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Ecological interactions are evolutionarily conserved
across the entire tree of life
José M. Gómez1, Miguel Verdú2 & Francisco Perfectti3

Ecological interactions are crucial to understanding both the eco-
logy and the evolution of organisms1,2. Because the phenotypic
traits regulating species interactions are largely a legacy of their
ancestors, it is widely assumed that ecological interactions are phy-
logenetically conserved, with closely related species interacting
with similar partners2. However, the existing empirical evidence
is inadequate to appropriately evaluate the hypothesis of phylo-
genetic conservatism in ecological interactions, because it is both
ecologically and taxonomically biased. In fact, most studies on the
evolution of ecological interactions have focused on specialized
organisms, such as some parasites or insect herbivores3–7, belonging
to a limited subset of the overall tree of life. Here we study the
evolution of host use in a large and diverse group of interactions
comprising both specialist and generalist acellular, unicellular and
multicellular organisms. We show that, as previously found for
specialized interactions, generalized interactions can be evolutio-
narily conserved. Significant phylogenetic conservatism of inter-
action patterns was equally likely to occur in symbiotic and
non-symbiotic interactions, as well as in mutualistic and antagon-
istic interactions. Host-use differentiation among species was
higher in phylogenetically conserved clades, irrespective of their
generalization degree and taxonomic position within the tree of
life. Our findings strongly suggest a shared pattern in the organiza-
tion of biological systems through evolutionary time, mediated by
marked conservatism of ecological interactions among taxa.

Shared ancestry may produce ecological similarity, with closely
related species having similar ecological niches8,9. This idea may be
traced back to Darwin’s famous statement that the struggle for existence
is most severe among related species because they have similar pheno-
types and niche requirements10. Interspecific interactions comprise a
substantial part of the niche of most species11. Conventional wisdom
suggests that two closely related species should be more likely to interact
with similar organisms than would species that are remotely related,
because the phenotypic traits that regulate the interactions are often
phylogenetically conserved3–7. It is thereby widely assumed that, as with
other niche components, ecological interactions are evolutionarily
conserved2,7.

We explored this idea by compiling information from 116 clades
belonging to seven kingdoms (Euryarchaeota, Bacteria, Excavata,
Chromalveolata, Fungi, Plantae and Animalia) from the three cel-
lular domains (Archaea, Bacteria and Eukarya) and RNA and DNA
viruses (Supplementary Data, appendix 1). We chose these systems
because (1) they contain all types of ecological interaction, from
antagonism (for example, endophytic herbivory, folivory and para-
sitism) to mutualism (for example, pollination, mycorrhiza, seed
dispersal and nitrogen fixing); (2) by exploring organisms from dis-
parate portions of the tree of life, our data set avoids taxonomic and
systematic biases; (3) they comprise a wide range of generalization/

specialization degree; (4) reliable records of interacting organisms
(hereafter referred to as hosts for the sake of simplicity) are available
for these clades; and (5) phylogenetic trees are available (Supplemen-
tary Data, appendix 1). We have used genus as our target clade level
because it is the taxonomic level at which interaction-mediated spe-
ciation mostly manifests2,7 (Methods).

The host range of the studied clades, calculated as the average
number of organisms interacting with each species of that clade,
varied from 1 (extreme specialization) to 11.2. Nevertheless, within
most systems there were species interacting with many hosts (up to
50) coexisting with species interacting with very few hosts (Sup-
plementary Data, appendix 1). Of the studied clades, 58% (N 5 67)
were specialist (host range, ,1.5 hosts per species) and 42% (N 5 49)
were generalist (host range, $1.5 hosts per species). Specialization
depended significantly on taxonomic affiliation: 95% of the viruses
but only 53% of the eukaryotes and 48% of the prokaryotes were
specialist. No other system characteristic affected specialization
degree (Supplementary Table 1), suggesting that our distribution
of host range across genera was not biased by the sampling intensity
of the original data set.

