bioRxiv preprint doi: https://doi.org/10.1101/625301; this version posted May 2, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-ND 4.0 International license.

 Inference of coevolutionary dynamics and parameters
. from host and parasite polymorphism data of repeated

3 eXperlmentS

4 Hanna Mirkle?®*, Aurélien Tellier®

5 “Section of Population Genetics, TUM School of Life Sciences Weihenstephan, Technical
6 University of Munich, Liesel-Beckmann-Str. 2, 85354 Freising, Germany

7 Abstract

There is a long-standing interest in understanding host-parasite coevolutionary
dynamics and associated fitness effects. Increasing amounts of genomic data offer
new ways to understand the past coevolutionary history. To extract such informa-
tion, it is crucial to understand the link between allele frequency dynamics and
polymorphism data. We couple coevolutionary models, which include costs of
resistance, infectivity and infection, with coalescent simulations to generate poly-
morphism data at the involved loci. We show that under trench-warfare dynamics
the allele frequencies at the internal equilibrium point determine the strength of
the resulting balancing selection signatures.

As a proof-of-principle, we then apply an Approximate Bayesian Computation
approach to infer the cost values using host and parasite polymorphism data from
repeated experiments. First, we demonstrate that the cost of infection and host
and parasite population sizes can be inferred knowing the costs of resistance and

infectivity. Second, we can infer simultaneously all three costs when population
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sizes are known. Third, the polymorphism data in the host are informative about
the cost of infectivity (parasite cost), while the signatures in the parasite inform
about the cost of resistance and infection (host costs). We discuss the implications
of our results for genomic based inference of host-parasite coevolution.

s Keywords: Host-parasite coevolution, polymorphism data, ABC, fitness cost

s 1. Introduction

10 Host-parasite coevolution is an ubiquitous process and has been demonstrated in
1 terrestrial (Thrall et al., 2012), limnological (Decaestecker et al., 2007) and marine
12 environments (Martiny et al., 2014). It describes the process of parasites and hosts
13 excerting reciprocal selective pressures on one another. A necessary condition for
14 coevolution to take place is some underlying heritable variation for the traits being
15 involved into the coevolutionary interaction, such as resistance or infectivity. Irre-
16 spectively of the underlying genomic architecture, coevolution and the associated
17 reciprocal selective pressures result in allele frequency changes at the underlying
1s genes. One central question in host-parasite coevolution is how allele frequen-
19 cles change over time (directional changes, regular fluctuations, chaotic fluctua-
20 tions) and the resulting short and long-term patterns of allelic polymorphism (tran-
21 sient or stable polymorphism). Allele frequency dynamics are usually classified
22 based on a continuum ranging from arms-race dynamics on the one extreme and
23 trench-warfare dynamics on the other extreme (Brown and Tellier, 2011; Wool-
2« house et al., 2002). In arms race dynamics frequencies of new beneficial alleles
s (such as new resistance alleles, infectivity alleles) arising by de novo mutations

2s increase towards fixation in both inteacting partners. Accordingly, alleles are re-
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27 currently replaced and thus, are short lived and polymorphism is only transient.
s Such dynamics have been e.g. demonstrated in the intial phase of Pseudomonas
2o fluorescens coevolving with a phage (Hall et al., 2011). Opposed to arms-race are
% trench-warfare dynamics (Stahl et al., 1999; Woolhouse et al., 2002), where sev-
a1 eral alleles segregate simultaneously and are stably maintained in the host and the
sz parasite. Here, allele frequencies either converge towards a stable equilbrium or
s they fluctuate persistently over time, both dynamics resulting in long-term main-
a tenance of allelic polymorphism.

ss  The type of occuring dynamics depends on the type and strength of various forms
s of selection (negative indirect frequency dependent selection, negative direct fre-
s7 quency dependent selection, overdominant selection) and their interplay with ge-
s netic drift. In frequency dependent selection the strength of selection depends
s on the frequency of particular alleles. Negative indirect frequency dependent se-
w0 lection (niFDS) takes place when the fitness of a particular host alleles increases
a1 with decreasing frequencies of a particular allele in the parasite and vice-versa
22 (Seger, 1988; Tellier and Brown, 2007). When the fitness of a host or parasite
s allele decreases with its own frequency negative direct frequency-dependent se-
s lection (ndFDS) is acting. ndFDS can be promoted by factors such as asynchrony
ss between host and parasite life-cycles (overlapping parasite generations, several
s parasite generation per host generation) or epidemiological feedback due to den-
s7 sity dependent disease transmission (Brown and Tellier, 2011). Overdominant
s selection or some form of ndFDS are a necessary but not sufficient condition for
s trench-warfare dynamics to take place in single locus host-parasite coevolutionary
so interactions (Tellier and Brown, 2007). Even with some form of ndFDS acting,

st arms-race dynamics can take place if either the strength of ndFDS compared to
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s2. niFDS is weak or genetic drift is causing random loss of alleles.

