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Abstract

Coevolution may be defined as the process of reciprocal, adaptive genetic change in two or more
species. Host-parasite interactions play an important role in the evolutionary ecology. The host
phylogeny is independent, and the phylogeny of the parasite depends to some extent on the host. This
review provides a description of several different methods for studying host-parasite relationships,
along with a description of the underlying models and theoretical background for each. It also shows
the possible applications of different methods and describes the advantages and drawbacks of

different techniques.
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Introduction

One of the most fascinating topics in
evolutionary biology is the coevolutionary race
between hosts and parasites, driven by antagonistic
interactions which lead to reciprocal adaptations.
Most parasites have shorter generation times and
are more numerous than their hosts, and therefore
evolve faster, adapting to and increasing the
selective pressure on the host. When parasites
adapt to the most common host genotype, rare host
genotypes become favored by selection, resulting in
changes in genotype frequencies in host
populations. This negative frequency dependent
selection results in fluctuations in the relative
frequencies of genotypes and also maintains
genetic diversity. For example, Decaestecker et al.
(2007) studied the infectivity of the parasitic
bacterium Pasteuria ramosa to its host Daphnia
magna using resting stages of hosts and parasites
from different layers of pond sediments. By
exposing hosts to parasites from different layers, the
researchers showed that bacteria from a given
sediment layer were most easily able to infect hosts
that originated from the same layer, indicating that
the parasites were adapted to the most-frequently
encountered host genotypes. Knowledge about the
influences of hosts on parasites, and vice versa,
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becomes particularly important because of its
relevance and applicabilty to many current
problems in biology, such as controlling the spread
of diseases, predicting the influence of expanding
invasive species, or identifying and developing
biological control agents (de Vienne et al., 2013).
The host-parasite association is also a
representative model for studying adaptation.
Reconstruction of a parasite’s ancestry through the
study of its ancestral host is far less complex than
reconstructing the entire ecosystem for free-living
species (Paterson and Banks, 2001). In interpreting
relationships  between  coevolving lineages,
however, it is important to adopt a phylogenetic
perspective. Because of this, in this kind of study it
is necessary to reconstruct the patterns of
relatedness between related hosts and their
respective parasites. When we think about
associations between hosts and parasites, we can
find an analogy in vicariance biogeography. In this
metaphor, the host can be considered an ‘area’ for
the parasite to exploit, with host speciation as a
‘vicariance event’ (Page and Charleston, 1998). The
relationship between host and parasite can also be
seen as analogous to that between gene and
species trees (Page and Charleston, 1998). In the
past, parasites were more or less considered
equivalent to host phenotypic characters and thus,
the parasite’s phylogeny was believed to mirror that
of the host (Desdevises, 2007), a pattern known as
Fahrenholz’s rule (Brooks 1985; Huelsenbeck et al.,
2000). This rule, formulated in 1913, helped to
develop knowledge in the area of host-parasite
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coevolution; however, further studies have shown
that most host and parasite phylogenies are partly
incongruent (Brooks and McLennan, 1993; Paterson
and Banks, 2001; Desdevises et al., 2002).
Because, in general, a parasite’s phylogeny only
imperfectly mirrors that of the host, Paterson and
Banks (2001) proposed to reformulate Farenholz’s
rule. Even when we take into account phylogenetic
relatedness and phenotypic or ecological similarity,
however, comparative analyses may still lead to
confounding results because of limitations in the
ability of current methodologies to model all possible
evolutionary scenarios.

During the common history of hosts and
parasites, five basic categories of events can shape
the  coevolutionary  process. These  are:
cospeciation, host switching, duplication of parasite
lineages, sorting events, and inertia (Page and
Charleston, 1998; Paterson and Banks, 2001;
Desdevises, 2007). Cospeciation events occur
when host and parasite species diverge together
(e.g., during host isolation). In the majority of cases,
it takes place in two-species systems, but there is
some evidence for cospeciation involving three
species, specifically, in a symbiotic system made up
of a fly, a nematode, and a plant (Nelson et al.,
2014). Host-switching occurs when a parasite
establishes on a new host and diverges from the
original form as selection favours adaptations to the
new host (Imber, 1985; Brooks and McLennan,
1993; Shaw, 1994; Thompson, 1994; Hoberg et al.,
1997; Paterson and Gray, 1997; Norton and De
Lange, 1999; Ricklefs and Fallon, 2002; Susoy and
Herrmann, 2014). Duplication takes place when only
a parasite lineage, and not its host, speciates.
Sorting events may include extinction or ‘missing
the boat’, in which speciation as the result of a
founder effect leads to the loss of a parasite in a
particular lineage of host (Johnson et al., 2003).
Finally, ‘inertia’ refers to the reverse of duplication,
when a parasite species remains the same despite
host speciation.

