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The extent to which viruses and their hosts codiverge remains an open question, given that numerous cases of both
‘‘cospeciation’’ and horizontal switching have recently been documented. DNA viruses that form persistent infections are
thought to be the most likely candidates for phylogenetic congruence. Phylogenetic reconciliation analysis was used to
compare established phylogenies for four RNA viruses and their hosts. The analysis employs a cophylogeny mapping
technique, implemented in TreeMap v2.0, to find the most parsimonious combinations of evolutionary events able to
reconcile any incongruence. This technique is guaranteed to recover all potentially optimal solutions to the reconciled
tree and specifically tests the null hypothesis that an associate phylogeny is no more congruent with a host phylogeny
than would be a random tree with the same taxon set. Phylogenies for Hantavirus, Spumavirus, and avian sarcoma
leukosis virus were found to be significantly similar to their host trees, whereas Lyssavirus and Arenavirus displayed no
significant congruence. These results demonstrate that RNA viruses are able to form stable associations with their hosts
over evolutionary time scales and that the details of such associations are consistent with persistent infection being
a necessary but not sufficient precondition.

RNA viruses are known for their roles in disease.
They cause acute and highly virulent infections such as
Mosquito-borne Flavivirus, causative agent of Yellow and
Dengue fevers, and Lyssavirus, responsible for rabies
worldwide. Other RNA viruses cause persistent infections,
which may cause chronic illness or be largely asymptomatic. Retroviruses have become infamous as the human
immunodeficiency virus (HIV) epidemic has spread across
the world. Many details regarding the long-term association of viruses with their hosts remain uncertain, as do
their origins generally. This study is concerned with the
correspondence of viral and host phylogenies, and the
phenomenon of host-virus codivergence, in five RNA
viruses for which sufficient sequence data have been
acquired:
Arenavirus (Arenaviridae)
Sigmodontine and murine rodents comprise the
natural hosts for these viruses, where they cause persistent
and largely asymptomatic infections (Southern 1996).
Casual infection of humans by Arenavirus can lead to
acute and potentially fatal haemorrhagic fever, for
example, Lassa fever in Africa (McCormick et al. 1987).
Macrophages are the predominant target for infection,
a feature that facilitates its persistence in rodents (King
et al. 1990).
Hantavirus (Bunyaviridae)
The hantaviruses have a worldwide distribution. Old
World viruses infect arvicorine and murine rodents
naturally; rodent infections are persistent and benign but,
upon infecting humans, hantaviruses cause hemorrhagic
fever and renal disorders (Schmaljohn and Dalrymple
1983). New World viruses are hosted by sigmodontine
rodents and also cause disease in humans. The Sin Nombre
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virus (SNV) was found to be responsible for certain
pulmonary disorders in the Southwestern United States
(Nichol et al. 1993; Childs et al. 1994).
Lyssavirus (Rhabdoviridae)
Lyssavirus is found naturally among chiropteran and
carnivoran mammals and is spread by the exchange of
body fluids. There are seven phylogroups of rabies; this
study concerns group I, the classical acute rabies in
carnivores (Badrane et al. 2001).
Spumavirus (Retroviridae)
Spumavirus is a retrovirus that is widespread amongst
primates. Routes of transmission are controversial, and
both sexual (Broussard et al. 1997) and non-sexual
(Blewett et al. 2000) means have been implicated.
Infections are typically benign, asymptomatic, and lifelong
(Coffin 1996). Increasing or dynamic antigenic variation is
not a feature of this persistence (Broussard et al. 1997).
However, Spumavirus may assist other retroviruses, such
as HIV, in concomitant infections through the provision of
a transcriptional transactivator (Blewett et al. 2000).
Avian Sarcoma Leucosis Virus (ASLV; Retroviridae)
The retroviruses of the avian sarcoma leucosis line
come in both endogenous and exogenous forms. They
cause a persistent, largely asymptomatic but oncogenic
infection in galliform birds, frequently resulting in
lymphoma. Host ranges are poorly known and transmission is by fluid exchange (Payne et al. 1991).
Host-Virus Codivergence
Ancient association of host and viral evolutionary
lineages has been indicated by a number of studies, for
example, in Arenavirus (Bowen, Peters, and Nichol 1997).
This pattern is most consistent with phylogenetic estimates
of Papovaviridae (Chan et al. 1992; Shadan and Villarreal
1993) and Herpesviridae (McGeoch et al. 1995; McGeoch,
Dolan, and Ralph 2000). A recent review suggested that
such ‘‘cospeciation’’ would follow from persistent viral
infection over an evolutionary time scale, whereas acute
45
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Cophylogenetic Reconciliation
Analyzing the similarity between phylogenies of
coevolving taxa is part of a general comparative method
(Brooks and McLennan 1993). Two associated phylogenies are almost invariably incongruent in places; while this
immediately presents a puzzle, it is appreciated that this
disagreement also represents a source of information about
coevolutionary events (Nelson and Platnick 1981; Page
1990).
Phylogenetic reconciliation is the term given for the
positing of evolutionary events to explain differences
between trees that share a common history. The need for
reconciliation analysis has been demonstrated at several
conceptual levels, including species biogeography (Page
1988, 1990), the comparison of host and associate
organismal phylogenies (Humphries, Cox, and Nielsen
1986; Page and Charleston 1998), and the resolution of
orthologous and paralogous gene lineages (Goodman et al.
1979; Page and Charleston 1997). The present study is
concerned with the second application and approached the
problem through cophylogenetic mapping. In this pro-

