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Parasitism, the Diversity of Life, and Paleoparasitology

Adauto Aradjo/*, Ana Maria Jansen*, Francoise Bouchet**, Karl Reinhard***,
Luiz Fernando Ferreira

Escola Nacional de Saude Publica-Fiocruz, Rua Leopoldo Bulhdes 1480, 21041-210 Rio de Janeiro, RJ, Brasil *Departamento de
Protozoologia, Instituto Oswaldo Cruz-Fiocruz, Rio de Janeiro, RJ, Brasil **Laboratoire de Paléoparasitologie, CNRS ESA
8045, Université de Reims, Reims, France ***School of Natural Resource Sciences, University of Nebraska-Lincoln,
Lincoln, USA

The parasite-host-environment system is dynamic, with several points of equilibrium. This makes it difficult to
trace the thresholds between benefit and damage, and therefore, the definitions of commensalism, mutualism, and
symbiosis become worthless. Therefore, the same concept of parasitism may encompass commensalism, mutualism,
and symbiosis. Parasitism is essential for life. Life emerged as a consequence of parasitism at the molecular level,
and intracellular parasitism created evolutive events that allowed species to diversify. An ecological and evolutive
approach to the study of parasitism is presented here. Studies of the origin and evolution of parasitism have new
perspectives with the development of molecular paleoparasitology, by which ancient parasite and host genomes can
be recovered from disappeared populations. Molecular paleoparasitology points to host-parasite co-evolutive
mechanisms of evolution traceable through genome retrospective studies.
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PARASITISM Symbiosis was defined by de Bary (1879) as an assem-

A broad definition of parasitism would include all va-0lage of distinct organisms living together. As properly
rieties of inter-specific associations in a gradient of inteflentioned a hundred years later by Whitfield (1979), the
dependence. Therefore, associations defined as comm@iggant general term created by de Bary includes the vast
salism, mutualism and symbiosis are distinct features of3@jority of interspecific associations between organisms.
same phenomenon — parasitism. It does not mention the way in which these organisms

The host-parasite-environment system is extremel{y®, nor the effects, whether harmful, beneficial or any
dynamic and several balance points in this system Sther. Wh|tf|eld_(1979) called the d|ﬁerentquallf|cat|ons
reached during its mutual evolution. Any attempt to dereated to specify high or low levels of benefit or harm a
fine the limits of each kind of association as well as thg¢mantic anarchy, thus rendering the term symbiosis al-
limits between benefits and harm is worthless. Indeed, fROSt useless. _ ) _
nature these boundaries are indistinct and unsteady sincel-euckart (1879) defined parasites as organisms that
they are distinct aspects of the same parasitism phendfd in another organisms their habitat and nourishment.
enon. According to Brumpt (1913), parasites are all living be-

In parasitism, in common with any other biocenosi§9S: plants or animals, that during at least part of their
(Rohde 1994a), an ecological niche is defined as being %fgS depend upon another organism. Many parasites
n-dimensioned hypervolume that is bordered by the td0ay be considered as harmless or even necessary for their
erance limits of the species (Hutchison 1980). Parasitig#Sts- On the other hand, one very important feature to
is an ecological phenomenon (Zelmer 1998), and as sd?,ﬁ conS|de_red refers to the injuries t_hat normally free-
it will be discussed here from an ecological and evoldlving organisms may cause to other living forms that they
tionary point of view. Consequently, parasitegventually use as support — phoresys (Brumpt 1936).
(rapUottog; para = near; sitos = food) are defined as anyhomas et al. (2000) reviewed parasitized and unparasit-
life form — or any organic compound capable to multiply ized populations where advantages were found in the first
that find their ecological niche in another living form. Inndividuals. _ _
this context, an ecological niche includes all limits of en- Parasites and symbionts are generally defined as the

vironmental variations — biotic and abiotic — where onBV0 extremes of an interspecific interaction in which one
species adapts and reproduces. of the partners is termed host, and the other, according to

the degree of injury or benefit, is named parasite or sym-
biont (Caullery 1950).
The term parasite can be used without any connotation
of pathogenicity or benefit to one or both partners in the
. association (Baker 1994). Thus focussed, the concepts of
Eﬂﬁcﬁgﬁgc%n%gg% F_"ronex’ Capes/Cofecub, Papes/ F'oc”ﬂ)ﬁrasitis_m and symbiosis may be employed in the same
*Corresponding author. Fax: +55-21-2598.2610. E-maicnS€ Since both refer to the same ecological and evolu-
adauto@ensp.fiocruz.br tionary feature. Moreover the cla_SS|_caI definitions _of mu-
Received 26 August 2002 tualism, commensalism and symbiosis do not establish clear
Accepted 25 November 2002 cut-offs that distinguish them from parasitism.
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Thus defined, parasitism comprises from molecularhey have a common origin with viruses and retroviruses
parasites to plants and vertebrate animals. The orcHiha 1996) and were identified first as ‘control elements’
mycorrhiza is in reallity a fungus parasitised by a plartty McClintock (1984).

