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A fundamental question in evolutionary biology is how microevolutionary pro-
cesses translate into species diversification. Cophylogeny provides an appropriate
framework to address this for symbiotic associations, but historically has been
primarily limited to unveiling patterns. We argue that it is essential to integrate
advances from ecology and evolutionary biology into cophylogeny, to gain greater
mechanistic insights and transform cophylogeny into a platform to advance under-
standing of interspecific interactions and diversification more widely. We discuss
key directions, such as incorporating trait reconstruction and considering multiple
scales of network organization, and highlight recent developments for implemen-
tation. A new quantitative framework is proposed to allow integration of relevant
information, such as quantitative traits and assessment of the contribution of
individual mechanisms to cophylogenetic patterns.

Symbiotic associations in the light of coevolution

Biotic interactions pervade all biological systems and, since no species evolves in isolation, it can be
claimed that nothing in evolution makes sense except in the light of coevolution (see Glossary) [1].
This is especially evident in symbiosis (parasitism, mutualism, and commensalism). All
animals and plants, and many other organisms, host symbionts that contribute to their genetic
variation with genes and associated functions, and/or impact their fitness [2,3]. Symbiosis plays
key roles in ecosystem functioning and stability and is a major driver of evolutionary novelty and
ecological diversity [4]. Symbiotic interactions often involve reciprocal selection dynamics and
other microevolutionary processes [5-7]. Despite recognition of these important influences, and
the central role of ecology and evolution in the organization and maintenance of biodiversity [8],
understanding of how symbiotic interactions bring about macroevolutionary change remains
incomplete.

[lluminating how microevolutionary processes lead to macroevolutionary change requires being
able to disentangle how ecological and evolutionary processes influence lineage diversification
[8]. Cophylogeny provides an appropriate framework to address this fundamental question
in symbiotic associations. Classical cophylogeny evaluates the dependency of evolutionary
histories of two groups of organisms based on extant (ecological scale) relationships to discover
constraints and predictability in their relationships and influences on their diversification [9]
(Box 1). More recently, interest in the phylogenetic patterns behind species associations has
leaked from evolutionary ecology into general ecology as a way to understand species assembly
in communities of associated organisms [10-12]. Over the last 40 years, studies have reported a
variety of cophylogenetic patterns from different symbiotic relationships and much progress has
been made in the development of analytical tools (e.g., [13-15]) (Figure S1 in the supplemental
information online). However, linking patterns to mechanisms remains the major outstanding
challenge of cophylogeny [16-18].
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Highlights

Cophylogeny provides an appropriate
setting to untie how the ecological and
evolutionary facets of species interac-
tions operate.

The study of phylogenetic agreement
between the evolutionary histories of
two groups of symbionts started as
a means to analyze constraints and
predictability in their interactions and
codiversification.

More recently, it has attracted the atten-
tion of other areas in a quest to under-
stand phylogenetic signal in community
assembly and geographical distributions
of species.

Whilst the field has fostered the develop-
ment of a battery of tools to elucidate
cophylogenetic patterns in symbiotic as-
sociations, linking patterns to mecha-
nisms remains the major outstanding
challenge.

Incorporating current trends in eco-
evolutionary research could propel
forward cophylogenetic principles and
analyses.
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Cophylogenetic methods fall into two categories: events-based methods and global fit methods [14,15,62]. The
former map symbiont phylogeny onto host phylogeny to estimate coevolutionary events. The two phylogenies are consid-
ered more congruent than expected by chance, if the estimated number of coevolutionary events exceeds a significance
threshold when considering the distribution of events obtained by randomization (the P value equals the proportion of
times that randomized symbiont trees map to the host tree at least as well as the original symbiont tree). In some
implementations (e.g., [63]), constraints or costs may be set during the mapping stage to model different biological
scenarios. Global fit methods evaluate the congruence between host and symbiont trees by considering genetic distances
representing functions of host and symbiont phylogeny. The extent of congruence between the two trees is assessed by
permutating the dataset many times to determine the significance of the observed result [64,65]. *Correspondence:
isabel.blasco-costa@ville-ge.ch
A drawback of events-based methods is that even with a small number of taxa the number of equally parsimonious (I Blasco-Costa).
solutions can be exceedingly high and they are strongly dependent on a good estimation of the set of costs considered. ¢ Twitter: @PeerLab_NHMG
Adoditionally, estimation of congruence between the observed trees is typically based on maximizing cospeciation events, (- Blasco-Costa), @zanderhayward
which is not always biologically realistic [15,39,66]. Whilst there are well-documented solutions to these problems [67], (A~ Hayward), and @JA_Balbuena
they are rarely implemented in practice. Global fit methods are typically more computationally efficient and allow the (- A. Balbuena).
evaluation of phylogenetic uncertainty and the contribution of individual host-symbiont links to overall congruence.
However, they lack the explanatory power of their events-based counterparts [64].

