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analysed a large number of parasite species with variable
distributions within the hosts sampled. Considering that
only simple mathematical operators were used and that
different configurations were not explored, one can expect
there to be a huge potential for the application of this
approach to solving assignment problems using parasites
as tags, and it could be particularly useful in discrimin-
ation at finer geographical scales.

Future perspectives

GPmight not be suitable for all types of problem, although
it has an advantage when there is no ideal solution or
when the variables are constantly changing [3]. A range of
mathematical operators can be used in GP (arithmetic,
trigonometric, Boolean and fuzzy logic). Fuzzy systems
are particularly interesting for biological applications
because they can be used to create rules using data that
are incomplete, approximate or subjective [14,15].
Although GP can find good solutions to difficult problems,
the evolved models might be capable of further optimiz-
ation by local-search algorithms [16]. If this were done and
the optimized models are retained and reincorporated into
the population, one would have the computer equivalent of
Lamarckianism (reverse encoding of learned improve-
ments back into the genome). This approach can increase
efficiency considerably [17]. Recently, GP applied to
ecological modelling has also shown promise in predicting
time-series changes [9,18] in which the focus is on repli-
cating a pattern and, therefore, has potential for the
detection and prediction of cyclic variations of parasite
occurrence in studies of host–parasite dynamics.
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Corresponding author: Pérez-Tris, J. (javier.perez-tris@zooekol.lu.se).
Available online 17 March 2005

www.sciencedirect.com
2 Banzhaf, W. et al., eds (1999)Genetic Programming – An Introduction,
Morgan Kaufmann

3 Koza, J.R., ed. (1992) Genetic Programming: On the Programming of

Computers by Natural Selection, MIT Press
4 Ferreira, C. (2001) Gene expression programming: a new adaptive

algorithm for solving problems. Complex Systems 13, 87–91
5 Rowland, J.J. (2003) Model selection methodology in supervised

learning with evolutionary computation. Biosystems 72, 187–196
6 Johnson, H.E. et al. (2000) Explanatory analysis of the metabolome

using genetic programming of simple interpretable rules. Genetic

Programming and Evolvable Machines 1, 243–258
7 Fogel, G. and Corne, E., eds (2003) Evolutionary Computation in

Bioinformatics, Morgan Kauffman
8 Kell, D.B. (2002) Metabolomics and machine learning: explanatory

analysis of complex metabolome data using genetic programming to
produce simple robust rules. Mol. Biol. Rep. 29, 237–241

9 Jeong, K-S. et al. (2003) Modelling Microcystis aerungosa bloom
dynamics in the Nakdong River by means of evolutionary computation
and statistical approach. Ecol. Modelling 161, 67–78

10 MacKenzie, K. (2002) Parasites as biological tags in population
studies of marine organisms: an update. Parasitol. 124, S153–S163

11 Williams, H.H. and MacKenzie, K. (2003) Marine parasites as
pollution indicators: an update. Parasitology 126, S27–S41

12 Lester, R.J.G. et al. (2001) Movement and stock structure of narrow-
barred Spanish mackerel as indicated by parasites. J. Fish Biol. 59,
833–842

13 Marcogliese, D.J. et al. (2002) Use of parasites in stock identification of
the deepwater redfish (Sebastes mentella) in the northwest Atlantic.
Fish. Bull. 101, 183–188

14 Winder, L. et al. (1997) A key for freshwater invertebrates using fuzzy
logic. Comput. Appl. Biosci. 13, 169–172

15 Salski, A. (1992) Fuzzy knowledge-based models in ecological
research. Ecol Model. 63, 103–112

16 Hart, W.E. et al., eds (2004) Recent Advances in Mimetic algorithms

(Studies in Fuziness and Soft Computing), (Vol. 166) Springer
17 Houck, C.R. et al. (1997) Empirical investigation on the benefits of

Lamarckianism. Evol. Comput. 5, 31–60
18 Kaboudan, M.A. (2001) Genetically evolved models and normality

of their fitted residuals. J. Economic Dynamics and Control 25,
1719–1749
1471-4922/$ - see front matter Q 2005 Elsevier Ltd. All rights reserved.

doi:10.1016/j.pt.2005.03.007
Letters
What are malaria parasites?
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The study of haemosporidian parasites (apicomplexan
protozoans that infect the blood of different vertebrates)
was boosted recently by the advent of PCR-based methods
for the amplification of parasite DNA from blood samples
[1–3]. Suddenly, it was possible to detect and identify these
parasites quickly and accurately. For non-specialists, this
methodalso enableddetailedanalyses of parasitephylogeny
and host–parasite co-evolution patterns. Birds and reptiles
have rapidly become model groups for these studies, and
terms such as ‘avian malaria’ and ‘lizard malaria’ have
emerged as commonly used jargon in the literature when
referring to diseases caused by haemosporidian parasites in
vertebrates other than mammals [1–3].