(Corsaro et al. 1999), and some bird species are consid- The extra chromosomal transmissible genetic elements
ered parasites because they use nests and parents of dtfiarses, plasmids and bacteriophages) are genome frag-
bird species to raise their young (Smith 1979, Kruger &ents that depend on the host cell to multiply and there-
Davies 2002). fore they could not have preceded the cell itself (Lederberg

A foetus is a parasite to the female body. If this rece®97). These elements could have been the origin of
evolutionary concept is accepted (Zelmer 1998), mammailiclear DNA as well as other cellular organelles (Lederberg
evolution, for example, is in debt to a whole history 011998). The extra chromosomal genetic elements and the
parasitism. The unicellular or multicellular body of anytransposable elements represent relics of primitive mo-
species of living organism is the consequence of the eVlecular parasites. They played a very important role in the
lution of a community of parasites. This occurred fronevolution of life forms since their inclusion in the hosts’
the molecular level to the formation of tissues byenomes’ cell promoted genetic diversity. Certainly many
symbiogenesis (Margullis & Chapman 1998, Ingber 2000pf the alterations they induced were deleterious, but a
THE ORIGIN AND EVOLUTION OF PARASITISM number of them resulted in advantages for their hosts

o o ] ] (Sverdlov 1998).

Parasitism is inherent to life. Parasites are found in | viruses, genomic parasites can also be found and
every organism of all existing species on earth (Poulin aye been termed ‘satellite’ based on the satellite-like dis-
Morand 2000). Since the beginning of life parasitism Wagyvered by Kassinis (1962) in some cultures of tobaco
adopted by protorganisms to multiply. Actually parasitnecrosis virus (Mayo et al. 1999). Some are relatively
ism must have occurred at an early stage of evolutignign and seem to be well adapted to the host, but oth-
(Bremermann 1983). Allliving organisms have a unifornars can cause deleterious effects. Mayo et al. (1999) em-
biochemical composition that points to a common origiRhasized virus relationships. They stated that the evolu-
(Nasmith 1995) in a common ancestor that lived a billioflonary process that led to viruses is complex and that it is
years ago (Orgel 1998). Life on earth was only possible ggpossible to define when a molecule is a ‘commensal’,
a consequence of parasitism in what was still a moleculghen itis a ‘parasite’ when it is a ‘symbiont’, and when it
world. In fact, life appeared on earth around 4.4-3.8 billiogecomes a part of the genome of the virus.
years ago (Chang 1999, Nisbet & Sleep 2001) as a conse-a fajled episode of predation/parasitism resulted in
quence of molecular parasitism and the present day lifge eukaryotic cell (Corsaro et al. 1999). Also, the prokary-
forms still display relics of these ancient associations igtic cell exhibits clearly the parasitism that once was the
their genomes (Galtier et al. 1999, Cavalier-Smith 2001).c4ysal effect of their origin (Lake et al. 1988). Not only the

Later diversification of life forms and species radiancleous but also the whole cell is a chymera, a
tion was also the consequence of these multiple assogigsiyheterogenic state derived from a long history of para-
tions. These ancient events represent the first steps & associations. The association of microorganisms that
wards a host-parasite way of life although still at the levebsyited in mitochondria, chloroplasts and other organelles
of molecules. o o _ granted a significant increase in the complexity of the

Itis worth mentioning that the very first life forms injjying organisms that resulted in the improvement of their
the so-called “RNA World” (Maynard-Smith & Szathmarycapacity to occupy new ecological niches (Andersson et
1993, Shapiro 1999, Poole et al. 1999) are still an issde'1998, Roger et al. 1998). Furthermore, the advent of the
under debate along with the other forms that appeargg)| offered possible new niches for parasites (Thompson
when life started (de Duve 1998, Shapiro 1999, 2000). 1999).

