, e.g., in Central America, where the Panama
Canal remains the northern limit of chloroquine-
resistant P.falciparum.

Investigations of vector/parasite adaptation need
to be concerned with both factors. The differential
susceptibility of proven vectors needs to be studied
with a variety of biologically well characterized plas-
modial strains. In addition, standard parasite strains
should be used to detect non-susceptible strains of a
given vector species, in order to study the physio-
logical differences between susceptible and refractory
strains.

Pre-erythrocytic development
Features of the pre-erythrocytic development of

malaria parasites in the mammalian host may also be

used for the characterization of isolates and strains.
This is of particular epidemiological importance in
P. vivax, where marked differences in pre-erythrocytic
development are observed in isolates from different
geographical areas. There are differences not only in
the duration of the prepatent period (15, 42), but also
in the relapse patterns, which are determined largely
by the times at which exoerythrocytic merozoites are
released into the blood. Environmental conditions
have obviously contributed to the selection ofP. vivax
populations near the climato-geographic limits of its
distribution in the Palaearctic region, as shown in the
example ofP. vivax hibernans. However, the extent of
the variation among P. vivax strains is not known, and
it is necessary to determine whether these patterns of
pre-erythrocytic development are related to other bio-
logical markers, and whether relapses are caused by
the presence of strain mixtures.

Virulence

Parasite virulence and pathogenicity have been used
as parameters for strain differentiation in experi-
mental malaria, especially in rodent models, but they
have always had a very limited application in simian
models. For obvious reasons, it is impossible to
conduct prospective virulence studies on P.falci-
parum in man. Some leads may be obtained by relat-
ing the biological characteristics of the strain or
isolates to the clinical records of the patients from
whom they were collected.

Growth in vitro.
Preliminary observations indicate that differences

in growth rates of P.fakiparum in continuous culture
in vitro may be a valuable biological parameter.
Growth rates are a composite function of the duration
of blood schizogony, merozoite yield, and culture
conditions. If the culture conditions can be standard-
ized, it may be possible to utilize growth rate as a
biological parameter. While such standardization is
feasible for defined medium components and physical
conditions of incubation (e.g., depth of layer of eryth-
rocytes and medium, gas mixture, temperature, etc.),
it would be quite difficult as far as serum and eryth-
rocytes are concerned. Further investigations are
required to discover whether different kinds ofhuman
sera or erythrocytes uniformly support the growth of
all P.falciparum strains, or whether there are strain
differences in growth support requirements.
The presence or absence of "knobs" on the surface

of erythrocytes infected with P.falciparum may
provide another useful parameter. Measurement of
rate-limiting enzymes of metabolic processes, e.g.,
glycolysis, should provide an accurate measurement
of strain growth rates.
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Drug sensitivity
A number of parameters associated with drug sensi-

tivity are of considerable epidemiological importance
in human malaria and may be used extensively as
markers for the characterization of Plasmodium
strains.
P.falciparum poses major operational problems in

the form of resistance to a variety of antimalarial
drugs. Work is needed to assess drug sensitivity using
relatively simple in vitro methods in the field, and to
relate the results to in vivo findings. More sophisti-
cated test systems can be used for the determination of
drug sensitivity in P.falciparum from continuous in
vitro culture. The choice of test depends on the pur-
pose of the investigation and the type of drug to be
used.

It is realized that the available test systems are
restricted to measuring the drug sensitivity of P. falci-
parum. Although there is clinical evidence of large
differences in the primaquine sensitivity of exoeryth-
rocytic forms ofP. vivax, and of resistance ofP. vivax
blood forms to tetrahydrofolate dehydrogenase
(dihydrofolate reductase) inhibitors in various
geographical areas, no reliable tests have yet been
developed.

(a) In vivo (clinical) tests
In vivo tests, preferably the extended (28-day)

WHO Standard Field Test (44) may provide valuable
clinical and epidemiological data and should be
conducted, wherever feasible, immediately after
obtaining the P.falciparum isolate or clone for in vitro
testing or culture. The relevant data should be
included in the documentation of the isolate and of the
clones originating from the isolate. In vivo tests can, in
principle, be carried out with all drugs or drug combi-
nations that can be expected to produce radical cure.
The interpretation of the results for the 4-amino-
quinolines follows the lines set out in the WHO
Standard Field Test. However, for drug combinations
and for quinine, there is a need to establish the
accepted standard dose and the period of observation
required for determination of the level of resistance.
The results of in vivo tests may be influenced by the

immune status of the patient, resulting in apparent S
responses (indicating sensitivity) in the presence of
incipient or low-grade resistance, or in RI responses in
the presence of a relatively high degree of in vitro
resistance. On the other hand, RI responses (recrudes-
cences) in the late part of the post-treatment obser-
vation period may reflect reinfection if the tests are
carried out while malaria transmission is occurring.