cedure, nodes in the associate tree are mapped to positions
in the host tree, based on the known associations, and any
of four evolutionary events—codivergence, duplication,
loss or switching—are posited for each associate lineage in
a parsimonious way (Page 1990, 1994). Figuratively, the
associate tree is laid over the host tree and embedded
within it (Page and Charleston 1998).
Initial applications of this technique in the program
Component (Page 1989), and subsequently TreeMap v1.0
(Page 1995), were unable to infer horizontal switching
correctly or at all. A solution came in the form of the
‘‘Jungle,’’ which is a directed graph (digraph) containing
all the ‘‘potentially optimal’’ reconstructions, given
a certain weighting structure for the four event types
given above (Charleston 1998). Jungles, as incorporated
into TreeMap v2.0 (http://evolve.zoo.ox.ac.uk/software;
Charleston and Page 2002), solve the problem of ‘‘weakly
incompatible host switches’’ (i.e., switches that require
subsequent loss events to make the source and destination
contemporary), which previous methods failed to do
(Charleston 1998) and permit the relative cost of event
types to be customized, when appropriate.
Reconciliation using cophylogeny mapping and
jungles guarantees to obtain all solutions potentially
optimal under some set of costs (a set known as POpt).
We believe that it is more exhaustive than methods that
only evaluate the degree of tree similarity using maximum
likelihood (Huelsenbeck, Rannala, and Yang 1997;
Legendre, Desdevises, and Bazin 2002) or parsimony
(Johnson, Drown, and Clayton 2000). Cophylogeny
mapping produces reconciled trees with minimal assumptions about the relative likelihood of evolutionary events.
The method assumes that the component phylogenies are
robust and that codivergence is the default pathway during
cladogenesis. These are conservative compared to likelihood-based methods (Huelsenbeck, Rannala, and Large
2000), which use explicit macroevolutionary models that
cannot be verified in practice. In contrast, generalized
parsimony assigns costs to particular evolutionary events,
in order to evaluate solutions according to minimal total
cost (Ronquist 1995). By mapping associates, cophylogeny mapping produces solutions that are easily interpreted.
This is preferable to treating associates as characters on
a host tree (Brooks 1981); the fundamental difficulty with
this approach is that non-independent associates are treated
as independent characters. This results in solutions that
defy interpretation and incorrectly estimate the required
number of events for reconciliation (Page 1990, 1994).
Dowling’s (2002) comparison of reconciliation methods
indicated that these inaccuracies persist in revised versions
(Page and Charleston 2002). Finally, unlike many other
methods that are metrics, this method recognizes the
general asymmetry in an association (the associate tracks
the host phylogeny) during reconciliation and significance
testing (see Methods).
In the present study, the existing phylogenies of the
five RNA viruses described above were reconciled with
those of their hosts using TreeMap v2.0. Randomized trees
were used to evaluate the null hypothesis that the observed
congruence was no greater than that expected between
random trees. It is possible to constrain the jungle
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infections would not (Villarreal, DeFilippis, and Gottlieb
2000). We use the term codivergence to refer to the
concomitant divergence of host and viral lineages to
prevent confusion with the general term coevolution.
Codivergence is also distinct from phylogenetic congruence, which is a topological phenomenon and has many
explanations, one of which is codivergence.
The positive relationship between virulence and
transmission rate is widely known in viruses (Messenger,
Molineux, and Bull 1999) and other parasites (Clayton and
Tompkins 1994; Lipsitch, Siller, and Nowak 1996; Day
2001), and persistent and acute infections can be
distinguished on the basis of virulence and transmission.
Villarreal, DeFilippis, and Gottlieb (2000) proposed
character combinations for idealized persistent and acute
infections. From these ideal states it follows that those
viruses eventually codiverging with their hosts will be
those that (1) select their hosts specifically through vertical
transmission or conspecific horizontal transmission, thereby limiting their transmission rate; (2) have few detrimental effects on the health of their host, i.e., their sole means
of transmission; (3) form persistent, latent or lifelong
infections due to their avirulence. Villarreal, DeFilippis,
and Gottlieb (2000) have suggested that DNA viruses are
far more likely to conform than RNA viruses. Because of
the lack of any proof-reading functions in the viral
polymerase, the latter have elevated substitution rates
(Domingo et al. 1996). This elevation of substitution rates
introduces instability and results in the formation of
distinct lineages, even within a single host (Peeters and
Sharp 2000). This should effectively uncouple host and
virus evolutionary time scales. Hence, RNA viruses, it is
supposed, will not retain the genetic integrity required to
produce a codivergent cladogenic pattern with their hosts.
To date, we have sought to identify phylogenetic
congruence between four genera of RNA viruses and their
hosts through the analysis of existing phylogenies with
reconciliation analysis.
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construction to restrict the number of events of a particular
type, or total number of non-codivergence events, or even
the total cost. However, given that little information was
available a priori to discriminate between any particular
evolutionary scenario, the strategy throughout the analysis
was to make each jungle analysis unconstrained, thereby
recovering all the maps in POpt and accepting each
solution as an equally valid working hypothesis.
Methods
Source Phylogenies