~Associations recognized as a host-parasite Systems gpecies vary in the degree to which they are subject
existed since the very first gene associations, long befageparasitism (John 1997). The perpetuation of life de-
the appearance of the genetic code and gene translagfahds on the fine-tuning of the dialetic ‘conservation
(Maynard-Smith & Szathmary 1993). Parasitism has beggrsys change’ (Radman et al. 1999), where the parasite-
an important promoter of biodiversity, commencing at thggst ecological relationship plays an essential role. Di-
molecular level, the subsequent advent of the cell, aRgrgent interests of each partner of the system result in
then followed by the development of the intracellular enselective pressures that may or may not result in fitness

vironment as an ecological niche. N for the partners (Combes 2000). Fitness is only possible if
Molecular parasitism is clearly exemplified by transparasitism is suitable.

posable elements of the genome. Indeed, the DNA se-
quences called transposable elements are actually rectRV-ENCE
nized as molecular parasites (Doolittle et al. 1984, Kidwell At present, studies of host-parasite interactions in-
& Lisch 2001). clude mainly the follow up of virulence and pathogenicity
Transposable elements occur in both prokayotes anfla given infectious disease. Virulence is the ability of
eukaryotes. Transposition is the insertion of an identicttie parasite to multiply, and is under natural selection
copy of the transposable element into a new genomic sfieessure to increase transmission success (Poulin &
of the host. These insertions can cause deletions, inv€embes 2000). Pathogenicity refers to aspects of the host-
sions, and chromosome fusions that result in considgrarasite association that results in damage to the host.
able genome plasticity, thus contributing to biodiversityPathogenicity is a property of the host-parasite associa-



Mem Inst Oswaldo Cruz, Rio de Janeiro, Vol. 98(Suppl. 1), 2003 7

tion and not a characteristic of the parasite alone (Poulst susceptible to predation, may eliminate and be elimi-
& Combes 1999). However, some use pathogenicity imated or, on the contrary, adapt to a new host. Some alter
the same sense of virulence (Lenski & May 1994). Virdaost growth, reproduction and survival; some can induce
lence may also be defined as a process where parasgiaghenogenesis, feminization of genetic males, and cause
are responsible to mediate morbidity and mortality in iether bizarre effects in their hosts (Agnew et al. 2000,
fected hosts (Levin 1996). Bandi et al. 2001). All these variables make it difficult to

For the purpose presented here, virulence — the alibrecast the fate of a given host parasite sub-system and
ity to multiply and transmit genes — and pathogenicity point to the need for a detailed understanding of a para-
the capacity to induce morbility and mortality in a hossites life cycle. Evolution occurs in both the parasite
population — are two different features. population and the host’s immune system (Levin et al.

It has been postulated that a high virulence and patht999).
genicity indicates that a given host-parasite association Certainly, during millions of years many host-parasite
is a recent event. Nevertheless, an evolutionary approagib-systems perished but many survived and acquired
to the phenomenon suggested that natural selection mighkivantages from the association while others are still ad-
favor virulence depending on the epidemiology and ecglisting before our eyes in a seemingly endless race. Suc-
ogy of the parasite (Ewald 1996). Natural selection doegsssful host-parasites systems will always occur, and will
not always favor peaceful coexistence (Cockburn 1968ertainly be preserved since they are the key of life. Patho-
Ewald 1995, Giorgio 1995, May & Novak 1995, Levin 1996)logical outcomes are therefore the result of many features
Indeed, virulence can, and sometimes is, a fitness traitarfid are always modulated by the responses of a living
the parasite. The proliferation rate of a parasite (virldeing confronting to a non-self element (DuBois 1959).
lence) is accepted as one critical factor for parasite SUSxpasiTES AND INFECTIOUS DISEASES
cess (Frank 1996). o ) o )

The most virulent parasite will probably become the Par_as_|t|c mfectlpns an(_j parasmc d|seas_e are two strik-
predominant form in a given niche, therefore enhancirlg9ly distinct situations originated from a single process.
its chances of dissemination in nature. Yet on the oth@rParasite is a necessary but not sufficient condition to
hand, both parasite and host will be exterminated if th|gunch a parasitic disease (Ferreira 1973). Parasitism does
increase of virulence occurs at the expense of the h&&t hecessarily resultin injury or benefit to the host. Para-
before the parasite reaches transmission. In addition, tHéC disease is an eventual outcome of a given parasite in
defensive control measures developed by the host to A&ediven host from a given population in a certain environ-
sist parasites — the immune system — should be taken ifi§Nt during a particular life co-evolution period of both
account. Parasites, for their part, develop evasive mecipgotagonists. In essence it is a unique result of associa-
nisms (DosReis 2000) and the result of this competitid#Pn of parasite and host in a given environment. It mat-
will define the success or failure of the host-parasite suf2rs not whether a molecular parasite or a multi-cellular
system. parasite is |n\_/olved. _

