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Abstract: Organisms adapt to their environment through evolutionary processes. Environments
consist of abiotic factors, but also of other organisms. In many cases, two or more species interact
over generations and adapt in a reciprocal way to evolutionary changes in the respective other
species. Such coevolutionary processes are found in mutualistic and antagonistic systems, such as
predator—prey and host—parasite (including pathogens) relationships. Coevolution often results in an
“arms race” between pathogens and hosts and can significantly affect the virulence of pathogens and
thus the severity of infectious diseases, a process that we are currently witnessing with SARS-CoV-2.
Furthermore, it can lead to co-speciation, resulting in congruent phylogenies of, e.g., the host and
parasite. Monkeys and other primates are no exception. They are hosts to a large number of pathogens
that have shaped not only the primate immune system but also various ecological and behavioral
adaptions. These pathogens can cause severe diseases and most likely also infect multiple primate
species, including humans. Here, we briefly review general aspects of the coevolutionary process in
its strict sense and highlight the value of cophylogenetic analyses as an indicator for coevolution.
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1. Introduction

The mammalian order of primates consists of two suborders: Strepsirrhini (lemurs,
galagos, and lorisids) and Haplorhini (tarsiers, monkeys, and apes—which include hu-
mans). Like any other organism, primates constitute ecosystems for a large number of
organisms, living on or in primate hosts, e.g., microbes of the skin or the gut. Depending
on the effects on the host’s Darwinian or evolutionary fitness (see Table 1), the relationships
between these organisms and the host can be classified as mutualism (beneficial for both
sides), commensalism (beneficial for the colonizing organism, but neutral for the host), or
parasitism (beneficial for the colonizing organism, negative for the host). Parasites feed
and grow in or on the host or use their cellular processes to survive and multiply. Viruses,
bacteria, protozoa, helminths, and arthropods can have significant negative effects on the
fitness and health of the host [1]. If these negative effects can cause disease in the host, a
parasite can be regarded as a pathogen. However, not all parasites cause disease, although
they strongly affect the host’s fitness, e.g., brood parasites such as the cuckoo (Cuculus
canorus). In the following review, we will mainly focus on pathogens and will use the terms
parasite and pathogen partly interchangeably.

Pathogens are part of the natural habitats of wild primates and since at least anthropoid
primates (monkeys and apes) share a similar physiology, many of these pathogens have
the potential to cross species boundaries relatively easily, which also includes transmission
between humans and nonhuman primates, and vice versa [2,3]. The closer the phylogenetic
relationships among possible host species are, the more likely a transmission, given that
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there is contact. Pathogens, which exclusively infect a particular primate species, may even
evolve into forms that exclusively infect humans [4]. However, in primates, as in other
mammals, our understanding of the coevolutionary processes between hosts and parasites
is still limited [5].

Primates, like other organisms, have evolved in heterogeneous environments, which
pose a multitude of challenges to their survival and reproduction. Among individuals,
there is genetic, and as a result, phenotypic variation, resulting in some individuals leaving
more offspring than others. They achieve higher Darwinian fitness and the respective
alleles spread in subsequent populations. Thus, these environmental conditions constitute
selective pressures, and the progeny of the individuals can be regarded as better adapted [6].

An ecosystem is composed of abiotic factors (e.g., climate and soil chemistry) and biotic
factors (living organisms). Organisms do not live in isolation and interactions with other
taxa are ubiquitous and an important feature of the environment. Animals feed on plants
or other animal species, compete for resources, are threatened by predators, and are also
infested by parasites. They provide the habitat for billions of microorganisms living on and
inside their bodies, as commensals, mutualists, or parasites [7,8]. In other words, organisms
evolve in response to the interaction with other species. These interactions can have
different fitness effects on the participating organisms and are classified accordingly [9]. In
the case of mutualism, individuals of both interacting species benefit from their interaction,
in case of competition, individuals of both species lose fitness, and in cases of predation
and parasitism, individuals of one species gain fitness at the fitness expense of individuals
of the other species. Commensalism occurs if one species increases its fitness without
any consequences for the second species, and in many cases, the interactions between the
species are just neutral, without any effect on the fitness of either species.

In many cases, an evolutionary change in one species triggers an evolutionary response
in a second species, including parasites and pathogens, which again leads to a trait change
in the first species or host. This means that changes in gene frequencies as a result of
selection acting on one population (species) creates selection pressure for changes in gene
frequencies in the other population (species), which again creates selection in the first
population (species), and so on [10]. Such reciprocal evolutionary changes in two or more
species have been defined as coevolution in a strict sense [11].

Coevolution among species plays a major role in the evolution and maintenance of a
wide array of biological phenomena, including local adaptation, speciation, and resistance
against parasites. Although it has proven difficult to rigorously demonstrate coevolution
in practice, it can have a major influence on how genetic variation in biologically and
biomedically important traits (e.g., immune system) is interpreted, and thus can contribute
to our understanding of health and disease [10]. With our review, we aim to provide a brief
overview of the various aspects of coevolution and will discuss some examples of possible
coevolution in relation to infectious diseases in nonhuman primates.

Table 1. Glossary !.

Genetic change that increases fitness (operationally reproductive

Adaptation . .
p success) in response to natural selection

Reciprocal adaptation in two or more ecologically interacting
Co-adaptation species, such as a host and its parasite (pathogen) or a flowering
plant and its pollinator

Joint evolution of two or more ecologically interacting species.

C luti . . . .
oevotution Often used in the strict sense as an equivalent to co-adaptation

Joint diversification of interacting lineages: (1) early step in the
process of co-speciation, and (2) more suitable term than
co-speciation in cases where species delimitation is difficult (e.g.,
bacterial strains, viruses)

Co-diversification
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Table 1. Cont.

Joint speciation of both the host and parasite. Either the host or

Co-speciation parasite may speciate slightly after or before the other

A struggle between competing sets of coevolving genes, traits, or

Evolutionary Arms Race species, that leads to adaptations and counter-adaptations against
each other
Fahrenholz’s Rule Parasite phylogeny mirrors host phylogeny

Individual reproductive success. Equal to the average contribution of

Fitness an individual to the gene pool of the next generation(s)

Parasite (pathogen)-induced reduction in host fitness, and the
Virulence ability of a parasite to cause disease in and/or death of its hosts
(morbidity and mortality)

116,9,12-14].