In order to take into account different
evolutionary events when comparing host and
parasite trees, researchers must make use of
complex analytical and numerical methods. For
example, many studies have attempted to identify
instances of coevolution, including cospeciation
between hosts and parasites, using phylogenies
based on DNA sequences (Dowton and Austin,
1995; Huelsenbeck et al., 1997; Huelsenbeck et al.,
2000; Dixon, 2002). Relatively, several methods
were developed to reconstruct hypothetical
coevolutionary scenarios and to assess levels of
cospeciation. The development of new methods
along with advances in computing has brought an
improvement in the power and precision of
coevolutionary studies (Charleston, 1998; Page and
Charleston, 1998; Cornell et al., 1999; Paterson and
Banks, 2001; Meier-Kolthoff et al., 2007). This
review provides a description of several different
methods for studying host-parasite relationships,
along with a description of the underlying models
and theoretical background for each. It also shows
the possible applications of different methods and
describes the advantages and drawbacks of
different techniques.
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Theoretical background

Coevolution may be defined as the process of
reciprocal, adaptive genetic change in two or more
species (Brooks, 1987; Woolhouse et al., 2002;
Banks and Paterson, 2005), and the study of this
phenomenon relies heavily on the examination of
phylogenies of eco-connected groups. In the case of
hosts and parasites, the host phylogeny is
independent, and the phylogeny of the parasite
depends to some extent on the host (Stevens,
2004). This system is unique among coevolving
associations because of its intimate nature and the
strong selective pressures that each population can
exert on the other. The process of host-parasite
coevolution plays an important role in maintaining
genetic variation, which may lead to changes in
patterns of biological diversity (Thompson, 1994;
Gandon et al., 2002; Woolhouse et al., 2002; Tellier
and Brown, 2007; Forde et al., 2008). It is important
to note, however, that coevolution should not be
confused with the concepts of cospeciation,
codivergence, or cophylogeny, which differ from
coevolution in several important aspects.

Cospeciation involves the joint speciation of two
or more species that are ecologically associated
(e.g., host-parasites). However, the speciation of
symbionts may occur independently of host
speciation, often through host shifts as the symbiont
comes to occupy a new host environment in
isolation from the ancestral lineage. Cospeciation is
expected to have congruent phylogenies but also to
have similar divergence times. Similar congruent
topologies as seen in cospeciation could arise as a
result of host switches followed by cospeciation
events (or pseudocospeciation) but not have similar
divergence times. Some authors caution against the
use of ‘coevolution’ as a synonym for cospeciation
because of the implication that short-term dynamics
contributes directly to cospeciation in the long term,
although the rationale underlying this idea and its
potential implications have never been fully
articulated (Page, 2003; Smith et al, 2008; de
Vienne et al., 2013; Herrera et al., 2016).

Codivergence is the parallel divergence of
ecologically associated lineages within two distinct
phylogenies, and is one predicted outcome of
coevolution. When sustained codivergence is
accompanied by multiple examples of parallel
phenotypic change, reciprocal coevolution can be
considered a more probable mechanism than, for
example, secondary, one-sided evolutionary change
by one species to match its co-mimic, as follows.
Codivergence may not prove coevolution in the
strict sense. However, codivergence can be
considered some of the strongest available
evidence for coevolution (Joron and Mallet, 1998;
Page, 2003; Hoyal Cuthill and Charleston, 2012).