In vivo tests should, therefore, be supplemented by
in vitro tests, which usually provide an objective
measure of drug sensitivity.

(b) In vitro tests

Tests applicable to material taken directlyfrom the
patient. Field or hospital isolates may be examined
using schizont maturation inhibition tests or growth
inhibition tests.

(t) Schizont maturation inhibition tests. Two
systems are available for the assessment of inhibition
of schizont maturation:
- the macrotest (WHO Standard Test), based on

the technique described by Rieckmann et al. (30);
- the microtest, based on the system described by

Rieckmann et al. (31) using P.falciparum isolates
from Aotus monkeys and subsequently modified for
field application in human falciparum malaria (43).
These tests can be applied to field isolates ofP.falci-

parum, which are usually semi-synchronized since the
peripheral blood normally contains only ring forms
(and gametocytes, which are not considered in this
context). They can be used for 4-aminoquinolines,
mefloquine, quinine, and artemisinine (Qinghaosu).
There are certain severe limitations to the use of the

macrotest: at least 10 ml of blood has to be taken by
venepuncture, (a problem in small children and
infants under field conditions), the initial para-
sitaemia should not exceed 80 000 asexual parasites/
ml, and the parasites should be of the medium-to-large
ring stages. The microtest, however, can be performed
with blood drawn from the finger tip and with rela-
tively small (young) ring forms. Also, using RPMI
1640 as a transport medium, the sample can be trans-
ported for at least 8 hours at ambient temperature
(below 40 IC), and a whole range of drugs can be
tested simultaneously on the same blood sample.
However, the better growth conditions (RPMI
medium with HEPES, sodium bicarbonate, and infec-
ted blood at 0.05 final haematocrit) may result in mero-
zoite reinvasion if the test is incubated for too long.
While the microtest appears to be preferable in

many circumstances, the macrotest is still needed
especially in view of its simplicity.

(ii) Growth inhibition tests. Sensitivity to
tetrahydrofolate dehydrogenase inhibitors cannot be
measured in schizont maturation inhibition tests.
However, Nguyen-Dinh & Payne (22) have recently
developed a system which measures the inhibition of
growth of the parasite from an estimation of the
increase in parasitaemia over a 48-h period in vitro.
This test can also be used for 4-aminoquinolines (24).

Tests applicable to material from continuous
cultivation. The testing of drug susceptibility in asyn-
chronous material from continuous in vitro culti-
vation should be carried out preferably in the form of
growth inhibition or viability tests. Nguyen-Dinh &
Trager (23) and Nguyen-Dinh & Payne (22) have
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described a test (known as the 48-hour test) which
measures growth inhibition following exposure to
4-aminoquinolines and tetrahydrofolate dehydro-
genase inhibitors over a 48-h period. In another type
of test, Richards & Maples (29) exposed the parasites
for 48 h to drugs such as chloroquine or pyrimeth-
amine, followed by a recovery period of 48 h in
normal, complete medium (RPMI 1640 complete with
10% serum, without drug). In the latter test, the
viability of the parasite after exposure to various
concentrations of the drug was measured in the form
of growth curves. This test system has been used
successfully with a wide variety of drugs and is also
suitable for the in vitro screening of candidate anti-
malarial compounds.

In addition, Desjardins et al. (11) have devised a
semiautomated growth inhibition test based on the
incorporation of radiolabelled precursors into para-
site macromolecules.
None of the above-mentioned tests is suitable for

drugs whose activity resides in metabolites rather than
in the parent compound. Thus, no simple test system
exists for the assessment of sensitivity to sulfon-
amides, where the major problem is the elimination
of 4-aminobenzoic acid (PABA) from the culture
medium. While elimination is possible for the defined
components of the nutrient medium, it is considerably
more difficult for serum and erythrocytes, which are
an integral part of the culture system.
Although the standard drugs used in present day

malariological practice provide the basic sensitivity
markers, it may be necessary to widen this range by
including other compounds, e.g., mepacrine and vari-
ous antibiotics, to arrive at a more detailed parasite
characterization, especially in the case of multiresist-
ant strains.

There is also a need for a uniform way of expressing
drug dose levels employed in the in vitro tests. This
should follow the SI system of units (41), and it is
proposed that substance concentrations (mol/litre) be
expressed in relation to blood or packed cell volume.

Drug sensitivity and mixed parasite populations
Results from in vitro susceptibility tests performed

on isolates from patients shown by in vivo tests to be
infected with parasites exhibiting resistance indicate a
heterogeneity in drug response in the parasite popu-
lation. It is important, therefore, to assess the drug
response of the field isolate before and after
adaptation to continuous cultivation in vitro, since the
conditions of continuous cultivation may operate in
favour of selecting a particular part of the parasite
population. Thus, material from in vitro cultures may
not reflect the conditions prevailing in the original
isolate. This will be the case with cloned material
which, in the absence of mutations conferring specific

biological advantages in culture, is expected to show
rather well defined, narrow dose-response charac-
teristics.
The selection of specific parasite populations

during cultivation in vitro indicates the need for
cloning as soon as possible after obtaining the isolate.
Cloning from the original isolate appears to be the
method of choice since multiple infections of eryth-
rocytes are relatively rare in isolates of low- or
medium-grade parasitaemia, while they are frequently
observed in material from continuous culture.