2. Coevolution

Ehrlich and Raven [15] were the first to coin the term coevolution in a study on
the effects of secondary chemical compounds in plants acting as defense substances on
herbivore butterflies (butterflies whose larvae feed on these plants). However, Charles
Darwin [16] already mentioned evolutionary interactions between flowering plants and
insects as pollinators. He developed this idea further and, considering the 30 cm-long
nectar spur of the Malagasy star orchid (Angraecum sesquipedale), predicted that there must
be a pollinator adapted to this long spur [17]. Forty years later, Morgan’s sphinx moth
(Xanthopan morganii) was discovered and identified as the pollinator, which indeed has a
proboscis that is also about 30 cm-long [18]. Another intriguing mutualistic coevolution can
be found between figs and their pollinators, the fig wasps of the family Agaonidae [19,20].
Each of the more than 750 species of figs has its own pollinating wasp species, and this
specificity is maintained by responses of the wasps to fig volatile cues [21,22].

Coevolution in the strict sense refers to pairwise interactions among species, e.g.,
reciprocal trait changes in two species, A and B, can be detected. An evolutionary change
in species A is followed by a change in species B, which in turn triggers a second change
in species A, and so on (evolutionary “arms race”). In many cases, however, the situation
is more complicated since one species interacts with multiple species and it may come to
diffuse coevolution, i.e., multiple interacting species have influenced one another in some
reciprocal manner [6]. For instance, many pollinator species interact with several plant
species. Honeybees (Apis mellifera) and many related Hymenoptera are not specialized on
only one plant species but visit and pollinate a number of species [23]. In addition, when it
comes to seed dispersal in plants, multi-species interactions can be observed. Within an
ecological community, a whole guild of frugivorous animals (e.g., primates, birds, bats)
are potential seed dispersers. Plants, thus, may co-adapt in fruit and seed characteristics
to the whole guild or just to a few specialized frugivores. Frugivores, on the other hand,
may co-adapt to certain fruit and seed characteristics [24]. The evolutionary interaction
of multiple species that have influenced one another in some reciprocal evolutionary way
is called diffuse coevolution [25] and may also be the usual situation when considering
primates and their pathogens.

Concerning pollination and in contrast to seed dispersal, there is a certain selection
pressure on the plant part to make sure that the pollinator sticks to the same plant species
when carrying pollen from one flower to the next. The pollen delivery system must be
more precise than the seed dispersal system. Therefore, one finds tighter co-adaptations
among plants and pollinators than among plants and seed dispersers [26].

Interactions such as the ones between plants, pollinators, and seed dispersers or
the ability of folivorous primates such as colobine monkeys to digest food items with a
high fiber content with the help of their gut microbiota [27], are examples of mutualistic
relationships. In contrast, an example of antagonistic interactions is the evolution of a
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predator—prey relationship. A prey species evolves to run faster than the predator, which
exerts selection pressure on the predator to run even faster (Figure 1). In turn, the prey
species evolves a response to the faster predator, and so on. Such processes of adaptation
and counter-adaptation may continue in a positive feedback loop until costs outweigh
benefits or when an energetic or physiological threshold is reached [28]. Similar coevolution
can occur between parasites and hosts. Such antagonistic processes may result in unstable
runaway escalations or perpetual “arms races”, where one side evolves mechanisms to
avoid predation or parasitism, which is then countered by more sophisticated armament
or tactics to overcome the newly evolved defenses and tactics of prey or hosts [29]. An
interesting case is the brood parasitism of the common cuckoo. Here, host species (small
passerine birds) can be observed to mob, attack, and kill the cuckoo [30]. Adult common
cuckoos resemble in appearance the Eurasian sparrowhawk (Accipiter nisus), which is a
common predator of cuckoo hosts. It is hypothesized that cuckoos have evolved this
mimicry to avoid such attacks. However, observations on a common host species, the
red-backed shrike (Lanius collurio) suggest that this mimicry is no longer as effective as
before [31].

Figure 1. Predator—prey interaction. Cheetah (Acinonyx jubatus) chasing an impala (Aepyceros melam-
pus). Drawing by David Zinner.

Although there is continual evolutionary change in both species involved, the rela-
tionship between the two species will not change, i.e., normally, none of the species will
evolutionarily outrun the other, i.e., drive it to extinction. The idea here is that species have
to “run” (evolve) in order to stay in the same place (extant). Van Valen [32] dubbed it the
Red Queen hypothesis.

Biotic factors play important roles as selective pressures for all organisms in majority
of cases and the term coevolution has been applied to various kinds of evolutionary
interactions among organisms. It is even applied to non-biological phenomena, such as
“coevolution” between supermassive black holes and star formation [33]. However, not
every adaptation to another species can be regarded as coevolution. For instance, birds of
the genus Buphagus (oxpeckers) are adapted to feed on ectoparasites of large ungulates of
the African savannah (Figure 2). Thus, they provide some service to these ungulates by
removing parasites, e.g., ticks. Although both species, the bird and the ungulate, obviously
gain benefits from the birds’ foraging behavior, it remains questionable whether ungulates
have responded evolutionarily to the interaction with oxpeckers. Here, the reciprocal
evolutionary change might be missing, and the mutualistic relationship is most likely
shaped by correlated evolution and not by coevolution [34].
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Figure 2. Oxpecker (Buphagus sp.) on a young impala (Aepyceros melampus). Drawing by David Zinner.

Often, the term coevolution is also used in relation to evolutionary “arms races” within
a single species (e.g., between sexes of the same species, sexual conflict [35,36]) or even
within an individual (e.g., evolutionary changes within a population of parasites (viruses)
within an individual host). Similar to these phenomena, the interdependent evolutionary
reinforcement between brain size and the complexity of social systems in cetaceans and
primates [37-39] does not, however, fulfil the strict definition of coevolution. In the case of
sexual conflict and brain size evolution, the reciprocal adaptation does not occur between
two populations or species, and in the case of viruses, the host represents more a kind
of habitat for the parasite, and its immune system constitutes selection pressure for the
parasite population. However, the individual host does not, and of course, cannot respond
with an evolutionary change. Please note that viruses are regarded as obligate intracellular
parasites [40].

3. Coevolution and Parasites

Intriguing examples of coevolution involve parasites and their hosts (e.g., [41]). How-
ever, host-parasite interactions do not always fulfil the criteria for coevolution, because
sometimes selection acts only on one partner. For instance, a parasite may enter a small
population of a host species, imposing selection and genetic change on the host population
without being changed itself [42]. Additionally, if a new parasite invades a naive host
population, host mortality can be dramatic, e.g., the accidental introduction (in the 1960s) of
a fly whose larvae suck blood from bird nestlings caused a mortality of 55% among nestling
of Galapagos finches [43]. Similarly, the transmission of pathogens, such as pandemic
human viruses, from humans into naive great ape populations represents a major threat to
these endangered species and is thus of great conservation concern [44,45].