Arenavirus
Sigmodontine host relationships were inferred from
published phylogenies (Myers, Lundrigan, and Tucker
1995; Engel et al. 1998); viral phylogeny was taken from
Bowen et al. (1997). The taxon set was limited to New
World viruses and constrained to 11 in order to reduce
computational complexity during cophylogeny mapping.
The Flexal virus, which infects two hosts, Oryzomys
buccinatus and Oryzomys albigularis, was excluded for
this reason also.
Hantavirus
Host relationships for hantaviruses were a consensus
of published estimates (Myers, Lundrigan, and Tucker
1995; Engel et al. 1998). Viral relationships were inferred
by comparing several concordant phylogenies employing
the glycoprotein locus (M segment) (Levis et al. 1998;
Morzunov et al. 1998; Monroe et al. 1999; Sanchez et al.
2001).

Spumavirus
Primate relationships were inferred from published
accounts (Page and Goodman 2001). Viral phylogeny was
estimated using two loci: the long terminal repeat (LTR—
237 characters) locus and of the RNA Polymerase (Pol—
283 characters). A robust phylogeny was possible for 10
viral strains using a combined data set. Spumaviruses from
C. hamlyni and P. pygmaeus could not be placed robustly
in this combined tree and were removed to ensure
complete resolution. Phylogenetic reconstruction was
carried out as described above, except that for LTR two
short regions that showed no sequence homology were
removed. Weighting by successive approximation (Swofford et al. 1996) was used to exclude homoplasious
characters in MP searches, and a transversion model
(TVM þ ) was recommended by Modeltest for both ML
and NJ searches. The tree was midpoint rooted.
ASLV
Dimcheff et al. (2000) published estimates of both
host and parasite relationships in ASLV, using mtDNA
and gag, respectively. The trees used in this study are
taken from these estimates but include fewer taxa. The
original taxonomic selection was sampled to provide
a manageable taxon set that was representative of all
galliform hosts. Where a host possessed multiple viral
isolates, these were considered a single associate where all
isolates formed a monophyletic clade. Where isolates from
the same host were paraphyletic, for example in the cases
of Colinus virginianus and Phasianus colchicus, these
were recorded as multiple associates in the jungle analysis.

Lyssavirus
Canid relationships were inferred from published
phylogenies (Wayne et al. 1997; Bininda-Emonds, Gittleman, and Purvis 1999). Viral phylogeny was reconstructed
using the phosphoprotein locus, with sequences (920
characters) deposited by Nadin-Davies et al. (1997). Given
that the original study included a variety of mammalian
hosts, it was prudent to reconstruct the phylogeny with
purely Canid viruses. Sequences were aligned in Clustal X
(Thompson et al. 1997) and then adjusted by eye in SeAl

Cophylogeny Mapping
Phylogenies for each of five associations are shown
in figure 1(a–e). Likelihood scores for host and associate
topologies were compared using a Shimodaira-Hasegawa
(SH) test (Shimodaira and Hasegawa 1999), when using
the associate data set for associations c and d, where
associate trees were estimated. These tanglegrams were
subjected to reconciliation analysis through cophylogeny
mapping. In figure 1a and b (Arenavirus and Lyssavirus)
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TreeMap requires fully resolved source phylogenetic
trees; the 10 phylogenies used in the five reconciliation
analyses, described in figure 1(a–e), were inferred both
from published estimates and through phylogenetic reconstruction of sequences deposited in GenBank (accession records are available online as Supplementary
Material). The results of reconciliation analysis are clearly
dependent on the quality of the original trees, and
sampling strategy should reflect both the hypothesis being
tested and the diversity of the symbiosis. The following
taxon sets contain as many of the available associations as
possible, although size was limited because of complexity.
Some taxa were excluded to provide resolution or to
prevent artificial inflation of the congruence; for example,
cat and marmoset spumaviruses are not included because
these are outgroups to the main catarrhine clade, thereby
guaranteeing two extra codivergence events:

v1.0 (A. Rambaut, University of Oxford). Phylogenies
were reconstructed in PAUP* v4.0 (Swofford 1998) using
maximum parsimony (MP), maximum likelihood (ML),
and Neighbor-Joining (NJ) methods. An MP bootstrap
consensus tree was built with 100 nonparametric, bootstrapped replicates. A heuristic search using a TBR
swapping algorithm was employed, after an initial tree
was obtained by ‘‘as-is’’ stepwise addition (the maximum
number of trees held was automatically increased). An
Acctran mode of character state optimization was used,
and all multiple states were considered as uncertainty.
Maximum likelihood trees were built with a GTR þ I
model, the optimal model as designated by Modeltest
v3.06 (Posada and Crandall 1998), and 100 bootstrap
replicates. Neighbor-Joining trees were built with a minimum evolution criterion, maximum likelihood genetic
distances, and 100 bootstrap replicates.
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FIG. 1.—Tanglegrams describing the source phylogenies used in reconciliation analysis for A, Arenavirus; B, Hantavirus; C, Lyssavirus; D,
Spumavirus; and E, ASLV. In all cases, hosts are shown on the left, viruses on the right; associated taxa are joined by dotted lines. Virus labels are described
in table 1. In the case of A and B, a pair of shaded terminal nodes in the virus tree denotes a single viral species present in multiple hosts. In the cases of C and
D, phylograms are drawn to a scale as shown, and bootstrap proportions are given in the format MP/ML/NJ.

