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Abstract | Studies in diverse biological systems have indicated that host–parasite 26 
coevolution is responsible for the extraordinary genetic diversity seen in some 27 
genomic regions, such as major histocompatibility (MHC) genes in jawed vertebrates 28 
and resistance genes in plants. This diversity is believed to evolve under balancing 29 
selection on hosts by parasites. However, the mechanisms that link the genomic 30 
signatures in these regions to the underlying coevolutionary process are only slowly 31 
emerging. We still lack a clear picture of the coevolutionary concepts and of the 32 
genetic basis of the coevolving phenotypic traits in the interacting antagonists. 33 
Emerging genomic tools that provide new options for identifying underlying genes will 34 
contribute to a fuller understanding of the coevolutionary process. 35 
 36 
 37 
 38 
  39 
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Introduction 40 
 Host–parasite coevolution occurs when selection by parasites [G] triggers 41 
diverse host adaptations that reduce the costs of infection, which in turn prompts 42 
parasites to adapt anew to their hosts. This process may be among the most important 43 
generators of biological diversity over the past 3.5 billion years 1,2, including the 44 
generation and maintenance of genetic diversity within populations and species, and 45 
the sharing of certain variants across species boundaries 3-9. As such, the genomes of 46 
organisms would be expected to show signatures of this host–parasite coevolution. 47 
Recognizing and characterizing these genomic signatures [G] would be expected to 48 
lead to a better understanding of how diversity has evolved, and is still evolving, across 49 
the tree of life. Furthermore, identifying genomic signatures of coevolution can help to 50 
narrow down the loci under selection and provide mechanistic insights into host–51 
parasite interactions. 52 
 Antagonistic coevolution has been defined as reciprocal selection between two 53 
closely interacting species 10,11. This definition focuses on the phenotypic traits of the 54 
coevolving antagonists that negatively influence each other. It specifies that it is the 55 
traits responsible for the interaction and their underlying genes that coevolve—not 56 
the species 12,13. It also sets antagonistic coevolution apart from scenarios of host–57 
parasite co-association and the resulting long-term patterns of co-speciation or co-58 
cladogenesis, which do not require adaptive processes 14.  59 
 The process of antagonistic coevolution can be described by two types of 60 
model: models of specific coevolution, in which one host and one parasite species 61 
interact (sometimes called pairwise coevolution); and models of unspecific 62 
coevolution, better known as diffuse coevolution 10, in which multiple hosts and/or 63 
parasite species contribute to the process. Models of specific coevolution can be 64 
further grouped into selective sweep [G] models, in which novel variants are selected 65 
for and rise to high frequencies, and balancing selection models, in which alternative 66 
variants at specific loci fluctuate in frequency over time 11,15. The different modes of 67 
action underlying these models create different signatures in the genomes of the 68 
antagonists. Thus, observation of a particular signature in a genome allows (within 69 
limits) conclusions to be drawn about the evolutionary mechanism producing them 70 
(Table 1).  71 
 A genomic perspective of coevolution considers the entire region around the 72 
coevolving genes, because making use of the additional information present in the 73 
flanking sites strongly increases the power of the analysis to detect genomic 74 
signatures. Despite being functionally independent, sites physically tightly-linked to the 75 
coevolving genes are influenced by linked selection [G], which causes genetic 76 
hitchhiking [G], and, unlike unlinked sites, their fate is determined by the dynamics of 77 
the selected genes and the rate of recombination among them 16,17. Thus, genomic 78 
signatures of coevolution can be detected in populations by comparing patterns of 79 
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genetic variation in these regions with the patterns in the genomic background that 80 
presumably evolved by neutral evolutionary processes. The genomic signatures of 81 
models of specific coevolution have received much attention, resulting in a good 82 
picture of the expected patterns in population samples of genomes. By contrast, the 83 
genomic signatures expected under diffuse coevolution have not yet been 84 
determined; nevertheless, some heuristics exist. 85 
 In this Review, we address conceptual issues concerning host–parasite 86 
coevolution and how they manifest in the genomes of the antagonists. We highlight 87 
the differences between specific and diffuse coevolution and point out the role of 88 
spatial population structure in shaping genomic signatures. Using these concepts, we 89 
discuss the evolution of trans-species polymorphisms. Finally, we address new 90 
cogenomic [G] methods that allow coevolving loci in hosts and parasites to be directly 91 
pinpointed and what we can learn from these recent developments. 92 
 93 
Models of specific host–parasite coevolution 94 
The two models of specific coevolution, selective sweep selection and balancing 95 
selection, have different effects on genetic variation. Selective sweep coevolution is 96 
arguably one of the most important generators of macroevolutionary patterns, and 97 
explains differences in immune systems among lineages, drives speciation and is 98 
implicated in some of the major transitions in evolution 2,18-20. However, it fails to 99 
explain the extraordinary genetic diversity observed at some host resistance loci. By 100 
contrast, coevolution by balancing selection [G] is best known for its potential to 101 
maintain high levels of genetic diversity within populations and species. The theory 102 
states that hosts and parasites undergo continuous antagonistic coevolution, often 103 
referred to as Red Queen dynamics or trench warfare, which results in a balance of 104 
different variants at loci related to host defence and parasite offence 21-23. Recent 105 
studies have revealed that there are more genomic regions in plants and animals that 106 
undergo balancing selection than previously thought 8,24-29.  107 
 The study of coevolution by analysing patterns of genetic variation has a long 108 
tradition, but has a number of limitations that make it hard to reach strong conclusions 109 
about underlying evolutionary processes. For example, genomic studies on 110 
coevolution are mostly performed separately in host and parasite genomes (but see 111 
‘Joint analysis of host and parasite genomes’). Thus, a given finding may be difficult to 112 
attribute to host–parasite coevolution or to other processes, because the 113 
bioinformatic and population genetic approaches that are used to identify genomic 114 
regions with characteristics of selective sweeps or balancing selection do not identify 115 
the cause of selection — antagonistic interactions are only one of many possibilities. 116 
Additional efforts are needed to differentiate between these options. This issue is 117 
particularly pronounced for balancing selection, as different mechanisms (such as 118 
overdominance [G], local adaptation [G], direct negative frequency dependent 119 
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selection [G] (NFDS) and indirect negative frequency dependent selection [G]) can all 120 
produce genomic signatures of balancing selection. However, only indirect NFDS is 121 
associated with antagonistic coevolution, and so distinguishing among these 122 
mechanisms is crucial. 123 
 124 
[H2] Selective sweep coevolution.  A selective sweep describes the rapid increase in 125 
frequency of a beneficial variant, such as a novel mutation. In the extreme case, the 126 
variant will reach fixation, replacing alternative variants. Adaptive evolution in this 127 
form is considered to be a dominant driver of protein adaptation and species 128 
divergence 30,31. During host–parasite coevolution, both antagonists may experience 129 
sweeps at loci that play a functional role in their interaction (FIG. 1) 11,15,32-35. For 130 
coevolution to occur, sweeps do not need to alternate between hosts and parasites. 131 
Variants at multiple sites may even spread at the same time, as long as they are 132 
decoupled by recombination, as otherwise selective interference [G] takes place 36 133 
33,34.  134 
 A selective sweep leaves a characteristic valley of locally reduced genetic 135 
variation in population samples of genomes. These diversity valleys are formed 136 
because variants that are in proximity to the sweeping variant hitchhike along and 137 
replace alternative variants, which results in a corresponding pattern of increased 138 
linkage disequilibrium [G] 37. Such valleys allow us to detect the approximate position 139 
of the beneficial mutant, but the genomic signatures are rarely clear and lose their 140 
distinct features over time as recombination breaks down associations and as new 141 
mutations arise. Thus, ancient selective sweeps are no longer detectable, although 142 
they leave their traces in signatures of positive selection that result in patterns of 143 
divergence among lineages 20. Likewise, sweeping mutants in the initial phase of a 144 
sweep are hard to detect, as the reduction in local genetic diversity is not yet 145 
pronounced (FIG. 2). Additionally, each sweep event has a different history: each one 146 
is associated with a different selection coefficient [G] and may occur at a different 147 
location in the genome and possibly experience different local recombination rates 38. 148 
Finally, signatures of sweeps strongly depend on the initial variation on which selection 149 
acted 37. 150 
 Variants spreading to fixation in coevolving hosts and parasites may be 151 
functionally independent, other than that they each provide a benefit to their carrier 152 
and are disadvantageous to the antagonist 23. However, when particular host or 153 
parasite proteins interact, selective sweep coevolution can occur through alternating 154 