The risk of infection by parasites represents a strong selective force and, as in predator—
prey systems, evolutionary “arms races” can often be observed, where hosts evolve more
and more elaborate behavioral, physiological, and immune defense mechanisms and
parasites try to overcome this resistance [14]. The antagonistic coevolution between hosts
and their parasites has been proposed as a fundamental driver of the genetic diversity
found in populations [46-48], because parasites may cause frequency-dependent selection
of rare genotypes (rare genotype advantage [41,42,49,50]). If a parasite invades a host
population, it will most frequently encounter hosts with the most abundant genotypes in
the population and will adapt to those genotypes. If they are adapted to one host genotype,
they may be not able to infect hosts with other genotypes as well, making hosts with rare
genotypes more resistant.

Parasites are believed to track specific host genotypes under natural conditions [51].
Since, by definition, pathogens negatively affect the host’s fitness, the former most frequent
genotype will be reduced, whereas the frequency of hosts carrying the original rare geno-
type will increase and the parasite will adapt to the now most frequent genotype. Such
frequency-dependent selection by parasites is hypothesized to be an important factor for
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the maintenance of polymorphisms of the immune system and indicates the potential for
coevolution [52,53]. At least for humans, there is some evidence that exposure to certain
forms of parasites during childhood is affecting the host’s immune system in a way that
the risk for allergies and auto-immune diseases is reduced [54,55]. However, this does not
contradict the general negative effect of pathogens.

Several parasites are known to exhibit multiple transmission modes, e.g., sexual
and non-sexual contact. This is the case for instances of syphilis and yaws, genital and
facial herpes, pubic and head lice, and genital and cutaneous warts. The duality in their
transmission modes might be due to a single genotype having several transmission routes
or that the parasite population contains several genetic strains, which are individually
specialized for different routes of transmission [56].

In vertebrates, an adaptive immune system has evolved as a highly complex and
multi-layered defense mechanism [57,58], the details of which are, however, beyond the
scope of this review. It is even hypothesized that the risk of parasite infection drove local
adaptation [47] and the prevalence of sexual reproduction over the more efficient asexual
reproduction, as a measure to increase the genetic diversity within host populations, which
would make it more difficult for parasites to attack a host [32,59,60].

In addition, in the host’s “meta-organism” (i.e., the body plus its microbiota [61]), the
commensal or mutualistic species usually vastly outnumber the parasites, contributing to
parasite defense and the regulation of the immune system, which can make coevolutionary
processes rather complicated, because here, the large number of species involved makes
coevolution more diffuse [62]. Similar diffuse coevolution can occur if a host population is
infected by several parasite species. Studies with bacteria and their bacteriophages indicate
that exposure to multiple parasites influences the rate and type of host—parasite coevo-
lution [63]. An interesting question here is whether beneficial symbionts coevolve with
their hosts and whether and how microbial parasites might have evolved into defensive
symbionts [62].

4. Virulence

From an evolutionary perspective, hosts evolve in ways that minimize their fitness
cost of being infected and parasites evolve to maximize their fitness by exploiting the host
as an ecological resource. The effect of parasites on the host’s fitness can be more or less
severe. Some parasites, e.g., lice, may take just little drops of blood from the host, but
others may cause substantial mortality, e.g., viruses responsible for Ebola and yellow fever
or bacteria causing anthrax in nonhuman primates [64]. Hence, by definition, the virulence
of parasites differs. However, virulence not only differs among parasite species but also
among host species. The same parasite can show different degrees of virulence in different
host species. For instance, in various macaques (Macaca spp.) Macacine alpha-herpes virus
1 (Herpes B) causes symptoms similar to that of herpes simplex viruses (HSV) in humans.
However, in humans, the same virus can lead to a severe central nervous system disease
with a fatality rate of approximately 70% in untreated patients [65]. Other examples are
immunodeficiency viruses. While the human immunodeficiency virus (HIV) causes AIDS
in humans and the simian immunodeficiency virus of chimpanzees (SIVcpz) is pathogenic
in free-ranging chimpanzees [66], other closely related SIVs, e.g., in African green monkeys
(Chlorocebus spp.) or drills (Mandrillus leucophaeus), replicate efficiently in their natural hosts,
without causing clinical symptoms [67,68]. Such observations suggest that species-specific
host factors, such as interspecies differences in immune response, rather than intrinsic
factors of the parasites, determine the virulence of the parasite [69].

Differential virulence is most likely a result of the coevolutionary interplay between
the survival and reproductive strategies of the parasites and the various levels of the host’s
defenses (e.g., behavioral, innate, and adaptive immune defenses). Parasites also have to
migrate from one host to the next and high virulence might counteract high transmissibility,
e.g., if a parasite that is sexually transmitted kills the host before the next sexual contact
can occur. Therefore, one might expect sexually transmitted parasites to infect their hosts
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cryptically by yielding only minor cues of infection [70]. As a by-product, cryptic infections
may also tend to be of relatively low virulence [71]. Thus, for HIV, high virulence as found
in Ebola viruses would possibly not be an optimal strategy. Trade-offs between virulence
and transmissibility influence the progression of parasite infections in individuals and
populations [72]. Strong evidence for the trade-off model of virulence is also found in HIV.
The question of why some infected host individuals develop AIDS rapidly whereas others
remain healthy without treatment for many years is most likely related to the apparent
conflict between the two levels of selection pressure on the virus [73,74]. On the other hand,
if a sexually transmitted pathogen leads to symptoms perceivable (visible or olfactory) for
potential sexual partners, sexual behavior and mate choice might be affected, as in the case
of olive baboons (Papio anubis) infected with Treponema pallidum when females avoid mating
with males showing visible signs of infection [75,76].

In some cases, when a new parasite invades a naive population, virulence might
be high in the beginning, whereas a long period of coexistence promotes adaptation of
the host, and virulence will decline. However, this is not always the outcome of the
“arms race” [77-79]. As most parasites reproduce within a host, some of their genotypes
will have a selective advantage. They enable certain individuals to evade host defenses,
reproduce better than others, and become more effective in utilizing the host’s resources,
i.e., their negative effect on the host’s fitness will probably increase. They will become more
virulent [14].

An interesting example where one can observe the evolution of a virus is SARS-CoV-2,
a coronavirus that caused a pandemic. Transmission and virulence are largely decoupled
for SARS-CoV-2 because transmission occurs during the course of infection long before
severe or fatal consequences occur. Accordingly, it is also impossible to predict with
certainty whether future virus variants will be more or less virulent than the currently
(2022) prevalent omicron variants [80]. Considering the unpredictable nature of SARS-CoV-
2 evolution, it is unclear whether future SARS-CoV-2 variants will derive primarily from
omicron variants or from phylogenetically divergent lineages, thus becoming more virulent
and/or easier to transmit [80].