Tracking the evolutionary history of specialized interactions is not
difficult, and has been performed for different kinds of interaction.
Because in extremely specialized clades the host range is very narrow,
it is easy to identify the host for each species in the phylogeny and to
quantify host shifts and host conservatism. Specialized interactions
are conserved when there is non-independence in host use among
species within a clade owing to their phylogenetic relatedness. This
can be tested by estimating the degree of phylogenetic signal, which is
the tendency for related species to resemble each other in interaction
patterns more than species randomly drawn from the phylogenetic
tree do12. However, the use of this approach becomes increasingly
difficult, to the point of becoming unfeasible, as the diversity of
organisms interacting with the focal clade increases.

Generalist species interact with many other species, and therefore
form networks of interacting organisms. Network analysis has been
successfully used to analyse complex ecological interactions13,14. On
the basis of the pattern of shared interactions, species can be grouped
in compartments or modules. Species are tightly linked if they share a
high proportion of interactions, that is, if they are ecologically similar.
Groups of species interacting with similar organisms form modules
within the general network15,16. Significant modularity emerges in a
network when distinct groups of species closely share links with each
other more than with species in other modules17. Using a network
approach, we explore the evolution of ecological interactions by track-
ing the changes in module affiliation across the phylogenies (Fig. 1).
Recent studies have quantified the effect of phylogenetic structure on the
dynamics of ecological communities18,19. However, rather than taking
the standard perspective on building networks, we use clade-oriented
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networks (that is, groups of phylogenetically related species sharing a
common ancestor but not necessarily co-occurring in the same locality).
For extremely specialized clades, those showing high host specificity,
each module contains the group of species interacting with the same
host (Fig. 1a). Exploring phylogenetic conservatism in module ascrip-
tion is analogous in these types of system to exploring phylogenetic
conservatism in host use using the standard methodology. In clades
in which species interact with more than one host, detecting modules
of species sharing similar hosts allows for the exploration of phylo-
genetic conservatism even when it is not possible to group species
according to their exact equivalence in host use (Fig. 1b). From this
perspective, ecological interactions are conserved if a phylogenetic signal
occurs in module affiliation.

For each clade we built a network (Fig. 1), including as nodes only
the species for which host use is accurately known. In these networks,
species were linked when they shared at least one host. We then used
simulated annealing to establish significant modules within each
network15,16. A modular network is one in which the clade is made
up of species that can be grouped according to their affinity in host
use. All but six clades were significantly modular (Supplementary
Table 2). The modules of all studied clades, both specialist and
generalist, differed significantly in identity and composition of the
host assemblage (P , 0.01 for all systems, from multivariate analyses
of variance based on species composition dissimilarity20; Supplemen-
tary Table 3). Furthermore, modules within a network did not differ
among themselves in number of hosts (P . 0.05 for most systems;
Supplementary Table 3), meaning that the emergence of modules in
generalized clades was not due to differences in host range across
species. Together, these results show that modules describe distinct
and discrete interactive niches both in specialized and in generalized
clades.

The number of modules in a given network may be considered a
measure of the diversity of interactive niches occupied by the genus.
The number of modules per network ranged from 2 to 20. It was

affected by the interaction intimacy, with symbiotic genera having
more modules (6.2 6 0.5, N 5 75 clades) than did non-symbiotic
ones (4.2 6 0.4, N 5 40 clades). The number of modules was nega-
tively related to host range, even after controlling for number of
species in the clade (Supplementary Table 4). This means that the
number of distinct interacting niches is higher in specialized genera
than in generalized ones. Domain also affected the number of
modules per system, with viruses and prokaryotes having more
modules per clade than did eukaryotes (Supplementary Tables 4
and 5). This may reflect a trend towards greater diversification of
ecological niches and specialization in microorganisms.