changes to functionally important segments of these proteins. For example, the 155 
restriction factor TRIM5, an antiviral protein in Old World primates seems to have 156 
coevolved in tight interaction with capsid proteins in lentiviruses 39. 157 
 Due to their high rate of evolution, parasites are among the fastest changing 158 
selecting agents host organisms experience. Therefore, the speed with which a host 159 
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population can respond to a new variant of a parasite is important. However, selective 160 
sweep evolution from a novel mutation to fixation (that is, a hard sweep) is a rather 161 
slow process. In particular, the initial increase in allele frequencies is slow: in a large 162 
population, a novel mutation with a 10 % fitness advantage takes about 200 163 
generations to reach a frequency of 10 %, but only about 15 generations more to 164 
reach 50 % 40,41. Thus, sweeps starting from standing genetic variation (known as soft 165 
sweeps) can occur faster than hard sweeps, as the initial allele frequencies are higher. 166 
Indeed, evidence is accumulating that many sweeps observed in natural populations 167 
are soft sweeps 41-43. Interestingly, standing genetic variation is often high for loci 168 
related to host–parasite interactions and thus can drive faster sweeps. Although it is 169 
not fully known why this is the case, the two-speed genome model 44-46 attempts to 170 
explain this paradox by suggesting that specific regions in host and parasite genomes 171 
have strongly elevated mutation rates, constantly re-fuelling standing genetic 172 
variation, whereas housekeeping genes have lower mutation rates and evolve by 173 
purifying selection. 174 
   175 
Coevolution by balancing selection.  The Red Queen model of balancing selection was 176 
introduced by Clarke 47 to explain unexpectedly high genetic diversity within 177 
populations. It is based on the assumption of strong host–genotype by parasite–178 
genotype interactions 48-50 (FIG. 3a), which has been finding increasing empirical 179 
support 51-53. As opposed to the selective sweep model, in which mutant alleles have a 180 
general advantage over the wild type alleles, genetic variants under balancing 181 
selection provide an advantage only in specific relation to a corresponding genetic 182 
variant in the antagonist. These host and parasite genes are functionally coupled, 183 
forming the driving force for reciprocal selection 22,54-56. According to the Red Queen 184 
model, a parasite allele will increase in frequency when the host allele that allows it to 185 
infect is common; as hosts carrying this allele succumb to increased parasitism, their 186 
numbers will decline, and—with a time lag—so too do parasite genotypes that depend 187 
on these particular host genotypes, that is, the loci in the host and the parasite are 188 
under NFDS. As parasites with particular infectivity alleles track corresponding host 189 
alleles, cyclical dynamics of host and parasite alleles might arise, with parasite cycles 190 
lagging behind the corresponding host allele cycles 57,58. NFDS reduces the likelihood 191 
that alleles go extinct by chance because rare alleles gain an advantage; thus, genetic 192 
polymorphisms in hosts and parasites can be maintained, and the frequencies of the 193 
functional variants at the involved loci are balanced over time (FIG. 3b). In this form of 194 
balancing selection, an allele’s selection coefficient does not depend directly on its 195 
own frequency, but rather depends on the frequencies of specific alleles in the 196 
antagonist. Therefore, it is called indirect NFDS 21. 197 
 Relative to the rest of the genome, genomic regions containing genes under 198 
balancing selection are expected to show high genetic diversity and a more even 199 
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frequency spectrum of variants, resulting in positive Tajima's D [G] values 16,26,59,60 200 
(Table 2). Scans of host genomes have revealed ample evidence of regions under 201 
balancing selection, with the most well-known being the MHC class 1 and 2 genes of 202 
jawed vertebrates and the AB0 blood group system of higher primates, but also other 203 
regions of vertebrate genomes related to immune function 25-28,61-64. Scans in plants 204 
and invertebrates have also revealed balancing selection in diverse genomic regions, 205 
again often regions associated with immune function 8,65-71. However, current 206 
bioinformatic and population genetic methods may still miss many regions of interest. 207 
To produce a recognizable genomic signature, selection should be strong and should 208 
have acted for a sufficiently long time period (Fig. 2). Regions around sites under 209 
selection usually show strong local linkage disequilibrium, thus local recombination 210 
rate will also affect the ability to detect signatures. Ideally, the recombination rate 211 
around the selected loci should be low to allow linked SNPs to hitchhike; high 212 
recombination rates would reduce the region to the very site under balancing 213 
selection itself 16,21. However, some level of recombination is helpful for the detection 214 
of the sites under selection, as otherwise the entire region will be inherited as one 215 
linkage block. 216 
 Less attention has been given to balancing selection in parasites than in hosts. 217 
Mapping parasite loci is more difficult because parasites often cannot be cultured and 218 
phenotyped outside the host. Furthermore, they often have no or infrequent genetic 219 
recombination, have extreme population structures and demography, carry extra 220 
chromosomal genetic elements (such as plasmids), and have substantial divergence in 221 
gene content as a result of horizontal gene transfer: each of these features may 222 
produce genomic signatures that make it more difficult to identify the signature of 223 
balancing selection 72,73. New bioinformatic tools for genome analysis are now being 224 
developed that address some of these challenges (see Table 3 in ref 73), and 225 
theoretical analyses suggest that balancing selection might show stronger genomic 226 
signatures in parasites than hosts 21. Examples of loci likely under balancing selection 227 
have been described for a range of parasites 74-79. For West Nile Virus in mosquitos and 228 
Deformed Wing Virus in honey bees it has been suggested that genetic diversity is 229 
maintained by selection from RNA interference (RNAi) in the host 78,80,81. Interestingly, 230 
the genes for RNAi in Drosophila were suggested to evolve by very high rates of 231 
positive selection with evidence for recent selective sweeps 82. Two closely-related 232 
human pathogenic bacteria, Staphylococcus aureus and S. epidermidis 74,75, show 233 
evidence for balanced polymorphisms, but for different genes. The hrpA gene of the 234 
plant pathogen Pseudomonas syringae, which encodes part of the type III secretion 235 
system, was found to be under balancing selection 76. In addition, a rare example of a 236 
balanced polymorphism involving structural variation, which determines the presence 237 
or absence of alternative pathogenicity islands, was described in Pseudomonas 238 
viridiflava, a plant pathogen often found on Arabidopsis 83. Interestingly, several of 239 
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these bacteria are known for their wide host range, hinting that diffuse coevolution 240 
may contribute to the observed patterns (see ‘Diffuse coevolution’ section). Sites with 241 
high genetic diversity and polymorphisms have also been described in human malaria 242 
parasites 84,85, although the signature of balancing selection here may be confounded 243 
with processes resulting from acquired immunity. Finally, in the planktonic crustacean 244 
Daphnia magna and its highly specific bacterial parasite Pasteuria ramosa, evidence 245 
for balancing selection comes from both the infectivity loci in the bacteria 79 and from 246 
the resistance loci in the host 53.   247 
 The genomic signatures of coevolution in hosts and parasites cannot be 248 
expected to resemble each other, as the two antagonists experience selection in very 249 
different ways. For parasites, the fitness difference between infecting and failing to 250 
infect a host is very large, whereas the lifetime fitness difference between hosts that 251 
resist a parasite attack or not is likely much smaller 86. In addition, some hosts may not 252 
encounter the parasite during their lifetime, reducing selection for resistance even 253 
further. Hosts and parasites also may have different generation times, recombination 254 
rates, effective population sizes, ploidy-levels, mutation rates, population structures 255 
and demography, to name just a few dissimilarities. Therefore, the footprint of 256 
coevolution and the genomic signatures of the two coevolving antagonists may look 257 
very different and may sometimes only be detectable in one of the antagonists 21.  258 
 Initially, population genetic modelling of coevolution by NFDS was performed 259 
for infinite population sizes, which strongly reduces the chance of extinction of host 260 
and parasite variants. Real populations, however, are of finite size and subject to 261 
stochastic effects, so functional variants may be lost due to genetic drift [G], bringing–262 
in the most extreme case–coevolution to a halt 21,87-89. These effects can substantially 263 
blur the genomic signatures of coevolution in natural populations, making their 264 
interpretation more difficult 21. However, spatial structures of host populations can 265 
strongly reduce these stochastic events, as long as sub-populations are not evolving in 266 
synchrony 90-92. 267 
  268 
 Specific coevolution and spatial structure Simple models of host–parasite 269 
coevolution generally focus on evolutionary dynamics in a single, large, panmictic [G] 270 
population. However, populations are almost always spatially distributed, with an 271 
extended geographic structure and gene flow among populations. This spatial 272 
structuring profoundly influences coevolution and divergence 58,90,91,93-97 and 273 
accounting for it can strongly refine population genomic analyses 33,73,98. 274 
 Research on subdivided populations has examined how coevolution influences 275 