shaded terminal nodes indicate a widespread taxon, that
is, a virus present on two hosts. To accommodate this,
the virus is assumed to form two isolated populations in
each; this is the simplest interpretation and one that
accommodates most scenarios. Outgroups were removed
from input trees for Lyssavirus and Spumavirus, because
these artificially inflate the number of codivergence
events (CEs). A practical limit to the size of tanglegrams
manageable by TreeMap is ’20, although this varies
according to the level of congruence between the trees.
For highly incongruent tanglegrams, smaller numbers

may have unreasonable calculation times or memory
requirements. Hence, it is often prudent not to attempt
a full jungle analysis (i.e., with all event bounds
unconstrained) in the first instance. Rather, the analysis
is repeated with decreasing constraints, becoming increasingly inclusive. Thus, the number of CEs required
for a solution to be accepted is initially high and is
gradually reduced; i.e., the bounds become more
permissive, until all solutions are found or the analysis
cannot be completed. In most cases, it is possible to find
all potentially optimal solutions.
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Significance Testing

‘‘Cherry-Picking’’ Test
Significant phylogenetic congruence can often derive
solely from extant associations, reflecting a difference
between contemporary and past dynamics. A jungle
analysis can be constrained to test the specific effect of
terminal nodes, or associations involving congruent pairs
of sister taxa (‘‘cherries’’), through the removal of one
association from each of these couplets, followed by
reanalysis to identify any change in significance. This test
is introduced as the ‘‘cherry-picking test’’ (CPT). In the
case of Hantavirus and ASLV, the contribution of cherries
to the overall result was evaluated using this test.
Significance, as measured by minimum NCEs, was
calculated after removing five terminal nodes from the
jungle analysis. For Hantavirus, three cherries involved
multiple interactions; eight permutations resulted from
removing associations, and each was tested separately. The
potential for reduced sample size to have an effect on
significance would ordinarily require a control test, in
which the same number of associations would be removed
from the analysis at random over a number of trials.
Results
Source Phylogenies
The source phylogenies used in the reconciliation
analysis are described by figure 1(a–e). Lyssavirus and
Spumavirus MP phylogenies are represented as phylograms as these were reconstructed from sequence data.
Other trees, each a consensus of published estimates, are
represented as cladograms. Lyssavirus and Spumavirus
phylogenies were fully resolved, although at a cost of
removing unresolved taxa, and they were relatively robust,
as evidenced by bootstrap values in excess of 75%. Most
nodes are supported by MP, ML, and NJ methods. The
Lyssavirus MP tree had a length of 366.0 steps with 286
parsimony informative (p.i.) characters, RI ¼ 0.870, and

Reconciliation Analysis
The results of reconciliation analysis are shown in
table 1 and summarized in figure 2. POpt for Arenavirus
and Lyssavirus included 25 and 74 solutions, respectively.
Arenavirus and Lyssavirus phylogenies show no significant congruence with those of their respective hosts. The
Lyssavirus result is corroborated by the SH test ( ¼
164.0, P , 0.001). Arenavirus becomes less significant if
the Flexal virus is included, although not all analyses
could be completed. Their reconciled trees possess no
more CEs and no fewer NCEs than an average random
associate tree when reconciled. Adjusted incongruence is
the number of NCEs required to reconcile two trees,
divided by the number of lineages (2N  2, where N is the
number of taxa). Adjusted incongruence for these analyses
suggests that Arenavirus shows less congruence with its
hosts than Lyssavirus, the former requiring a maximum of
1.90 NCEs per taxon to be reconciled, whereas the latter
required only 1.28.
Conversely, all nine solutions generated for Hantavirus showed a significant degree of congruence with their
host phylogenies (P , 0.01), as measured by NCE
frequency. Significance values using CE frequencies for
Hantavirus could not be obtained because of computational complexity introduced by the large number of taxa
and multiple interactions involved. The maximum adjusted
incongruence (1.00) for these taxa is lower than for the
previous two. The effect of removing associated terminal
sister taxa in the CPT was to slightly reduce the
significance of congruence between Hantavirus and
Sigmodontine phylogenies. Although seven of the eight
permutations of the edited tree showed no reduction in
significance (P , 0.01) for the minimum number of NCEs,
evaluation with the maximum CEs was usually nonsignificant. However, the overall result remained that these
two trees were significantly similar under NCEs, even
when the tipward associations were removed in the CPT.
Given this result, no control test, in which random terminal
nodes are removed, was required.
The Spumavirus phylogeny was not significantly
different from the host phylogeny; this was supported by
the SH test ( ¼ 5.28, P ¼ 0.228). Expanded phylogenies
for Pol and LTR, which contained viruses from C. hamlyni
and P. pygmaeus, produced single parsimonious trees.
Although not consistently resolved, the position of these
two viruses was consistent with codivergence. Two further
viruses from M. cyclopsi and P. panicus, which were
placed using a third locus (int), also enhanced the
congruence when included (P , 0.01 when testing the
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The significance of any congruence between two trees
can be evaluated in TreeMap through randomization, using
a Markov model to reconstruct random associate trees.
Because of the inherent asymmetry in the relationship
between associate and host and the hypothesis being tested
(i.e., that the associate tracks the host through evolutionary
time), it is appropriate to randomize only the associate tree
during significance testing. The null hypothesis is that the
genuine associate tree has no more congruence with the
host tree than does a randomized associate tree. This is
rejected if the genuine level of congruence is seen in no
more than 5% of randomizations. Congruence can be
measured in terms of the maximum number of CEs or the
minimum number of non-codivergence events (NCEs—
i.e., duplication, loss, and switching events). All solutions
were considered equally valid hypotheses and tested using
both CE and NCE frequency. The number of NCEs was
considered to be a more sensitive indicator of significant
correspondence because this quantity has a wider distribution than the number of CEs (M.A. Charleston,
unpublished manuscript).

