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Abstract

It is generally thought that the evolution of obligate parasites should be linked
intimately to the evolution of their hosts and that speciation by the hosts
should cause speciation of their parasites. The penguins and their chewing lice
present a rare opportunity to examine codivergence between a complete host
order and its parasitic lice. We estimated a phylogeny for all 15 species of lice
parasitising all 17 species of penguins from the third domain of the
mitochondrial 12S ribosomal rRNA gene, a portion of the mitochondrial
cytochrome oxidase subunit 1 gene and 55 morphological characters. We
found no evidence of extensive cospeciation between penguins and their
chewing lice using TreeMap 2.02f. Despite the paucity of cospeciation, there is
support for significant congruence between the louse and penguin phyloge-
nies due to possible failure to speciate events (parasites not speciating in
response to their hosts speciating).

Introduction

It is generally thought that the evolution of obligate
parasites, with few means of transferring between
different host species, should be tightly linked to the
evolution of their own host species (Klassen, 1992).
Comparing host and parasite evolution is known as the
study of codivergence, coevolution or cophylogenetic
descent (Paterson & Banks, 2001). A major aim of
coevolutionary studies is to determine the cophyloge-
netic events that have generated the present distribution
of parasite species and to explain how parasites have
become associated with their hosts (Brooks & McLennan,
1991). The two major paradigms to explain current host-
parasite associations are either that a parasite species has
switched to a new host lineage, or that each host species
has inherited the association from its ancestor. The
two paradigms can be summarized as ‘association by
colonization” and ‘association by descent’” (Brooks &
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McLennan, 1991) or as ‘souvenirs’ and ‘heirlooms’
(Kliks, 1990). Association by colonization proposes that
a parasite’s presence on a host is due to parasites
‘switching” between hosts (Brooks & McLennan, 1991).
Association by colonization suggests that a parasite will
speciate following isolation from its ancestral population
after colonizing the new host, analogous to speciation
following dispersal to new areas by free-living organisms.
Association by descent suggests parasites have been
inherited from the ancestral host. Association by descent
suggests that parasites will speciate when hosts speciate,
which is analogous to speciation by free-living organisms
following a vicariant event (Brooks & McLennan, 1991),
and is known as cospeciation or codivergence (Ronquist,
2003).

Chewing lice are a useful group on which to conduct
cophylogenetic studies because they are considered to
have limited mobility, rely mainly on host-to-host
contact for transmission (Hafner & Nadler, 1988),
usually appear to have little effect on their host
(Rothschild & Clay, 1952; Marshall, 1981) and survive
only briefly away from their hosts (Marshall, 1981). For
these reasons pocket gophers and their lice, with their
remarkably congruent phylogenies (Hafner & Nadler,
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1988; Hafner et al, 1994), have become the textbook
models, e.g. Ridley (1996), of association by descent and
of cospeciation between two lineages. Pocket gopher lice
have also become the group in which to trial and
demonstrate new methods of analysing the extent of
cospeciation (for example, Page (1990), Ronquist
(1995), Huelsenbeck et al. (1997,2000), Legendre et al.
(2002)). However, many other host-parasite systems
have considerably less codivergence than the pocket
gopher-louse group. It is now recognized that events
other than host switching may explain incongruence
between host and parasite phylogenies without ruling
out a history of association by descent. For example,
duplication events (speciation by the parasite without
the host speciating), and sorting events, such as missing
the boat (the parasite is absent from the host population
founding the new host species) or parasite extinctions
(Paterson & Banks, 2001), may allow apparently
incongruent parasite phylogenies to support a hypoth-
esis of association by descent. Indeed, an analysis of
pocket gopher and louse phylogenies allowing these
events found even more codivergence between the
hosts and their parasites (Page, 1990).

A rigorous cophylogenetic study incorporates four
stages: first, a robust alpha taxonomy of both hosts and
parasites; second, construction of accurate host and
parasite phylogenies; third, quantitative comparison of
the host and parasite phylogenies; fourth, statistical
testing for congruence between the two phylogenies
(Clayton et al., 1996). Methods to evaluate the extent of
cophylogenetic descent can be divided into two groups.
The first group assesses the extent of codivergence by
comparing the topology of the independently derived
host and parasite phylogenies. Brooks Parsimony Analy-
sis (Brooks et al, 2001), the generalized parsimony
method (Ronquist, 1995) implemented in Treefitter,
reconciliation analysis (Page, 1994b) as implemented in
TreeMap 1 (Page, 1995), and Jungles (Charleston, 1998)
as implemented in TreeMap 2.02f (Charleston & Page,
2002), are methods that assume that accurate phyloge-
nies for hosts and parasites are known (Huelsenbeck
et al., 2000). The second group of methods does not
assume accurate phylogenies are known. Methods such
as Data Based Parsimony (Johnson et al., 2001), Parafit
(Legendre et al., 2002), and statistical methods based on
maximum likelihood (Huelsenbeck et al., 1997) or Baye-
sian methods (Huelsenbeck et al, 2000); allow the
evaluation of codivergence between less than optimal
host and parasite phylogenies. While a comparison of
the merits of each method is beyond the scope of this
paper, TreeMap is the leading method to analyse phylo-
genetic aspects of host-parasite coevolution (Brooks &
McLennan, 2003).