ss  The exact nature of the dynamics, such as the equilibrium frequencies of alleles
s« and the period and amplitude of coevolutionary cycles, is further affected by the
ss  way host and parasite genotypes interact at the molecular level and the fitness
ss costs associated with the coevolutionary interaction. The interaction at the molec-
s7 ular level is captured by the infection matrix which stores the level of infection in
ss all possible pairwise interactions between host and parasite genotypes. One well
so studied type of interaction is the gene-for-gene (GFG) interaction which presents
s one endpoint of a continuum of infection matrices (Agrawal and Lively, 2002).
st GFG-interactions are characterized by one universally infective parasite genotype
2 and one universally susceptible host type. Such interactions have been found for
&s example in the Flax-Melampsora lini system (Flor, 1971).

s« A fitness cost which has been shown to crucially affect the coevolutionary dynam-
es 1cs 1s the loss in fitness due to infection (Tellier and Brown, 2007; Tellier et al.,
ss 2014). In addition, costs of resistance such as reduced competitive ability or fer-
e7 tility in absence of the parasite (Kraaijeveld and Godfray, 1997; Bergelson and
es Purrington, 1996; Lenski, 1988) and costs of infectivity such as reduced spore
so production of infective pathogens (Thrall and Burdon, 2003) can further alter the
70 dynamics. These costs also determine the equilibrium frequencies of the coevolu-
71 tionary system (Leonard, 1994; Frank, 1992).

72 Understanding the link between allele frequency dynamics at the coevolving loci
73 under the joint influence of coevolution and genetic drift and the resulting genomic
7+ signatures at linked neutral sites is important for the application and development
75 of inference methods. The classic expectation is that arms-race dynamics result

76 in selective sweep signatures which are characterized by lower genetic diversity
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77 at neutral sites being linked to the coevolving locus compared to the genome-
75 wide average and increased levels in linkage disequilibrium (Maynard Smith and
7o Haigh, 1974). Trench-warfare dynamcics on the other hand are expected to re-
so sult in signatures of balancing selection being characterized by higher than aver-
s1 age diversity due to the maintenance of several alleles for a long period of time
sz (Charlesworth et al., 1997). However, trench-warfare dynamics do not necessarily
s result in observable genomic signatures in both interacting partners (Tellier et al.,
s 2014).

ss Therefore, we aim to investigate explicitely the link between expected dynamics
s in infinite population size and the resulting signatures around the coevolving loci
&7 in the host and the parasite. We can show that the resulting coevolutionary sig-
ss natures in both interacting partners change with the equilibrium frequencies of
so alleles.

s Accordingly, as a proof-of principle, we aim to infer information about key param-
o1 eters from polymorphism data at the host and parasite coevolving loci. Therefore,
2 we apply Approximate Bayesian Computation (Csillery et al., 2010; Beaumont
s et al., 2002; Sunnaker et al., 2013) based on a coevolutionary model and the as-
«« sumption that data are available from repeated coevolutionary experiments. We
s test this approach on pseudo-observed data sets which we obtained by repeat-
s edly simulating a coevolutionary experiment for » = 200 or r = 10 times. We
o7 are able to extract information about the cost of infection, a parameter substan-
¢ tially shifting the equilibrium frequencies, with good accuracy. The inference
s works best when polymorphism data of both the host and the parasite are avail-
10 able. However, this requires that some information about other parameters such

101 as population sizes or cost of resistance are available.
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102 2. Methods and Material

w3 2.1. Simulation of polymorphism data

104 We model coevolution between a single host and a single parasite species. The
15 coevolutionary interaction is driven by a single bi-allelic major gene in each hap-
16 loid species. Hosts are either resistant (RES) or susceptible (res) and parasites are
17 either non-infective (ninf) or infective (INF'). Thus, the model follows a gene-for-