One well-studied case of host—parasite coevolution is the interaction between the
myxomatosis virus and its rabbit hosts [81]. Upon its introduction in Australia to control
the rabbit population, the virus was extremely virulent, killing more than 99% of infected
rabbits with a mean survival time of fewer than two weeks. After some time, less virulent
virus strains emerged and spread in the rabbit population. The mortality dropped to 75—
90% with an average survival time of 2.5 to 4 weeks. Most likely due to trade-offs between
virulence and transmissibility, the virus had evolved to an intermediate level of virulence.
For an optimal transmission, virus population densities should not be too low and host
survival should not be too short, so there is time for transmission to new hosts. As the
virus became less virulent, the rabbits evolved better resistance, but the resistance remained
incomplete, perhaps because of the limited genetic diversity in the rabbit population.

5. Co-Speciation and Phylogenetic Congruence

Studies on host-parasite coevolution can help to understand the reciprocal adaptations
of the parasite and the host. However, evidence for coevolution is not easy to find, in
particular in long-lived organisms such as vertebrates. Usually, microbial systems, such
as bacteria and their bacteriophages, are used as models for the study of coevolutionary
processes [82].

Host—parasite coevolution over longer periods can result in co-speciation and con-
gruent phylogenies of host—parasite lineages. Hence, if host—parasite phylogenies are
congruent, this often suggests that some coevolutionary processes are involved [83]. How-
ever, co-speciation is neither necessary nor sufficient for pairwise coevolution and does
not imply coevolution as defined as reciprocal evolutionary change [13,84]. Nonetheless,
in particular for vertebrates, simultaneous phylogenetic analyses of hosts and their para-
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sites can provide a first indication for coevolution. In addition, phenomena such as host
switching and host sharing may emerge in such approaches [13,27,84-86].

6. Phylogeny and Coevolution

A phylogeny (or evolutionary tree) aims to describe how organisms are related to one
another in an evolutionary context [87]. Phylogenies are based on the assumption that more
closely related species or taxonomic groups are more similar to one another than to more
distantly related ones and that they share a common ancestor. Phylogenetic relationships
are commonly depicted as trees, but sometimes also as networks. Darwin [16] was the first
to depict the evolutionary relationships of organisms in a tree, followed shortly afterwards
by Haeckel [88].

Phylogenies are constructed based on differences or similarities of physical or molec-
ular characters, or other traits, which are inherited by ancestry [89,90]. Due to tech-
nical progress in the field of molecular genetics, contemporary phylogenetic analyses
or reconstructions are mostly based on nucleotide sequence data of partial or complete
genomes [91].

If host species and their associated parasites are ecologically tightly linked to each
other over evolutionary times, host and parasite lineages are expected to diverge more or
less simultaneously and show congruent phylogenies. However, since the evolutionary
trajectories of the host and the parasite are also independent and evolutionary changes
might occur faster in parasites than in hosts, due to their faster life history and shorter
generation times, complete congruence is rarely achieved. Cross-species transmission of
parasites (switching hosts) furthermore complicates a congruent phylogenetic pattern.

Examples of congruent phylogenies have been reported from various host-parasite
systems but also for mutualistic associations (e.g., pollination of figs by fig wasps [19,20]).
An interesting example of phylogenetic congruence exists between hominids and their
lice [92] (Figure 3).

In a phylogenetic study of the lice of African hominids (African apes, including
humans), Reed et al. [92] found evidence for a parasite duplication ca. 13 million years ago,
which led to the extant genera Pediculus and Pthirus. Humans share the genus Pediculus
with chimpanzees and most likely also with their most recent common ancestor. Gorillas
are infested by lice of the genus Pthirus. Interestingly, humans are also hosts to a species
of the genus Pthirus, which they most likely received secondarily by a host switch from
gorillas about 3 to 4 million years ago.

Among examples where the phylogenies of parasites and hosts match well is the case of
SIV in African green monkeys [93]. Each of the five studied green monkey species is host to
a monophyletic clade of SIV lineages, indicating tight coevolution and codivergence among
the host and the parasite. In majority of cases, phylogenies of the host and the parasite are
not as strictly correlated, but often a tendency for congruence between host and parasite
phylogenies is discernible, as demonstrated by a study comparing the phylogenies of virus
families with phylogenies of their eukaryotic hosts [94]. The study furthermore revealed
that cross-species transmission is a near-universal feature of the investigated viruses.
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Figure 3. Phylogenies of Catarrhini and their lice (the host lineages are depicted in grey, the parasite
lineages in black). Primate taxa: Cer. = Cercopithecidae; Pan = chimpanzee; Gorilla = gorilla; Homo
= human; lice taxa: P.sp. = Pedicinus sp.; P.s. = Pediculus schaeffi; Ph. = Pthirus pubis; P.g. = Pthirus
gorillae. Time scale on the right is in million years. The arrow indicates a host switch from gorillas to
humans, the daggers indicate failed sorting (extinction or “missing the boot”), and the black circle
indicates an independent parasite divergence (duplication) (modified from [92], distributed under
the terms of the Creative Commons (CC) BY license).

7. Conclusions

Coevolution is an important framework to understand host-parasite interactions, and
hence also infectious diseases in primates. Although the processes of co-adaptation (on a
micro- and macro-evolutionary level) are often difficult to study, comparative analyses of
phylogenies of parasites and their hosts can provide information on host switches and on
the timeframes over which parasites and hosts interacted [95]. This can help to understand
differences in virulence of the same or similar parasites in different hosts and to develop
scenarios about the spread of parasites within and between populations and species.

Author Contributions: All authors have contributed in writing the review. All authors have read
and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We thank Sascha Knauf, Charlie Nunn, Vanessa Wilson, and Luisa Hallmaier-
Wacker for their valuable comments on earlier drafts of the paper. We are grateful to David Zinner
for his drawings.

Conflicts of Interest: The authors declare no conflict of interest.

1. Nunn, C.L,; Altizer, S. Infectious Diseases in Primates: Behavior, Ecology and Evolution; Oxford University Press: New York, N, USA, 2006.

2. Wolfe, N.D.; Escalante, A.A.; Karesh, W.B.; Kilbourn, A.; Spielman, A.; Lal, A.A. Wild primate populations in emerging infectious
disease research: The missing link? Emerg. Infect. Dis. 1998, 4, 149-158. [CrossRef] [PubMed]

3. Cooper, N,; Griffin, R.; Franz, M.; Omotayo, M.; Nunn, C.L. Phylogenetic host specificity and understanding parasite sharing in
primates. Ecol. Lett. 2012, 15, 1370-1377. [CrossRef] [PubMed]


http://doi.org/10.3201/eid0402.980202
http://www.ncbi.nlm.nih.gov/pubmed/9621185
http://doi.org/10.1111/j.1461-0248.2012.01858.x
http://www.ncbi.nlm.nih.gov/pubmed/22913776

Life 2023, 13, 823 10 of 12

10.