Cophylogeny focuses on species associations
(organisms tracking organisms, such as parasites
and hosts or pollinators and flowering plants),
molecular systematics (organisms or genes tracking
genes) and historical biogeography (organisms
tracking areas). Studies on cophylogeny stem from
the observation that the diversification patterns over
evolutionary time of tightly associated organisms,
such as parasites and their hosts, are seldom



independent.  Therefore, some degree of
topological similarity, often termed congruence,
between the phylogenies of the associated taxa is
expected to occur. Congruence quantifies the
extent to which each node in a given tree maps to
a corresponding position in the other tree and
perfect congruence can be interpreted as evidence
for cospeciation, which may or may not result from
coevolutionary mechanisms  (Ronquist, 1997;
Jousselin et al., 2008; Baum and Johnson, 2010;
Balbuena et al., 2013).

Population genetics, natural selection in gene
pools, adaptation, and isolating mechanisms have
traditionally been considered by many biologists as
significant factors in the evolutionary process. Hosts
and their symbionts are involved in intimate
physiological and ecological interactions. The
impact of these interactions on the evolution of each
partner depends on the time-scale considered.
Coevolution might occur either in beneficiary
relationships as mutualisms or symbioses, or in
antagonistic relationships as host-parasite systems.
Symbiotic associations are widespread
phenomenon and these have had a significant
impact on the ecology and evolution of many
prokaryotes and eukaryotes. For hosts that are
obligately dependent on the symbiont for survival,
acquisition of the symbiont is a critically important
life-history event for all members of each new host
generation. To date, the coevolution of hosts and
microbial symbionts from various environments has
been analysed to disclose their symbiotic history
(Paracer and Ahmadijian, 2000; Noda et al., 2007;
Dunlop et al., 2012; Erler et al., 2012; de Vienne et
al.,, 2013). Starr has developed a classification
which was called the symbiotic continuum (Starr,
1975). This classification of symbiotic categories is
based on the potential fithess, or reproductive
ability, of the symbionts. Competition and mutualism
are at opposite ends of the continuum, and
neutralism is in the center. Competition between
interacting species produces detrimental outcomes
to both species, whereas mutualistic relationships
increase the potential fitness of the symbionts.
Thus, symbiosis means that two interacting
organisms can influence each other's rates of
survival and reproduction. Other continua in Starr's
classification deal with the duration of the symbiosis,
from transient to permanent; the physical contact
between the symbionts, from incidental to close;
and nutrition, from saprobic to biotrophic (Paracer
and Ahmadjian, 2000). The popularly known
symbiosis is lichen, which is a merger of algae or
cyanobacteria and fungi. The cyanobacteria or
algae provide the photosynthetic metabolism while
the fungus can reorganize its membranes to sustain
the lichen in extreme weather changes such as
frozen tundra and desert rocks (Hird, 2010).

From an evolutionary perspective, host-parasite
relationships may begin in conflict but eventually
they move toward compromise, and the immune
system plays a central role in the complex system of
checks and balances. The basic protective strategy
of an innate immune system is for the organism to
constitutively produce generic receptors that
recognize conserved patterns on different classes of
pathogens to trigger an inflammatory response that
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limits pathogen invasion (Read, 1994; Cooper and
Alder, 2006). Distinctions between self and non-self
exist in all animals and show phylogenetic
complexity and adaptive immune responses.
Mounting an immune response is metabolically
expensive; a host may compromise between the
available resources for its growth and development
and for defence (Behnke et al., 1992). A balance
between the beneficial and potential harmful effects
of immune responses to infection has to be
considered in terms of a series of evolutionary
trade-offs. For the host it involves resistance,
pathology, and loss of resources, and for the
parasite it involves reproduction, immunogenicity,
and pathogenicity. Compromise strategies have led
to stable equilibria between many parasites and
their hosts. Genetic structure, evolution of
microparasites, mechanisms of pathogenesis, and
the evolution of immune response have
consequences for public health, treatment, and
prevention. The acquired immune response results
in the recovery of the host from a disease and is
followed by the host acquiring a specific memory,
with which it responds vigorously to an infection by
the same parasite (Read, 1994; Paracer and
Ahmadjian, 2000). Parasitologists have often
described the phenomenon of premunition, which is
the immunity of a host to reinfection following
recovery from disease. The exact mechanism of
premunition is not understood. Some parasites,
however, have evolved novel strategies to counter a
host's immune system and are able to establish
long-term  chronic  infections  (Paracer and
Ahmadjian, 2000; Cooper and Adler, 2006).