108 gene interaction with the following infection matrix:

ninf INF
RES 0 1
(1)
res 1 1

19 A l-entry in the infection matrix indicates that the parasite is able to infect the
10 host and a 0-entry indicates that the host is fully resistant towards the parasite.
111 To obtain polymorphism data at these major genes we combine a forward-in-time
112 coevolutionary model (Tellier and Brown, 2007) including genetic drift and recur-

1s  rent mutations with backward-in-time coalescent simulations (Tellier et al., 2014).

s 2.1.1. Forward in time coevolution model

115 In the forward part, we obtain the frequencies of the different alleles at the begin-

11s  ning of each discrete host generation g in three steps:

17 1. Using a discrete-time gene-for-gene coevolution model (shown below) we
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118 compute the expected allele frequencies in the next generation (in infinite
119 population size)

120 2. We incorporate genetic drift by performing a binomial sampling based on
121 the frequency of the RES-allele (INF-allele) after selection and the finite
122 and fixed haploid host population size Ny (parasite population size Np).

123 3. We allow for recurrent allele mutations to take place and change genotypes
124 from RES to res at rate ug,,, or res to RES at rate u,,,g in the host and from
125 ninf to INF at rate p,,; and from INF to ninf at rate uy,, in the parasite.
126 Henceforward, we call such mutations as functional mutations. We set all
127 functional mutation rates to Urser = Mntor = Mrior = Mizon = 107,

12s Repeating this procedure for g,,,. host generations, we obtain the so called fre-
129 quency path, which summarizes the allele frequencies at both loci forward in time.
130

131 The coevolution model (henceforward termed model A) is based on the poly-
122 cyclic auto-infection model in Tellier and Brown (2007). It incorporates fitness
s costs for the RES-allele (cy) and the INF-allele (cp). There are T = 2 discrete
134 parasite generations per discrete host generation g and disease transmission is
135 frequency-dependent. Successive parasite generations ¢ (¢t > 1) within host gen-
136 eration g infect the same host as their parent at rate ¥ = 1 (auto-infection rate).
137 Once a host becomes infected in parasite generation ¢ it stays infected until it dies
13s from natural death at the end of generation g. The total amount of fitness loss for
139 a host which has been infected in parasite generation ¢ within host generation g is
10 8. S; 18 a function of the number of parasite generations a host is infected and the

141 cost of being infected s (cost of infection) for a whole host generation:
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5 =5 (w) )

12 The allele frequencies of resistant hosts (R,), susceptible hosts (r,), non-infective
s parasites (A,,) and infective parasites (a,,) are given by the following recursive

144 equations (for the corresponding fitness matrices see Tab. S1):

ag1-(1—cp)

gn = (3a)
877 dgr - (1—cp) +Agy - 1
(1-cp)- [Rg (Ag,1ag,2 + ag,l) + rgag,l]
Qgy1,1 = (3b)
(1 — Cp) . [Rg (Ag,lag’z + ag,l) + I"gag,l] + I"gAg’]
Ry - (1 — cu)(Ag1Agn + Agrago(l — s2) +ag (1 - s1))
Rget = g g.1¢ g1dg g (o)

Rg . (1 - CH)(Ag,lAg,Z + Ag,lag,2(1 - S2) + ag,1(1 - Sl) + rg(l - Sl)
us  with A, = 1 —a,, and r, = 1 — R,. The equilibrium frequencies a, R (Tellier
146 and Brown, 2007) at the internal, non-trivial equilibrium point are approximately

147 given byl

52+ 81— V(2 + 51)% — 4s2(s1 — cn)
2s2(1 = cn)

D>
Q

cp
2—Cp—€l

=>
R

4
2cp - s5- (1 —cp)
52(3 = dey = 2ep(1 = cp)) = 51 + V(s2 + 51)2 — 4s2(s1 — cn)

14s  For investigating the link between coevolutionary dynamics in infinite population

Q

149 size and genomic signatures in finite population size, we further use these recur-
150 sion equation to simulate allele frequency trajectories in infinite population size
151 for gqc = 30,000 generations (without genetic drift and recurrent mutations) for
12 all pairwise combinations of s = {0.2,0.3,0.4,0.5,0.6,0.7,0.8}, cp = {0.1,0.3}
153 and cy = {0.05,0.1}.
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154 Additionally, we use two extensions, B and C respectively, of the basic model to
155 check for the generality of our results. In model B, we extend model A to more
155 than two parasite (7 > 2) generations per host generation g (Eq. S5). Model C
157 extends model A (keeping T = 2) by allowing for allo-infections to take place at
18 rate (1 —y) in the second parasite generation (¢ = 2) within host generation g (Eq.