Biochemical characterization

Enzyme electrophoresis. Starch gel electrophoresis
of enzymes has proved to be a valuable technique for
differentiating species, subspecies, and cloned isolates
of the malaria parasites infecting rodents (8).

Six enzymes have been used so far:
- glucose phosphate isomerase (GPI) (EC 5.3.1.9)
- 6-phosphogluconate dehydrogenase (PGD)

(EC 1.1.1.44)
- lactate dehydrogenase (LDH) (EC 1.1.1.27)
- NADP-dependent glutamate dehydrogenase

(GDH) (EC 1.4.1.4)
- adenosine deaminase (ADA) (EC 3.5.4.4)
- peptidase E (PEPE) (EC 3.4.11 or 3.4.13).
Cultured isolates of P.falciparum from numerous

endemic countries, especially the Gambia and Thai-
land, have been examined for variation in their
enzymes (34, 40).

Concentrated preparations of parasites freed from
their host cells by saponin lysis are necessary to detect
enzyme activity ofPGD, ADA, and PEPE, and 0.1 ml
of packed red cells from a culture of 3% parasitaemia
containing a high proportion of large parasites, yields
sufficient enzyme activity for one electrophoresis test.
However, less material is required for GPI, LDH, and
GDH. In all cases, optimal results are obtained with
enzymes from freshly prepared parasite material, but
satisfactory results can be obtained from material
stored in liquid nitrogen.
The results obtained with Gambian and Thai iso-

lates of P.falciparum suggest that differences in the
genetic composition of the parasites are not marked,
as they possess electrophoretically similar forms of
each enzyme. However, there are differences in the
frequencies of certain isoenzymes:

(a) GPI: two forms, GPI-l and -2 are present in
parasites from both countries with similar frequen-
cies, although a rare form (GPI-3) has been found in
one Thai isolate;

(b) LDH: LDH-1 and -2 are present in Gambian
isolates, whereas only LDH-1 is found in Thai
isolates;

(c) PGD and GDH: one form of each enzyme
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(PGD-1 and GDH-1) is present in all Thai and the
majority of Gambian isolates. Additional variants are
also found in Gambian isolates;

(d) ADA: ADA-1 and -2 are present in isolates
from both countries with similar frequencies;

(e) PEPE: PEPE-1 is present in all isolates from
both countries.

Only a limited number of isolates from other coun-
tries have been studied, but there is some evidence that
samples from East Africa possess PEPE forms
(PEPE-2 and -3) not found elsewhere. Further work,
however, is needed to confirm this finding.

2-Dimensional protein electrophoresis (O'Farrell's
technique (25)). Proteins of some cultured isolates of
P.falciparum labelled with 35S-methionine have been
examined for variation, using 2-dimensional SDS-
PAGE electrophoresis (39). Approximately 100 pro-
teins have been characterized for their isoelectric point
and relative molecular mass, and 35 ofthem have been
compared in different isolates. Preliminary results
indicate that:
- the protein patterns obtained are reproducible

for each isolate, using asynchronous cultures;
- five isolates from South-East Asia can be distin-

guished from two Gambian isolates by differences in
four proteins;
- there is some variation among the South-East

Asian isolates in four proteins.

Nucleic acid analysis
Several methods are now available for the analysis

of nucleic acids. However, to date, only indirect
chemical analysis and DNA hybridization techniques
have been used for strain characterization in malaria
parasites. It appears that these techniques are suitable
for distinguishing between species but not between
strains or clones of the same species. Other methods of
DNA analysis have recently been applied to distin-
guish between Trypanosomatidae, and these methods
are discussed below in relation to malaria parasites.

Chemical analysis ofDNA. The base composition
of DNA, usually expressed as a mean molar percent-
age of guanine plus cytosine (%G + C), has proved to
be a useful indicator of phylogenetic relationships
among bacteria (20) and other microorganisms (14).
Different base compositions suggest differences in
genetic information, although the converse does not
necessarily indicate genetic identity.

Base compositions are measured indirectly, either
by measuring the buoyant density of the DNA in
isopycnic caesium chloride or caesium sulfate
gradients, or by determining its melting temperature
(Tm), as indicated by the change in absorbance at
260 nm during denaturation at high temperatures.

Both measurements have been shown to be directly
related, with certain limitations, to the base
composition.