The ideal cophylogenetic study should also extensively
sample parasites from the host group of interest as it
increases the probability of detecting evolutionary
changes (Page, 1996). In the past, cophylogenetic studies
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have tended to choose hosts and parasites that represent
various taxonomic levels such as host families or orders
and wing or body lice. For example, the gopher-louse
study examined 17 louse species that were representative
taxa from larger clades containing 122 recognized louse
species and the 15 gopher taxa were examples from a
group containing 40 species and 450 subspecies (Page,
1996). Similarly an analysis of cophylogeny between
seabirds and their lice examined 14 Ilouse species
parasitising 11 host species from two relatively large host
orders containing over 100 species (Paterson et al., 2000).
Choosing taxa to represent higher taxonomic groups has
resulted in some aspects of cophylogenetic relationships
being neglected. Parasite species with multiple host
species (multi-host parasites) are one group that has
been especially neglected as they often parasitise closely
related hosts.

We compared a phylogeny estimated for all 17 species
of penguins (Sphenisciformes) (Giannini & Bertelli,
2004) to a phylogeny estimated for all of the 15 species
of chewing lice (Phthiraptera: Philopteridae) parasitising
penguins. Our study, which is the first to examine all
species of chewing lice parasitising an entire host order,
did not find evidence for extensive cospeciation.
Because we did not exclude any penguin louse species
a priori we found several examples where it appears the
lice have failed to speciate, i.e. the lice not speciating in
response to their hosts speciating (Page, 1994a; Johnson
et al., 2003). Failure to speciate has also been called
cophylogenetic inertia (Paterson & Banks, 2001) or
cophylogeny without cospeciation (Hugot et al., 2001).
We suggest that failure to speciate is an additional event
that needs to be considered in cophylogenetic studies
that examine host parasite groups with multi-host
parasites as it can markedly affect the extent of
association by descent.

Methods

Molecular methods

Lice were collected from penguins at various southern
hemisphere locations (Table 1). Live penguins were
restrained, sprayed with pyrethrin insecticide and the
plumage searched manually for lice. Penguins found
dead were taken back to field camps where they could be
searched more thoroughly for lice. Louse specimens were
stored in 100% ethanol at room temperature until they
could be refrigerated. Frozen penguin carcasses from
institutions, such as museums, were also searched and
these provided numerous louse specimens from which
we could extract DNA suitable for sequencing. Louse
specimens were identified from morphological characters
(Clay & Moreby, 1967; Banks & Palma, 2003) before the
DNA was extracted.

Initially, DNA was extracted from lice using the high
salt method (White et al., 1990), but later Qiagen DNeasy
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Table 1 Louse collection sites and hosts.