the spread of variants related to host–parasite interactions, thereby contributing to 276 
patterns of genetic variation on a species-level scale (rather than a population-level 277 
scale) 96,99,100. In a selective sweep scenario, strong gene flow allows globally beneficial 278 
mutations to spread quickly from population to population, whereas weak gene flow 279 
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leads to population divergence 37,101. More complex patterns of divergence may arise, 280 
for example when gene flow is rare and unbalanced among subpopulations, when it 281 
differs for the two antagonists, and when populations adapt locally to other 282 
environmental factors 102. Genomic patterns of such processes are hard to study, 283 
especially if the evolving genes are not known beforehand 37,101. 284 
 By contrast, under balancing selection, gene flow enables alleles to persist in 285 
the overall gene pool much longer, as it can bring locally extinct alleles back into the 286 
population (FIG. 3b) 60,93,100,103,104. In addition, as immigrating alleles are likely to be 287 
rare upon their arrival, they are expected to have an advantage and experience a 288 
lower rate of extinction and a higher likelihood of spreading locally 104,105, thereby 289 
increasing their effective migration rate compared to neutral genetic variants. The 290 
number of alleles maintained on a species level thus rises accordingly, and the loci 291 
under NFDS are expected to show less differentiation among populations than neutral 292 
loci that do not benefit from NFDS 79,106. This difference is seen when comparing 293 
isolation-by-distance (IBD) patterns for these two groups of loci: whereas neutral loci 294 
show increasing differentiation (visible, for example, as an increased fixation index [G] 295 
(FST)) with increasing distance among populations, loci involved in NFDS show no or a 296 
much weaker pattern of IBD 107, which is the opposite of what local positive selection 297 
would produce 104,108,109. However, while the immigrant advantage reduces 298 
differentiation at the loci under NFDS among populations over the long term, it may 299 
drive the divergence of neighbouring populations in the short term, for example if 300 
strong selection occurs at a given gene but for different variants. Such patterns have 301 
been observed in some population genetic studies of resistance genes 100,106,110. Thus, 302 
populations may show more variable pairwise FST at sites under NFDS than at neutral 303 
sites. 304 
 Although limited gene flow causes populations to show patterns of IBD 111,112, 305 
the perspective described above does not include common ecological and biological 306 
circumstances that may influence gene flow, such as spatially divergent selection, 307 
population size and genetic drift, metapopulation and source-sink population 308 
structure, and historic events. Parasites may differ in local abundance and may not be 309 
present in every host population. Thus, the propensity for host–parasite coevolution 310 
may vary in space and time. Host genes involved in host–parasite interactions may 311 
become neutral in the absence of the parasite, or even detrimental if there are costs 312 
of resistance. The combined dynamics of these and other evolutionary and ecological 313 
processes that influence spatial and temporal variation have been described as the 314 
geographic mosaic of coevolution, with hot spots showing strong and rapid 315 
coevolutionary dynamics, and cold-spots marked by slow or no coevolution 113,114. For 316 
any given system, the greater the proportion of coevolutionary cold spots, the weaker 317 
the overall signature of balancing selection. However, even at cold spots, one may find 318 
elevated genetic diversity at loci that are under balancing selection in hot spots, 319 
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because gene flow from hot spots may prevent extinction of variants in cold spots. 320 
Species-wide, the overall genomic signature of balancing selection may, therefore, be 321 
relatively insensitive to the geographic mosaic of coevolution. However, this will 322 
certainly depend on the interplay of migration, genetic drift and selection. 323 
 324 
Trans-species-polymorphism 325 
 Because alleles under balancing selection are less likely to be lost from a gene-326 
pool, they segregate for longer time periods than genes undergoing neutral evolution 327 
or directional selection [G] 16. This theory can be tested using coalescence approaches 328 
that compare regions under balancing selection with the genomic background 38. In 329 
extreme cases, ancient identical-by-descent genetic variants at polymorphic sites may 330 
have pre-existed even before the last speciation event, so that these variants are 331 
shared across closely related species (FIG. 4a). This trans-species-polymorphism (TSP) 332 
is indicated when haplotypes from the two species cluster by allele and not by species 333 
(FIG. 4b) 16,115, as expected for neutrally evolving alleles. In the context of host-parasite 334 
interactions, the signal of TSP is very clear in MHC genes, in the AB0 blood group 335 
system of higher primates and in several other vertebrate loci 25,29,64,115-117. It has also 336 
been observed in plants 8,118,119, but rarely in invertebrates 68. Genomic regions with 337 
evidence of TSP are typically enriched with immune function genes 6,8,26,97,105,119,120, 338 
suggesting that host–parasite coevolution might be the driving force behind a genomic 339 
signature of TSP 20,120,121. Experimental data further support a link between TSP and 340 
parasitism 105,122. 341 
 Given the large time scale involved in TSP, the impact of the coevolving genes 342 
on the immediate genomic neighbourhood of the selected sites will be reduced, 343 
because recombination decouples selected sites from linked neutral sites 16,123. 344 
Therefore, long-term polymorphisms of single SNPs are difficult to detect by analysing 345 
genomic signatures alone. This can be seen with the SNP in the human haemoglobin 346 
gene responsible for the balanced sickle-cell anaemia–malaria resistance 347 
polymorphism in large parts of Africa. Long-term balancing selection can best be 348 
detected when the balanced haplotypes do not recombine (for example, if they are 349 
located in inverted regions of the genome or are part of a supergene [G]), or if 350 
multiple polymorphisms are together under selection, so that they maintain linkage 351 
disequilibrium across polymorphic sites 25, 53, 123. 352 
 353 
Diffuse coevolution 354 
The two models of specific coevolution described above assume that the relevant 355 
interactions are between one host and one parasite species. However, interactions 356 
may include multiple parasites and/or multiple hosts. This scenario is known as diffuse 357 
coevolution 10. Diffuse coevolution refers particularly to the interactions of functional 358 
guilds [G], such as diverse species of herbivores and their plant hosts or parasites and 359 
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hosts. In its simplest form, coevolution is diffuse when a host trait and the underlying 360 
genes in the genome evolve in response to at least two parasites, or a parasite trait 361 
evolves in response to selection caused by more than one host. In such cases, 362 
coevolution is influenced by a combination of frequency dependence (according to the 363 
genetic composition of the parasite populations) and density dependence (according 364 
to the abundance of the parasite species). Furthermore, the parasite composition may 365 
differ in different sub-populations of the host and may change over time (owing to 366 
diversifying selection and/or spatio-temporal dynamics)124-126. The more hosts or 367 
parasites that participate, the more complex the evolution of the participants will be 368 
and the harder it will be to predict the genomic signature of the diffusely evolving 369 
regions 13. 370 
 The need for consideration of diffuse coevolution is underlined by examples of 371 
host loci that interact with multiple parasites. Human variants of CCR5, TRIM5α and 372 
APOBECG3 interact with HIV-1, but were suggested to have been under positive 373 
selection by other viruses with which they interacted in the past 127-129. The tomato R-374 
gene [G] cf2 confers resistance to the parasitic nematode Globodera rostochiensis and 375 
to the fungus Cladosporium fulvum 130. Parasites from three kingdoms interact in part 376 
with the same proteins in Arabidopsis 131. The MHC region of diverse vertebrates are 377 
well known for their interactions with many parasites 125,126,132,133. 378 
 The converse, a parasite interacting with more than one host, seems also to be 379 
widespread. Sympatric species of sticklebacks are infected by the same parasites, 380 
which interact with the host's MHC 116. The pathogenic bacteria Staphylococcus 381 
aureus, Pseudomonas viridiflava and Pseudomonas syringae are known to infect 382 
various host species with overlapping genetic mechanisms 74,76,134. Finally, hosts may 383 
even exchange immune genes to fight parasites: for example, related Arabidopsis 384 
species have been shown to exchange resistance genes through hybridization and 385 
introgression 135. Likewise, parasites may exchange coevolving genes via horizontal 386 
gene transfer to overcome host defenses 136.  387 
 Coevolution may become even more diffuse when the interactions of various 388 
hosts and parasite species show spatio-temporal dynamics. Coevolution in such multi-389 
species scenarios is based on variable interactions between changing communities of 390 
hosts and parasites. Thus, the signatures observed in the host and parasite genomes 391 
cannot be attributed to one ecological setting, but result from a history with diverse 392 
settings with different interactions in host and parasite communities. Each setting may 393 
result in a different evolutionary trajectory and may well include temporal phases of 394 
more narrowly defined coevolution by NFDS or selective sweeps between pairs of 395 
antagonists 137. The signatures of these phases of specific coevolution will not be 396 
recognizable in the genome, unless the ecological setting in which they occur are 397 
sufficiently stable for a given period of time. 398 