It has been shown thatDNA from malarial parasites
usually contains two components, a major one,
presumably nuclear DNA, and a minor one, probably
mitochondrial in origin. It appears that malarial para-
sites can be separated into three distinct categories,
according to DNA base composition (10, 16):
- primate malarias (P. knowlesi, P.falciparum), 37%

G+C
- rodent malarias (P. berghei, P. vinckei, P. chabaudi,

and P. yoelii), 24% G + C
- avian malarias (P. gailinaceum, P. lophurae), 18-20%

G+C

However, it does not appear to be possible to distin-
guish between strains by this method, at least with
respect to rodent malarias (10).
The nuclear DNAs of avian malaria parasites and

the minor satellite components described in P.falci-
parum, P. knowlesi, P. berghei, P. chabaudi (10, 16),
and P. lophurae (17) are all unusual in that they have
extremely low G + C content (i.e., 18-20%). This
value is at least 50o lower than that for any other
DNA, except for the satellite band ofDNA from some
crabs and mitochondrial DNA from a petite yeast
mutant.
The similarity of the estimations of base compo-

sition of DNA in both P. berghei and P. knowlesi,
measured by buoyant density and melting tempera-
tures, indicates that the nuclear DNA does not include
any unusual bases.

DNA-DNA hybridization. Differences in nucleo-
tide sequence between species can be detected by
hybridization of DNA from the two sources. The
difference in thermal stability of the homologous and
heterologous hybrids, determined by the melting and
re-annealing characteristics, is a measure of the
nucleotide sequence changes that have occurred since
the divergence of the species. Chance et al. (10) have
shown that this technique can be used to distinguish
various rodent malaria species and their phylogenetic
relationships.

DNA-RNA hybridization. DNA-RNA hybridiz-
ation techniques have not been applied to malaria
parasites, although Steinert et al. (37,38) and Chance
(9) have used them to try to distinguish between vari-
ous Trypanosomatidae. The former studies indicated
that there was no sequence homology between kineto-
plast DNA (kDNA) of Crithidia spp., Leishmania
spp., Trypanosoma cruzi, T. mega, and T. brucei. In
preliminary experiments, complementary RNA made
on T. brucei brucei was found to give only partial in
situ cross-hybridization with the kDNA of T. brucei
gambiense and T. brucei rhodesiense (38). Little
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hybridization was observed between four strains of
Leishmania aethiopia (9). The application of these
techniques to the analysis of kDNA of Trypano-
somatidae is aided by the fact that kDNA is highly
repetitious and lacks histone-like proteins that could
interfere with hybridization (13).

DNA restriction endonuclease analysis. The
discovery of restriction enzymes, which cleave DNA
molecules into discrete fragments, has provided a very
sensitive technique for the analysis of DNA. At
present, more than 20 restriction endonucleases
are known to cleave DNA at different nucleotide
sequences. Thus, treating samples of a DNA with
different nucleases produces fragments of various
sizes that can be analysed by polyacrylamide gel
electrophoresis. Once the fragments in a restriction
digest are fractionated according to size by electro-
phoresis, they can be transferred to nitrocellulose
filters by the Southern blotting technique and hybrid-
ized with DNA from other sources. In this way, it is
possible to compare nucleotide sequences from differ-
ent sources and to provide precise information on
homologies between DNA from different organisms.

In recent years these techniques have been used to
study both nuclear and kinetoplast DNA of trypano-
somes, leishmania, and free-living protozoa, but they
have not yet been applied to DNA from malaria para-
sites.

In trypanosomes, cleavage products of kinetoplast
minicircle DNA show marked differences between
species (6) and between strains of the same species (3).
In fact, in some cases, there were hardly any common
bands between species, indicating a marked hetero-
geneity of minicircle DNA, even between strains.
However, as might be expected, the size distributions
of minicircle fragments within clones of the same
strain of T. brucei were identical (4).

Borst et al. (5) have also compared nuclear DNA
from several T. brucei strains with DNA from
T. evansi and T. equiperdum, two species that are
closely related to T. brucei. These results, in a limited
number of strains, indicate that analysis of the size
distribution in the restriction enzyme digests makes it
possible to distinguish between species and between
strains of the same species, but not between three
different antigenic variants of the same T. brucei
strain. Antigenic variants of the same strain could be
distinguished from each other only by molecular
hybridization with the genes coding for individual
variant surface glycoproteins.

Obviously this last mentioned technique cannot be
applied to malaria parasites at present since no
complementary DNA for a gene product is yet avail-
able. However, the analysis of restriction enzyme
digests by size may be applicable to intraspecies and
strain differentiation in malaria. The method may be

useful for screening purposes, but it requires purified
DNA, involving complex purification methods, and
approximately 101o-101" purified parasites for the iso-
lation of the DNA.

Separation ofoligonucleotides ofRNA. A sensitive
two-dimensional electrophoresis ("fingerprinting")
method for separating the oligonucleotides obtained
by partial digestion of radioactively-labelled RNA
has been developed. This method is currently being
assessed for its ability to distinguish between strains of
malaria parasites.'