J. C. BANKS ET AL.

Gene
Louse Coordinates Host region
species Host species Location latitude Longitude Collector status sequenced
A. antarcticus P. adeliae Ross Island, Antarctica 7717 °S 166.83 °W J. C. Banks Live COl, 12S
A. bifasciatus S. humboldlti Coquimbo, Chile 30.75 °S 71.00 °E J. C. Banks Dead COl
A. bifasciatus S. magellanicus Sea Lion Island, Falklands 51.75 °S 59.42 °W J. C. Banks Live COl, 128
A. brevipes A. patagonicus Kerguelen Is. 49.25 °S 69.17 °W M. Gaulthier-Clerc Live COl, 128
A. concii E. pachyrhynchus Jackson Bay, New Zealand 43.97 °S 168.70 °E J. C. Banks Live 128
A. concii E. robustus Snares Islands, New Zealand 48.04 °S 166.55 °E J. C. Banks Live COl, 128
A. concii M. antipodes Otago Peninsula (Genbank 45.92 °S 170.48 °E A. M. Paterson Live 128
accession number Y14910)
A. cristati E. chrysocome New lIsland, Falklands 51.70 °S 61.28 °E A. van Buren Live COl
chrysocome
A. cristati E. chrysocome filholi Snares Islands, New Zealand 48.04 °S 166.55 °E J. C. Banks Live COl, 128
A. cristati E. robustus Snares Islands, New Zealand 48.04 °S 166.55 °E J. C. Banks Live COl, 128
A. demersus S. demersus Cape Town, South Africa 33.92 °S 18.42 °E J. C. Banks Dead COl, 128
A. gressitti P. papua Sea Lion Island, Falklands 52.00 °S 60.28 °E J. C. Banks Live COl, 128
A. hamiltoni E. schlegeli Macquarie Island, Australia 54.62 °S 1568.93 °E K. Edge Live COl, 128
A. keleri E. chrysocome New lIsland, Falklands 51.70 °S 61.28 °E A. van Buren Live COl, 128
chrysocome
A. macquariensis E. chrysocome filholi Macquarie Island, Australia 54.62 °S 158.938 °E K. Edge Live COl, 128
A. mawsoni A. forsteri Ross Island, Antarctica 7747 °S 166.83 °W P. Ponganis Live COl, 128
A. vanalphenae M. antipodes Otago Museum carcass Unrecorded Unrecorded J. C. Banks Dead COl, 128
A. waterstoni E. minor Coromandel Peninsula 36.83°S 175.58 °E J. C. Banks Dead COl, 12S
Wellington Harbour 41.28 °S 174.90 °E J. C. Banks Live COl, 128
Chatham Island 44.00 °S 176.5 °W J. C. Banks Live COl, 12S
Banks Peninsula 43.75 °S 173.00 °E J. C. Banks Live COl, 128
Otago Harbour 45.92 °S 170.48 °E J. C. Banks Dead COl, 128
Phillip Island, Australia 38.49 °S 145.23 °E R. Jessop Dead COl, 128
N. demersus A. patagonicus Macquarie Island, Australia 54.62 °S 1568.93 °E K. Edge Live COl, 128

COI, cytochrome oxidase subunit 1.

kits were used following the protocol developed by
Cruickshank ef al. (2001). The head of the louse was
separated from the body and then incubated for 48 h at
55 °C in a solution containing proteinase K. The DNA
was extracted as outlined in the DNeasy protocol. The
head and body were retained as voucher specimens.
Among the louse species parasitising penguins, we were
unable to obtain specimens of A. bicornutus for molecular
analysis. Molecular characters for A. bicornutus were
coded as missing for the phylogenetic analysis.

Portions of the 12S and COI regions were amplified
from total genomic extracts using polymerase chain
reaction (PCR). All PCR was carried out using a Perkin
Elmer 2400 thermal cycler. Reaction profiles for each
region were 94 °C for 4 min, 40 cycles of 94 °C for 20 s,
annealing temperature as in Tables 3 and 4 for 30s,
72 °C for 50 s, and finally 72 °C for 5 min. See Table 2
for primer sequences. PCR consisted of 2.5 uL of
10 x buffer (Roche), 2.5 uL. of dANTPs (1 mm), MgCl,
(25 mm) as outlined in Tables 3 and 4, 1 uL of each
primer (10 um), 0.25 uL Taq (5 units uL ™', Roche), 0.5—
1 uL. of DNA and water to 25 ul for each reaction.
A negative control was incorporated in each amplification
round using water rather than DNA.

Initially, excess primers and salts were removed from
the PCR product by precipitation with isopropanol in the
presence of 2.5 m NH4Ac followed by a 70% ethanol
wash. Later, PCR product was purified using Qiagen
Concert rapid PCR purification system kits. Purified PCR
fragments were sequenced using BigDye Termination
Mix (Perkin-Elmer) and run out on an ABI 373
automated sequencer. Both the sense and antisense
strands were sequenced. Sequences were deposited in

GenBank (http://www.ncbi.nlm.nih) (Benson et al.,

Table 2 Primer sequences used in PCR.

Primer 1 Sequence Reference

12sai AAACTAGGATTAGATACCCTATTAT Simon et al. (1994)

12sbi AAGAGCGACGGGCGATGTGT Simon et al. (1994)

L1091 AAAAAGCTTCAAACTGGGATTA Kocher et al. (1989)
GATACCCCACTAT

12sfia CGGGCGATGTGTRCATTMTT This paper

C1-J-1718  GGAGGATTTGGAAATTGATTAGTTCC Simon et al. (1994)

C1-N-2191 CCCGGTAAAATTAAAATATAAACTTC  Simon et al. (1994)

con TAAATAAYATRAGDYTTTGDCTKCT This paper

COIMR CCYCCNGMNGGRTCAAAAAARGA This paper

COI, cytochrome oxidase subunit 1.
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Table 3 Reaction conditions and primers used for PCR of the third
domain of the mitochondrial 128 ribosomal rRNA region (see text
for more details).