There are many methods for the study of the
phylogeny of host-parasite associations, so called
cophylogenetic analyses. Generally, they are
divided into two categories: "event-based methods"
and "global fit methods". Event-based methods
apply the five coevolutionary scenarios described
above (i.e., cospeciation, host switching, duplication
of parasite lineages, sorting events, and inertia) to
map the phylogenies of host and parasite. These
methods are aimed at finding the most probable
coevolutionary history of the associated taxa.
Moreover, event-based methods have strong appeal
because they promise to deliver the coevolutionary
history of the associated taxa. The process model
and the cost assignments of the method reveal its
properties. Thus, it is straightforward to compare
event-based methods and predict how they will
perform when applied to particular problems. Three
challenges are important in their application. First,
well resolved phylogenies are required to obtain
reliable results and even with a small number of
taxa the number of equally parsimonious solutions
can be exceedingly high. Then, event-cost methods
are strongly dependent on a good estimation of the
set of costs considered. And finally, given that not
all the topological congruence between trees is
necessarily a result of cospeciation, the precise
reconstruction of coevolutionary history often
requires additional data, such as the ages of the
nodes, assumptions on the probability of the
different events, consideration to the geological
history of the areas involved and experimental
evidence, such as reciprocal transplant experiments



(Hypsa, 2006; de Vienne et al., 2007; Balbuena et
al., 2013). In this category we find Brooks’
Parsimony Analysis, reconciliation analysis, cost-
based methods, and probabilistic methods (Cruaud
et al., 2012; Balbuena et al., 2013). Global fit
methods instead of focusing on individual
coevolutionary scenarios assess the congruence
between host and parasite trees and also specify
particular host-parasite associations that can help in
deciphering the cophylogenetic structure
(Desdevises, 2007). To some extent, the approach
taken by global-fit methods is similar to statistical
tests for congruence between two given trees.
There is a clear need for this kind of methods
because they afford large-scale cophylogenetic
analyses for which the application of event-based
counterparts becomes computationally prohibitive
(Balbuena et al., 2013). Distance-based methods
provide a good example of this approach. The
advantages and disadvantages of each method are
presented below.

Methods for studying cophylogeny

1. Brooks’ Parsimony Analysis (BPA; Brooks, 1981)

One of the first numerical methods aimed at
examining cospeciation events was Brooks’
Parsimony Analysis, developed in the early '80s.
This method was proposed by Wiley on the basis of
ideas developed by Brooks (Morrone and Crisci,
1995), and is based on the approach of mapping a
parasite species and its phylogeny as characters
and a transformation series, respectively, on the
host phylogeny (Brooks, 1988). The protocol of the
analysis includes identifying congruent and
incongruent parts of the parasite and host
phylogenies. The second step is mapping the
parasite phylogeny onto the host phylogeny and
estimating the fit measures. Among the many
different  phylogenies generated, the most
parsimonious one is retained. In many cases,
though, additional information is required to address
incongruence in the host and parasite trees. That is
the weakness of this analysis: although the number
of overall ad hoc hypotheses is minimized, a large
number of post hoc hypotheses is required. A
suitable program for this method is Hennig86; the
BPA method, once widely used, has now been
displaced by other methods. In historical
biogeography and coevolutionary analysis, it
became evident that homology and homoplasy, as
revealed by BPA and component analysis, had no
straightforward interpretation in terms  of
evolutionary events such as dispersals and host
shifts (Page, 1994; Charleston, 1998).
2. Reconciliation analysis (Page, 1990; 1994;
Charleston, 1998)

Reconciliation methods use the same null
hypotheses as BPA; however, these two methods
differ in their essential approaches. Reconciliation
methods are based on conditions determined a
priori by the researcher. The parasite phylogeny is
mapped onto the host phylogeny, and the best
scenario is chosen using the criteria of the minimum
number of events inferred or the least cost (de
Vienne et al., 2013).
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The first software developed for use in
reconciliation was Component. It estimates the best
reconstruction scenario by minimizing the number of
extinctions and intrahost speciation events and
maximizing the number of cospeciation events.
However, it completely ignores host switching
(Page, 1994). The component performs several
methods of comparison and can generate
consensus trees, calculate the similarity between
pairs of trees, and map one tree onto another. It has
the ability to perform measurements such as
partition metrics and quartet measures, which allow
for the quantification of phylogenies between host
and parasite. However, the biggest drawback of
Component, as mentioned above, is that it does not
include host switching as a coevolutionary event
(Dowling et al., 2003).