Both approaches are only as good as the information supplied to them. Consequently, one must make sure that all relevant
taxa have been sampled and that species have been delimited accurately with a proper account of cryptic diversity (a common
issue in symbiont taxa; see [68]). For instance, phylogenetic congruence may be overestimated when closely related host
species are associated with generalist (cryptic) symbionts [39]. New approaches that identify missing links in host-symbiont in-
teraction networks offer a means by which to evaluate the effect of incomplete sampling, particularly when considering less well
studied taxa [69,70].

One likely reason for this situation is the lack of alignment of cophylogeny with recent advances in
eco-evolutionary theory and approaches. Consequently, our aim is to illustrate how the incorpo-
ration of current trends can fruitfully contribute to cophylogenetic principles and analyses. These
include study of the evolution of phenotypic traits by means of phylogenetic comparative
methods [19], assessing ecological interactions based on network theory [20], taking advantage
of genomic data, consideration of intraspecific heterogeneity, and progress in dated phylogenies.
Embracing this change will promote more mechanistic interpretations of cophylogenetic patterns
and transform cophylogeny into a powerful platform to advance our understanding of the ecology
and evolution of symbiosis.

Integration of traits in cophylogeny

Classical cophylogenetic analysis compares the phylogenies of interacting partners based on
observed extant interactions between them. The latter are often presented as a binary host—
symbiont interaction matrix, where Os and 1s codify, respectively, the absence or presence
of interactions between taxa in nature (Figure 1A,B). While this approach provides a basis for
investigating cophylogenetic relationships, it ignores variation in the strength of associations
among interacting partners and thus precludes a deeper assessment of cophylogenetic
processes. Many symbionts are not strict specialists, but generalists that utilize a range of host
taxa, and interactions are often more frequent or intense for certain subsets of hosts (i.e., principal
hosts) [21,22]. Thus, to better reflect host—-symbiont relationships and convey their strength,
the interaction matrix should be quantitative. Interaction traits that measure a property of the
two-sided interaction (host—symbiont) should be selected for this purpose (see later for one-
sided interaction traits). For instance, in plant—pollinator relationships, the frequency of visits
represents both the ability of the symbiont to locate the host and that of the host to attract the
symbiont [23]. Likewise, in host—parasite systems, measures of prevalence, abundance, or
virulence that result from the interaction between parasite exploitation strategy and host
tolerance/resistance, also qualify as two-sided interaction traits [24]. A quantitative host—
symbiont interaction matrix (Figure 1C), or several matrices (e.g., [25]), each with a different
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Glossary

Bipartite network: a network whose
vertices (or nodes) are divided into two
types, A and B, in which every edge
connects a vertex of type A to one or
more of type B and vice versa. No edges
connect vertices within each type.
Coadaptive codiversification:
reciprocal diversification of interacting
lineages caused by coadaptation.
Coevolution: process of reciprocal
evolutionary change caused by the
interactions among species.
Commensalism: symbiotic
relationship in which one of two partner
species benefits and the other shows no
apparent beneficial or harmful effect.
Cophylogenetic signal: higher
congruence between the phylogenies of

d symbiotic partners than expected by

chance.

0.8 0 0 0 Cophylogeny: the study of

0

0

concordance between the phylogenies

and the interactions of two groups of

associated species.