Extra
MgCl, Annealing
Species Primer 1 Primer 2 (uL of 25 mm) temp ( °C)
A. antarcticus 12sai 12sfia 1.2 45
A. bifasciatus L1091 12sbi 1.2 47
A. brevipes 12sai 12sfia 0 56
A. concii L1091 12sbi 1.2 45
A. cristati 12sai 12sfia 0 47
A. demersus L1091 12sbi 1.2 45
A. gressitti 12sai 12sfia 0 47
A. hamiltoni L1091 12sbi 1.2 45
A. keleri 12sai 12sfia 0 47
A. macquariensis L1091 12sbi 1.2 45
A. mawsoni 12sai 12sfia 0 47
A. vanalphenae 12sai 12sfia 0 a7
A. waterstoni L1091 12sbi 1.2 45
N. demersus L1091 12sbi 1.2 47

Table 4 Reaction conditions and primers used for PCR of a portion
of the COI region.

Extra
MgCl, Annealing
Species Primer 1 Primer 2 (uL of 256 mm)  temp ( °C)
A. antarcticus C1-J-1718  C1-N-2191 1.2 47
A. bifasciatus C1-J-1718  C1-N-2191 1.2 47
A. brevipes C1-J-1718 C1-N-2191 0 47
A. concii C1-J-1718 C1-N-2191 1.2 47
A. cristati COl COIR 1.2 47
A. demersus C1-J-1718 C1-N-2191 1.2 47
A. gressitti C1-J-1718  C1-N-2191 1.2 47
A. hamiltoni C1-J-1718  C1-N-2191 1.2 47
A. keleri COI COIR 1.2 47
A. macquariensis  COI1 COIR 1.2 47
A. mawsoni COon COIR 1.2 47
A. vanalphenae C1-J-1718 C1-N-2191 1.2 47
A. waterstoni C1-J-1718  C1-N-2191 1.2 47
N. demersus C1-J-1718  C1-N-2191 1.2 47
COlI, cytochrome oxidase subunit 1.
2002) (GenBank accession numbers AF491754—

AF491758, AY229898-AY229936).

Our PCR results did not contain ghost bands and had
few sequence ambiguities that are both usual signs of the
amplification of pseudogenes (Bensasson et al.,, 2001).
For species, such as A. antarcticus, with large insertions,
we sequenced 12S twice, using different primer sets and
obtained identical sequences. The COI sequences were
not punctuated by stop codons when translated into
amino acids.

Louse taxonomy followed Hopkins & Clay (1953), Clay
(1967), and Banks & Palma (2003). We considered the
louse species A. strutheus as a nomen dubium following the
discussion in Clay (1967). Because there were few
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genetic differences between individual lice of the same
species parasitising different host species (see Table 1 for
duplicates sequenced), we used one representative
sequence for each gene region from each louse mor-
pho-species in the phylogenetic analysis.

COI sequences were aligned using Clustal X (Thompson
et al., 1997), then adjusted manually using sequential
pairwise comparisons. Alignment of the 368 base pair
fragment of COI was straightforward because there were
few insertions or deletions (indels). Postulated gaps
within COI were adjusted with respect to the amino acid
sequence so that codons were not split. Alignment of 12S
was somewhat problematic and we aligned 12S manually
with respect to the secondary structure of A. waterstoni
(Page et al, 2002). Unalignable regions were deleted
leaving 293 base pairs of 12S for analysis.

Louse phylogeny

A mixed model Bayesian analysis using Mr Bayes 3
(Ronquist & Huelsenbeck, 2003) was conducted on 55
louse morphological characters (Banks & Paterson, 2004)
and the COI and 12S molecular data. The general time
reversible model plus gamma (Rodriguez et al., 1990;
Yang et al., 1994) was chosen to analyse the genetic data
based on the Akaike information criteria in ModelTest
(Posada, 2000). Three independent Bayesian analyses
were run for each gene to ensure proper sampling of tree
space. Two runs were made of 2 000 000 generations,
and one of 1 000 000 generations, with four chains using
flat priors and mixed models, saving trees every 100
generations. All trees prior to stationarity were discarded
(1000 or 2000 trees depending on the number of
generations). Each run produced 50% majority rule
trees of the same topology and converged on similar
likelihood values after trees prior to stationarity were
discarded. A single run of 5 000 000 generations was also
conducted with 5000 trees prior to stationarity discarded.

Nesiotinus demersus was chosen as the outgroup as,
although deeper relationships of ischnoceran lice are not
well resolved (Cruickshank et al., 2001), we are confident
that N. demersus is not part of Austrogoniodes based on
substantial morphological ditferences.