GENETIC STUDIES

A considerable number of genetic studies have now
been carried out on rodent parasites (2). Studies on
the inheritance of enzyme forms have shown that:

(a) intraerythrocytic parasites are haploid, meiosis
occurring between zygote formation in the mosquito
and the emergence of parasites into the blood; and

(b) the parasite appears to undergo a normal
eukaryotic type of Mendelian inheritance of geneti-
cally controlled characters, allowing new gene combi-
nations to arise frequently.

In the case of P. yoelii, subspecies isolated from
different regions of Africa, which can be distinguished
by their enzyme forms, may undergo cross-fertiliz-
ation resulting in the production of recombinant
forms by Mendelian inheritance (18).
Work on the genetic basis of pyrimethamine resist-

ance has shown that mutations causing a high level of
resistance to the drug can arise readily, even after
selection using a low dose. A high level of chloroquine
resistance, however, appears to be due to the accumu-
lation of several gene mutations, each conferring a low
level of resistance (1). When crosses were made
between a chloroquine-resistant P. chabaudi line, and
one sensitive to the drug, parasites exhibiting inter-
mediate levels of resistance were isolated (Padua,
unpublished observation). The gene mutations in-
volved, therefore, appeared to have arisen at differ-
ent, unlinked loci.

Biological competition studies between drug-resist-
ant and drug-sensitive lines of P. chabaudi (32) have
shown that a mutant exhibiting a low level of chloro-
quine resistance appeared to possess a selective advan-
tage over its parent sensitive line, even in the absence
of drug pressure. In the case of pyrimethamine resist-
ance, the results were less clear; in some tests, the
pyrimethamine-resistant mutant appeared to be at a

a VEZZA, A. C. & TRAGER, W. Characterization of the major
RNA species of the human malarial parasite. 29th Meeting of the
American Society of Tropical Medicine and Hygiene, Atlanta, 5-7
November 1980.
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disadvantage in comparison with its parent, sensitive
line, while in others it grew at an equal rate.

CLONING

Cloning techniques have been available for several
years for rodent parasites, and have recently been
developed for P.falciparum using in vitro cultures.
The composition of an isolate from Thailand (Tak 9)
has been analysed in detail. Originally, this uncloned
isolate possessed two forms of GPI, GPI-l and -2,
whereas after cloning by dilution (V. E. Rosario,
unpublished observation), only parasites character-
ized by GPI-1 or GPI-2 were isolated. Some evidence
was also obtained of differences in the growth rates of
the clones.

In addition, there is a recent report of attempts to
produce clones by dilution of cultures of P.fal-
ciparum-infected erythrocytes, showing morpho-
logical variations (i.e., "knobby" and "knobless"
erythrocytes).b

ANTIGENIC CHARACTERIZATION

A growing body of evidence indicates that malaria
parasites freshly isolated from natural populations are
heterogeneous for a variety of biological character-
istics (40). Antigenic analyses, using polyclonal
immune sera and various methods of gel electrophor-
esis, have revealed the complexity of plasmodial
antigens and the difficulty of identifying those charac-
teristic of strains or isolates. However, the recent
development of hybridomas secreting monoclonal
antibodies of defined specificity, has greatly expedited
the task of isolating and characterizing antigens with
species or stage specificity. Time will tell whether this
technology has similar application in the characteriz-
ation of isolates.
As the antigenic structure of plasmodia was re-

viewed in detail at the recent meeting of the Scientific
Working Group on the Immunology of Malaria (36),
the present Memorandum focuses on methods for
antigenic characterization of strains or isolates of
plasmodia. Particular consideration is given to the
soluble and membrane-associated antigens of P.falci-
parum, but much of the technology and many of the
aims discussed are applicable to other plasmodia.

Soluble antigens of P. falciparum
A variety of soluble antigens has been detected in

extracts of infected erythrocytes, the plasma of
b GREEN, T. J. ET AL. Cloning and characterization of Plas-

modium falciparum. 29th Meeting of the American Society of
Tropical Medicine and Hygiene, Atlanta, 5-7 November 1980.

acutely infected patients, and concentrated culture
fluids (45, 48). Some of these antigens have been
broadly characterized by their heat stability as L
(labile), R (resistant), and S (stable) classes of antigens
(45). Of these, the L and R antigens have not so far
shown serological differences that could be used to
identify different isolates. However, the heat-stable
(100 IC for 5 min) S-antigens have shown consider-
able serological diversity in samples taken from
endemic areas in several parts of the world (46). These
antigens are detected by gel diffusion using broad-
spectrum antisera from immune adults living in
endemic areas. The S-antigens that characterize an
isolate have been shown to retain their specificity over
long periods of passage, both in vivo and in vitro, and
predictable mixtures of S-antigens can be recovered
from cultures of P.falciparum after mixing isolates
that each give rise to characteristic S-antigens. The
apparent long-term stability of S-antigens contrasts
with the variant antigens of P. knowlesi detected by
the schizont-infected cell agglutination (SICA) test
(7), where a series of antigens emerges in the course of
a chronic infection.
Although the source and composition of S-antigens