 11 

 Models of single hosts coevolving with multiple parasites support the idea that 399 
long term maintenance of genetic polymorphisms is possible 7,48,59,124,138,139. Empirical 400 
data from systems likely under diffuse coevolution are consistent with this idea, 401 
leading to the widely held belief that the complexity of multi-species interactions 402 
maintains genetic diversity, including TSP 92,116,125-127,140-142. Thus, diffuse coevolution 403 
offers an explanation for the "missing antagonist problem" that typifies TSP studies, 404 
which typically lack knowledge of the parasite that coevolved with the host in the past 405 
120. If TSP is caused by diffuse coevolution there is no single coevolving parasite, but an 406 
association with a changing pool of parasite species over time and space. Indeed, most 407 
of the associations of the human MHC with parasites (such as HIV, West Nile virus, 408 
dengue, hepatitis B, hepatitis C, tuberculosis and leprosy 133) are believed to be rather 409 
young—much younger than 5 million years, the approximate date of the last common 410 
human–chimpanzee ancestor for which TSP at the MHC was observed 25,29,116. Thus, 411 
the parasites we see interacting with humans now may not be the same as those that 412 
interacted with us some million years ago. Malaria, which is a parasite specific to 413 
humans, may be an exception. Recent work suggests that human–malaria coevolution 414 
could be as old as the human split from our closest living relatives 143-146. However, the 415 
hypothesis that malaria is a missing antagonist, explaining TSP in humans, requires 416 
further investigation. 417 
 To further our understanding of TSP it will be necessary to distinguish between 418 
cases of specific long-term coevolution and diffuse coevolution. Although 419 
demonstrating that TSP is the consequence of ancient specific coevolution is 420 
challenging, we can make testable predictions. In the strictest case of specific 421 
coevolution by balancing selection, the aim would be to demonstrate that two closely 422 
related host species with evidence of TSP are parasitized by two closely related species 423 
of coevolving parasites (FIG. 4a) and that the genes in question play a functional role in 424 
the interaction of the two pairs of antagonists (FIG. 3a). In such a scenario, an overlay 425 
of long-term Red-Queen dynamics with the co-speciation of the host and the parasite 426 
might be observed14(FIG. 4b). Such a strict set of conditions may not be very likely, but 427 
the requirements may be relaxed to accommodate ecological, historical, 428 
epidemiological and biogeographical features 116,138. 429 
 430 
Joint analysis of host and parasite genomes 431 
  Unlike the approaches described above, emerging cogenomic [G] methods 432 
jointly analyse the genomes of hosts and those of their parasites. These methods focus 433 
on the genes responsible for the phenotypic interactions of the antagonists and allow 434 
subsequent analysis of their genomic signatures 72,147-149. 435 
 436 
[H2] Identifying the genes involved in host–parasite interactions. A cogenomics 437 
approach to identify the genes that directly interact with each other in hosts and 438 
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parasites is best illustrated with a host–parasite matrix that shows the functional 439 
specificity of variants of the antagonists that interact with each other to produce 440 
phenotypes—disease (compatible) and resistance (incompatible) (FIG. 3a). Although 441 
many different matrices have been proposed 150-155, we still do not know much about 442 
them in natural host-parasite systems. Studies of interacting host–parasite genes have 443 
a long tradition in plant–pathogen systems, starting with H.H. Flor’s gene-for-gene 444 
system for flax and one of its rust pathogens 156 (for reviews see: 22,91), but only a few 445 
examples have so far been confirmed for animal systems 52,53. It is widely believed that 446 
specific interaction matrices like these underlie coevolution by NFDS and thus are 447 
responsible for maintaining genetic diversity. Finding the genes underlying such 448 
matrices is still cumbersome and time consuming, but this may change with the 449 
development of cogenomics approaches that detect interspecies (or intergenomic) 450 
linkage-disequilibrium (iLD). If the only polymorphism in a population that explains 451 
variation in infection success is the interaction between the host's A-locus and the 452 
parasite's B-locus, then infected individuals could only ever carry the host–parasite 453 
allele combinations A/B and a/b. Other combinations (A/b and a/B) would not produce 454 
infections (FIG. 3a). This non-random association between host and parasite alleles 455 
produces iLD because the phenotype (infection) depends on the combination of 456 
genetic variants in different species. The statistical signal of iLD is only seen at the 457 
interacting loci, not at sites in the genetic background, as long as recombination 458 
efficiently decouples selected loci from non-selected loci (FIG. 5a). Using iLD is a 459 
powerful tool to detect interacting genes for a number of reasons. First, its presence 460 
indicates that host and parasite individuals carry alleles related to each other in a 461 
fitness context, that is, for a trait (infection) likely under selection. Second, it allows the 462 
interacting loci of both antagonists to be pinpointed. Third, it can be used even when 463 
only samples of infected hosts (such as infected patients) are available. Fourth, it is 464 
free from assumptions about the shape of the interaction matrix, which is important, 465 
as we currently have little understanding of how the matrix is structured. Finally, the 466 
method is not limited to model species, as it does not require previous knowledge 467 
about the system.  468 
 However, statistical limitations are apparent. The method works best when the 469 
alleles in question have intermediate frequencies and when the number of tests to be 470 
conducted (every host polymorphism is tested in relation to every parasite 471 
polymorphism) is not too large relative to the sample size: as the number of tests, and 472 
therefore false positives, increases with the product of the numbers of polymorphisms 473 
in both antagonists, larger sample sizes are required for antagonists with large 474 
genomes. In addition to these limitations, other factors can reduce the power to 475 
detect significant iLD. For example, if genes involved in iLD have epistatic (that is, non-476 
additive) interactions with other loci in the same genome, the statistical power to 477 
detect them is reduced. Furthermore, simulations of different coevolutionary models 478 
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showed that the inferential power of iLD will vary over time due to the underlying 479 
dynamics of a host-parasite interaction matrix, and relevant loci will be more 480 
identifiable if coevolution occurs by NFDS than if by selective sweep coevolution 157. 481 
Finally, multiple infections (that is, more than one parasite genotype being involved in 482 
the infection of individual hosts) may cause problems in the analysis. Multiple 483 
infections of humans and animals are believed to be very common 158. 484 
 A number of pioneering cogenomics studies have been performed with human 485 
patients infected with different parasites. In genome-to-genome analyses, iLD was 486 
used to test for associations between SNPs in humans with SNPs in HIV-1 147, hepatitis 487 
C 159 and Streptococcus pneumoniae 160. These studies were able to identify previously 488 
unknown interacting genes in the host and parasite, with the virus studies being more 489 
powerful because they have smaller genomes than Streptococcus and require fewer 490 
tests. This method is currently being further developed to increase its sensitivity and to 491 
take population stratification into account 161,162. A modified version of this method 492 
was used to test for associations of SNPs in human candidate genes with phylogenetic 493 
lineages of Mycobacterium tuberculosis, revealing a host SNP – parasite lineage 494 
association 163.  495 
 Another cogenomics method, Analysis with a Two-Organism Mixed Model 496 
(ATOMM), also aims to find interacting loci in hosts and parasites (FIG. 5b)164. This 497 
method requires experimental data for phenotypes, such as infection and disease 498 
symptoms, from all possible combinations of host and parasite genotypes. It allows 499 
researchers to map these phenotypes to host and parasite genomes, while accounting 500 
for confounding factors such as phylogenetic or spatial structure.  501 
 Although not yet routinely used, cogenomic methods offer exciting possibilities 502 
for future studies of host–parasite interactions. The new pairs of loci identified with 503 
these methods can then be analysed for their genomic signatures, allowing the picture 504 
of the signature of coevolution in host and parasite genomes to be fine-tuned. The use 505 
of the genome-to-genome method with non-model organisms will allow the study of 506 
systems previously out of the reach of coevolutionary research.  507 
 508 
[H2] Using cogenomics to infer signatures of the coevolutionary process. As of yet, we 509 
do not have access to analytical derivations that determine exactly how different 510 
coevolutionary processes affect allele frequencies at loci across host–parasite 511 
genomes. However, we can simulate much of the biological complexity that arises as a 512 
result of the coevolutionary process and explore how genomic signatures might differ 513 
under particular scenarios 157 (BOX 1). For example, one approach simulates 514 
coevolutionary dynamics to generate allele frequency expectations, which can then be 515 
used to look back in time to determine the coalescent properties that might generate 516 
these expected allele frequencies at loci in host and parasite genomes 21. This general 517 
idea has been adapted into an inferential framework using Approximate Bayesian 518 
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Computation [G] (ABC) 149 for population genetic simulations of different 519 
coevolutionary scenarios. The results of these simulations can be summarized by both 520 
traditional population genetic summaries (Table 2) as well as novel summaries of the 521 
host and parasite allele frequency spectra concurrently, which are then statistically 522 
compared with polymorphism data obtained from host and parasite genomes to 523 
determine their similarity. This approach enables the identification of loci that underlie 524 
the coevolutionary process in both host and parasite genomes simultaneously, as well 525 
as identifying important eco-evolutionary parameters such as the cost of infectivity. 526 
The method can be applied to genome wide polymorphism data gathered from 527 
controlled laboratory experiments or from natural populations. It may be used either 528 
in concert with the iLD approach or entirely independently, as the false positive rate 529 
for detecting genomic regions undergoing coevolution is rather low.  530 
  531 
Conclusions and future perspectives 532 
In a world of rapidly increasing transportation and migration, accelerating climate 533 
change, de- and reforestation, altered agricultural and food handling practises, and 534 
increasing human and livestock densities, host–parasite contact rates are already very 535 
high and are only expected to increase, resulting in more intense reciprocal selection. 536 
These changes affect many naturally coevolving systems in which humans have a 537 
vested interest, such as malaria–mosquito, virus (including dengue, zika, West-Nile)–538 
mosquito, Borrelia–ticks, and Mycoplasma–house finch, as well as parasites believed 539 
to coevolve with humans 163,165-167. Although we still have a limited understanding of 540 
how coevolution works in natural populations, the knowledge derived from the state-541 
of-the-art population genomic methodology described here can guide and inform 542 
coevolutionary research and experimentation. We are now in a position to approach 543 
new questions and gain a new perspective on old ones.  544 
 With few exceptions, we know little about the role of structural variation, such 545 
as copy number variation and inversions, in the coevolutionary process. Copy number 546 
variation, which is well known in the MHC, can be maintained by balancing selection 547 
(reviewed in 125). Supergenes have also been shown to play an important part in 548 
balanced polymorphisms in various traits 168, and have recently been suggested to 549 
have a decisive role in host–parasite coevolution 53. Although it is still cumbersome to 550 
identify structural polymorphisms in large samples, improved methods will certainly 551 
make this an important aspect of coevolutionary research.  552 
 A broad survey of the literature on coevolution would suggest a taxon-specific 553 
division between plant systems, centred on gene-for-gene infection models, and 554 
animal systems, focused on matching-allele-models without invoking costs. It is 555 
currently not clear if this division reflects a bias in our research efforts or has a 556 
biological basis. Now, cogenomic methods will enable us to move beyond a few model 557 
systems and rapidly collect more data on the type of infection matrix that 558 
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predominates in natural populations. This information is particularly required for 559 
animal systems and non-agricultural plant systems, for which there are only a few 560 
examples of interaction matrices. Understanding the costs of resistance will need 561 
fitness assays in the presence and absence of the parasite. 562 
 Another challenge is to understand how genes within the same genome 563 
interact to modify the dynamic with genes in the antagonist. Epistasis has long been 564 
thought to be important in host-parasite interactions 48, and epistasis between host 565 
resistance loci has been proposed for a number of systems 22,52,53,133,169. However, the 566 
generality and importance of these observations for host–parasite coevolution is not 567 
yet clear. Epistasis is central to the theory of coevolution and of the evolution and 568 
maintenance of genetic recombination. Genetic recombination works to speed up 569 
evolutionary responses under antagonistic coevolution only if the recombining loci 570 
show epistatic interactions 48,170,171 because epistasis may create negative linkage 571 
disequilibrium among resistance alleles. 572 
 Knowing which genes are functionally linked and what epistatic relationships 573 
exist would allow us to predict how reciprocal selection acts, whether specific or 574 
diffuse coevolution occurs, and what traces we might expect at the genome level. 575 
After decades of coevolution research, we still do not have examples of temporal 576 
dynamics allele frequencies and their associated phenotypes in either hosts or 577 
parasites, or an understanding of how the corresponding genomic sites in the 578 
antagonists are functionally linked. However, recent progress in the field promises 579 
change in the near future. Finally, our understanding of the genomic signatures of 580 
coevolution is still largely correlational. Rigorous experimental work, including 581 
experimental evolution studies, can help us scrutinize the evidence for coevolution, 582 
link it to genomic signatures, and test specific model predictions 56,172-174. 583 
 584 
 585 
  586 
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 1337 
Table 1. Comparison of features of specific coevolution by selective sweep and 1338 
balancing selection. 1339 
 1340 
Feature Selective sweep coevolution Balancing selection coevolution 
Form of selection Positive selection drives sweeps; 