11.
12.

13.
14.
15.
16.
17.
18.
19.
20.
21.

22.
23.

24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.

36.
37.

38.

39.

40.

Wolfe, N.D.; Dunavan, C.P.; Diamond, J. Origins of major human infectious diseases. Nature 2007, 447, 279-283. [CrossRef]
Nunn, C.L.; Altizer, S.; Sechrest, W.; Jones, K.E.; Barton, R.A; Gittleman, J.L. Parasites and the evolutionary diversification of
primate clades. Am. Nat. 2004, 164 (Suppl. 5), S90-S103. [CrossRef]

Futuyma, D.J.; Kirkpatrick, M. Evolution, 4th ed.; Sinauer: New York, NY, USA, 2018.

Costello, E.K,; Stagaman, K.; Dethlefsen, L.; Bohannan, B.J.M.; Relman, D.A. The application of ecological theory toward an
understanding of the human microbiome. Science 2012, 336, 1255-1262. [CrossRef]

Rees, T.; Bosch, T.C.G.; Douglas, A.E. How the microbiome challenges our concept of self. PLoS Biol. 2018, 16, €2005358. [CrossRef]
Clayton, D.; Bush, S.E.; Johnson, K.P. Coevolution of Life on Hosts. Integrating Ecology and History; The University of Chicago Press:
Chicago, IL, USA, 2016.

Woolhouse, M.E.].; Webster, ].P.; Domingo, E.; Charlesworth, B.; Levin, B.R. Biological and biomedical implications of the
co-evolution of pathogens and their hosts. Nat. Genet. 2002, 32, 569-577. [CrossRef]

Janzen, D.H. When is it coevolution? Evolution 1980, 34, 611-612. [CrossRef]

Stuart, M.D.; Strier, K.B. Primates and parasites: A case for a multidisciplinary approach. Int. |. Primatol. 1995, 16, 577-593.
[CrossRef]

Page, R.D.M. Tangled trees: Phylogeny, cospeciation, and coevolution. Introduction. In Tangled Trees: Phylogeny, Cospeciation, and
Coevolution; The University of Chicago Press: Chicago, IL, USA, 2003; pp. 1-21.

Perlman, R.L. Evolution and Medicine; Oxford University Press: Oxford, UK, 2013.

Ehrlich, PR.; Raven, PH. Butterflies and plants: A study in coevolution. Evolution 1964, 18, 586-608. [CrossRef]

Darwin, C. On the Origin of Species by Means of Natural Selection, or the Preservation of Favoured Races in the Struggle for Life; John
Murray: London, UK, 1859.

Darwin, C. On the Various Contrivances by Which British and Foreign Orchids Are Fertilised by Insects; John Murray: London, UK, 1862.
Kritsky, G. Darwin’s Madagascan hawk moth prediction. Am. Entomol. 1991, 37, 206-210. [CrossRef]

Weiblen, G.D.; Bush, G.L. Speciation in fig pollinators and parasites. Mol. Ecol. 2002, 11, 1573-1578. [CrossRef] [PubMed]

Cook, ].M.; Rasplus, J.Y. Mutualists with attitude: Coevolving fig wasps and figs. Trends Ecol. Evol. 2003, 18, 241-248. [CrossRef]
Hossaert-McKey, M.; Gibernau, M.; Frey, ].E. Chemosensory attraction of fig wasps to substances produced by receptive figs.
Entomol. Exp. Appl. 1994, 70, 185-191. [CrossRef]

Ware, A.B.; Compton, S.G. Responses of fig wasps to host plant volatile cues. . Chem. Ecol. 1994, 20, 785-802. [CrossRef]
Stanley, D.A.; Msweli, S.M.; Johnson, S.D. Native honeybees as flower visitors and pollinators in wild plant communities in a
biodiversity hotspot. Ecosphere 2020, 11, €02957. [CrossRef]

Chapman, C.A. Primate seed dispersal: Coevolution and conservation implications. Evol. Anthropol. 1995, 4, 74-82. [CrossRef]
Fox, L.R. Diffuse coevolution within complex communities. Ecology 1988, 69, 906-907. [CrossRef]

Linhart, Y. Plant pollination and dispersal. In Ecology and the Environment; Monson, R.K., Ed.; Springer: New York, NY, USA, 2014;
pp. 89-117.

Clayton, ].B.; Gomez, A.; Amato, K.; Knights, D.; Travis, D.A.; Blekhman, R.; Knight, R.; Leigh, S.; Stumpf, R.; Wolf, T.; et al. The
gut microbiome of nonhuman primates: Lessons in ecology and evolution. Am. J. Primatol. 2018, 80, e22867. [CrossRef]
Abrams, P.A. The evolution of predator-prey interactions: Theory and evidence. Annu. Rev. Ecol. Syst. 2000, 31, 79-105. [CrossRef]
Dawkins, R.; Krebs, ].R. Arms races between and within species. Proc. R. Soc. B 1979, 205, 489-511. [CrossRef]

Zhao, H.; Luo, H; Yan, H.; He, G.; Wang, L.; Liang, W. Fatal mobbing and attack of the common cuckoo by its warbler hosts. Ecol.
Evol. 2022, 12, €9649. [CrossRef] [PubMed]

Krausova, L.; Vesely, P; Syrova, M.; Antonova, K.; Fiser, O.; Chlumska, V.; Patkova, M.; PuZej, S.; Fuchs, R. Red-backed shrike
(Lanius collurio) versus common cuckoo (Cuculus canorus): An example of ineffective cuckoo-hawk mimicry. Ecol. Evol. 2022, 12,
€9664. [CrossRef] [PubMed]

Van Valen, L. A new evolutionary law. Evol. Theory 1973, 1, 1-30.

Martin-Navarro, L.; Brodie, ].P.; Romanowsky, A.J.; Ruiz-Lara, T.; van de Ven, G. Black-hole-regulated star formation in massive
galaxies. Nature 2018, 553, 307-309. [CrossRef]

Nunn, C.L.; Ezenwa, V.O.; Arnold, C.; Koenig, W.D. Mutualism or parasitism? Using a phylogenetic approach to characterize the
oxpecker-ungulate relationship. Evolution 2011, 65, 1297-1304. [CrossRef]

Arngqvist, G.; Rowe, L. Sexual conflict and arms races between the sexes: A morphological adaptation for control of mating in a
female insect. Proc. R. Soc. B 1995, 261, 123-127. [CrossRef]

Arngqvist, G.; Rowe, L. Sexual Conflict; Princeton University Press: Princeton, NJ, USA, 2005.