Cophylogenetic analysis

Penguin louse associations were collated from several
sources (Clay, 1967; Watson, 1967; Pilgrim & Palma,
1982; Palma, 1996,1999; Price et al, 2003) and are
shown in Fig. 1. Associations of doubtful validity, for
example, lice collected from penguins kept in zoos were
not considered. A full list of doubtful records is given in
Banks & Paterson (2004).

We analysed cophylogenetic relationships between
penguins and their chewing lice using a penguin
phylogeny estimated from 70 integumentary and breed-
ing characters (Giannini & Bertelli, 2004). However, the
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penguin phylogeny we analysed differed slightly from
the published phylogeny as we split Eudyptula minor into
two taxa following the discussion in Banks et al. (2002)
and combined the two Eudyptes chrysocome subspecies as a
single terminal taxon.

The cophylogenetic history of the penguins and their
lice was reconstructed using TreeMap 1 and TreeMap
2.02f. TreeMap 2.02f requires that multi-host lice (lice
parasitising several host species) are subdivided into
dummy lineages (Page & Charleston, 2002) to generate
hypotheses of cophylogeny correctly. The topology of
that portion of the phylogeny containing dummy
lineages mirrored that of the host phylogeny. Because
TreeMap 2.02f requires the addition of dummy taxa, the
significance of the cophylogenetic relationship between
the penguins and their lice, without dummy taxa, was
assessed using TreeMap 1.

Parafit (Legendre et al., 2002), which uses the patristic
distances of a host and parasite phylogeny transformed
into principle coordinates (Gower, 1966), was used to test
the extent of a global hypothesis of coevolution between
the lice and their hosts. Treefitter 1.0 (http://www.
ebc.uu.se/systzoo/research/treefitter/treefitter.html) was
also used to implement the generalized parsimony
method of testing for a cophylogenetic relationship
between penguins and their chewing lice. Costs used
were cospeciation = 0, duplication and sorting = 1, and
switching = 1-10. The cost of fitting the penguin phylo-
geny to the louse phylogeny was compared to the cost of
fitting the host tree to 10 000 random parasite trees. Both
of these methods are able to deal with multi-host lice.

Results

The 50% majority rule consensus tree of 45 000 trees
estimated from the Bayesian analysis is shown in Fig. 2.
The analysis found strong support for two groups within
Austrogoniodes. The first was a ‘concii’ clade of A. concii,
A. bicornutus, A. hamiltoni, A. keleri and A. macquariensis and
the second was a ‘cristati’ clade of A. vanalphenae, A. cristati,

|I.J bl

. vanalphenae

. cristati
. bifasciatus ;‘
demersus

Fig. 1 Tanglegram of penguins and their
lice. Lines connecting penguins and lice
indicate associations.

keleri
macquariensis
hamiltoni
bicornutus
concii
antarcticus
gressitti
bifasciatus

demersus

cristati

> > > > > > > > > > >

vanalphenae

>

waterstoni
A. brevipes
]{
A. mawsoni

N. demersus

Fig. 2 Fifty per cent majority rule consensus tree of 45 000 trees for
the penguin chewing lice estimated from a Bayesian analysis of
sequences from portions of the third domain of the mitochondrial
12S ribosomal rRNA gene (12S), cytochrome oxidase subunit 1
(COI) gene and 55 morphological characters. Clade support values
are shown above the lines.

A. demersus and A. bifasciatus. Austrogoniodes antarcticus and
A. gressitti, as well as A. brevipes and A. mawsoni were also
strongly supported as two pairs of sister taxa.

Cophylogenetic analysis

TreeMap

TreeMap 2.02f (Charleston & Page, 2002), with cospe-
ciation events weighted as 0, duplications, lineage losses
and host switching events weighted as one and up to two
host switches allowed (the maximum number that was
feasible with the computer power available), found six
scenarios that maximized cospeciation. With zero host
switches only three cospeciation events were found
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(Figs 3 and 4). With one host switch there were four When ‘cospeciation” events due to dummy taxa were
cospeciation events (Figs 4 and 5) or three cospeciation excluded, the number of cospeciation events did not
events with two host switches. TreeMap 1, with zero host differ significantly from the number obtained when 1000
switches, found the same reconstruction as TreeMap random louse phylogenies were compared to the host

2.02f using similar constraints.