Instead, TreeMap (Page, 1994) includes all
host switching scenarios, but does not model them
correctly (Charleston, 1998). This method tries to
reconcile host and parasite phylogenies by
maximizing the number of cospeciations and
minimizing the number of host-shift speciations.
There are no constraints on the numbers of
intrahost speciations or extinctions or on numbers of
parasites present on internal nodes, so the number
of parasites infecting ancestral host species or
number of intrahost speciations may be assumed to
be unreasonably high (Refrégier et al., 2008). The
complexity of the problem of multiple host switches
and temporal incongruence in the coevolution of
hosts and parasites inspired Charleston (1998) to
provide a new algorithm, called Jungle. This method
was implemented in the program TreeMap2, and it
takes into consideration each hypothesized past
association individually in order to find globally
optimal solutions. The algorithm considers the costs
of different phylogenetic events that may affect a
parasite-host association, including multiple host
switches, and gives more realistic coevolutionary
scenarios than TreeMap does.

Another useful tool for reconciliation analysis is
Tarzan, which allows the user to define the timing of
the nodes in a parasite phylogeny and enables rapid
analysis. Unfortunately, it has some disadvantages:
for example, the solution proposed by Tarzan may
not necessarily be optimal and sometimes it is not
possible to find a solution even if it exists (Merkle
and Middendorf, 2005).

The program Jane is slower than Tarzan, but
has many advantages. It not only allows the user to
define the timing of the nodes in a parasite
phylogeny (like Tarzan does), but in a host
phylogeny as well. In addition, the program enables
the user to define different host-switch costs
independently and the maximum permitted host-
switch distance (Conow et al., 2010).

3. Generalized parsimony or cost-based method
(Ronquist, 1995)

Ronquist (1995) proposed a method of
reconstructing host-parasite associations based on
costs or weights related to the likelihood of
occurrence of different kinds of coevolutionary
events. The method involves the conversion of a
host phylogeny into a cost matrix and allows for
different evolutionary events, including host



switches. After that transformation, the ancestral
states (hosts) on the parasite tree are optimized.
The weight of switching events is specified relative
to tracking events. Generalized parsimony
algorithms are used to find the least-cost historical
reconstruction of the host-parasite association. This
method can be implemented in TreeFitter. It
estimates the number of events of each type that
could explain the observed congruence between the
two phylogenies. Then, TreeFitter associates each
event with the probability that it arose by chance,
calculated by permutations of the host and/or
parasite leaves on the phylogeny (de Vienne et al.,
2013). lts main advantage is that the costs of each
event are set by the user (Ronquist, 1995). The
main disadvantages are that cospeciation is
considered to be the most parsimonious hypothesis,
and there is no possibility to set cospeciation as
costlier than host-shift speciation. Also, temporary
non-compliance can appear, leading to erroneous
conclusions.

4.Probabilistic methods (Huelsenbeck et al., 2000)

To test whether host and parasite phylogenies
are identical Huelsenbeck et al. (2000) proposed
two different null hypothesis tests. The first is based
on maximum likelihood and apply a likelihood ratio
test which evaluates the likelihood that the two
phylogenies are identical versus the likelihood that
they are not. The second is based on maximum
posterior probability, uses Bayesian inference to
directly calculate the posterior probabilities of the
host and parasite phylogenies.

The maximum likelihood method uses standard
statistical techniques for inferring probability
distributions in order to assign probabilities to
particular possible phylogenetic trees. It requires a
substitution model to assess the probability of
particular mutations; roughly, a tree that requires
more mutations at interior nodes to explain the
observed phylogeny will be assessed as having a
lower probability. This is broadly similar to the
maximum-parsimony  method, but maximum
likelihood allows additional statistical flexibility by
permitting varying rates of evolution across both
lineages and sites. In fact, the method requires that
evolution at different sites and along different
lineages be statistically independent (Simmons,
2012).