Pérez-Barberia, FJ.; Shultz, S.; Dunbar, R.I.M. Evidence for coevolution of sociality and relative brain size in three orders of
mammals. Evolution 2007, 61, 2811-2821. [CrossRef]

Fox, K.C.R.; Muthukrishna, M.; Shultz, S. The social and cultural roots of whale and dolphin brains. Nat. Ecol. Evol. 2017, 1,
1699-1705. [CrossRef]

Street, S.E.; Navarrete, A.F; Reader, S.M.; Laland, K.N. Coevolution of cultural intelligence, extended life history, sociality, and
brain size in primates. Proc. Natl. Acad. Sci. USA 2017, 114, 7908-7914. [CrossRef]

Summers, W.C. Virus infection. In Encyclopedia of Microbiology, 3rd ed.; Schaechter, M., Ed.; Academic Press: Oxford, UK, 2009; pp.
546-552.


http://doi.org/10.1038/nature05775
http://doi.org/10.1086/424608
http://doi.org/10.1126/science.1224203
http://doi.org/10.1371/journal.pbio.2005358
http://doi.org/10.1038/ng1202-569
http://doi.org/10.2307/2408229
http://doi.org/10.1007/BF02735282
http://doi.org/10.2307/2406212
http://doi.org/10.1093/ae/37.4.206
http://doi.org/10.1046/j.1365-294X.2002.01529.x
http://www.ncbi.nlm.nih.gov/pubmed/12144676
http://doi.org/10.1016/S0169-5347(03)00062-4
http://doi.org/10.1111/j.1570-7458.1994.tb00746.x
http://doi.org/10.1007/BF02059613
http://doi.org/10.1002/ecs2.2957
http://doi.org/10.1002/evan.1360040303
http://doi.org/10.2307/1941243
http://doi.org/10.1002/ajp.22867
http://doi.org/10.1146/annurev.ecolsys.31.1.79
http://doi.org/10.1098/rspb.1979.0081
http://doi.org/10.1002/ece3.9649
http://www.ncbi.nlm.nih.gov/pubmed/36568870
http://doi.org/10.1002/ece3.9664
http://www.ncbi.nlm.nih.gov/pubmed/36582776
http://doi.org/10.1038/nature24999
http://doi.org/10.1111/j.1558-5646.2010.01212.x
http://doi.org/10.1098/rspb.1995.0126
http://doi.org/10.1111/j.1558-5646.2007.00229.x
http://doi.org/10.1038/s41559-017-0336-y
http://doi.org/10.1073/pnas.1620734114

Life 2023, 13, 823 11 0f12

41.

42.

43.

44.

45.

46.

47.

48.

49.
50.

51.

52.

53.

54.

55.

56.

57.
58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.
71.

72.

Dybdahl, M.E; Lively, C.M. Host-parasite coevolution: Evidence for rare advantage and time-lagged selection in a natural
population. Evolution 1998, 52, 1057-1066. [CrossRef] [PubMed]

Morgan, A.D.; Koskella, B. Coevolution of host and pathogen. In Genetics and Evolution of Infectious Disease; Tibayrenc, M., Ed.;
Elsevier: London, UK, 2017; pp. 115-140. [CrossRef]

Kleindorfer, S.; Custance, G.; Peters, K.J.; Sulloway, F. Introduced parasite changes host phenotype, mating signal and hybridiza-
tion risk: Philornis downsi effects on Darwin’s finch song. Proc. R. Soc. B 2019, 286, 20190461. [CrossRef] [PubMed]

Kondgen, S.; Kiihl, H.; N’Goran, PK.; Walsh, P.D.; Schenk, S.; Ernst, N.; Biek, R.; Formenty, P.; Mitz-Rensing, K.; Schweiger, B.;
et al. Pandemic human viruses cause decline of endangered great apes. Curr. Biol. 2008, 18, 260-264. [CrossRef] [PubMed]
Patrono, L.V.; Samuni, L.; Corman, V.M.; Nourifar, L.; R6themeier, C.; Wittig, R.M.; Drosten, C.; Calvignac-Spencer, S.; Leendertz,
F. Human coronavirus OC43 outbreak in wild chimpanzees, Cote d’Ivoire, 2016. Emerg. Microbes Infect. 2018, 7, 1-4. [CrossRef]
[PubMed]

Anderson, R.M.; May, R M. Coevolution of hosts and parasites. Parasitology 1982, 85, 411-426. [CrossRef]

Thompson, ].N. The Geographic Mosaic of Coevolution; The University of Chicago Press: Chicago, IL, USA, 2005.

Paterson, S.; Vogwill, T.; Buckling, A.; Benmayor, R.; Spiers, A.J.; Thomson, N.R.; Quail, M.; Smith, E.; Walker, D.; Libberton, B.;
et al. Antagonistic coevolution accelerates molecular evolution. Nature 2010, 464, 275-278. [CrossRef]

Haldane, ].B.S. Disease and evolution. La Ric. Sci. 1949, 19, 1-11.

Ebert, D. Host—parasite coevolution: Insights from the Daphnia—parasite model system. Curr. Opin. Microbiol. 2008, 11, 290-301.
[CrossRef]

Carius, H.J.; Little, T.J.; Ebert, D. Genetic variation in a host-parasite association: Potential for coevolution and frequency-
dependent selection. Evolution 2001, 55, 1136-1145. [CrossRef]

Siemens, D.H.; Roy, B.A. Tests for parasite-mediated frequency-dependent selection in natural populations of an asexual plant
species. Evol. Ecol. 2005, 19, 321-338. [CrossRef]

Koskella, B.; Lively, C.M. Evidence for negative frequency-dependent selection during experimental coevolution of a freshwater
snail and a sterilizing trematode. Evolution 2009, 63, 2213-2221. [CrossRef] [PubMed]

Okada, H.; Kuhn, C; Feillet, H.; Bach, ].E. The ‘hygiene hypothesis’ for autoimmune and allergic diseases: An update. Clin. Exp.
Immunol. 2010, 160, 1-9. [CrossRef] [PubMed]

Scudellari, M. News Feature: Cleaning up the hygiene hypothesis. Proc. Natl. Acad. Sci. USA 2017, 114, 1433-1436. [CrossRef]
[PubMed]

Thrall, PH.; Antonovics, J. Polymorphism in sexual versus non-sexual disease transmission. Proc. R. Soc. B 1997, 264, 581-587.
[CrossRef]