Fig. 3 Penguin and louse cophylogenetic
history estimated using TreeMap 2.02f with
no host switching (the concii lineage is shown
in Fig. 4 for clarity). The thick lines represent
the penguin phylogeny, thin lines the louse
phylogeny. The louse phylogeny is stacked
over the penguin phylogeny but offset to the
left and down relative to the penguin phy-
logeny. Filled circles = cospeciation events,
open circles = possible failure to speciate
events, squares = duplication events. Louse
lineages that do not form terminal branches
have undergone sorting events.

phylogeny (P = 0.89) using TreeMap 1. When dummy
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Fig. 5 Penguin and louse cophylogenetic
history with one host switch (the concii
lineage is shown in Fig. 4 for clarity) esti-
mated using TreeMap 2.02f. The thick lines
represent the penguin phylogeny, thin lines
the louse phylogeny. The louse phylogeny is
stacked over the penguin phylogeny but
offset to the left and down relative to the
penguin phylogeny. Filled circles = cospeci-
ation events, open circles = possible failure
to speciate events, squares = duplication
events. The arrow indicates the host switch
from the ancestor of Fudyptes to the ancestor
of Spheniscus. Louse lineages that do not form
terminal branches have undergone sorting
events.

lineages were included in both TreeMap analyses, there
was significantly more ‘cospeciation’ than if the penguin
phylogeny had been compared to 1000 random louse
phylogenies (P < 0.01).

Host switches

TreeMap 2.02f proposed a host switch from the ancestor
of the crested penguins to the ancestor of the spheniscid
penguins that gave rise to A. bifasciatus and A. demersus
(Fig. 5). The scenario with two host switches included
the switch to the spheniscid penguins and a switch from
the ancestor of Pygoscelis, Megadyptes and Eudyptes to
Eudyptula. TreeMap 1 also found the same scenarios. The
three other scenarios from TreeMap 2.02f with two host
switches suggested the host switches were by multi-host
lice expanding their range to new host taxa. For example,
one scenario proposed a switch by A. hamiltoni from
E. chrysocome to E. schlegeli.

Parafit and Treefitter

Parafit rejected the null hypothesis that the penguins and
their lice have evolved independently (P = 0.001), indi-
cating that there is significant cophylogenetic history
within the penguin-louse group. Treefitter also found

that the cost of fitting the penguin phylogeny to the louse
phylogeny was significantly less than the costs of fitting
the penguin phylogeny to 10 000 random trees
(P < 0.003) when the cost of switching was set from
2 to 10. The cost was not significantly different if the cost
of switching was set to one.

Discussion

TreeMap 2.02f; found significant shared cophylogenetic
history if we included ‘cospeciation’ events due to
‘dummy’ taxa, i.e. branches added to the host and
parasite trees so that all hosts have only one parasite. If
dummy branches are included in a TreeMap 2.02f
analysis it is more appropriate to consider cospeciation
between dummy branches as ‘host tracking’ events, i.e.
cospeciation and failure to speciate events. If this is done,
TreeMap 2.02f then assesses the significance of the
maximum extent of association by descent rather than
the extent of cospeciation.

Parafit and Treefitter do not require the addition of
dummy taxa. The Parafit analysis found that the penguin
and louse phylogenies were significantly more similar to
each other than 999 random phylogenies, suggesting a
coevolutionary relationship between the penguins and
the lice. Treefitter found the cost of fitting the penguin
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phylogeny to the louse phylogeny was significantly less
than cost of fitting it to 10 000 random phylogenies but
only if host switching is made more difficult (i.e. cost >1)
than duplication and sorting events. It has been argued
that setting a higher cost for host switching is justified if
parasites do not have a dispersal phase (Desdevies et al.,
2002). As lice rely on host-to-host contact for transmis-
sion (Hafner & Nadler, 1988), assigning a higher cost to
host switching may be justified.

Interpreting the reasons for the presence of multi-host
parasites markedly affects the extent of association by
descent. It has been suggested that multi-host parasites
could be genetically isolated, although morphologically
conservative, and could be treated as separate taxa
(Page et al., 2004). It has also been suggested that a
parasite species could parasitise several closely related
hosts if it could maintain genetic contact between
populations on divergent hosts and thus have failed to
speciate (Paterson & Banks, 2001; Johnson et al., 2003).
Alternatively, it could be that only one host has
inherited the parasite species and the rest of the
associations are due to host switching (Ronquist,
2003). Several penguin species that share the same
species of lice also share breeding islands or are
occasional visitors, often during moulting, to the breed-
ing sites of other penguin species (del Hoyo et al., 1992;
Miskelly et al., 2001). However, there are examples of
sympatric penguin species that do not share lice, for
example emperor, Aptenodytes forsteri, and Adelie,
P. adeliae, penguins mix at several sites in Antarctica
(Marchant & Higgins, 1990) but are parasitised by
different species of lice (Price et al., 2003). Therefore,
host switching cannot be inferred simply by host species
living in sympatry. Our analysis of the cophylogenetic
relationship between penguin lice, without excluding
any parasite taxa a priori, shows that multi-host para-
sites can contribute either to the extent of association by
descent or by association depending on the reason(s) for
their multi-host parasitism (Banks & Paterson, 2005).

