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The calculations of divergence dates assume a constant rate
of substitution. We performed relative-rate tests for 7. saginata
and T asiatica using the method of Steel ef al. (1996) to test the
null hypothesis that the rate of substitution is constant. With
either T multiceps or T ovis as the reference taxon, the test failed
to reject the null hypothesis.

3. RESULTS

(a) Taenia phylogeny and host relationships

Parsimony analysis resulted in 124 equal-length trees
(194 steps, consistency index=0.253, homoplasy
index =0.747); relationships are similar to but less
resolved than those depicted in Hoberg et al. (2000)
(figure 1). The shortest trees were recovered by analyses
using tree bisection—reconnection and random addition
sequences. Consistent with prior phylogenetic studies of
Taenia, the three species T. solium, T. saginata and T. asiatica
do not form a clade, although T saginata and T. asiatica are
sister species. Within the context of this study, sub-clades
that contain species of parasites in human-definitive
hosts are similar to those recovered in previous analyses
based on a smaller subset of taxa and comparative
morphology. Alternative topologies relative to those
species in human-definitive hosts were not recovered in
these analyses.

Species of Ta¢nia in human-definitive hosts can be
divided into two sub-clades: the ‘T.solium sub-clade’
containing T. solium, T hyaenae, T crocutae, 1. gonyamai and
T.madoquae, and the T saginata sub-clade’ including
T saginata and its sister species, 1. asiatica, and 7. simbae.
We examined relationships between 7Taenia spp. and
definitive hosts (figure la), primary intermediate hosts
(figure 15) and geographical range (figure l¢) by parsi-
mony optimization of these characters on the parasite
phylogeny. Morphological phylogenies in this study and
from Hoberg ¢t al. (2000) and a more limited molecular
phylogeny (De Queiroz & Alkire 1998) indicate that
T saginata + T. asiatica and T. solium represent the result of
two independent host shifts to hominids. For both groups,
phylogenetic analyses are consistent with the hypothesis
that the immediate ancestors of these tapeworms used
carnivores (hyaenids, canids or felids) as definitive hosts
and bovids as intermediate hosts, and that host switching
occurred in sub-Saharan Africa. For T solium, the most
parsimonious reconstructions of host association
(figure la,b) indicate that the most recent common
ancestor of this species and its closest living relative,
T. hyaenae, used hyaenids as definitive hosts (figure la) and
bovids (but not Bos spp.) as intermediate hosts (figure 15).
Parsimony mapping unequivocally indicates that this
ancestor was an African species (figure lc).

For T saginata + T asiatica, parsimony reconstructions
indicate that the most recent common ancestor of these
species and their closest relative, T. simbae, used felids as
definitive hosts (figure la) and bovids (once again not Bos
spp) as intermediate hosts (figure 16). Parsimony
mapping of geographical range does not unequivocally
identify Africa as the range for this ancestral species; one
of the most parsimonious reconstructions, however, places
this ancestor in Africa. Additionally, cosmopolitan distri-
butions for 7T solium and T saginata would have been
acquired secondarily, coincidental with transcontinental
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movements of humans and their domestic stock, particu-
larly after the 1500s.

(b) Divergence dates for T. saginata and T. asiatica
Point estimates for the divergence of T saginata and
T asiatica range from ca. 0.78-1.71Myr (table 2). In
addition, we obtained 95% confidence intervals for the
1. saginata—T. asiatica divergence, taking into account the
sampling error for both the Zaenia comparison and each
calibrated comparison in turn, using the approach of
Steel ¢t al. (1996). The most recent 95% limit obtained
from any of these analyses is 0.16 Myr (using Alpheus).

4. DISCUSSION

Phylogenies for species of Taenia in this study and from
Hoberg et al. (2000) and a more limited molecular
phylogeny by De Queiroz & Alkire (1998) indicate that
T saginata + T asiatica and T. solium represent the result of
two independent host shifts to hominids. For both groups,
phylogenetic analyses are consistent with the hypothesis
that the immediate ancestors of these tapeworms used
carnivores (hyaenids, canids or felids) as definitive hosts
and bovids as intermediate hosts, and that host switching
occurred in sub-Saharan Africa prior to the domestica-
tion of ungulates (figure 1).

(a) Divergence dates for T. saginata and T. asiatica

The domestication of cattle and swine is thought to have
begun about 10 000 years ago (Bradley et al. 1996; Epstein
& Bichard 1984). Thus, the divergence-date analyses indi-
cate that the T saginata + T asiatica lineage colonized
humans well before the domestication of bovids or suids.
This is true even if one takes the extremely conservative
approach of accepting the most recent 95% confidence
limit as the divergence date (0.16 Myr ago).

If one assumes the minimum number of host shifts, the
common ancestor of 7. saginata and T asiatica was already
a parasite of Homo. The above analyses suggest that the
T saginata and T asiatica lineages diverged well before
humans domesticated cattle and pigs. Thus, this evidence
suggests that Taenia became associated with Homo, and
later used humans as typical definitive hosts.