is not yet fully understood, they seem to be released
from infected erythrocytes late in schizogony or
during the reinvasion phase, and preliminary
immunochemical studies indicate that they are
proteins or possibly complexed proteins (47).
Plasma samples from acutely infected patients have

been compared serologically and mixtures of S-anti-
gens are usually found in individual cases. The
frequencies of the various antigens differ. Also,
individuals living in endemic areas usually present
with different S-antigens in different attacks of
clinical malaria. This suggests that these individuals
have been infected successively with different para-
sites which can be characterized by their S-antigen
specificity (46).

Surface-associated antigens
Species- and stage-specific antigens have been

detected with polyclonal antisera but the identifi-
cation of isolate- or strain-specific membrane-associ-
ated antigens from malaria parasites still poses
problems. New approaches with monoclonal anti-
bodies may bring new information, and the results of
recent studies are outlined below.

(a) Sporozoites. A monoclonal antibody has been
produced against a stage-specific surface antigen
(designated Pb4) ofsporozoites ofP. berghei, but this
antibody cross-reacts with the sporozoites of at least
one other murine parasite, P. yoelii nigeriensis (27,
50). Another monoclonal antibody raised against
surface antigens of sporozoites of P.falciparum of
Gambian origin, reacted with sporozoites of a Thai



WHO MEMORANDUM

isolate (Nussenzweig, unpublished data).
(b) Intraerythrocyticforms. Two monoclonal anti-

bodies recognizing different determinants on the same
molecule of merozoites of P. yoelii have been shown,
upon passive administration, to protect mice against
lethal P. yoelii infections. There is no information
about the inter- or intraspecies specificity of these
determinants.
Monoclonal antibodies directed against antigens of

P.falciparum showed restricted species- and stage-
specificity in some cases, but not in others (26). In
further experiments, mice were immunized with a
Senegalese isolate of P.falciparum and antibodies
from 51 hybridomas, produced after fusion, were
tested against heterologous isolates from China and
Viet Nam. No isolate-specific hybridomas were
detected (L. Perrin, unpublished data).

(c) Gametes. The inter- and intraspecies specificity
of a monoclonal antibody that reacts with a surface
protein of male and female gametes of P. gailinaceum
(Pg225) is not yet known (Gwadz, unpublished data).

(d) Parasite glycoproteins in the infected red-cell
membrane. Three metabolically-labelled glyco-
proteins (gp65, gp9O, gpl25) are associated with the
erythrocyte membrane following infection of mon-
keys with either the Malaysian or Philippine strains of
P. knowlesi. These glycoproteins were also immuno-
precipitated from human sera from West Africa (35).

General considerations
So far, no isolate-specific antibodies have been

found that 'are directed against the surface compo-
nents of different developmental stages of various
plasmodia. The red-cell surface antigens detected in
the SICA test may be an exception, but even this is not
certain. In contrast, the soluble S-antigens associated
with asexual forms of P.falciparum can be used as
potential markers for isolate characterization. More
than 20 different S-antigen specificities are known to
occur in the Gambia.

CRYOPRESERVATION

Cryopreservation techniques have been used
successfully for many years in the preservation of
isolated tissue cells, spermatozoa, and pathogens. To
achieve optimal survival rates, different types of cell
require different cryopreservation techniques (21).
However, there has been insufficient work to eluci-
date the optimum conditions for reliable and repro-
ducible cryopreservation of malaria parasites. It is
important that a high degree of parasite recovery be
attained, since it has been demonstrated that low
survival rates after freezing and thawing may
represent a selective event, which may favour mutant

subpopulations (19). Although the plasmodial life
cycle is composed of various parasite stages, this
Memorandum will concentrate on the asexual intra-
erythrocytic parasite forms.
A study of the currently available techniques for the

preservation of P.falciparum demonstrates that a
glycerol technique, modified from Rowe et al. (33)
allows cryopreservation of both culture-adapted para-
sites and those present in infected blood taken directly
from the host. There is evidence that schizonts cannot
be preserved by these techniques (12, 49). Until
the optimum conditions are known, the following
glycerol method is recommended.

Freezing and storage
(a) Centrifuge the sample to be frozen (500 g for

5 min at room temperature).
(b) Remove supernatant by aspiration; when freez-

ing fresh infected blood, the supernatant should be
preserved by freezing for antigenic analysis or sero-
logical studies.

(c) Resuspend the remainder of the sample in an
equal volume of cryopreservative (280 ml of glycerol,
30 ml of sorbitol, and 6.5 g of NaCl per litre), at room
temperature.

(d) Distribute 0.5 ml aliquots into appropriately
labelled vials.