selection is directional. 
Negative frequency-dependent selection 
gives common alleles a disadvantage; 
selection results in a balance of the 
frequencies of genetic variants.  

Functional 
polymorphisms 

Visible only during selective 
sweeps. 

Maintained constantly and potentially for 
very long time periods. 

Underlying genetic 
system 

Beneficial mutation in host and 
parasite at any locus in the nuclear 
or cytoplasmic genome may 
sweep. 

Frequencies of alternative alleles at a few 
selected loci are balanced.  

Role of mutations Mutations define the onset of new 
selective sweeps (hard sweeps). 

Mutations are not necessary but do 
create rare variants, which may be 
selected and contribute to balancing 
selection or even replace a previous 
variant. 

Temporal continuity Process can be highly stochastic 
and does not need to be 
continuous; long periods without 
sweeps are possible.  

Process must operate continuously 
because genetic variants may otherwise 
be lost. In a spatial setting, previously lost 
alleles may be reintroduced from other 
populations.  

Time scale of 
phenotypic change 

Relatively slow because new 
mutations take a long time to 
reach a high enough frequency to 
be recognized. Sweeps starting 
from standing genetic variation 
progress more quickly. 

Fast because genetic variants are always 
at intermediate frequencies where 
selection results in fast changes.  

Population divergence 
 

Sweeps drive population and 
species divergence. 

Population divergence is prevented in the 
long term, though it may occur in the 
short term. 

Evolutionary outcome 
 

Creates macroevolutionary 
patterns (lineage divergence). 

Explains high levels of genetic diversity 
within populations and species. 

Introgression among 
species 
 
 

May introduce beneficial new 
alleles that can sweep. 

May introduce new functional variants 
that can contribute to balancing 
selection, but may create a fake picture 
of trans-species polymorphism. 