Several caveats should be kept in mind. First, the date of
COI sequence divergence may not correspond to the date
of species divergence. Specifically, if substantially different
COI sequences were present within the ancestor of 7. sagi-
nata and T asiatica then it is possible that the divergence we
are estimating substantially pre-dates the species diver-
gence. Bowles & McManus (1994), however, found no
sequence divergence among three isolates of 7. saginata and
among six isolates of T. asiatica. If the most recent common
ancestor of these two species was similarly monomorphic
then the current sequence difference between them should
reflect the divergence of their lineages.

Second, T saginata and T asiatica could have much
faster rates of substitution than any of the organisms we
used to obtain substitution rates. Rates of synonymous
substitution in chewing lice (Geomydoecus) are estimated to
be between 3 and 11 times faster than those of their
pocket-gopher (Orthogeomys) hosts (Hafner et al. 1994;
Page 1996; Huelsenbeck et al. 1997). Assuming that the
pocket gophers have rates of substitution similar to Mus
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Table 2. Date of divergence (millions of years) for Taenia saginata and T. asiatica based on estimated cytochrome c oxidase I
(COI) substitution rates in other taxa

(The number of third positions in the sampled sequence is denoted by ‘n’. The substitution rate refers to the per-base substitution
rate per million years for the pair (i.e. twice the rate for an individual lineage). The estimated number of substitutions separating
T . saginata and T. asiatica is 0.070 per base for 122 third positions (s.e.m.=0.025). References for COI sequences are as follows:
Mus musculus, Bibb et al. (1981); Rattus norvegicus, Gadaleta et al. (1989); Homo sapiens and Pan troglodytes, Horai et al. (1992);
Alpheus cylindricus sp. A and B GenBank accession numbers U02007 and U02008, respectively, from the study of Knowlton et al.
(1993); Sphyrna tiburo Atlantic and Pacific, G. Naylor, unpublished data (used in Martin et al. (1992)); and Sesarma crassipes and
S. aequatoriale, European Molecular Biology Laboratory accession numbers AJ225859 and AJ225883, respectively, from the study
of Schubart et al. (1998). References for absolute divergence dates are as follows: Mus—Ratius, Jaeger et al. (1986); Homo-Pan,
WoldeGabriel et al. (1994); Alpheus cylindricus A-B, Sesarma crassipes—S. aequatoriale and Sphyrna tiburo Atlantic—Pacific, Knowlton
et al. (1993).)

substitution rate T. saginate-T. asiatica split
taxa n (s.e.m)) (95% confidence interval)
Mus—Rattus 513 0.078 (0.007) 0.90 (0.22-1.87)
Homo—Pan 513 0.069 (0.008) 1.01 (0.24-2.21)
Alpheus cylindricus A-B 202 0.090 (0.016) 0.78 (0.17-2.02)
Sphyrna tiburo Atlantic—Pacific 37 0.041 (0.022) 1.71 (0.24-00)
Sesarma crassipes—S. aequatoriale 187 0.072 (0.014) 0.97 (0.21-2.65)

and Rattus, an 11-fold faster rate in Jaenia would give a  origin of these host—parasite assemblages is attributable to
point estimate of about 90 000 years for the divergence of  direct predator—prey associations between hominids and
T saginata and T asiatica, which still pre-dates animal  bovids or via the scavenging of bovids killed by carni-

domestication. None the less, the chewing-lice study indi-  vorous predators including a paleoguild of felids, canids
cates that extrapolation of substitution rates across taxa  and hyaenids on sub-Saharan African savannah (Lewis
may be hazardous. 1997). Additionally, divergence of T.asiatica may have

Without diminishing this problem too much, we would  been a consequence of the dispersal of hominids from
like to point out that extremely rapid substitution rates in  Africa with the subsequent isolation of hosts and parasites
mitochondrial DNA are usually associated with either  in Asia. This may provide further corroboration of the
high metabolic rates or short generation times (Martin &  relatively long association between 7Ta¢enia and hominids
Palumbi 1993; Rand 1994). Chewing lice, for example, and is consistent with a hypothesis for early dispersal of
have a generation time of about 40 days (Hafner et al.  Homo from Africa to Asia (Larick & Ciochon 1996;
1994). Taenia have neither high metabolic rates nor short  Gabunia et al. 2000).
generation times; metabolism is relatively inefficient in ~ Emergence of the genus Homo has been linked to climatic
tapeworms and generation times for Taemia spp. may  fluctuations and habitat disruption about 2.5-2.0 Myr ago
extend to more than five months for development from  coinciding with the initial transition of forests to open
oncosphere to cysticercus larvae and adults (e.g. Schmidt  grassland in Africa (Stanley 1992; Vrba 1994; De Menocal
& Roberts 1989). The requirements of a complex life 1995 Larick & Ciochon 1996). A proliferation of
cycle, dependent on predator—prey interactions, further = savannah-adapted antelopes (Vrba 1985) resulted in diver-
lengthens the generation time of taeniid tapeworms. It is  sified food resources for hominid scavengers exploiting
also conceivable that a parasitic lifestyle may relax  bovid prey taken by large felids and hyaenids (Larick &
functional constraints on sequence evolution, resulting in  Ciochon 1996; De Heinzelin et al. 1999; Sponheimer &
relatively rapid substitution rates. It seems unlikely,  Lee-Thorp 1999) (table 1). An omnivorous diet, dependent

however, that this would have much effect on the synony-  on scavenging, for pre-human hominids would have
mous changes used in our analyses. promoted sharing of parasites within a guild of carnivores

and their bovid prey, thus providing the ecological context
(b) The origins of Taenia in humans for the evolution of Taenia specialized in human definitive