Cooper, M.D.; Alder, M.N. The evolution of adaptive immune systems. Cell 2006, 124, 815-822. [CrossRef]

Boehm, T.; Hirano, M.; Holland, S.J.; Das, S.; Schorpp, M.; Cooper, M.D. Evolution of alternative adaptive immune systems in
vertebrates. Annu. Rev. Immunol. 2018, 36, 19-42. [CrossRef]

Morran, L.T.; Schmidt, O.G.; Gelarden, I.A.; Parrish, R.C.; Lively, C.M. Running with the Red Queen: Host-parasite coevolution
selects for biparental sex. Science 2011, 333, 216-218. [CrossRef]

Ashby, B.; King, K.C. Diversity and the maintenance of sex by parasites. J. Evol. Biol. 2015, 28, 511-520. [CrossRef]

Bosch, T.C.; McFall-Ngai, M.]. Metaorganisms as the new frontier. Zoology 2011, 114, 185-190. [CrossRef]

Vorburger, C.; Perlman, S.J. The role of defensive symbionts in host—parasite coevolution. Biol. Rev. 2018, 93, 1747-1764. [CrossRef]
Betts, A.; Gray, C.; Zelek, M.; MacLean, R.C.; King, K.C. High parasite diversity accelerates host adaptation and diversification.
Science 2018, 360, 907-911. [CrossRef] [PubMed]

Nunn, C.L.; Gillespie, T.R. Infectious disease and primate conservation. In An Introduction to Primate Conservation; Wich, S.A.,
Marshall, A.J., Eds.; Oxford University Press: Oxford, UK, 2016; pp. 151-173. [CrossRef]

Hulff, J.L.; Barry, P.A. B-virus (cercopithecine herpesvirus 1) infection in humans and macaques: Potential for zoonotic disease.
Emerg. Infect. Dis. 2003, 9, 246-250. [CrossRef] [PubMed]

Keele, B.E; Jones, ].H.; Terio, K.A.; Estes, ].D.; Rudicell, R.S.; Wilson, M.L.; Li, Y.; Learn, G.H.; Beasley, T.M.; Schumacher-Stankey,
J.; et al. Increased mortality and AIDS-like immunopathology in wild chimpanzees infected with SIVcpz. Nature 2009, 460,
515-519. [CrossRef]

Silvestri, G. Immunity in natural SIV infections. |. Intern. Med. 2009, 265, 97-109. [CrossRef] [PubMed]

Joas, S.; Parrish, E.H.; Gnanadurai, C.W.; Lump, E.; Stiirzel, C.M.; Parrish, N.F,; Learn, G.H.; Sauermann, U.; Neumann, B.; Matz-
Rensing, K.; et al. Species-specific host factors rather than virus-intrinsic virulence determine primate lentiviral pathogenicity.
Nat. Commun. 2018, 9, 1371. [CrossRef]

Barreiro, L.B.; Quintana-Murci, L. From evolutionary genetics to human immunology: How selection shapes host defence genes.
Nat. Rev. Genet. 2010, 11, 17. [CrossRef]

Knell, RJ. Sexually transmitted disease and parasite-mediated sexual selection. Evolution 1999, 53, 957-961. [CrossRef]

Tybur, ].M.; Gangestad, S.W. Mate preferences and infectious disease: Theoretical considerations and evidence in humans. Philos.
Trans. R. Soc. B Biol. Sci. 2011, 366, 3375-3388. [CrossRef]

Gluckman, P; Beedle, A.; Buklijas, T.; Low, F; Hanson, M. Coevolution, infection, and immunity. In Principles of Evolutionary
Medicine, 2nd ed.; Oxford University Press: Oxford, UK, 2016; pp. 237-258.


http://doi.org/10.2307/2411236
http://www.ncbi.nlm.nih.gov/pubmed/28565221
http://doi.org/10.1016/B978-0-12-384890-1.00006-6
http://doi.org/10.1098/rspb.2019.0461
http://www.ncbi.nlm.nih.gov/pubmed/31185871
http://doi.org/10.1016/j.cub.2008.01.012
http://www.ncbi.nlm.nih.gov/pubmed/18222690
http://doi.org/10.1038/s41426-018-0121-2
http://www.ncbi.nlm.nih.gov/pubmed/29950583
http://doi.org/10.1017/S0031182000055360
http://doi.org/10.1038/nature08798
http://doi.org/10.1016/j.mib.2008.05.012
http://doi.org/10.1111/j.0014-3820.2001.tb00633.x
http://doi.org/10.1007/s10682-005-6639-5
http://doi.org/10.1111/j.1558-5646.2009.00711.x
http://www.ncbi.nlm.nih.gov/pubmed/19473396
http://doi.org/10.1111/j.1365-2249.2010.04139.x
http://www.ncbi.nlm.nih.gov/pubmed/20415844
http://doi.org/10.1073/pnas.1700688114
http://www.ncbi.nlm.nih.gov/pubmed/28196925
http://doi.org/10.1098/rspb.1997.0083
http://doi.org/10.1016/j.cell.2006.02.001
http://doi.org/10.1146/annurev-immunol-042617-053028
http://doi.org/10.1126/science.1206360
http://doi.org/10.1111/jeb.12590
http://doi.org/10.1016/j.zool.2011.04.001
http://doi.org/10.1111/brv.12417
http://doi.org/10.1126/science.aam9974
http://www.ncbi.nlm.nih.gov/pubmed/29798882
http://doi.org/10.1093/acprof:oso/9780198703389.003.0010
http://doi.org/10.3201/eid0902.020272
http://www.ncbi.nlm.nih.gov/pubmed/12603998
http://doi.org/10.1038/nature08200
http://doi.org/10.1111/j.1365-2796.2008.02049.x
http://www.ncbi.nlm.nih.gov/pubmed/19093963
http://doi.org/10.1038/s41467-018-03762-3
http://doi.org/10.1038/nrg2698
http://doi.org/10.2307/2640735
http://doi.org/10.1098/rstb.2011.0136

Life 2023, 13, 823 12 0of 12

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.
83.

84.
85.

86.

87.

88.

89.

90.
91.

92.

93.

94.

95.