 1341 
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 1342 
Table 2. Genomic summaries used to determine the evolutionary process underlying a 1343 
genomic signature.  1344 
 Signature type refers to the two models of specific coevolution that may be supported 1345 
with this summary. Time-scale refers to the approximate period during which the 1346 
summary is able to detect a signal for the genomic signature relative to the genomic 1347 
background (compare Fig. 2). CLR, Composite Likelihood Ratio Test; HKA, Hudson, 1348 
Kreitman and Aguadé test; iHS, integrated haplotype score; LD, linkage disequilibrium; 1349 
MK, McDonald-Kreitman; NCD, Non-central deviation; SFS, site frequency spectrum; 1350 
TSP, trans-species polymorphism.  1351 
 1352 
 1353 

Name of 
summary 

Type of 
summary 

Description Signature 
type (relative 
to genomic 

background) 

Time-scale Local 
genomic 
scale of 
analysis 

Other 
comments 

Allele vs. 
species-tree 
discordance 

175 

Summary 
statistic 

Compares 
phylogenetic 

relationships of 
genes to those of 

species. 

Discordant 
trees indicate 

balancing 
selection 

and/or TSP 

Deep Distinct 
genes 
and/or 

windows 
across the 
genome 

_ 

Elevated 
ratio of 

adaptive to 
non-adaptive 
divergence 

176,177 

Summary 
statistic 

and 
likelihood 

method 

Measures the 
ratio of adaptive 
to synonymous 

divergence 

High values 
indicate 
positive 
selection 

Deep-to-
intermediate 

Gene 
classes can 

be 
compared 

Explicit tests 
arise from the 
MK test or its 

derivatives 

HKAtrans 178 Summary 
statistic 

Adaptation of the 
standard HKA 
test to better 

accommodate 
genomic data 
from multiple 

species 

Positive 
values of chi-
squared test 
statistic are 

suggestive of 
balancing 
selection 

Deep-to-
intermediate 

Windows 
across 

genome 

_ 

NCDtrans 28,178 Summary 
statistic 

Extension of the 
NCD summary 

statistic to 
accommodate 
multi-species 

data 

Increasing 
values are 

suggestive of 
balancing 
selection 

Deep-to-
intermediate 

Windows 
across 

genome 

See also 178. 
Describes the 

NCD1 summary 
which includes 
an outgroup and 
fixed differences 
as part of the test 

Tajima's D 
and HKA 179 

Summary 
statistic 

Excess of low 
frequency class 
polymorphisms 

Decreased 
values 

indicate 
positive 

selection/ 
Selective 

sweep 

Intermediate-
to-recent 

Windows 
across 

genome 

Summary can be 
confounded with 
demography due 

to population 
expansion 

causing similar 
measures of the 

summary statistic   
Increased values 

indicate 
balancing 
selection 

Increased 
values 

indicate 
balancing 
selection 

Deep-to-
intermediate 

Windows 
across 

genome 

Summary can be 
confounded with 
demography due 

to population 
bottlenecks 
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causing similar 
measures of the 

summary statistic 
Perturbations 

from 
equilibrium 

SFS 179 

Summary 
statistic 

and 
likelihood 

method 

Intermediate-
skewed allele 

frequency classes 

Excess 
derived allele 

frequency 
classes as 

compared to 
neutral 

expectation is 
indicative of 

balancing 
selection 

Deep-to-
intermediate 

Windows 
across 

genome 

Summary can be 
confounded with 
demography due 

to population 
bottlenecks 

causing similar 
measures of the 

summary statistic 

  
Excess minor 
and/or derived 

allele frequency 
classes 

Excess minor 
or derived 

allele 
frequency 
classes as 

compared to 
neutral 

expectation is 
indicative of 

positive 
selection and 

seletive 
sweeps 

Intermediate-
to-recent 

Windows 
across 

genome 

Summary can be 
confounded with 
demography due 

to population 
expansion 

causing similar 
measures of the 

summary statistic 

β 180 Summary 
statistic 

Measure of allele 
frequency 

correlation and 
overall mutation 

rate. 

Values greater 
than 0 are 

indicative of 
balancing 
selection 

Intermediate Windows 
across 

genome 

 

iHS 181 Summary 
statistic 

Lengths of 
haplotype 

homozygosity or 
the decelerated 

decay of LD 

Increased 
lengths of 

homozygosity 
and the 

slower decay 
of LD 

compared to 
neutral 

expectations 
is indicative 
of a selective 

sweep 

Recent Windows 
across 

genome 

 

LD 179 Summary 
statistic 

Distinct increase 
in LD amongst a 

subset of 
adjacent loci 

Elevated 
values above 
genome wide 
background 
indicate a 
selective 
sweep 

Recent Windows 
across 

genome 

 

H1, H12,H2  
42,182 

Summary 
statistic 

Frequencies of 
ranked 

haplotypes, that 
is haplotype 

spectra 

Increased 
frequencies of 

distinct, 
ranked 

haplotypes 
(and their 
relative 

frequencies) 

Deep-to-
intermediate 

Windows 
(SNPs) 
across 

genome 
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is indicative 
of a sweep 

(hard versus 
soft). 

Ttrans 178 Likelihood 
method 

Adaptation of the 
T statistic of 183 
to specifically 

detect TSP 

Fit of the 
observed data 
to a model of 

long-term 
balancing 

selection or 
TSP is greater 
than that of a 

model of 
neutral 

evolution 
(CLRTSP > 
CLRNeutral) 

Deep-to-
intermediate 

Windows 
across 

genome 

 

T statistic 183 Likelihood 
method 

Aggregate of 
summary 

statistics of 
genomic 
diversity 

parameterize a 
maximum 

likelihood-based 
comparison of 

the fit of a 
neutral vs. 
balanced 

polymorphism 
model 

Fit of the 
observed data 
to a model of 

balancing 
selection is 
greater than 

that of a 
model of 
neutral 

evolution 
(CLRBalancing 

selection > 
CLRNeutral) 

Intermediate-
to-recent 

Windows 
across 

genome 

 

CLR 184 Likelihood 
method 

Aggregate of 
summary 

statistics of 
genomic 
diversity 

parameterize a 
maximum 

likelihood-based 
comparison of 

the fit of a 
neutral 

vs.selective 
sweep model 

Fit of the 
observed data 
to a model of 

balancing 
selection is 
greater than 

that of a 
model of 
neutral 

evolution 
(CLRSweep > 
CLRNeutral) 

Recent Windows 
across 

genome 

Refers 
specifically to 

the model 
described in ref. 

184 and its 
derivatives; 

while CLR is 
used sometimes 
to refer to this 

specific 
summary, 
composite 

likelihood ratio 
tests are a 

general statistical 
procedure for 

model 
comparison. 