The Bayesian method is based on a simple
stochastic model of host switching by a parasite in
which there is an assumption that host switching
events occur at a constant rate. The posterior
probability density of the parameters of the model is
evaluated numerically using a Markov chain Monte
Carlo approach. The method is reliable, as it treats
both host and parasite phylogenies as random
variables and accounts for phylogenetic non-
independence. However, its main weakness is that
it does not include some important biological
processes - it only considers host shifts and
cospeciation. This analysis can be carried out using
MrBayes (Ronquist and Huelsenbeck, 2003).

Although methods based on maximum
likelihood and Bayesian inference have been
specifically designed to study the cophylogeny of
host and parasites, the applicability of these
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methods to cophylogenetic studies is limited
because they are primarily intended for one-to-one
associations, something that rarely occurs in nature
(Balbuena et al., 2013).

5. Distance-based methods

Another group of methods is based on
statistical tests for congruence between host and
parasite phylogenies. A comparison is made
between the assumption that the two trees are
independent (null hypothesis) and the probability of
obtaining a certain level of congruence between the
trees. In this kind of analysis there is the possibility
of obtaining more reliable a  posteriori
interpretations. The large number of random trees
that must be generated de novo for each new
comparison of trees which is one of the weaknesses
of these methods. To overcome this problem has
been proposed a test of tree independence based
on comparisons of the topological or genetic
distances of the focal host-parasite association with
a distribution of distances computed from a large
number of randomly generated trees. Tests of
independence have also been used to evaluate
temporal congruence in the speciation histories of
hosts and parasites (Kupczok and von Haeseler,
2009; de Vienne et al., 2013). The distance-based
method described by Hafner and colleagues (1994)
uses alignments for specific loci from a host and a
parasite to calculate distance matrices and then to
test whether the host and the parasite have
accumulated a similar number of genetic
differences. After that analysis, a Mantel test is
conducted to assess the significance of the
correlation between the two matrices. This test can
verify statistical non-independence, but it does not
handle testing for phylogenetic non-independence
(Hafner et al., 1994).

In ParaFit (Legendre et al., 2002), another
distance-based method, either raw data or trees for
a host and parasite can be converted into distance
matrices. The ParaFit method adapts well to any
kind of host-parasite association, including cases in
which multiple parasites are associated with one
host. It can then assess the contribution of each
individual host-parasite association to the total
congruence statistics (de Vienne et al., 2013).
However, the main drawback of this method is that it
does not account for phylogenetic non-
independence (Felsenstein, 1985).

A different kind of permutation test was
proposed by Hommola and co-workers (2009). Just
as in the ParaFit method, this method tests the null
hypothesis that a host and parasite have evolved
independently of each other using their phylogenetic

trees and host-parasite association links. Both
methods use permutation tests to determine
whether  cospeciation occurred. Moreover,

Hommola’s permutation test is based on the
calculation of Pearson’s correlation coefficients
between host distances and parasite distances,
considering all pairs of interacting hosts and
parasites. (Hommola et al., 2009; de Vienne et al.,
2013). Unlike ParaFit, this method does not
evaluate the contribution of individual host-parasite
links to the global cophylogenetic structure. In
addition, this method differs from ParaFit in the
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randomization procedure to test the significance of
the global-fit statistic (Balbuena et al., 2013).

Schardl and co-workers (2008) proposed the
MRCAIlink (MRCA for Most Recent Common
Ancestor) algorithm. This method identifies
phylogenetically independent pairs between host
and parasite trees and the reduced host and
parasite matrices can then be compared. The
method is less dependent on tree topologies, which
often can be misleading, compared to tree
reconciliation, and it crucially improves on
phylogeny-independent methods such as ParaFit or
the Mantel test by eliminating an extreme (but
previously unrecognized) distortion of node-pair
sampling (Schardl et al., 2008; de Vienne et al.,
2013).