We think it unlikely the multi-host penguin lice are
cryptic species. We examined 10 multi-host lice and nine
of the 10 within-species comparisons showed no differ-
ences in the 12S and COI sequences (data not shown).
For example, Australian and New Zealand blue penguins,
differ by 4% for COI and 2% for 12S (Banks et al., 2002)
and yet the sequences for the louse A. waterstoni collected
from these hosts in Australia and New Zealand did not
differ at all for the same gene regions.

The penguin lice contrast with several studies that
have found that there are genetic differences between
populations of louse species parasitising different host
species. For example, there were ditferences in the
sequences for COI from populations of the louse Physco-
nelloides eurysema parasitising the pigeon hosts Claravis
pretiosa, Columbina inca and C. passerina. COI sequences
for P. eurysema even varied with the location of the host
(Johnson et al., 2002).

Penguin-louse coevolution 163

Failure to speciate is an alternative reason for multi-
host parasites that supports association by descent.
Penguin species with multi-host lice share several char-
acteristics, such as sympatric distributions and morpho-
logical similarity that are thought to make failure to
speciate possible (Clayton et al., 2004). For example, all
six of the morphologically similar Eudyptes species are
parasitised by A. concii, and all six eudyptids have been
reported from the Snares Islands (Miskelly et al., 2001).
Straggling by birds, especially during moulting, may
provide sufficient opportunities for the lice to maintain
genetic contact.

The absence of genetic differences found in our
comparison of multi-host louse populations meant we
could not distinguish failure to speciate from an
extremely recent host switch. It may be that the absence
of genetic differences between louse populations on
different host species is due to a very recent host switch
and insufficient time has elapsed since the switch for
differences to accumulate between the louse populations.
Hugot et al. (2001) suggested that where the same
parasite species parasitises closely related hosts it is more
parsimonious to propose failure to speciate than host
switching. Application of this principle would suggest
that the distribution of most of the multi-host penguin
lice is due to failure to speciate. Additionally, we can
think of no recent changes in the distribution of penguins
that would enable so many very recent host switches.
However, faster diverging genes are necessary to distin-
guish recent host switches from failure to speciate events.

Mapping the louse phylogeny onto the penguin phy-
logeny using TreeMap 2.02f (Charleston & Page, 2002)
did not find evidence of extensive cospeciation. There
were three or four cospeciation events, depending on the
number of host switches allowed, which was not
significantly more than would be expected if we
compared the penguin phylogeny to 1000 random louse
phylogenies. Cospeciation events were only 21-29% of
the total number of speciation events, which contrasts
with the strong evidence of codivergence found from
gophers and their chewing lice (Hafner & Nadler, 1988;
Hafner et al.,, 1994), or seabirds and their chewing lice
(Paterson et al., 2000). The proportion of cospeciation
events in the penguin-chewing louse assemblage was
similar to the lowest values found for chewing lice
parasitising a range of mammalian taxa (20% for horses
and 25% for cats) (Taylor & Purvis, 2003).

Why is the extent of cospeciation in the penguin lice so
low in comparison to the pocket gopher lice? Hafner et al.
(2003) suggested that cospeciation is likely to occur when
the hosts have a patchy distribution, the lice have low
dispersal abilities and there are constraints that prevent
lice establishing on new host taxa. These factors are likely
to affect both the penguin and the gopher lice. However,
pocket gophers differ from penguins in that gophers have
a fossorial lifestyle, are geographically isolated and have
small population sizes (Hafner et al, 2003). It seems
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likely these host specific factors contribute to the extent
of cospeciation between gophers and their lice. Often
several species of penguins use the same islands for
breeding and/or straggle to other species’ breeding areas
(Marchant & Higgins, 1990). Contact at these times may
offer lice opportunities to transfer between hosts and
thus reduce the extent of cospeciation. Other cophylo-
genetic studies of lice parasitising bird species sharing
nest holes have also found few cospeciation events. For
example, toucan lice do not show cospeciation with their
hosts (Weckstein, 2004). Although the pocket gopher
chewing lice may be a ‘text-book’ example of cladogen-
esis by cospeciation, speciation of other parasite groups,
such as the penguin chewing lice, is not as tightly linked
to the divergence of their hosts.