Cophylospace: a cophylogenetic

0 framework linking cophylogenetic
patterns with processes via their

0 0 0.7 representation in a three-dimensional
space defined by the cophylogenetic

0 signal and the associations between the

= bipartite network of symbiotic partners

and their respective phylogenies.

y S L Cospeciation: process of concomitant

e Lo & Lo speciation in two or more interacting
Host-symbiont association Host-symbiont association e Camn else ke e lmas
matrix (binary) matrix (quantitative) ‘codivergence’.
Diffuse coevolution: evolution driven

by interactions among several species in
( ) a b C d (E) b Ny a community.

a ¢ Events-based methods:
cophylogenetic methods that attempt to
] 06 02 04 é : find the best supported reconstructions
AN = of host and symbiont phylogenies using
0.9 0.7 0 0 0 a set of events including cospeciation,
duplication, host switching, and loss.
0.9 0 0 Global fit methods: cophylogenetic
methods that test the overall
congruence between host and symbiont
0 0.8 0 phylogenies.
Host switching: (a.k.a. host shift);
colonization of a novel host species by a
symbiont.
0 0 0.5 Host—symbiont interaction matrix:
structure of the associations between
K o Host-symbiont two groups of interacting partners.
Multiple ﬁbst-symbiont codependence matrix Interaction trait: a trait that captures a
association matrices property of the two-sided interaction
between a host and a symbiont.
Modularity: a measure of network
structure that quantifies the strength of
the organization of the network into
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interaction trait (Figure 1D), could be used as an input for cophylogenetic methods. Interest in
such traits has been noted in studies evaluating phylogenetic signal in ecological communities
[10,21], but not in classical cophylogenetic studies. The use of one or several quantitative traits
will require adjustments that are within the reach of current cophylogenetic tools.

The importance of evolutionary history and ecological interactions in understanding the diversity
of clades, communities, and their coevolution, has fostered interest in phylogenetic trait recon-
struction as a link between micro- and macroevolution (e.g., [8,26]). We advocate for the inclusion
of putative coevolving traits within cophylogenetic settings as a means to identify key features of
the interacting species. In addition to two-sided interaction traits, additional traits, present in one
or other symbiotic partner, are of interest. For instance, the length of mouth parts in pollinators
reflects floral characteristics (e.g., [27,28]). Similarly, the morphology of parasite attachment
organs often correlates with features of the host substrate [29,30]. In such cases, the morpholog-
ical match between the partners may itself be considered an interaction trait. Contrary to two-sided
interaction traits, one-sided traits evolve along the branches of one symbiotic partner only, although
their evolution may depend on phylogeny and traits associated with the other partner. A codepen-
dence matrix accounting for the relationship between the traits on the symbiotic partners could be
used as the interaction matrix (Figure 1E). Manceau et al. [31] developed an elegant, though as yet
rarely applied, approach to consider one-sided interaction traits that evolve in a codependent
manner through symbiont trees. The analysis of one-sided interaction traits holds promise to
pinpoint the characters contributing to species specialization or promoting spill-over to new
hosts and offers to facilitate interpretations of cospeciation and other processes inferred through
cophylogenetic approaches.

Focus on scale and network organization

Combining phylogenetic information on symbiotic partners and their structured network of interac-
tions can be used to test alternative diversification scenarios and other evolutionary hypotheses
[32]. Explicit consideration of the scale(s) at which these analyses are carried out could benefit
future studies, because examining cophylogenetic signal across scales would offer the
advantage of revealing the evolutionary processes operating at each level of organization [11].

Cophylogenetic studies are often carried out globally (i.e., they use phylogenetic and relational
data collected over large spatial scales) (e.g., [33,34]). More rarely, authors have assessed
potential differences in cophylogenetic patterns between regional and global scales [35]. Since
phylogenetic congruence can arise from matching of deep nodes, testing cophylogenetic
signal across scales would serve to establish the geographical scale and timing at which
coevolutionary processes have operated. This approach was adopted by Hutchinson et al.
[11], who suggested that the community is the most relevant scale at which cophylogenetic signal
characterizes interactions between species assemblages. Moreover, the integration of interaction
traits proposed earlier probably makes most sense at lower (community/regional) levels.