Many variables have to be deeply studied before one A System is formed by the parasite, the host, and the
can forecast the fate of a given host-parasite Sub_systé?ﬁywonment wher_e each one interacts and mfluenc_es the
Parasitic population composition (Wilson et al. 2002), th@ther subsystem in such a way that any change in one
presence of other parasitic species (multiple infection§yiPsystem affects the other two (Ferreira 1973). Systems
in competition, or on the contrary, in cooperatiof@y exhibit order spontaneously. For example, in the
(Mouritsen 2001) are some of the factors that should peysical world oil drops are spherlca_ll and snowflakes show
taken into account as well as the direct energetic cost§ofold symetry not because selection has made them so,
the host of mounting an immune response (Rigby et &ut because of inherent properties of the system
2002). Qualitative and quantitative response (Gandon @&auffman 1993). Rohde (1997) discussed the system
Michalakis 2000), and the costs and consequences of stbeory applied to parasitism: a species is a cloud in phe-
ilizing immunity versus tolerance of low-level infectionsNOtypic space and a species evolution is a cloud ‘walk’
in a host-parasite sub-system also need to be evaluat@éf0ss that multidimensional space. As the complexity of

Studies on evolution of virulence should consider th System increases, selection is progressively less able to
transmission mode (vertical or horizontal) since transmi§hange its properties. Applied to parasites, “species will
sion strategy is of fundamental importance (pou”ﬁtﬂrst explore many alternative routes, pu_t subsequently
1995,1996). In eurixene (eclectic) parasites, if virulend®€y may become better adapted to individual host spe-
and transmission are linked characters, virulence may $€S- They can long-jump to other species only with in-
considered as a fitness trait even if transmission requir@&asing delays and ultimate stasis. The result is that
the killing of the infected host. Leaving the “transmismMany peaks (host species or habitats on or in the host)
sion problem” aside, genes that code for virulence m&j€ never reached, with many vacant niches or pheno-
be advantageous for other aspects of the parasite, BARIC Space largely empty” (see Rohde 1997 for details
related to transmission (see Poulin & Combes 1999 wid\d empirical evidence). ] )
contest a gene of virulence). Some parasites enhance Submitted to natural selection and/or the inherent prop-
their virulence and pathogenicity after serial passag&&ies of a system, the parasite-host-environment system
and others attenuate. Single infection, coinfection, af8acts to changes in each subsystem with different re-
superinfection are also considered (Mosquera & AdI§Ponses, according to the features of the stimulus. Such
1998). Parasites that alter the host behavior, making fétimulus can induce parasitic disease originated by any
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component of a subsystem. Parasitic disease is notstandied in the same way as any other ancestral living form.
umbalanced occurence in the host-parasite-environment The introduction of molecular tools significantly
relationship, but a natural phenomenon where some evepened this field of study. The adaptation of PCR to
has altered a component of the system and a specific amcient DNA has already made possible the diagnosis of
action of a given individual host express signals and symgeveral infectious diseases in prehistoric populations, but
toms of a modified behavior of the whole system, i.e. dishe development of both new methods, and adjustments
ease. to the routinely used molecular procedures are still re-

Considering the ecological niche as a multidimensionguired to study this unique material (Aradjo et al. 1998,
hypervolume determined by a number of environment&ollo & Marota 1999, Orlando & H&nni 2000). The ab-
variables in which a species can exist (Hutchinson 198@gnce of a complete fossil record of ancestral assemblages
and accepting the concept of parasitism where the patempers studies of host phylogeny and ecology in deter-
site finds in the host its ecological niche, a parasitic disaining parasite community richness (Vickerey & Poulin
ease is an expected event whenever one of the varial1688).
hinders or damages the parasite or the host, or when theMammalian trypanosomes offer a suitable example of
environment is modified. Niches are not static. Host arttbw molecular paleoparasitology studies may clarify epi-
microhabitat specificity, for example, may be affected bgemiological and biological features. Kinetoplastids are
the age of host and parasite, presence or absence of otlistinguished by a single mitochondrion near the basal
competitive parasite species, and the numbers of paraditely of the flagellus, with species that parasitized plants
individuals present. Host specificity, one of the mangnd animals, but includes free-living taxa of the family
niche dimensions, is often determined by ecological faBodonidae (Maslov et al. 2001). The evolution of parasit-
tors (Holmes & Bethel 1981, Rohde 1994b). ism in trypanosomatids involves monogenetic and dige-

The history of evolution and biodiversity is funda-netic cycles. Phylogenetic studies dated trypanosomatid
mentally a history of evolution of species interactionslivergences prior to the origins of both current insect
(Thompson 1999). An isolated individual is only an abvectors (30-60 million years before present for tse-tse fly),
straction and cannot be conceived out of its environmeand placental mammalian hosts (< 85 million years ago)
(Perestrello 1958). (Fernandes et al. 1993).