Recently described method, PACo (Procrustes
Approach to Cophylogeny) is based on Procrustes
analysis. This analysis is an extremely flexible
technique used for displaying two or more
multivariate datasets in their optimal
superimposition. PACo provides a superimposition
plot enabling a graphical comparison of the fit of the
host-parasite associations. This test can be carried
out with any pair of distance or dissimilarity
matrices, ie., fully resolved host and parasite
phylogenies are not required, and allows for multiple
host-parasite associations and different number of
hosts and parasites. PACo is also similar to ParaFit
in that it uses the same three data matrices as input
and converts the phylogenies to principal
coordinates (PCo), and it is possible to assess the
contribution of individual host-parasite associations
to the global topological congruence. An important
conceptual difference with the previous tests is that
both ParaFit and test was proposed by Hommola
and co-workers (2009) compare the host and
parasite distance matrices and test for random
association between the host and parasite taxa,
whereas PACo explicitly tests the dependence of
the parasite phylogeny upon the host phylogeny,
because in the Procrustean superimposition, the
parasite matrix is rotated and scaled to fit the host
matrix (Balbuena et al., 2013).

As shown above, different methods of studying
coevolution can vary fundamentally from each other
or only in details. It is possible to distinguish two
main categories of methods according to the null
hypothesis that they test: event-based methods, in
which  coevolution is considered the most
parsimonious explanation for congruence between
host and parasite trees, and distance-based
methods, which test the independence or similarity
between trees or alignments (de Vienne et al,
2013).

A very useful categorization was proposed by
Dowling et al. (2003). They distinguished two main
classes of methods for studying host-parasite
associations, a priori and a posteriori methods.
Their deliberations were inspired by Van Veller and
colleagues’ (2002) suggestion that a priori and a
posteriori methods for studying biogeographical
patterns correspond to different research programs
established on different ontological bases. By
analogy, a priori and a posteriori methods for
studying host-parasite associations, although they
test the same null hypothesis, are based on different
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ontologies. A priori methods (e.g., reconciliation
methods) modify the data to fit the null hypothesis of
coevolution (parsimony is considered an a priori
criterion) and therefore cannot be falsified. Instead,
a posteriori methods (e.g., BPA) provide the
opportunity to falsify the null hypothesis when the
data do not support it. In some cases a priori and a
posteriori methods vyield the same results and
interpretations, but not always. If coevolution were
influenced mostly by coevolution, an a priori method
could be preferred. However, when we do not know
if coevolution is the dominant event, a posteriori
methods are superior; they avoid oversimplification
of the results and false conclusions (Dowling et al.,
2003). Moreover, de Vienne et al. (2013) showed
that convincing cases of coevolution are rare and
that cophylogenetic methods often overestimate
their occurrence. Furthermore, based on a literature
review and theoretical considerations, they
concluded that parasite speciation by host shift is
more common than coevolution (de Vienne et al.,
2013). Thus, it is very important that cophylogenetic
methods take host shifts and other evolutionary
events into consideration. In addition, Fahrenholz’'s
rule must be redefined as speciation via host shifts
is at least as likely as coevolution (de Vienne et al.,
2013). Moreover, incongruence between host and
parasite phylogenies can occur despite a very

intense cophylogenetic history. Similarly,
congruence is not evidence of coevolution -
congruence means little  without additional

supporting data (Paterson and Banks, 2001). It
would be ideal if a testable method of reconstructing
and interpreting all phylogenetic events existed;
however, it is not available yet, and in studying host-
parasite  associations one has to make
compromises.

Dowling and colleagues (2003) insisted that a
priori methods such as reconciliation methods fail to
satisfy three fundamental principles of phylogenetic
systematics: the principle of total evidence (using all
available evidence), the principle of maximum
explanatory power (selecting the best a posteriori
working hypothesis that best fits all available data)
and the principle of falsification. In contrast, all of
the above principles are satisfied by a posteriori
methods (Dowling ef al., 2003). Another advantage
of a posteriori methods is that in the study of host-
parasite associations, parasites are regarded as
independent variables whereas a priori methods
consider parasites to be characters of the host. That
makes the results of a posteriori methods
biologically more realistic. The ontological difference
in perspective represented by a priori and a
posteriori approaches reflect changing opinions
about the nature of parasitism and the evolutionary
independence of hosts and parasites (Dowling et
al., 2003).