Cophylogenetic signal also permeates to finer scales. Interactions between symbiotic partners
can be described with a bipartite network that typically reveals nonrandom associations

Figure 1. Incorporating traits in cophylogenetic analysis. (A) Tanglegram depicting the associations (red lines) between
hosts and symbionts observed in nature. (B) Classical cophylogenetic analyses use a binary (presence/absence) matrix
coding the associations. (C) The binary matrix could be replaced by a matrix of quantitative interaction traits that measure
the strength of the associations. (D) If several traits are available, a set of matrices could be used. (E) Putative coevolving
one-sided traits of hosts and symbionts could be measured to compute a codependence matrix expressing the
agreement between the host and symbiont trait.
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modules of taxa (i.e., taxa that interact
more frequently among themselves than
with taxa from other modules).
Mutualism: symbiotic relationship that
entails overall beneficial effects for both
partners.

Parasitism: symbiotic relationship in
which one partner, the parasite, benefits
at the expense of the other, the host.
Phylogenetic congruence: given two
phylogenetic trees, the extent to which
each node and branch-length in one tree
maps to a corresponding position in the
other.

Phylogenetic signal: a measure of the
statistical dependence among species’
trait values due to their phylogenetic
relationships.

Phylogenetic tracking: process by
which the speciation of one symbiotic
partner is followed by speciation of the
other partner. Diversification is
asynchronous.

Pseudocospeciation: (a.k.a.
preferential host switching or host-shift
speciation); symbiont diversification
mimicking the tree topology of the host
as a result of complete host-switching
events (i.e., colonization of a new host
species followed by speciation) among
closely related hosts, rather than host—
symbiont cospeciation. Diversification is
asynchronous.

Symbiosis: biological interaction
between two organisms of different
species characterized by being long-
lasting and physically close at some
point if not all the time. The symbiont, or
symbiote, is any member of a pair of
organisms involved in this symbiotic
relationship, with the larger member
usually designated as the host.
Vertical transmission: transmission of
an interaction from parents to offspring.
Vicariance: pattem of phylogenetic
congruence caused by common
biogeographic processes rather than by
biological interactions between the
symbiotic partners.



Trends in Ecology & Evolution

between individuals or taxa. One of the properties emerging from this nonrandomness is
modularity [36]. Modules likely represent fundamental units of coevolution [23,37,38] that
provide an ecologically meaningful scale for cophylogenetic assessment [11]. Searching for
cophylogenetic signal within modules would facilitate linking of particular species groups to
patterns stemming from their evolutionary histories.

Linking patterns with mechanisms

Cophylogenetic signal is often interpreted as evidence of a high level of cospeciation in the system
under study. However, different coevolutionary processes can lead to apparent cospeciation [16]
and processes unrelated to cospeciation, such as pseudocospeciation can also produce
some degree of phylogenetic congruence [39,40]. Althoff et al. [16] identified four mechanisms
that account for cospeciation (Box 2), which, when acting alone or concurrently to varying
extents, may induce similar levels of cophylogenetic signal. Likewise, low cophylogenetic signal
does not necessarily imply the lack of an evolutionary relationship between symbiotic partners,
because cophylogenetic signal can be modulated by the interactions among symbiont (and/or
host) species in a community (diffuse coevolution) (e.g., [41,42]). For example, whereas low
cophylogenetic signal has been observed between orchids and their bee pollinators, pre-
existing traits in the latter (i.e., collection of aromatic compounds) likely drove floral adaptation
and orchid diversification [43].

Russo et al. [18] recently proposed a framework that offers more mechanistic explanations
to cophylogenetic patterns, thereby providing an absolute classification in which each host-
symbiont system is assigned to one of eight possible outcomes (Box 2). However, we argue
that vicariance, phylogenetic tracking, or coevolution are not mutually exclusive and that
patterns observed in nature may well result from a combination of processes, each acting with
different intensity.

In Box 2, we propose the cophylospace, a modified framework aimed at enhancing the
explanatory power of cophylogenetic analysis, which rests on two key elements. First, measuring
the strength of cophylogenetic signal becomes highly relevant. Whereas current methods (see
[39,44] for reviews) provide statistical evidence for cophylogenetic signal, they produce no directly
interpretable statistic as to its strength and only recently have Balbuena et al. [15] proposed a
metric for this. Second, evaluating the correlation between the host-symbiont association matrix
and the phylogeny of both symbiotic partners is crucial to gain mechanistic insights into coevolu-
tionary processes (Box 2).