Parasites promoted the major factors that have influ- The trypanosomes must evade host defences that vary
enced the organization and evolution of life (Thomas étom arthropods or other invertebrate vectors to the blood-
al. 1996). Zelmer (1998) proposed an evolutionary definstream or the intracellular habitat of vertebrate hosts. The
tion of parasitism. He used arguments of Read (1970)¢wolutive history of trypanosomes have some recent elu-
discuss the failure to produce generalising concepts asidative studies showing that the Salivaria grolnyga-
failure of the methods to approach the phenomenon ebsoma brucgidiverge in a mid-Cretaceous date, around
symbiosis as a special interaction between species. H@0 million years ago, when Africa was totally separated
concludes by placing all parasites within a shared evolérom South America and Euroamerica (Haag et al. 1998).
tionary framework, with the host immune response asThe cruzi clade has a southern super-continent (South
constant and powerful selective factor. He criticizes th&merica-Australia-Antarctica) origin, based on the inclu-
view of transition of phoresysis or commensalism to paraion of Australian marsupial trypanosomes on the clade
sitism as a definitive modification of the nature of a givefStevens et al. 1998, 2001, Stevens & Gibson 1999).
symbiotic relationship (Zelmer 1998). T. bruceico-evolved in Africa with the first hominids
PARASITE EVOLUTION AND PALEOPARASITOLOGY atb million years ago, bt cruziconta_ct with human_

o ] _host is considered to have occurred in South America

Many significant remnants in the genome of parasitgsy after permanent settlements were made by previously
and hosts are left during the co-evolution process of @ymadic cultures (Rothhammer et al. 1985, Coimbra Jr
host-parasite-environment system. These remnants 3iggg, Stevens et al. 1998). Chagas disease is believed to
transmitted in the genome and can reveal important fegyye spread through the Americas, originating in the
tures of the whole process. Andean countries as a consequence of the domiciliation

_ Paleoparasitology and especially molecular paleopargs Triatoma infestans In this context, descriptions of
sitology offer new tools for the study of host-parasitechagas disease lesions in pre-Colombian mummies and
environment systems since they offer the unique posgjpsitive PCR reactions fdt cruziin tissues of 4,000 year
bility of working with ancient parasites themselvesg|q mummies, confirmed the antiquity of human infection
Paleoparasitology may shed light upon features concegy this parasite in the Americas (Rothammer et al. 1985,
ing the antiquity of a given host-parasite complex as weff | et al. 1997, 2000, Ferreira et al. 2000).
as their origin and evolution (Aradjo & Ferreira 2000). Moreover, another hypothesis should be considered

Parasites are believed to leave no fossils (Camergpggesting that Chagas disease is as ancient as humans
1952). Nevertheless parasitic remains have been founddnamericas. According to findings in an archeological
paleontological sites, 1,5 million years old as well as igjte jn Piaui, Northeast of Brazil, the very first human settle-
500,000 years old preserved organic material (Ferreiragbnts occurred in this locality, 50,000 years ago (Guidon
al. 1993, Jouy-Avantin et al. 1999). Parasites and theirarnaud 1991, Parenti et al. 1998). Many radiocarbon
remnants can be detected in dried or mineralized copra}ates from Northeastern Brazil, ranging from 10,000 to
tes, in archaeologmal or paleontolog_lcal snes,_and '”5'%,000 years ago have been tabulated by Martin (1997).
mummified corpses. In these remains, parasites may dgves and rock-shelters containing numerous 20,000-
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year-old rock-paintings attest their first occupation. It isicity that were associated with the progressive develop-
therefore tempting to suggest that the artists of thossents of civilization. The papers presented in this vol-
paintings, and other cave inhabitants, were the first hume address the role of paleoparasitology in tracing the
mans exposed to triatomine buds brasiliensiy and evolution of parasitism.
consequently to Chag_as dlse'ase.. This p_robl_em §tl|| oc- REFERENCES
curs among archeologists during field studies in this area. _ _ o
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