 1354 
 1355 
  1356 
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Figure legends 1357 
 1358 
 1359 
Figure 1 | Schematic representation of selective sweep coevolution in the gene pools 1360 
of a host and parasite population.  For each antagonist, timelines of alleles at different 1361 
loci are shown in different colours. Over the shown time period, each of the alleles is 1362 
replaced at least once by a mutant, indicating selective sweeps. Genetic variation at 1363 
loci, that is the presence of multiple alleles in the gene pool at a given moment in time, 1364 
is only visible during the sweep. Host and parasite sweeps are not linked. Loci can be 1365 
present anywhere in the genome. Other loci may undergo sweeps at the same time for 1366 
reasons unrelated to the coevolutionary interactions. 1367 
 1368 
 1369 
Figure 2 | The temporal dynamics of genomic signatures. 1370 
Approximate time scales during which genomic signatures for balancing selection 1371 
(blue), positive selection and/or selective sweep (red), and interspecies linkage 1372 
disequilibrium (purple) are detectable with common (though not exhaustive) 1373 
population genetic tests (Table 2). While signatures of balancing selection (especially 1374 
those that are associated with trans-species polymorphism (TSP) or approximations 1375 
thereof; see 185) and positive selection may extend quite deep into evolutionary time, 1376 
patterns of very rapid evolutionary change associated with positive selection or 1377 
selective sweeps will show a much more limited time depth. Concomitantly, the 1378 
number of generations a given selective regime has to be in place before inference of 1379 
its signature is possible may be different between balancing selection and positive 1380 
selection and, on the shortest times scales and with a sample from a single population, 1381 
the signatures of balancing selection and positive selection may be indistinguishable. 1382 
As a selective sweep grows older, its signature will disappear and become more similar 1383 
to the signature of positive selection, which is visible only as elevated ratios of 1384 
adaptive to synonymous divergence. Patterns of interspecies linkage disequilibrium 1385 
provide no historical record of the coevolutionary process and so additional methods 1386 
(such as those described in this figure) are required to determine what (if any) 1387 
selective regime has been at play at the statistically associated loci. It should be noted, 1388 
the suggested time frame of inference for individual tests may differ substantially for 1389 
individual datasets as a result of experimental factors, such as sample size, and as the 1390 
result of species-specific factors, such as demography. Allele frequency classes may be 1391 
a component of summary statistic (such as Tajima’s D) or may be the specific metric of 1392 
interest (for example, site-frequency spectra, or SFS).  TTRANS = likelihood ratio test 1393 
statistics for detecting TSP; HKATRANS = modified version of the HKA test to 1394 
accommodate genomic data from multiple species in order to detect TSP; NCD = non-1395 
central deviation summary to determine deviation from neutral allele frequency 1396 
expectations; H1,H2, and H12 = Frequencies of the most frequent haplotype, the 1397 
frequency of the second most frequent haplotype, and the frequency of the first and 1398 
second most frequent haplotype, respectively; NCDTRANS = version of the NCD summary 1399 
statistic extended to multispecies datasets in order to detect TSP 28,178; HKA = Hudson, 1400 
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Kreitman and Aguadé test; SFS = site frequency spectrum; iHS = integrated haplotype 1401 
score 181; LD = linkage disequilibrium 179; CLR = composite likelihood ratio test 184; β = 1402 
measure of allele frequency correlation 180 (see Table 2). 1403 
 1404 
 1405 
Figure 3 | Host resistotype and parasite infectotype interaction matrix and balancing 1406 
selection. A simple matching allele model of two host resistotypes and two parasite 1407 
infectotypes is sufficient to create long term balancing selection within populations. a 1408 
| Haploid hosts with the H-allele have resistotype C (C for compatible interactions, that 1409 
is, the host is susceptible) for parasites with the P-allele and I for incompatible (the 1410 
host is resistant) for parasites with the p-allele; hosts with the h-allele have resistotype 1411 
I for parasites with the P-allele and C for parasites with the p-allele. The haploid 1412 
parasite with the P-allele has the infectotype C for hosts with the H allele and I for 1413 
hosts with the h-allele, whereas parasites with the p-allele have infectotype I for hosts 1414 
with the H-allele and C for hosts with the h-allele. A mutant of an allele may produce a 1415 
new allele ( H', h’, P' and p’), but if the function of the allele is not affected in regards 1416 
to its interaction with the parasite, the resistotypes and infectotypes will stay the 1417 
same. b | A schematic representation of balancing selection is shown in a host 1418 
population that diverges into two populations. Allele colours correspond to functional 1419 
types of the host. Initially, the H-allele (blue) gives rise to the h-allele (red), which has a 1420 
different resistotype. Afterwards, the two allele types are maintained by balancing 1421 
selection. Their infection profile might resemble the matching allele model shown in 1422 
part a. Further mutations in the H- and h-alleles change the genotype of these alleles, 1423 
but not their resistotype. The H-allele persists until it is replaced by the H’ allele (light 1424 
blue) in population 1. The h-allele gives rise to the h’ allele (pink) in population 2. H 1425 
and H', as well as h and h', change in relative frequency independent of selection by 1426 
the parasite. Gene flow between populations can introduce new alleles (h’ into 1427 
population 1) and reintroduce extinct alleles (h’ into population 2), which can replace 1428 
the resident allele. 1429 
 1430 
 1431 
Figure 4 | An idealized scenario for host–parasite coevolution by long-term balancing 1432 
selection leading to trans-species polymorphisms. 1433 
a | When balancing selection maintains allelic variants over long time periods, trans-1434 
species polymorphism (TSP) may be visible, with the polymorphisms existing prior to 1435 
the split into two species. In contrast to the scenario in FIG. 3b, here, speciation 1436 
completely blocks gene flow and hybridization. If TSP results from strict long-term 1437 
coevolution, similar evolutionary histories are expected for the functionally linked 1438 
variants in hosts and parasites (FIG. 3a). b | For the scenario outlined in part a, the 1439 
genes undergoing long-term balancing selection are expected to cluster by function in 1440 
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a gene tree (red and blue colour), not by species. Host and parasite genealogies 1441 
should, however, be congruent (that is, have the same topology), indicating that 1442 
speciation events occurred in parallel. 1443 
 1444 
 1445 
Figure 5 | Cogenomic approaches to find genes involved in host parasite interactions. 1446 
A cogenomic analysis tests for associations between polymorphisms in host and 1447 
parasite genomes. a | The genome-to-genome method analyses samples of hosts 1448 
naturally infected with a parasite to find host variants in strong interspecies linkage 1449 
disequilibrium (iLD) with variants in the parasites. Phenotypic data are not necessary. 1450 
The figure shows two pairs of sites in the host and parasite genomes that significantly 1451 
associate with each other, that is, they show strong iLD. b | The analysis with a Two-1452 
Organism Mixed Model (ATOMM) includes phenotypic data from a host-parasite 1453 
infection matrix, which are analysed together with polymorphism data for both the 1454 
host and parasite isolates 164. The method allows interacting loci in hosts and parasites 1455 
to be detected. Host and parasite genomes are represented as a series of squares, 1456 
where each square indicates the position of a polymorphism in the sampled genomes. 1457 
Shades of blue and red indicate different host and parasite genomes, respectively. 1458 
Unequal numbers of host and parasite isolates can be used. 1459 
 1460 
 1461 
  1462 
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Box 1. Emerging cogenomics methodologies 1463 
 1464 