RC ¼ 0.774. The Spumavirus (LTR) MP tree had a length
of 157.6 steps, 44 p.i. characters, RI ¼ 0.853, and RC ¼
0.820. Spumavirus (Pol) had a length of 155.1 steps, 64
p.i. characters, RI ¼ 0.865, and RC ¼ 0.778. LTR and Pol
loci differed only in the placement of the Cercopithecus
hamlyni virus and were not significantly different
(Kishino-Hasegawa test, one-tailed, full optimization,
P ¼ 0.286 using pol data and 0.302 using LTR data).
The combined Spumavirus tree had a length of 251.3 steps,
155 p.i. characters, RI ¼ 0.905, and RC ¼ 0.850.
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Table 1
Results of Reconciliation Analysis
CE
Taxa
Association
Sigmodontinae—Arenavirus
Sigmodontinae—Hantavirus
Canidae—Lyssavirus
Primates—Spumavirus
Galliformes—ASLV

NCE

Min.

Max.

Min.

Max.

Adjusted Incongruence

Host

Associate

jPOptj

#

p

#

p

#

p

#

p

Lower

Upper

11
14
10
10
13

12
17
10
10
15

25
9
74
8
66

8
20
4
12
12

1.00
0.06
1.00
0.09
0.52

14
22
12
16
16

0.05
<0.01
0.19
<0.01
0.18

19
16
14
4
22

0.24
<0.01
0.14
<0.01
<0.01

38
26
23
10
38

1.00
<0.01
1.00
<0.01
1.00

0.95
0.62
0.78
0.22
0.92

1.90
1.00
1.28
0.56
1.58

NOTE.—Five jungles were created using TreeMap for Arenavirus, Hantavirus, Lyssavirus, Spumavirus, and avian sarcoma leukosis virus (ASLV). The number of taxa
involved and the number of solutions comprising POpt are given, alongside the minimum and maximum numbers of CEs and NCEs, with their significance values; values in
bold denote significant congruence. Lower and upper adjusted incongruence describes the minimum and maximum number of NCEs required to reconcile the two trees,
divided by the number of lineages.

Discussion
This study has identified significant phylogenetic
congruence between RNA viruses and their hosts.
Charleston and Robertson (2002) analyzed the cophylo-

FIG. 2.—A summary diagram showing the frequency distribution of
significance values of all potentially optimal reconstructions for six jungles.
For each analysis, the significance value, as measured by NCE frequency
(see text for explanation) for each solution is put into one of eight
significance brackets (A–H): P , 0.01 (A), 0.01 , P , 0.02 (B), 0.02 , P ,
0.03 (C), 0.03 , P , 0.04 (D), 0.04 , P , 0.05 (E), 0.05 , P , 0.1 (F),
0.1 , P , 0.5 (G), 0.5 , P , 1.0 (H). Significant solutions are represented
with light shading; nonsignificant solutions, with dark shading.