A generalized use of the cophylospace approach will require further methodological refinements.
For instance, Russo et al. [18] used a Mantel test to assess whether phylogenetically related taxa
are more likely to interact with similar partners but noted that this is not effective in specialized
symbiotic associations, as often occurs with host and parasites, given that both closely and
distantly related taxa can be equally dissimilar in the associations with their partners. However,
Box 3illustrates how the cophylospace approach could be applied tentatively using morphological
data on the interacting partners.

The holy trinity: genomics, heterogeneity, and time

The future of cophylogenetic analysis requires embracing, both conceptually and analytically, the
ongoing spectacular progress in genomics and phylogenetic inference. Analyses of genome-
wide data often result in more robust estimation of phylogenetic histories, but such phylogenomic
analyses also increasingly include large numbers of taxa. Cophylogenetic analyses of large
phylogenies can quickly become computationally prohibitive, in particular if the influence of
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Box 2. Cophylospace: a quantitative framework for cophylogeny

We define a three-dimensional space (cophylospace, Figure |) based on the processes proposed by Russo et al. [18]. Whereas in
Russo et al. [18] a given cophylogenetic scenario is assigned to a single, most likely process (red crosses in Figure ), the present
setting places it in a three-dimensional space based on three quantitative parameters: cophylogenetic signal and the associations
between the bipartite network of symbiotic partners and their respective phylogenies. Thus, a given cophylogenetic scenario could
be explained in terms of its position along the three axes reflecting the relative contributions of the different processes (Figure |).

High cophylogenetic signal would suggest that cospeciation is important in the system studied (Figure I). Such cospeciation can
result from four different mechanisms: coevolution, vicariance, phylogenetic tracking, and vertical transmission [16]. Since
the latter represents a special case of phylogenetic tracking [18], it is not considered in the present framework. Assessing
the strength of the association between the interaction matrix and the host and symbiont phylogenies (phylogenetic signal)
could help establish the relative mechanistic contributions to the observed patterns. For instance, say phylogenetic signal
between the association matrix and host phylogeny is strong and that between the symbiont phylogeny it is weak. This would
be indicative of the symbiont speciation being mostly determined by that of the host (phylogenetic tracking) (Figure |).

Lack of, or low, cophylogenetic signal does not support cospeciation as a major force (Figure I) but does not necessarily
imply that the diversification of symbiont partners is unrelated to each other. This can suggest diffuse coevolutionary
scenarios instead [18]. For instance, situations in which the host-symbiont association matrix is correlated with the
phylogeny of one interacting partner are indicative of asymmetric diversification [18] (Figure I). Likewise, if the association
matrix were correlated with the phylogenies of both partners, the diversification would be symmetric (Figure |).

The cophylospace quantitative framework will facilitate comparisons between different host-symbiont systems, as well as
meta-analyses to reveal general patterns (e.g., see Hayward et al. [71]) and provide insights into putative mechanistic
explanations for those patterns (see Outstanding questions). For example, the hypothesis of widespread diffuse coevolution
in plant-polliinator systems compared with host—parasite associations [18] could be tested. Similarly, we hypothesize that
host phylogenetic tracking will be common in host—parasite systems.
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Figure |. Cophylospace, a quantitative cophylogenetic spatial framework linking cophylogenetic patterns
with underlying processes. Abbreviations: H, hosts; S, symbionts.
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phylogenetic uncertainty is explicitly considered (Box 1). To help alleviate this, new methods
able to accommodate actual divergence date estimates from dated phylogenies should be
developed. Then, narrow estimates of dated nodes corresponding to putative codivergence
events could rule out some diversification scenarios and increase the computational efficiency
of event-based approaches by leaving some nodes out of the calculations. Estimates of node
divergence dates might also be conveniently incorporated into hybrid events-based and global-
fit methods (Box 1) to more fully capture cophylogenetic processes. Therefore, cophylogeny
should aim to incorporate powerful new advances in the implementation of molecular clock
methods (e.g., [45,46]).