Simultaneous studies of Plasmodium and other related
genera have opened a debate about exactly what should be
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considered to be malaria parasites. Beyond the World
Health Organization (http://www.who.int/en/) definition
(that malaria is a human disease caused by four
Plasmodium species that are transmitted by Anopheles
mosquitoes), the traditional view accepts only Plasmo-
dium species as being the true malaria parasites [4]. This
view is justified by the fact that Plasmodium undergoes
asexual reproduction in blood – a life-history trait that,
apparently, has been lost during the evolution of other
haemosporidian lineages [1]. However, based on the
phylogeny of the group, some authors include other
genera, particularly Haemoproteus, among the malaria
parasites [1]. Purists might criticize this notion of malaria
parasites, but it has been published in leading journals
such as Trends in Parasitology, Systematic Biology and
Evolution [1–3,5]. Because it might be pointless to seek
one definition that best fits all circumstances, we should at
least try to reconcile traditional concepts with new data.

The controversy stems from the incomplete knowledge
of the phylogenetic relationships and pathogenicity of non-
human malaria parasites. Recent phylogenetic analyses
(based on both mitochondrial and nuclear DNA) have
shown that morphological and life-history traits do not
necessarily indicate relatedness within haemosporidian
parasites [1,3]. Remarkably, the genus Plasmodium is
paraphyletic with respect to Haemoproteus (Figure 1):
avian and reptilian Plasmodium species are more closely
related to Haemoproteus species than to mammalian
Plasmodium parasites. In addition, Hepatocystis clusters
within Plasmodium lineages of mammals [1]. Therefore,
these results do not support the existence of a genus
Plasmodium, the agent of malaria in the traditional sense,
thus calling for further research to disentangle the
evolutionary relationships of malaria parasites [6], in
which Haemoproteus, Hepatocystis and other related
genera should have a central role.

The typological conception of malaria parasites might
be clinically useful, as long as it is restricted to parasite
species for which malaria symptoms are directly identi-
fied. Some malaria symptoms such as deposition of
haemozoin and anaemia are shared by Plasmodium and
Haemoproteus parasites [7,8], whereas clinical differences
20 changes Plasmodium falciparum (human)
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Figure 1. A phylogeny of malaria parasites based on cytochrome b sequences. The

branch with 17 Plasmodium spp. of mammals includes the human parasites

Plasmodium vivax, Plasmodium ovale and Plasmodium malariae. Colours

represent the genera Plasmodium (red) and Haemoproteus (blue), as defined

based on morphology and life-history traits. The sister genus Leucocytozoon has

been included as an outgroup. Modified, with permission, from Ref. [1].
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are sometimes more marked between particular species
than between genera, such as recurring production of
blood stages or cerebral lesions in some species of
Plasmodium, or the formation of cyst-like bodies inmuscle
tissue in some species of Haemoproteus [4,9]. Although it
is common wisdom that blood schizogony makes Plasmo-
dium parasites more pathogenic than Haemoproteus
parasites [4], the fact is that both genera include species
that cause substantial levels of morbidity and mortality in
natural populations, in addition to species that show
hardly any pathogenicity, even at levels of parasitaemia
observed in nature [9–11]. Such a diverse pathogenicity is
also apparent through the phylogeny of malaria parasites,
with loss of the malaria disease in some lineages over
evolutionary time and gain of pathogenicity by originally
harmless species as a result of host switching.

In summary, the typological definition of malaria
parasites (i.e. only Plasmodium species) is useful as a
working concept but it might be evolutionarily misleading,
and further research is needed to support its use from a
clinical perspective when extended to parasites of birds
and reptiles. However, an evolutionary definition of
malaria parasites (the monophyletic group formed by
Plasmodium, Haemoproteus and, probably, other haemo-
proteids of mammals) is supported by recent molecular
data, although it is incongruent with the conventional
definition of malaria based on life-history traits that are
exclusive to Plasmodium parasites. In our opinion, the
evolutionary and the clinical or typological definitions can
be useful, provided that it is made clear what is being
talked about. It is evident that including the word
‘malaria’ in the title of an article, particularly in multi-
disciplinary literature, catches the attention of the
general readership but this is not a primary issue of this
letter. Instead, to increase knowledge of the causes of
malaria diseases, we need to resolve the phylogenetic
relationships in the diverse group of parasites responsible
for these symptoms in mammals, birds and lizards, in
addition to the fitness consequences and patterns of co-
evolution among parasites, hosts and vectors. In this
important research, it would be useful to call the
organisms that are potentially responsible for causing
malaria (at present or in evolutionary time), simply,
malaria parasites.
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