Likelihood-free inference 1465 
The biological complexity inherent to the coevolutionary process and the distinct 1466 
limitations of population genetic summary statistics, including the lack of a suitable 1467 
and/or tractable likelihood function [G], for dealing with certain aspects of this 1468 
complexity have driven researchers to seek new solutions 149. A very successful 1469 
approach for by-passing some limitations of individual summary statistics and 1470 
likelihood-based inference has been Approximate Bayesian Computation (ABC). In 1471 
ABC, the requirement of a likelihood function is bypassed by the use of simulated 1472 
datasets. Summarization of these simulations via summary statistics followed by a 1473 
statistical evaluation, or rejection procedure, identifies which simulations most closely 1474 
approximate the set of summary statistic values obtained from an observed dataset, 1475 
thereby allowing inference of the posterior probabilities of model parameters of 1476 
interest 186. Another exciting approach that allows the aggregate use of simulation and 1477 
summary statistics to evaluate complex biological dynamics is supervised machine 1478 
learning [G]. It works on the principle of using training sets to generate a predictive 1479 
model, for example a simulated dataset of the relevant evolutionary scenarios to a 1480 
given problem of interest. This predictive model is then used to determine how a set 1481 
of input variables predicts a given response 187. However, these different approaches 1482 
should not be considered mutually exclusive188. 1483 
 1484 
Ancestral recombination graphs 1485 
To identify a signature of selective sweep or balancing selection using the methods 1486 
described above, a clear understanding of how a neutral coalescent differs from a non-1487 
neutral one is crucial. Given that so much useful information can be gleaned from the 1488 
flanking genomic regions as well as the locus experiencing selection, traditional 1489 
summaries of the coalescent that rely on treating loci or genomic windows as (semi-) 1490 
independent will throw away important, if not crucial, information needed to infer the 1491 
dynamics of the coevolutionary process. The ancestral recombination graph [G] (ARG) 1492 
provides a representation of the relationships among genomic segments, mediated 1493 
through recombination, as a network 189. Historically, it has been computationally 1494 
prohibitive to reconstruct these ARGs in even small genomic data sets. However, 1495 
recent advances in the data structures required to encode the information of an ARG 1496 
190, and in the simulation of complicated, non-neutral perturbations of the coalescent 1497 
in the context of whole genomes 191, have begun to allow the inference of both 1498 
selective sweeps and balancing selection from reconstructed ARGs 189,192. It is perhaps 1499 
not inconceivable that future advances may well allow for the direct reconstruction of 1500 
the pairwise relationships of genomic segments in host and parasite, which is 1501 
mediated though the reproductive processes of host and parasite, and the infection 1502 
process that connects them.  1503 
  1504 
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Glossary 1505 
 1506 
 1507 
PARASITES 1508 
Organisms, including pathogens, that take advantage of other organisms (hosts), 1509 
thereby instigating a process of selection by the host to defend against the parasite.  1510 
 1511 
GENOMIC SIGNATURES 1512 
Characteristic patterns of genetic variation, observed at a genomic region in a sample 1513 
of genomes. 1514 
 1515 
SELECTIVE SWEEP 1516 
The spread of a beneficial mutant and the hitchhiking of genetic variants close to it in 1517 
the genome. Beneficial mutants may have arisen de novo or were segregating in the 1518 
population before the sweep and become beneficial after a change in conditions. 1519 
 1520 
LINKED SELECTION 1521 
The evolution of (nearly) neutral SNPs influenced by selection on loci physically linked 1522 
to them.  1523 
 1524 
GENETIC HITCHHIKING 1525 
The process by which a genetic variant changes in frequency because it is physically 1526 
linked to another variant that is changing in frequency due to selection. 1527 
 1528 
COGENOMIC 1529 
The simultaneous analysis of the function, structure and evolution of pairs of 1530 
associated genomes in closely-interacting organisms, such as host and parasites. 1531 
 1532 
BALANCING SELECTION 1533 
Balancing selection occurs because the alleles involved have, on average, a selective 1534 
advantage that correlates negatively with their frequency within a population or 1535 
species. This term does not include loci that are at a balance between gaining and 1536 
losing variants, such as mutation-drift and mutation-selection balance. 1537 
 1538 
OVERDOMINANCE  1539 
Describes the scenario in which heterozygotes have a more extreme phenotypic trait 1540 
value than all homozygotes. Overdominance for fitness results in balancing selection 1541 
for the alleles causing the advantage for the heterozygote genotypes.  1542 
 1543 
LOCAL ADAPTATION 1544 
If the effect of an allele is habitat specific, such that it is beneficial in one habitat and 1545 
detrimental in another and vice versa for the alternative allele, local adaptation may 1546 
evolve with directional selection within each population. Local adaption is a powerful 1547 
mechanism to maintain genetic diversity within species.  1548 
 1549 
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DIRECT NEGATIVE FREQUENCY-DEPENDENT SELECTION 1550 
Occurs when the selective benefit of an allele depends directly and negatively on its 1551 
frequency, for example at sex-determining loci and plant self-incompatibility loci. 1552 
 1553 
INDIRECT NEGATIVE FREQUENCY-DEPENDENT SELECTION 1554 
Occurs when the selective benefit of an allele depends on the frequency of an allele in 1555 
a coevolving species.  1556 
 1557 
SELECTIVE INTERFERENCE 1558 
In clonal, but not in sexual, populations beneficial mutations interfere with each other, 1559 
such that at a given moment the fittest mutation will outcompete weaker beneficial 1560 
mutations. Interference can also affect the spread of mutants in genomic regions with 1561 
low recombination rates. 1562 
 1563 
LINKAGE DISEQUILIBRIUM (LD) 1564 
A statistical measure of the distribution of combinations of alleles at different loci, 1565 
which is zero if this distribution follows the expectation based only on allele 1566 
frequencies. Non-zero values of LD can arise due to hitchhiking, selection on allele 1567 
combinations and stochastic processes and may occur among loci without physical 1568 
linkage.  1569 
 1570 
SELECTION COEFFICIENT 1571 
A measure of fitness of genotypes or alleles relative to a reference, such as the 1572 
ancestral form. 1573 
 1574 
TAJIMA'S D 1575 
A population genetic summary statistic describing the frequency distribution of 1576 
polymorphisms in a population, with D being zero under neutral evolution and positive 1577 
under balancing selection. 1578 
 1579 
GENETIC DRIFT 1580 
A neutral evolutionary process that influences allele frequencies based on the random 1581 
sampling of genetic variants during reproduction. 1582 
 1583 
PANMICTIC 1584 
Random mating within a population. 1585 
 1586 
FIXATION INDEX (FST) 1587 
A measure of genetic differentiation of spatially structured populations, usually 1588 
estimated from single-nucleotide polymorphism (SNP) or microsatellite data. 1589 
 1590 
DIRECTIONAL SELECTION 1591 
A mode of natural selection by which a genetic variant is predicted to spread to 1592 
fixation (also known as positive selection). 1593 
 1594 
 1595 
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SUPERGENE 1596 
A group of tightly linked genes on a chromosome that are inherited together as a 1597 
haplotype and often have reduced recombination.  1598 
 1599 
FUNCTIONAL GUILDS 1600 
Groups of organisms with similar life-style characteristics that perform the same 1601 
ecological function, such as gut-parasites, pollinators and filter-feeders. 1602 
 1603 
R-GENE 1604 
Resistance genes of plants that convey resistance against diseases by producing R 1605 
proteins. 1606 
 1607 
APPROXIMATE BAYESIAN COMPUTATION (ABC) 1608 
Bayesian statistical approach wherein parameter inference and model selection is 1609 
conducted in the absence of likelihood functions. Instead, ABC relies on summary 1610 
statistics and simulations to infer posterior distributions of parameters and/or models 1611 
of interest.  1612 
 1613 
LIKELIHOOD FUNCTION 1614 
Analytical formulation of a set of parameters, which can be used to assess the fit of a 1615 
given observed dataset to a predetermined model.  1616 
 1617 
SUPERVISED MACHINE LEARNING 1618 
Machine learning is a statistical methodology that uses artificial intelligence to 1619 
automate inferential processes with minimal explicit instruction. Supervised machine 1620 
learning is a type of machine learning that uses (labelled) training sets to generate a 1621 
target function when the correspondence between the function of interest and 1622 
response variable are known. This target function can then be applied to unclassified 1623 
(unlabelled) data to make statistical inferences. 1624 
 1625 
ANCESTRAL RECOMBINATION GRAPH (ARG) 1626 
A genealogical or phylogenetic representation of the network of coalescence and 1627 
recombination events in a collection of orthologous DNA sequences. 1628 
 1629 
ToC summary 1630 
Host-parasite co-evolution is expected to leave signatures of selection in the genome 1631 
of both antagonists. Ebert and Fields discuss what is known about these signatures, 1632 
how they relate to co-evolutionary processes, and how they can help identify the 1633 
genes underlying the coevolving phenotypes.  1634 
 1635 
 1636 
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Figure 1. 

A beneficial host mutant (violet) arises and 
replaces the ancestral allele (red). 

A beneficial parasite mutant (blue) arises and 
replaces the ancestral allele (light blue).

A further beneficial host mutant (dark violet) 
arises and replaces the allele (violet) that 
earlier swept through the population. 

In relatively short succession, a beneficial 
mutant arises and replaces the ancestral 
parasite allele (light green), and is then itself 
replaced by a further beneficial mutant (dark 
green). 

More sweeps occur in both the host and the 
parasite population. 

A beneficial mutant (dark blue) sweeps very 
slowly in the host population, causing a long 
time period of a polymorphism.
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Ancestral, monomorphic host population

Mutant arises in the host. “a” is functionally 
distinguished from “A”, i.e. it has a different 
resistotype (see Fig. 2). 

“A” / “a” resistotype polymorphism is 
maintained by balancing selection

Host population diverges into two 
subpopulations

Geneflow among populations 
reduces further divergence
A new mutant (pink) arises

Geneflow introduces the pink allele in 
Population 1. Pink replaces red allele.

Fig. 3.  
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Geneflow brings extinct pink 
allele back, which then replaces 
the red allele.

Light blue allele replaces 
ancestral dark blue allele

Population 1 Population 2

Populations diverge at neutral sites (not 
shown), but not at sites under balancing 
selection.
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New mutant “a” is resistant to parasite “B”

Balancing selection maintains polymorphism

Host and parasite populations start to diverge

Host and parasite complete speciation

Host sister species Parasite sister species

Polymorphic genepool in both 
sister species pairs is maintained 

by balancing selection
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