The growing wealth and depth of available genomic data enables detailed characterizations
of individual heterogeneity within populations. Current phylogenetic and phylogeographic
approaches increasingly rely on assimilating such within-clade genetic heterogeneity using
models that account for population genetic processes [47]. In classical cophylogeny, species
are considered homogeneous entities across their distributional range and the genetic back-
grounds of the interacting individuals are ignored. However, speciation involves processes acting
at the microevolutionary level (e.g., shifts in allele frequencies within populations). Since ecological
and evolutionary processes are mutually linked over evolutionary time scales [8,48], cophylogeny
should explicitly consider intraspecific variation, both conceptually and analytically. This is
particularly relevant at the community scale, where the significant units are populations rather
than species (e.g., [6,35,49,50]). Furthermore, in taxa that permit it, sequencing ancestral and
extant lineages within a species over time could reveal the impact of host associations on the
evolutionary rate, diversification, and the genomic bases of interactions [42]. Alternatively, one
could model the evolution of the host repertoire of a symbiont group [51]. Therefore, incorporating

Box 3. Example application of the cophylospace approach

We examine a simple host—parasite system of 14 Ligophorus spp. (Monogenea: Dactylogyridae) on six Mediterranean and
Black Sea species of grey mullets (Mugilidae) (Figure I). The R code utilized is available on Zenodo (http://doi.org/10.5281/
zen0do.4892783). Phylogenetic information on hosts and parasites and data on their associations were obtained from
Rodriguez-Gonzélez et al. [72,73] and Durand et al. [74]. To evaluate whether closely related hosts are associated with
more morphologically similar parasites than expected by chance, we used published information on the shape of ventral
anchors, which play an important role in host attachment [72,73]. We computed a pairwise matrix of Procrustes distances
between species with Procrustes coordinates of ventral anchors from 244 specimens [73]. Likewise, to test the associa-
tion between parasite phylogeny and host morphology, we produced a distance matrix based on the morphometry of mul-
let species from fishbase.org. (Ideally information on gill shape should have been used but is unavailable.)

Cophylogenetic signal and interactions between phylogeny and morphology of hosts and parasites were assessed using
the sum of squared residuals (m?) produced by PACo [64], which is inversely proportional to the concordance between
the configurations tested. Significance of the associations between hosts and parasites was established based on
1000 permutations. Since m? depends on branch length units, dissimilarity matrices were normalized prior to analysis.

Results were as follows: cophylogenetic signal (i.e., agreement between host and parasite matrices of patristic distances)
m? = 0.7086, P = 0.014; interaction of host phylogeny with parasite shape, m? =0.792, P = 0.067; interaction of parasite
phylogeny with host shape, m? = 0.610, P = 0.003 (Figure ).

Under a classical cophylogenetic analysis, the significant cophylogenetic signal detected would be interpreted as evidence
of cospeciation between hosts and parasites. However, the cophylospace framework revealed that whereas phylogenetic
and morphological distances of Ligophorus contribute similarly to explain the pattern of host—parasite associations,
parasite phylogeny is more strongly associated with the morphometric traits of the hosts than with host phylogeny. The
position of our system in cophylospace (Figure Il) suggests some degree of asymmetry in which host traits may have
influenced speciation of Ligophorus spp. So speciation in Ligophorus spp. appears to have been primarily influenced by
phylogenetic tracking of host resources, which conforms to the scenario of coadaptive codiversification proposed
by Clayton et al. [75] to account for host—parasite coevolution.
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Figure I. Tanglegram representing the association of six Mediterranean and Black Sea grey mullet species
with 14 species of Ligophorus. Host abbreviations: Caur, Chelon auratus; Clab, Chelon labrosus; Cram, Chelon
ramada; Csal, Chelon saliens; Mcep, Mugil cephalus; Phae, Planiliza haematocheilus. Parasite abbreviations: Lacu,
Ligophorus acuminatus, Lang, Ligophorus angustus; Lcep, Ligophorus cephali; Lcha, Ligophorus chabaudi; Lcon,
Ligophorus confusus; Lhet, Ligophorus heteronchus; Limi, Ligophorus imitans; Llle, Ligophorus llewellyni; Lmac,
Ligophorus macrocolpos; Lmed, Ligophorus mediterraneus; Lmin, Ligophorus minimus; Lpil, Ligophours pilengas; Lszi,
Ligophorus szidati; Lvan, Ligophorus vanbenedeni.

heterogeneity generated by population-level processes associated with different histories across
the genome can lead to deeper insights into the processes underlying macroevolutionary
change.