For each system, we calculated the modularity index, M, which
estimates how clearly delimited the modules are16. This index
decreases when the fraction of between-module links increases in
the total network. In the context of ecological interactions, this means
that M is negatively related to the proportion of species that belong to
different modules but share hosts. Consequently, it can be used as an
estimate of the between-module differentiation in host use. Low
values of M indicate no differentiation because many hosts are shared
between different modules, and high values of M indicate high dif-
ferentiation because the modules do not use common hosts. The
extreme situation is exemplified by those genera in which most
modules are completely isolated, without any links with the remain-
ing modules (Supplementary Fig. 1). In our data set, modularity
ranged from 0 to 0.833 (Supplementary Appendix 1). The value of
M was higher in specialist clades (0.390 6 0.026) than in generalist
ones (0.232 6 0.030). There was indeed a significant negative rela-
tionship between modularity and host range across clades (Sup-
plementary Table 4). This means that between-module differenti-
ation in host use decreases with the generalization of the clades. In
fact, in community networks modularity is expected to increase
with host specificity17. Similarly, M was higher in symbiotic
(0.363 6 0.030) clades than in non-symbiotic ones (0.239 6 0.034;
Supplementary Table 3), probably because symbionts tend to be
more specialized (host range, 1.77 6 0.17) than do non-symbionts
(host range, 2.95 6 0.40) (F 5 9.63, d.f. 5 1,108, P 5 0.002, from
one-way analysis of variance) and share fewer hosts between modules.

To explore how evolutionarily conserved ecological interactions
are, we statistically tested whether phylogenetically related species
were more prone to belonging to the same module than would be
expected randomly21 (that is, we tested for phylogenetic signal of
ecological interactions). We found that over 83% of the specialist
clades showed a significant phylogenetic signal for host use (Sup-
plementary Data, appendix 1). Furthermore, 52% of the generalist
clades also showed a significant phylogenetic signal. In fact, we found
host range to have no effect on the probability of there being signifi-
cant phylogenetic conservatism in ecological interaction (Fig. 2 and
Supplementary Table 6). Similarly, the occurrence of conservatism in
ecological interactions did not depend on the sign of the interaction
(Supplementary Table 6), as 69% of antagonistic systems and 59% of
mutualistic systems had a significant phylogenetic signal. That is,
parasites and predators have the same probability of having phylo-
genetically conserved ecological interactions as do pollinators, seed
dispersers or mycorrhizae.

There was a slight tendency of symbiotic systems to have more-
conserved interactions (71% of the symbiotic systems had a signifi-
cant phylogenetic signal) than do non-symbiotic systems (57% had a
significant phylogenetic signal), although this difference was not
statistically significant (Supplementary Table 6). Similarly, there
was a tendency for phylogenetic conservatism to be more frequent
in viruses (85%) and prokaryotes (80%) than in eukaryotes (59%),
although this difference was also nonsignificant. Finally, the occur-
rence of a phylogenetic signal in our data set was significantly related
to the number of species studied per clade5,18 (Supplementary Table 6).
In fact, if we remove from our data set those clades with fewer than 20
species, we find that 87% of specialist clades (N 5 32 systems) and 68%
of generalist clades (N 5 33 systems) had a significant phylogenetic
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Figure 1 | How to study the evolution of both specialized and generalized
interactions. a, In specialized clades, each species (numbered tips in the
phylogeny) interacts with a single host. Species are grouped according to the
host used. Phylogenetic conservatism is determined by mapping such
groups onto the phylogeny. b, In contrast, grouping species according to
host use is more complex in generalized clades. Network analysis allows the
detection of modules, which are groups of species sharing more hosts among
themselves than they do with species in other modules. Phylogenetic
conservatism of host use is determined by mapping such modules onto the
phylogeny. Consequently, this method allows the exploration of the
evolutionary conservatism of ecological interactions in all types of system,
irrespective of their degree of generalization or host specificity.
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signal. Most previous studies have stressed the ubiquity of phylogenetic
conservatism in host use in specialist (mostly symbiotic) systems, from
RNA viruses to herbivorous insects3–7,22–24. In agreement with this
traditional view, several studies have pointed out that co-cladogenesis
and phylogenetic conservatism in ecological interaction disappears
when generalist species are included in the analyses7,24. Our study
indicates, however, that ecological interactions are also conserved in
generalist (both symbiotic and non-symbiotic) clades. Evolutionary
conservatism in ecological interactions is a recurrent phenomenon
across the entire tree of life (Fig. 3).