genetic patterns between a set of Lentiviruses, the group
comprising HIV and its Simian counterparts, and their
primate hosts and found significant congruence. An
additional simulation indicated that this was also consistent with preferential host switching, rather than the
immediately intuitive codivergence of host and pathogen
lineages during cladogenesis. This observation is a salutary
reminder that phylogenetic congruence can indicate
mechanisms other than codivergence. Phylogenetic congruence refers simply to the recapitulation of a first
cladogenic pattern in a second, associated tree. Crucially,
congruence contains no temporal assumption, and so three
possible explanations exist: (1) preemptive cladogenesis
by the pathogen; (2) codivergence (or ‘‘cospeciation’’),
i.e., synchronous codivergence; and (3) delayed cladogenesis by the pathogen (Hafner and Nadler 1990; Page
1990). Codivergence (the common conclusion) therefore
differs fundamentally from congruence (the observation)
by assuming biological reality. Studies of host-RNA virus
associations have frequently brushed over other potential
explanations of phylogenetic congruence, attributing it to
cospeciation (Bowen, Peters, and Nichol 1997; Charrel, de
Micco, and de Lamballerie 1999; Monroe et al. 1999;
Dimcheff et al. 2000). Where there is a great disparity
between the evolutionary rates of host and pathogen, the
diversification of a pathogen with preferential host
switching toward related hosts is a feasible mechanism
and would produce a degree of phylogenetic congruence.
Congruence near the base of the reconciled tree is a more
effective indicator that codivergence is the characteristic
dynamic, because this signal has clearly not been
obliterated by subsequent switching events; such dynamics
have been identified in DNA viruses such as Herpesvirus
(McGeoch et al. 1995) and are indicated by RNA viruses
such as Hantavirus and Spumavirus (see below). However,
the incidences of ‘‘cospeciation’’ in Arenavirus (Bowen,
Peters, and Nichol 1997), ASLV (Dimcheff et al. 2000), Tcell lymphoma virus (TLV) (Meertens et al. 2001), or GB
virus (Charrel, de Micco, and de Lamballerie 1999) cannot
be said to characterize the long-term host-virus associations in the absence of a significant level of congruence
across the tree.
Phylogenetic Incongruence: Arenavirus and Lyssavirus
Arenaviruses are thought to be half of an ancient
association (Johnson, Webb, and Justines 1973; Bowen,
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maximum CEs for both pol and LTR topologies). ASLV
was significantly congruent using minimum NCE
(jPOptj ¼ 66; P ¼ 0.02). However, a solution for the
ASLV jungle is shown in figure 3. This clearly
demonstrates that this similarity is derived from five
matched cherries at the tips of the reconciled tree. The
remainder shows no indication of congruence. A CPT for
this jungle shows the tree is nonsignificant when these
matching cherries are removed (P ¼ 0.55 for minimum
NCE), and a control test showed that the change in
significance was not caused by reduced sample size.
Randomly removing the same number of associations over
30 trials produced fewer NCEs and greater significance in
all cases.
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FIG. 3.—A representative reconciled tree for Avian sarcoma leucosis
virus (ASLV, Retroviridae) infecting galliform birds. This solution is one
of 66 potentially optimal reconstructions. This reconciled tree showed
significant congruence when using minimum NCEs (P ¼ 0.02), but
significance was lost following a CPT (P ¼ 0.55). Evolutionary events are
symbolized thus: codivergence (black circle), duplication (square), loss
(gray circle), or switch (arrow).