Fraser, C.; Hollingsworth, T.D.; Chapman, R.; de Wolf, F; Hanage, W.P. Variation in HIV-1 set-point viral load: Epidemiological
analysis and an evolutionary hypothesis. Proc. Natl. Acad. Sci. USA 2007, 104, 17441-17446. [CrossRef]

Fraser, C.; Lythgoe, K.; Leventhal, G.E.; Shirreff, G.; Hollingsworth, T.D.; Alizon, S.; Bonhoeffer, S. Virulence and pathogenesis of
HIV-1 infection: An evolutionary perspective. Science 2014, 343, 1243727. [CrossRef]

Paciéncia, EM.D.; Rushmore, J.; Chuma, LS.; Lipende, LE; Caillaud, D.; Knauf, S.; Zinner, D. Mating avoidance in female olive
baboons (Papio anubis) infected by Treponema pallidum. Sci. Adv. 2019, 5, eaaw9724. [CrossRef]

Paciéncia, EM.D.; Chuma, LS.; Lipende, LEF,; Knauf, S.; Zinner, D. Female post-copulatory behavior in a group of olive baboons
(Papio anubis) infected by Treponema pallidum. PLoS ONE 2022, 17, e0261894. [CrossRef] [PubMed]

Dieckmann, U. Adaptive dynamics of pathogen-host interactions. In Adaptive Dynamics of Infectious Diseases; Dieckmann, U.,
Metz, ].A.]., Sabelis, M.W., Sigmund, K., Eds.; Cambridge University Press: Cambridge, UK, 2002; pp. 39-59.

Hawley, D.M.; Osnas, E.E.; Dobson, A.P.; Hochachka, WM.; Ley, D.H.; Dhondt, A.A. Parallel patterns of increased virulence in a
recently emerged wildlife pathogen. PLoS Biol. 2013, 11, €1001570. [CrossRef] [PubMed]

Cressler, C.E.; McLeod, D.V,; Rozins, C.; Van Den Hoogen, J.; Day, T. The adaptive evolution of virulence: A review of theoretical
predictions and empirical tests. Parasitology 2016, 143, 915-930. [CrossRef] [PubMed]

Telenti, A.; Hodcroft, E.B.; Robertson, D.L. The evolution and biology of SARS-CoV-2 variants. Cold Spring Harb. Perspect. Med.
2022, 12, a041390. [CrossRef]

Fenner, FJ. The Florey Lecture, 1983—Biological control, as exemplified by smallpox eradication and myxomatosis. Proc. R. Soc. B
1983, 218, 259-285. [CrossRef]

Buckling, A.; Maclean, R.C.; Brockhurst, M.A.; Colegrave, N. The Beagle in a bottle. Nature 2009, 457, 824-829. [CrossRef]
Martinez-Aquino, A. Phylogenetic framework for coevolutionary studies: A compass for exploring jungles of tangled trees. Curr.
Zool. 2016, 62, 393-403. [CrossRef]

Ronquist, F. Phylogenetic approaches in coevolution and biogeography. Zool. Scr. 1998, 26, 313-322. [CrossRef]

Hafner, M.S.; Nadler, S.A. Phylogenetic trees support the coevolution of parasites and their hosts. Nature 1988, 332, 258-259.
[CrossRef]

Hafner, M.S.; Nadler, S.A. Cospeciation in host-parasite assemblages: Comparative analysis of rates of evolution and timing of
cospeciation events. Syst. Biol. 1990, 39, 192-204. [CrossRef]

Whelan, S.; Lio, P.; Goldman, N. Molecular phylogenetics: State-of-the-art methods for looking into the past. Trends Genet. 2001,
17,262-272. [CrossRef]

Haeckel, E. Generelle Morphologie der Organismen: Allgemeine Grundziige der organischen Formenwissenschaft, Mechanisch Begriindet
Durch die von Charles Darwin Reformirte Descendenztheorie. Band 2: Allgemeine Entwickelungsgeschichte der Organismen; Georg Reimer:
Berlin, Germany, 1866.

Edwards, A.W.F,; Cavalli-Sforza, L.L. Reconstruction of evolutionary trees. In Phenetic and Phylogenetic Classification; Heywood,
V.H., McNeill, J., Eds.; Systematics Association: London, UK, 1964; pp. 67-76.

Stearns, S.C.; Hoekstra, R.F. Evolution. An Introduction; Oxford University Press: New York, NY, USA, 2000.

Raupach, M.].; Amann, R.; Wheeler, Q.; Roos, C. The application of “omics”-technologies in the classification and identification of
animals. Org. Divers. Evol. 2016, 16, 1-12. [CrossRef]

Reed, D.L; Light, J.E.; Allen, ].M.; Kirchman, ].J. Pair of lice lost or parasites regained: The evolutionary history of anthropoid
primate lice. BMC Biol. 2007, 5, 7. [CrossRef] [PubMed]

Svardal, H.; Jasinska, A.].; Apetrei, C.; Coppola, G.; Huang, Y.; Schmitt, C.A.; Jacquelin, B.; Ramensky, V.; Miiller-Trutwin, M.;
Antonio, M; et al. Ancient hybridization and strong adaptation to viruses across African vervet monkey populations. Nat. Genet.
2017, 49, 1705-1713. [CrossRef] [PubMed]

Geoghegan, J.L.; Duchéne, S.; Holmes, E.C. Comparative analysis estimates the relative frequencies of co-divergence and
cross-species transmission within viral families. PLoS Pathog. 2017, 13, €1006215. [CrossRef]

Althoff, D.M.; Segraves, K.A.; Johnson, M.T.J. Testing for coevolutionary diversification: Linking pattern with process. Trends Ecol.
Evol. 2014, 29, 82-89. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1073/pnas.0708559104
http://doi.org/10.1126/science.1243727
http://doi.org/10.1126/sciadv.aaw9724
http://doi.org/10.1371/journal.pone.0261894
http://www.ncbi.nlm.nih.gov/pubmed/35051197
http://doi.org/10.1371/journal.pbio.1001570
http://www.ncbi.nlm.nih.gov/pubmed/23723736
http://doi.org/10.1017/S003118201500092X
http://www.ncbi.nlm.nih.gov/pubmed/26302775
http://doi.org/10.1101/cshperspect.a041390
http://doi.org/10.1098/rspb.1983.0039
http://doi.org/10.1038/nature07892
http://doi.org/10.1093/cz/zow018
http://doi.org/10.1111/j.1463-6409.1997.tb00421.x
http://doi.org/10.1038/332258a0
http://doi.org/10.2307/2992181
http://doi.org/10.1016/S0168-9525(01)02272-7
http://doi.org/10.1007/s13127-015-0234-6
http://doi.org/10.1186/1741-7007-5-7
http://www.ncbi.nlm.nih.gov/pubmed/17343749
http://doi.org/10.1038/ng.3980
http://www.ncbi.nlm.nih.gov/pubmed/29083404
http://doi.org/10.1371/journal.ppat.1006215
http://doi.org/10.1016/j.tree.2013.11.003

	Introduction 
	Coevolution 
	Coevolution and Parasites 
	Virulence 
	Co-Speciation and Phylogenetic Congruence 
	Phylogeny and Coevolution 
	Conclusions 
	References