Looking ahead

While there are doubtless more avenues that deserve to be explored than we cover here, three
stand out to us as particularly relevant, although there is a necessity for considerable further
theoretical work before they can be fully implemented.

First, the complex biology of certain organisms poses further challenges (e.g., accounting for
hybridization, incomplete lineage sorting, horizontal gene transfer, etc.). In such cases, phyloge-
netic networks that model reticulate evolution in addition to vertical descent, can better describe
the evolutionary history of a group [52]. In a phylogenetic tree, the evolutionary distance between
two extant species is the path length from each species to the other via its most recent common
ancestor, whereas in a phylogenetic network, there may be many paths linking two extant species
[563]. Thus, new cophylogenetic methods able to accommodate this variability in evolutionary
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Figure II. Position of the system studied in cophylospace. For compatibility with the framework described in Figure |
in Box 2, the axes represent 1 —m?.

pathways are needed (see [54]), potentially leading to novel approaches based on comparing
similarities among networks instead of dichotomic trees.

Second, integration of biogeographic information in cophylogeny is highly relevant, since the
geographical location of extant and ancestral nodes in the phylogenies of symbionts determines
available opportunities for evolutionary events such as cospeciation and host switching [55].
As methods for inferring historical biogeography from phylogenetic reconstructions have greatly
improved during the last two decades [56,57], robust biogeographic scenarios are becoming
increasingly available. Thus, cophylogeny should progressively incorporate biogeographical
hypotheses. Although the specific tools necessary for this remain scarce, recent pioneering
approaches anticipate the simultaneous modeling of coevolution and biogeography [21,44,55].

Third, the majority of work to date has concentrated on exploring cophylogenetic relationships
between two sets of organisms. However, shared evolutionary histories across more than two
trophic levels also occur [58,59]. Considering higher-order interactions in cophylogeny can be
daunting, as it represents a substantially more complex problem, because in addition to
assessing the degree of overall cophylogenetic signal in the system, interactions among symbiotic
partners should also be considered. For instance, in a tri-trophic system formed by X, Y, and Z, one
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must tease apart the degree of phylogenetic congruence between X and Y, that is not explained by
Z, from the joint phylogenetic congruence among all three partners. Unsurprisingly, the issue of
assessing phylogenetic congruence among three phylogenetic trees has received considerably
less attention to date (but see [60,61]) and the question of relating such congruence to evolutionary
mechanisms remains to be explored.

Concluding remarks

Cophylogeny represents a major framework to address fundamental questions in eco-
evolutionary research (see Outstanding questions). However, linking patterns with mechanisms
remains a significant challenge. To tackle this issue, cophylogeny must embrace, both analytically
and theoretically, current hypotheses and approaches from other areas of evolutionary ecology.
We stress the need to investigate the multiple scales of organization at which host—-symbiont
associations operate and to quantify the strength of the relationships between two-sided interac-
tion traits and evolutionary histories.

A number of significant challenges remain. For example, how to integrate reticulate-network
evolution, take full advantage of dated phylogenies, and extend the conceptual and analytical
capabilities of cophylogeny to large phylogenies and across multitrophic interactions. However,
several of the new directions suggested herein can be pursued at present. The cophylospace
framework (Box 2) addresses several fundamental outstanding questions and can promote
further meta-analyses to evaluate the generality of patterns reported to date. For instance, the
cophylospace framework would allow new ways of testing the long-standing prediction that
cospeciation is stronger in mutualistic systems than in host—parasite systems. Meanwhile, future
availability of genomic data and incorporation of within-species heterogeneity across geographical
scales can improve estimation of the evolutionary rates, diversification, and understanding of the
genomic bases of symbiotic interactions, thereby illuminating the ecological processes underlying
macroevolutionary change. Thus, adopting the changes proposed herein offers the transformation
of cophylogenetic analysis into a powerful and more general platform to advance understanding of
the evolution and diversification of interspecific interactions.
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