The TreeMap 2.02f analysis suggested duplications
were the predominant method by which penguin lice
speciated. Duplication events require genetic divergence
between louse populations parasitising the same host
species. Band-tailed pigeons, Patagioenas fasciata are
parasitised by the louse Physcollenoides spenceri in North
and South America (Price et al., 2003). Physcollenoides
spenceri in North America show mitochondrial divergence
levels of 9% from those in South America, which is
similar to divergence levels found between different
louse species (Johnson & Clayton, 2004). It is possible
that these two louse populations are too divergent to
interbreed if they were to be re-united in the future.
Overlap of the ranges of P. spenceri in the future would
give rise to a duplication event.

Penguin colonies tend to be geographically distant
from each other, especially in the Southern Ocean and
geographical isolation followed by re-contact may be a
route for duplications to occur. Warham (1975) specu-
lated that glaciation of breeding grounds during colder
conditions or shifts in the hydrological convergences may
have resulted in penguin populations and species being
more isolated than they are now. However, little is
known about the effect of climate variation on the
historical distribution of penguins and conditions on the
subantarctic island breeding grounds of the crested
penguins (Warham, 1975).

The TreeMap 2.02f scenario with zero host switches
postulated that the most recent common ancestor of the
penguins was parasitised by six louse species. Six species
of lice parasitising a single host taxon seems unlikely.
Currently the maximum number of louse species para-
sitising a single penguin species, the rockhopper penguin,
E. chrysocome, is five (Price et al., 2003). However, two of
the three subspecies of rockhopper penguins recognized
on morphological differences are parasitised by three
louse species, while the third subspecies harbours only
two louse species (Price et al., 2003; Banks & Paterson,
2004). The scenario with one host switch (Figs 4 and 5)
postulated three louse species on the most recent
common ancestor of the penguins. This situation seems
more likely. However, without information on the

probability of the occurrence of host switches, duplica-
tions and extinctions, it is difficult to justify the choice of
TreeMap scenarios. Genetic data for the penguins would
be useful in choosing between scenarios as relative
branch lengths could be used to eliminate switches
between hosts that were not extant with the lice.

The topology of the 50% majority rule consensus tree
produced by the Bayesian analysis with A. bicornutus
pruned from the phylogeny was identical to the topology
of a tree estimated from a maximum likelihood analysis
of the genetic data alone (result not shown). Also,
A. bicornutus and A. concii were sister taxa in both the
combined Bayesian analysis in this study and a maxi-
mum parsimony (MP) analysis of only morphological
characters (Banks & Paterson, 2004). The Bayesian
consensus tree presented here and a MP analysis of the
morphological data (Banks & Paterson, 2004) found
broadly similar groups. For example, the concii clade had
the same members in the MP and Bayesian analyses.
However, MP and Bayesian analyses found different
relationships within the groups. For example, the
Bayesian analysis found A. concii to be the basal member
of the group whereas the morphological data alone had
A. concii as the most derived member of the group.

Generally cophylogenetic studies have concentrated
on host specific parasites while multi-host parasites have
been ignored. Indeed, several methods of analysing
cophylogenetic data at this point in time cannot deal
with multi-host parasites (Charleston & Page, 2002) or
else multi-host parasites make the methods unwieldy
(Johnson et al,, 2001). Multi-host parasites have often
been (1) treated as an unresolved clade, which more data
will resolve (Page, 1994a), (2) eliminated from the
analysis (Huelsenbeck et al., 1997,2000) or (3) assumed
to be widespread because of recent host switching
(Dowling et al., 2003). None of these methods of analy-
sing cophylogenetic history explicitly allow failure to
speciate to occur and yet, if closely related host species
share a parasite species, it seems possible that the
association has been inherited from an ancestor. Addi-
tionally, the method chosen to deal with multi-host
parasites markedly affects the extent of association by
descent. If every association between multi-host lice and
their penguin hosts is due to failure to speciate, all of the
penguin louse associations can be explained as ‘associ-
ation by descent’. Alternatively if multi-host lice have
only recently colonized their present hosts only 51% of
the penguin louse associations are due to association by
descent. More study is required to distinguish these
possibilities.

Because we did not exclude any louse species from our
coevolutionary analysis, we found that multi-host para-
sites, usually neglected in other studies, can critically
affect the interpretation of the extent of cophylogenetic
history in a lineage. Additionally, some of the methods
used to analyse cophylogenetic history require that the
phylogenies be manipulated to produce the correct
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reconstruction. Identifying the reasons some parasite
species appear to be able to maintain genetic contact
despite their hosts diverging will be an interesting
extension of cophylogenetic studies.
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