‘‘widespread taxa’’ (Platnick and Nelson 1978; Page
1988). This phenomenon is not currently included within
cophylogeny mapping, because there is no way of reliably
inferring the point of entry into the infected host clade or
the sequence in which each host was colonized. Without
knowledge of whatever substructure exists within the
associate population (e.g., host-related strains), one cannot
map the associate into the host tree.
Lyssavirus also demonstrated no significant phylogenetic congruence with its hosts. This is of little surprise
given what is known about Rhabdovirus biology; wide
host ranges are common and the virus causes an acute
illness, resulting in high rates of horizontal transmission.
Furthermore, a lack of proof-reading function in the RNA
polymerase results in a high synonymous mutation rate
(Wagner and Rose 1996) and Lyssavirus evolves at a much
greater rate than its hosts (Kissi, Tordo, and Bourhy 1995).
This mutability may contribute to the ability of Lyssavirus
to readily infect novel hosts. Indeed, previous studies have
documented historical host switches of Lyssavirus from
bats to carnivores (Bourhy, Kissi, and Tordo 1999;
Badrane and Tordo 2001), a transfer that has apparently
produced a more acute disease in the form of classical
rabies. In this study, domestic dogs were removed from the
phylogeny because this cosmopolitan species harbors
a plethora of Lyssavirus strains that distribute throughout
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Peters, and Nichol 1997) and this is consistent with their
forming benign, persistent infections in rodents (Southern
1996). The hypothesis has been based on isolated
instances of phylogenetic congruence, but no temporal
analysis exists to identify such topological congruence as
cospeciation. The essential distribution of Lassa-like
viruses in Old World murine hosts and Tacaribe strains
in New World sigmodontine hosts suggests some
historical delimitation of virus specificity, although this
is also explicable on biogeographical grounds. The
seminal study by Bowen, Peters, and Nichol (1997)
emphasized the instances of phylogenetic congruence
apparent between host and Arenavirus phylogenies.
Certain related viral strains shared congeneric hosts, for
example, JUN and MAC were found in Calomys spp., and
FLE, PAR, and PIC strains were found in Oryzomys.
However, in each case of putative cospeciation raised by
Bowen, Peters, and Nichol (1997) the qualification of an
associated incongruence is required. Thus, Callomys also
hosts the LAT strain, unrelated to JUN and MAC;
Oryzomys also hosts the AMA strain, unrelated to either
PAR or PIC. The conclusion here is that codivergence
occurs no more frequently than expected by chance, and so
it is incongruence, and the processes that cause it, that have
characterized murid-Arenavirus coevolution. If the flexal
virus is included, most significance measures cannot be
obtained by reason of computational complexity; however,
the value for minimum NCE becomes even less significant
(P ¼ 0.1) than previously.
Admittedly, this analysis has not included all viral
strains, and the Old World arenaviruses are notable
absentees. Hugot, Gonzalez, and Denys (2001) used
TreeMap v1.0 to analyze Old World arenaviruses alone
and raised a number of methodological issues. They
incorporated secondary host affiliations hitherto ignored
by phylogenetic studies. This may turn out to be an
important distinction, but before introducing another level
of complexity into the analysis, it should be established
that these secondary hosts are not simply casual and
transient spillover infections from sympatric primary
hosts. With only five viral strains, the analysis was
unlikely to produce a significant result because it is often
impossible to obtain a level of congruence that is
distinguishable from a random assemblage from such
a small data set. In evaluating their reconciled trees, Hugot,
Gonzalez, and Denys (2001) used a general parsimony
principle. TreeMap uses a parsimony principle in minimizing the number of events posited as a pragmatic
measure to limit POpt. Despite this, it is ill-advised to
discriminate between solutions using the number of events
because, first, NCEs are not necessarily comparable and
second, not all events are observable, akin to the problem
of ‘‘multiple hits’’ in phylogenetic reconstruction, but with
no known correction. A single host switch may not be
comparable to a single loss because the loss may
necessitate subsequent losses toward the tips, especially
if the first event is near the root. The issue of
‘‘cophylogeny without ‘‘cospeciation’’ raised by Hugot,
Gonzalez, and Denys (2001) leads to a single associate
being present on several hosts and has long been
recognized within cophylogeny theory as the problem of
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Phylogenetic Congruence: Hantavirus and Spumavirus
Various aspects of Hantavirus biology have indicated
that there may be congruence between murid host and viral
phylogenies (Hjelle et al. 1995; Plyusnin, Vapalahti, and
Vaheri 1996; Monroe et al. 1999). The resolution of viral
clades infecting murine (Wang et al. 2000), sigmodontine
(Levis et al. 1998), and arvicoline (Monroe et al. 1999)
rodents, and within host genera and species, suggests that
biological boundaries exist to prevent switching between
these hosts. Evidence also indicates that viral genetic
structure and diversity mirrors that of host populations. In
North America, BRI and BRO viruses are sibling species
associated with distinct allopatric populations of Peromyscus leucopus (Morzunov et al. 1998), whereas SNV and
MON viruses are similarly related but found in distinct,
sympatric ecotypes of Peromyscus maniculatus (Monroe
et al. 1999). This phylogenetic correspondence is consistent with a model of host-virus codivergence through
evolutionary time, but also, to a large degree, with host
distribution, suggesting a model of host tracking through
ecological time.
Putative cases of host switching by Hantavirus have
been identified, suggesting that any biological boundaries
can be overcome under some circumstances. Monroe et al.
(1999) note the cross-family transmission of Hantavirus
from Microtus to Peromyscus, although there is no
suggestion that this has led to a permanent association.
Morzunov et al. (1998) discuss possible explanations for
the disjunctive relationships of SN-like viruses infecting P.
leucopus. Figure 4 illustrates that the consensus of current
solutions favors a host switch event involving NYV. As
figure 1 suggests, this is from the lineage leading to the
common ancestor of P. maniculatus and P. leucopus.
South American hantaviruses also provide potential cases
of host switching; the AND strain was identified as an
exception to the general pattern of codivergence (Levis
et al. 1998) and host switching is favored as an explanation
here. Sanchez, Abbott, and Nichol (2001) suggested that
Limestone Canyon Virus (LSC) represents a case of host
switching, because it is hosted by Peromyscus boylii yet
groups with viruses from the host genus Reithrodontomys.
However, the rodent mitochondrial phylogeny suggests
that Peromyscus is paraphyletic and that P. boylii groups