(e) Introduce the vials into a liquid nitrogen refrig-
erator for freezing and subsequent storage.

Steps (c)-(e) above should take no longer than
10 min.
During storage, the frozen samples should, as far as

possible, not be exposed to rising temperatures. For
example, when samples are removed from the liquid
nitrogen container, it is important that accompanying
samples (e.g., those on the same cane, or in the same
box) be exposed to the ambient temperature for the
minimum amount of time; elevation of temperature in
the samples is deleterious and may result in substantial
loss of viability.
When the material is frozen, the temperature at

which the parasites are eventually to be stored (e.g.,
-170 IC in liquid nitrogen) should be attained during
the initial freezing procedure. If this is not possible,
the samples may be frozen and stored temporarily at a
higher temperature, e.g., -70 IC in dry ice. While it is
acceptable to transfer material from dry ice to liquid
nitrogen, the reverse could prove deleterious to the
samples.

Thawing
(a) Remove the sample from the liquid nitrogen

refrigerator, plunge it immediately into a 37 °C water
bath, and agitate for 30 seconds.

(b) Centrifuge (500 g, 2-3 min, at room tempera-
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ture); remove supernatant by aspiration.
(c) Resuspend the remaining material in an equal

volume of saline solution (35 g/litre).
(d) Centrifuge; remove supernatant.
(e) Resuspend the remaining material in 10 volumes

of culture medium (RPMI 1640).
(f) Repeat steps (d) and (e). (Occasionally, these

steps may have to be repeated twice when haemolysis
is still evident after the second wash.)

(g) Centrifuge; remove supernatant.
(h) Resuspend the cell pellet with an equal volume

of culture medium. This material can be used to
initiate cultures.
When the parasitaemia in the original sample is less

than 1%, further dilution of the parasites by the
addition of fresh erythrocytes should be avoided. In
areas where immediate cryopreservation is not poss-
ible, infected blood can be maintained and trans-
ported prior to culture in a wet ice slurry with the
material protected from direct contact with the ice by a
layer of gauze. Blood may be maintained for up to
48 h in this way without serious loss of viability before
initiation of culture.
There is a clear need to elucidate the best materials

and conditions for the cryopreservation and recovery
of human malaria parasites. Following the develop-
ment of these procedures, they should be fully evalu-
ated under field conditions.

CRYOBANKING OF STORED AND REFERENCE MATERIAL

Research on malaria parasites from geographically
distinct areas can be meaningfully assessed only when
recognized, acceptable experimental techniques invol-
ving selected and standardized clones ofP.falciparum
are used. Thus, there is a need for regional centres to
act as reference laboratories for the banking of well
characterized cloned material. At this stage, there
should be no more than 12 standard clones, although
it is recognized that the number may need to be
increased as research work proceeds. The material
should be made available to bona fide workers who
should make frequent checks of the biological
markers during, or at least at the end of, each experi-
ment. This would ensure the comparability of results
from one laboratory to another across the world.
The standard clones should be prepared from

material obtained from areas of the world where
P.falciparum is a major concern. The clones should
be derived from various isolates, including drug-
sensitive and drug-resistant parasites, and enzyme
patterns and antigenic determinants that allow differ-
entiation between similar strains. As technology
advances, the number of characteristics may be
increased to allow more efficient monitoring.

DOCUMENTATION FOR STANDARD CLONE MATERIAL

It is essential that adequate information be
documented for all isolates from which standard
clonal material is obtained. The information should
be in a form suitable for processing by computer and
contain:

(a) patient's name, hospital number, age, sex,
weight, and height;

(b) ethnic group;
(c) place of work/residence;
(d) place (including geographical coordinates)

where infection was probably contracted;
(e) sample type (general populace; schoolchild;

hospital patient; migrant worker; visitor);
(f) date and time of taking blood, and handling

procedure before processing;
(g) results of blood films;
(h) result of urine test for antimalarials;
(t) patient's response to chemotherapy with full

details of drugs and dosage used;
(j) response of parasites to antimalarial drugs in

vitro;
(k) details of drugs administered during previous

two weeks;
(1) previous malaria episodes and response to treat-

ment;
(m) clinical data, including concomitant infections

and haematological data;
(n) travel by the patient during previous 12 months;
(o) nomenclature of isolate. The following method

of nomenclature is recommended:-initial of coun-
try/research institute, hospital, or village where para-
sites were isolated/year ofisolation/number of isolate,
e.g., Th/Ba/Chul/81/15 = Thailand/ Bangkok/
Chulalongkorn University/1981 /isolate 15.

RECOMMENDATIONS

Biological characterization
Vectors. Research on vector/parasite adaptation is

needed in the following areas:
- investigation of the susceptibility of proven

vectors to a variety of biologically well characterized
plasmodial strains;
- the physiological differences between popu-

lations of vector species that are susceptible or refrac-
tory to plasmodial infection.