In the opinion of Yang (2009), the most logical
approach are event-based methods, provided that
they include all scenarios. However, an excess of
outcomes from a given analysis can lead to difficulty
in finding the actual relationship. Furthermore, both
methods do not consider potential phylogenic
sampling and reconstruction error. Instead, global-fit
statistical methods account for such error and
provide a good overview of congruence in a



relationship. Where they fall short, however, is in
linking with specific coevolutionary scenarios. Still
all types of methods can be improved, and
combining the advantages of existing techniques
into a single approach will substantially help in
future cophylogenetic analyses of all phylogenetic
relationships (Yang, 2009).

Molecular-based phylogenetic studies of hosts
and parasites are increasingly common in the
literature. Phylogenetic comparisons of hosts and
their symbiotic associates offer the potential for
studies that extend well beyond simple
documentation of cophylogeny. If data gathered
about the host and its associate (and trees resulting
from those data) are statistically independent, show
significant cophylogeny, and are based on
homologous molecular markers. Then timing of
cladogenetic events and possible differences in rate
of molecular evolution in the hosts and associates
can be estimated. Such studies have the potential to
elucidate broad evolutionary processes that
influence rates of molecular evolution across
distantly related taxa (Hafner et al., 1994; Light and
Hafner, 2007).

For phylogenetic reconstruction at the species
level, the use of several independent gene trees is
recommended to overcome the effect of stochastic
sorting of ancestral polymorphisms. In addition, a
comparison of nuclear and mitochondrial (mt) DNA
genealogies can be a powerful tool for detecting
hybridization (Moore, 1995). Molecular phylogenetic

analysis based on multiple mitochondrial and
nuclear loci would be especially useful when
obvious incongruence is found  between

phylogenetic hypotheses from single molecular
(e.g., miDNA) markers and non-molecular (e.g.,
morphological) evidence at an early stage of a
phylogenetic study (Normark and Lanteri, 1998;
Sota and Vogler, 2001). It is believed that on the
basis of only one marker, we can not reliably
reconstruct the phylogeny of the species. Some
studies revealed that mitochondrial DNA (mtDNA)
has been found to be a ‘powerful subject for
evolutionary studies’ (Dowton and Austin, 1995;
Huelsenbeck et al., 1997; Dixon, 2002). This is due
to the fact that the mitochondrial DNA is more
susceptible to introgression than the nuclear DNA
(Coyne and Orr, 2004). However, the other studies
proved that mtDNA haplotypes do not coincide with
the morphological species. The phylogeny of the
three nuclear markers, at least when combined in a
simultaneous phylogenetic analysis, is more
congruent with the morphologically recognized
species than is the mtDNA. Importantly for the test
of the type-switching hypothesis, the various nuclear
genes also exhibit incongruence with one another,
possibly suggesting an overall high amount of
incongruence between the various parts of the
genome (Su et al., 1996; Sota and Vogler, 2001).
Page and colleagues (1996) suggested several
basic pre-requisites for the study of host-parasite
associations, among which they singled out: an
adequate alpha-taxonomy of both host and
parasites, accurate phylogenies of host and
parasites, and exhaustive sampling of clades or
molecular phylogenies based on comparable genes
(Page et al., 1996). Unfortunately, accurate
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phylogenies of both hosts and parasites are not
always available, but some of the methods
described above (e.g., maximum likelihood
methods) are able to generate robust data despite
phylogenetic inaccuracies (Huelsenbeck et al.,
2000; Paterson and Banks, 2001). The
disadvantage of maximum likelihood methods,
though, is that they are limited to the study of
molecular data and cannot take into consideration
any other kind of data. Nevertheless, molecular
divergence itself is very useful in testing scenarios
of phylogenetic events. It not only provides an
opportunity to examine comparative rates of
molecular evolution in host and parasites, but it
also makes it possible to gain knowledge of the
timing of different evolutionary events (Paterson et
al., 2000).

As we have shown, the study of host-parasite
interactions has benefited from some major
advances in analysis. However, none of the existing
methods is ideal. In reconstructing the phylogenetic
history of a host-parasite association, the above-
mentioned methods can only vyield possible
scenarios of the common history of the studied
species. Researchers must keep the shortcomings
of different methods in mind when interpreting the
results and especially when comparing results and
interpretations obtained by different methods.
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