with Reithrodontomys (Engel et al. 1998). In this situation,
the position of LSC is consistent with codivergence.
Previous studies of Hantavirus diversity in North and
South America have concluded that the recognized strains
are genetically distinct, indicative of a long period of
isolated and stable coevolution (Levis et al. 1998;
Morzunov et al. 1998; Monroe et al. 1999); the result of
the CPT also shows that codivergence is associated with
deep nodes as well as recent cladogenesis. This result
contrasts well with ASLV, for which the original jungle
proves significantly congruent but a CPT shows that this
significance derives from five matching ‘‘cherries.’’
Clearly, host switching and/or lineage loss has obscured
any trace of ancient codivergence events, recent CEs being
visible only until future NCEs obliterate their mark.
Regarding Hantavirus, if there is a low level of interstrain
genetic divergence (Bohlman et al. 2002), this may be the
result of the recent radiation of rodent hosts (Monroe et al.
1999). As described above, congruence suggests, but
does not demand, codivergence, and so, to substantiate
a mechanism of codivergence, a comparison of genetic
distances will be required to identify proportional interspecific divergence in the host, and thereby demonstrate
synchronous cladogenesis. If we are to accept a model of
codivergence for Hantavirus, we must explain the lack of
host switching, the apparent host specificity, and local
adaptation, despite opportunities for interspecific transmission; this requires a hypothesis of poor dispersal and
low viability outside the host, perhaps related to the loss of
Arthropod vectors in this genus of the Bunyaviridae.
Virally encoded reverse transcriptase gives retroviruses the ability to integrate with the host genome and be
inherited across generations (Coffin 1996). Phylogenies of
endogenous retroviruses, as these inherited proviruses are
called, have been shown to recapitulate those of their
primate hosts (Johnson and Coffin 1999). Many of the
endogenous retroviruses, which number in the thousands,
present in a primate genome are of ancient origin and
cannot express virus due corruption by point mutations
(Boeke and Stoye 1997). Hence, host-viral codivergence
is unsurprising in this case, because these proviruses
effectively became host markers long ago (Johnson and
Coffin 1999). However, endogenous retroviruses may
represent our ultimate expectation for all retroelements.
The important distinction for exogenous retroviruses is
that they retain the ability to express and transmit virus,
often virulently, and therefore, the possibility of transcending a purely codivergent pattern. The apparent
congruence between Spumavirus and primate phylogenies
identified previously (Schweizer and Neumann-Haefelin
1995; Bieniasz et al. 1995; Broussard et al. 1997) has been
shown here to be significant—indeed, consistent with strict
cospeciation. Moreover, it is improved further if other,
tentatively placed viruses are added to those shown in
figure 1. This is in keeping with the lifelong and apparently
asymptomatic infections (Coffin 1996) and the low levels
of genetic variation observed within and between individuals (Schweizer et al. 1999). Moreover, although no CPT
was performed (as this would make the taxon number
insignificant), CEs within the Spumavirus reconciled tree
are common among the deeper nodes (fig. 4); this suggests
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the phylogeny, demonstrating the ease with which the
virus spreads either to or from dogs as they have spread
across the world. However, despite the recent origin and
ease of horizontal transfer of Lyssavirus in carnivores,
which ensures that codivergence cannot possibly be
a characteristic pattern, the reconciliation of host and viral
phylogenies produces occasional incidences of codivergence. From two to six nodes, from a total of nine, were
codivergent in the Lyssavirus analysis, compared with
between four and seven of 10 in the Arenavirus analysis.
As table 1 shows, the Lyssavirus phylogeny required fewer
non-codivergence events than the Arenavirus phylogeny to
be reconciled (0.78–1.28 compared with 0.95–1.9). This
illustrates the need for a test of nonsignificant incongruence in cophylogenetic analysis, rather than simply
identifying apparent codivergence events.
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FIG. 4.—Consensus diagrams showing the origin of associate lineages across all solutions for A, Arenavirus, B, Hantavirus, C, Lyssavirus, D,
Spumavirus, and E, ASLV. For each associate lineage, up to four bars are shown representing each of the four evolutionary events posited by TreeMap.
These are shown in order from left to right (and darkest to lightest): codivergence, duplication, loss, and switching. The scale varies as indicated.
Shaded arcs indicate viral species that infect multiple hosts.
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Conclusion
An ancient association of viral lineages with their hosts
has been thought to be the preserve of DNA viruses such as
Herpesvirus (Bowen, Peters, and Nichol 1997) and Polyomavirus (Shadan and Villarreal 1993). These results have
indicated that RNA viruses, specifically Hantavirus and
Spumavirus, show greater phylogenetic congruence with
their hosts than predicted by chance and so can also be
codivergent. The observation that these viruses cause
persistent and largely benign infections and form distinct
genetic entities within host populations is consistent with the
theory that such characters are the basis of host specificity

and the long-term association of phyletic lineages (Villarreal, DeFilippis, and Gottlieb 2000). However, the converse
view, that the elevated base substitution rate of RNA viruses
relative to their hosts should decouple their cladogenic
patterns, persists and is consistent with other cases, such as
Lyssavirus, where the null hypothesis cannot be rejected.
Hence, it may be said that persistent and benign infections
are a necessary, but not sufficient, precondition to
codivergence in both RNA and DNA viruses. Arenavirus,
as well as HTLV and ASLV, demonstrate that infections of
this type can produce alternative patterns. Furthermore,
a complication is that even where this type of infection is
evident, codivergence does not necessarily follow from
congruence; apparent codivergence involving Lentivirus
(Charleston and Robertson 2002) and perhaps Arenavirus
can be explained through preferential host switching to
related hosts long after host diversification.
Few general diagnostic indicators seem to exist to
predict when a virus will codiverge with its hosts.
Particular life history traits such as low virulence will
result in poor dispersal and vertical transmission that may
predispose codivergence. Conversely, the use of a hematophagous vector would intuitively make host specificity
less likely. However, even where conditions appear
optimal, as in the case of Arenavirus, the result may not
be consistent codivergence; this uncertainty may indicate
that special circumstances must be required to overcome
the inherent disparity between virus and host substitution
rates and to couple viral and host diversification.
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