Pre-erythrocytic development. The patterns of pre-
erythrocytic development in P. vivax should be
studied in connexion with other biological markers in
order to determine any relationship between the
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relapse phenomenon and the presence of strain
mixtures.

Drug sensitivity.
(a) In vivo tests, preferably the extended (28-day)

WHO Standard Field Test, should be conducted
immediately after obtaining P.fakciparum isolates for
in vitro testing and long-term culture, and the infor-
mation included in the documentation of the isolate,
or the clones arising from the isolate.

(b) In vitro susceptibility tests should be developed
for the drugs that are currently used but for which tests
are not yet available, e.g., Fansidar (sulfadoxine/
pyrimethamine).

(c) The SI system of units should be used to express
drug-dose levels employed in the in vitro tests.

Metabolic characteristics. If the culture conditions
can be standardized, biological and biochemical
measurements of the parasite growth rate in vitro
should be made.

Biochemical characterization
Nucleic acids.
(a) Work is needed on the development of nucleic

acid isolation techniques for plasmodia.
(b) Recently developed techniques, e.g., DNA-

RNA hybridization, RNA fingerprinting, DNA
restriction-enzyme analysis, should be explored with a
view to their potential application in the characteriz-
ation of malaria parasites.

(c) The biological significance of the minor com-
ponent of DNA found in certain malaria parasites
should be investigated in view of its apparent unusual
base composition.

Proteins and enzymes.

(a) Work is needed on the development and
standardization of enzyme techniques.

(b) A search should be made for additional enzymes
whose characteristics can be used as markers for strain
characterization. Attention should be given to
enzymes likely to be involved in mechanisms
concerned in drug resistance.

(c) There is some evidence that the saponin lysis
technique may be unsuitable for certain enzymes;
alternative methods of preparation, e.g., by mechan-
ical disruption, should therefore be explored.

(d) Alternative methods of electrophoresis of
enzymes (isoelectric focusing, polyacrylamide electro-
phoresis, etc.) should be explored.

(e) The 2-dimensional protein electrophoresis tech-
nique shows great promise for strain differentiation
and needs to be evaluated thoroughly as regards repro-
ducibility, and to determine whether there is an associ-
ation between the appearance of certain proteins and

the stage of development of the parasite. More isolates
need to be compared to determine the variation occur-
ring within and between regions.

Genetics
At present, only strains from South-East Asia and

West Africa have been characterized genetically.
Isolates of P.falciparum from other parts of the
world, especially South America and many African
countries, need to be examined to obtain a worldwide
picture of the genetic structure of the parasite
population.

Genetic studies using rodent parasites should be
continued with emphasis on the following:

(a) Drug resistance. A study of the genetic basis of
resistance to 4-aminoquinolines, mefloquine, anti-
folates, and sulfonamides is urgently required, in
order to predict the likelihood of resistance to these
drugs appearing in P.falciparum, and to assess how
resistance is likely to persist and spread in the parasite
populations in the absence or presence of drug
pressure.

(b) Antigens. Studies on the genetic basis of antigen
variation are needed, in order to predict the likelihood
of new antigenic forms emerging in response to vacci-
nation attempts, using parasites of known antigenic
type.

Cloning
Clones should be used for all work requiring

genetically pure parasite lines, and cloning should be
used to analyse characteristics such as drug resistance,
asexual parasite synchrony, antigens, etc.

(a) Clones of drug-resistant and sensitive parasites
should be compared; resistant mutants selected from
cloned sensitive lines would differ only in their
resistance.

(b) Clones should be produced for antigenic
studies, to examine whether single parasites are
capable of expressing a diversity of antigens.

Antigenic characterization
As a first step, techniques should be developed to

detect and isolate specific antigens of P.falciparum.
The S-antigen characteristics of clones should be
established and cross-reactivity and immunization
experiments undertaken. Whenever isolates are
obtained, sufficient plasma from the donors provid-
ing the isolate should be collected for S-antigen
analysis. A search should be made for monoclonal
antibodies with isolate-specific reactivity in relation to
S or other plasmodial antigens or enzymes. Other
approaches using new techniques such as metabolic
labelling, two-dimensional electrophoresis, affinity
chromatography, peptide mapping, etc. should be
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encouraged for the identification, purification, and
characterization of isolate-specific components.
Attempts should be made to detect isolate- or strain-
specific antigens associated with P. vivax and
P. malariae.

Cryopreservation and banking

A project should be implemented to determine the
best materials and conditions for the cryopreservation
and recovery of human malaria parasites. Following
the demonstration of these procedures, they should be
evaluated more fully under field conditions.

Several regional centres should be established to act
as reference centres for the banking of well character-
ized clonal material. The parasite clones held in each
centre should be made available to bona fide workers
for the execution of their experiments. Repeated
checking of the biological parameters should be
carried out during, or at least at the end of the
experiments. Documentation of parasite material
should be in a form suitable for processing by
computer.

* *
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