In short, phylogenetic, geographical, ecological and  hosts. The estimated age for the divergence of 7. saginata
molecular-divergence evidence (the latter for 7. saginata  and T asiatica is compatible with the acquisition of Taenia
and T asiatica) suggest that Taenia became associated with by hominids coincidental with a shift from a herbivorous to
hominids and the genus Homo prior to the origin of anomnivorous diet (Larick & Ciochon 1996; De Heinzelin
modern humans in Africa (Wood 1992; Vrba 1994). The et al. 1999). The relationships for species of Taenia ancestral

Figure 1. (Opposite) Phylogenetic relationships and host associations among species of Taenia. The tree (a majority rule

consensus of 124 most parsimonious trees) is based on analyses of 35 species-level taxa. Species of Taenia in human definitive hosts
(asterisks) can be divided into two sub-clades: the ‘7. solium sub-clade’ containing 7. solium, T. hyaenae, T. crocutae, T. gonyamai
and T.madoquae; and the °T. saginata sub-clade’ including T. saginata and its sister species, T asiatica and T. simbae. Parsimony
mapping was used to examine the putative relationships for Taenia spp. and (a) definitive hosts, (b) primary intermediate hosts
and (¢) geographical range. Not all host families, particularly those shown in the legends for intermediate hosts, are depicted on
the trees due to multiple host groups and polymorphic coding in terminals for some species of Taenia (i.e. Suidae, Procaviidae,
Canidae and Primates for 7. solium; see also table 1 for context). Equivocal coding, when present in some branches, represents
unresolved relationships; polymorphic coding is limited to terminals.
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to either T solium or 7. saginata + 1. asiatica suggest that
antelope were significant components in the diets of Homo
spp. in the Late Pliocene (table ; figure 1). Parasitological
data reinforce theories about the ecology of hominids in
Africa during their diversification in the Late Pliocene and
Pleistocene (Vrba 1994; Bromage & Schrenk 1995; De
Heinzelin ez al. 1999).

A clear implication of our analyses is that colonization
of hominids and the occurrence of Ta¢nia in humans pre-
dates the domestication of major food animals and must
therefore be decoupled from the domestication of either
bovids or suids and from the development of agriculture.
The expansion of human agriculture and animal
husbandry, however, may have played a later significant
role in the global distribution of some species of Taenia. In
contrast with long-held hypotheses linking the origins of
human-specific 7Taenia to animal domestication (Baer
1940; Cameron 1956), it is apparent that cattle and pigs
secondarily acquired 7Zaemia, which now circulate in
synanthropic cycles, from humans.

The acquisition of Taenia from humans by species of
domestic animals has apparently occurred on at least
three separate occasions, represented now by 7. saginata in
cattle and the separate lineages 7. asiatica and 7. solium in
swine. For 7. solium, a species with a diverse array of
potential intermediate hosts (table 1), it is also suggested
that transmission among humans may have been
enhanced by cannibalism or the consumption of dogs
(Baer 1940). Subsequent to the establishment of life cycles
incorporating humans as definitive hosts and domestic
animals as obligatory intermediate hosts, natural selection
would have resulted in increased specificity of cestodes for
these hosts circulating in a synanthropic cycle.

Despres et al. (1992) presented evidence regarding the
origin of schistosomes in hominids indicating host
switching from ruminant and rodent definitive hosts,
followed by radiation during the Late Miocene, Pliocene
and Early Pleistocene. Their hypothesis suggested the
kinds of habitats used by pre-human hominids. Our
analyses of the evolution of Zaenia demonstrate that these
parasites can serve as historical ecological indicators of
foraging interactions between the direct ancestors of
modern humans and the palaeoguild of large carnivores
occupying the savannah of Africa in the Pliocene and
Pleistocene. Additionally, it is apparent that ecological
associations established by hominid ancestors of Homo
sapiens have had consequences for the distribution of
human pathogens and parasites. This work highlights the
utility of parasitological data in elucidating the history
and behaviour of human ancestors.
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for critical discussion during the development of the manuscript;
John Gatesy and B. Rosenthal for comments on the manuscript;
the Evolution Lunch Talk Group in Environmental Population
and Organismic Biology at the University of Colorado for dis-
cussion; and John Alroy, Kay Behrensmeyer, and John Harris
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