Clades with a significant phylogenetic signal in ecological interac-
tions also had higher values of modularity, and this occurred in all
kinds of organism (virus, prokaryote and eukaryote) and interaction
(Fig. 2e–h). These findings indicate that clades with higher evolution-
ary conservatism in their ecological interactions also have stronger
differentiation in host use among modules. This means that species
belonging to the same module share few hosts with species from other
modules in conserved systems, whereas in non-conserved systems
species belonging to different modules tend to share some hosts.
This probably occurs because the use of a specific host assemblage
requires particular adaptations. In clades in which modules are con-
served, species retain ancestral traits that influence their ecological
interactions7,23, constraining the present and future capacity to use
alternative hosts from other modules1. In contrast, in non-conserved
systems most traits involved in host use are likely to represent new
adaptations. In this scenario, the species could possess adaptations for
using alternative and disparate hosts. It is remarkable that this rela-
tionship was also found for generalist clades (Fig. 2f), despite the fact
that modularity is negatively related to host range. That is, although
generalist species usually share some hosts among different modules,
among-module differentiation in the composition of their host
assemblages is higher in evolutionarily conserved interactions.
Conservatism in ecological interactions is associated with high host-
use differentiation both in generalist and specialist organisms.

Our study has demonstrated that phylogenetic conservatism in
ecological interactions is a general pattern occurring in many taxa
belonging to very separate branches of the entire tree of life, from

viruses to animals, and in most types of interaction, from specialized
symbiotic antagonisms to generalized non-symbiotic mutualisms.
The same rules seem to drive the evolution of most ecological inter-
actions and strongly contribute to the organization of biodiversity on
the Earth.

METHODS SUMMARY

We constructed bipartite networks (N 5 116 systems) of species belonging to the

same genus and their known hosts. Species were then connected through the co-

occurrence of interactions. We subsequently converted the bipartite networks into

unipartite networks according to shared interactions. The modularity level and the

number of modules per network were determined using an algorithm based on

simulated annealing15,16. This algorithm identifies modules, which are groups of

species having most of their links within their own module, with an accuracy of

90% (ref. 16). The modules were validated statistically by permutational multi-

variate analyses of variance based on species composition dissimilarity (using the

function ‘adonis’ in the R package VEGAN)20. We determined phylogenetic con-

servatism in host use in each system by estimating the significance of the phylo-

genetic signal following ref. 25. The character ‘host use’ was the module to which

the species was ascribed by the annealing algorithm. We mapped the evolution of

host use onto published phylogenetic trees.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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Figure 3 | Ecological interactions are evolutionarily conserved across the
entire tree of life. The phylogenetic tree shows the evolutionary
relationships between the studied genera and the phylogenetic conservatism
of the ecological interactions mapped onto the tips. Red names represent
genera with conserved ecological interactions (that is, with a significant
phylogenetic signal) and blue names represent genera with non-conserved
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METHODS
The data set. Our data set includes 116 genera belonging to seven kingdoms, as

described. Because genus is the taxonomic level at which ecological interaction-

mediated speciation mostly manifests, most macro-coevolutionary theories

predict that coevolution generates the appearance of new species (diversifying

coevolution), that radiation occurs within some genera because species escape from

antagonistic interactions (escape-and-radiate coevolution) or that some lineages

track the evolution of other lineages (sequential evolution). In all cases, the evolu-

tion of interactions is most apparent between related species, usually belonging to

the same genus. In addition, using taxonomic levels above genus would make it
difficult to explore the evolution of host use within specific interactions, as different

types of interaction could appear within the same clade. The studied clades were also

very diverse in their species number, ranging between 8 (Terfezia) and 2,400 species

(Onthophagus). The list of these clades and their source references are included in

Supplementary Information. We obtained host-use information from an average of

63.3 6 4.3% of the species belonging to the studied genera, with 36% of the clades

being fully documented (meaning that we obtained information from all the species

in the genus). As expected, completeness of the data set was negatively related to the

number of species in a clade (1.70 2 0.27log(NS); NS, number of species per system;

R2 5 0.68, N 5 116 systems, t 5 12.03, P , 0.0001, from log-linear regression),

because species-rich genera have traditionally been less intensely studied than have

those with low numbers of species.

The taxonomic resolution of the hosts depended on the available literature for

each studied system. It was family in 57 systems, genus in 26 systems, species in

12 systems, order in 7 systems, section in 5 systems, subfamily in 4 systems, class

in 3 systems and tribe in 2 systems. To check for potential biases produced by the

taxonomic resolution of the hosts, we performed all the statistical analyses

including host taxonomic resolution as covariate. This inclusion of taxonomic
resolution did not change the results of the analyses.

Clade-oriented network analysis. Network analysis has been successfully

applied to the study of ecological communities in recent decades14. In this study,

we have extended the application of network tools to the study of phylogeneti-

cally related clades. We constructed bipartite networks of species belonging to

the same genus and their known hosts throughout their distribution ranges.

Species were then connected through the co-occurrence of interactions. We

subsequently converted the bipartite networks into unipartite networks accord-

ing to shared interactions. Consequently, we obtained networks that connected

the species of our focal systems on the basis of their similarity in the range of host

species used. All network analyses were done with PAJEK26.

Modularity analysis. The modularity level and the number of modules per

network was determined using an algorithm (in the software NETCARTO)

based on simulated annealing and provided by R. Guimerà15,16. This algorithm

identifies modules with an accuracy of 90% (ref. 16). For each network, we

calculated the index of modularity, M (a measure of the extent to which species

have more links within their modules than would be expected if linkage was

random), as

M~
Xr

s~1

ls

L
{

ds

2L

� �2
 !

where r is the number of modules in the network, L is the number of links in the

network, ls is the number of links between nodes in module s and ds is the sum of

degrees of the nodes in module s (refs 15, 16). Because random networks also

may have strong modularity27, we explored whether our networks were signifi-

cantly more modular than random networks by running the same simulated

annealing algorithm in 100 random networks with the same species degree

distribution as the empirical one15. This method produces a modularity index

that is a measure of the degree to which the network is organized into clearly

delimited modules.

Statistical validation of modularity. The modules were validated statistically by

permutational multivariate analyses of variance using distance matrices (using

the function ‘adonis’ in VEGAN20), which test whether element similarity (that

is, similarity between species as a function of host use and similarity between host

taxa as a function of their interacting organisms) was significantly higher within

than between modules. The function ‘adonis’ partitions dissimilarities for the

sources of variation, and uses permutation tests to inspect the significances of

those partitions. Dissimilarity was calculated as a Bray–Curtis distance.

Phylogenetic conservatism. Phylogenetic conservatism in host use was deter-

mined in each system by estimating the significance of the phylogenetic signal

following ref. 25. This test estimates whether the minimum number of evolu-

tionary steps in a character on a phylogenetic tree is lower than the chance result.

This was determined under a null model in which data were reshuffled 1,000

times across the tips of the phylogeny. The character ‘host use’ was the module to

which the species was ascribed by the annealing algorithm. Module was considered

as an unordered, multistate factor. We mapped the evolution of host use onto

published phylogenetic trees. If a phylogeny was not available but DNA sequences

were available in GenBank (Timarcha and Alnicola), we inferred the tree on the

basis of Bayesian methods. Ultimately, we obtained the phylogenies of 111 genera.

We recovered the topology but not the branch lengths of these 111 phylogenetic

trees because the phylogenetic signal test we used is based on parsimony and

branch lengths are therefore not necessary. We did not use likelihood approaches

to take advantage of the information on branch lengths because of the limitation

associated with the number of states of the character being high28. This limitation

results from the fact that likelihood approaches need to estimate the rates at which

a discrete character makes transitions among its possible states as it evolves

through time27. With the high number of states encountered in most of our

phylogenies (mean, 6; range, [2, 18]), the number of transition rates to estimate

is extremely large. All tests were performed using MESQUITE 2.7129.

Statistical analyses. We used generalized linear models to test the effect of

several characteristics of the studied system on their host range, modularity

and phylogenetic conservatism. In these models, we included as explanatory

variables the type of interaction (mutualistic versus antagonistic), intimacy

(symbiotic versus non-symbiotic), classical taxonomic domain (eukaryote, pro-

karyote and virus), host range (when not used as a dependent variable) and

sample size (the number of species appearing in the phylogenies).
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