159 SO).

w0 2.1.2. Backward in time coalescent

161 To obtain polymorphism data for neutral sites being linked to the coevolving loci
12 we combine the obtained frequency paths which include genetic drift and recur-
163 rrent mutations with coalescent simulations separately for the host and the para-
164 site. Therefore, we first rescale time for the frequencies paths appropriately (for
s more information see S1.1.1). Based on these time-rescaled frequency paths we
s launch a modified version of msms (Ewing and Hermisson, 2010; Tellier et al.,
17 2014) once for each species. We set the sample size to ny = 50 for the host
18 (np = 50 for the parasite). For both species we assume a non-recombining lo-
s cus of length 2500 bp and a per site neutral mutation rate of 10~". Accordingly,
170 the neutral population mutation rate is 6 = 2 - Ny - 2500 - 1077 for the host
i (@p =2+ Np-2500- 1077 for the parasite). Based on the respective msms-output
172 we calculate eight summary statistics for each species which are based on the site
173 frequency spectrum (SFS) (Tab. S5). In addition to these 16 summary statistics we
17+ calculate an additional summary statistic (Pairwise Manhattan Distance) which is

175 combining information from host and parasite polymorphism data (see S2).
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176 2.2. Generating pseudo-observed data sets (PODs)

177 'To understand the link between coevolutionary dynamics in finite population size
17¢  and genomic signatures we simulate pseudo-observed data sets (PODs) for various
179 costs of infection (s). This parameter strongly influences the coevolutionary dy-
180 namics, namely the allele frequencies at the non-trivial equilibrium point and the
1s1  stability of the internal equilibrium point (Fig. 1 and Tab. S3, Tellier and Brown,
1e2 2007). Therefore by changing s, we can investigate a continuum between arms-
183 race and trench-warfare dynamics with varying internal equilibrium frequencies.
18« We vary s from 0.2 to 0.8 in steps of 0.1. We simulate r = 200 repetitions for
1s each value of s using the above mentioned forward-backward approach, and after-
18s  wards average the summary statistics across the r = 200 repetitions/per parameter
1e7 combination/per model. For the so called standard case we fix the parameters as
188 follows: ¢y = 0.05, cp = 0.1, Ny = Np = 10,000, ny = np = 50. We extend this
19 standard case in two ways. First, we simulate data for various combinations of
190 host population size Ny = (5,000; 10,000; 15,000) and parasite population size
191 Np = (5,000; 10,000; 15,000). Second, we assess the signatures for combina-
12 tions of cy = (0.05, 0.1) and cp = (0.1, 0.3) while fixing the population sizes to

193 their standard values.

14 2.3. Performing ABC on the pseudo-observed data sets for model A

195 As a proof of principle we aim to infer different parameters determining the co-
196 evolutionary dynamics in Model A. In scenario 1, we aim to infer simultaneously
17 the cost of infection (), the host population size (Ny) and the parasite population

198 size (Np) assuming that we know the true cost of resistance cy and the true cost

10


https://doi.org/10.1101/625301
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/625301; this version posted May 2, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-ND 4.0 International license.

199 of infectivity cp. In scenario 2, our goal is to infer simultaneously the cost of in-
200 fection (s), the cost of infectivity (cp) and the cost of resistance (cy) assuming we
201 know the true host (Ny) and parasite population sizes (Np). In doing so we further
202 test for the effect of the number of repetitions on the inference results. Thus, we
203 base our inference on the average summary statistics of r = 200 and r = 10 repe-
204 titions. Besides the effect of the number of repetitions, we access how the type of
20 polymorphism data available affects the accuracy of inference. Therefore, we per-
26 form inference based on a) polymorphism data of both, the host and the parasite,
207 b) polymorphism data of the host and c) polymorphism data of the parasite. For
208 the sampling step of the ABC we use the ABCsampler from ABCtoolbox (Weg-
209 mann et al., 2010) and perform 100,000 simulations using the standard sampler.
210 The chosen priors, complex parameters and fixed parameters can be found in Tab.
211 S6. For the estimation step we retain the 1% best simulations and apply the post-
212 sampling adjustment (generalized linear model) as implemented in ABCestimator
213 (Wegmann et al., 2010). All codes and pipelines used are available upon request

212 (and will be placed on a Dryad repository).

215 3. Results

216 3.1. Link between coevolutionary dynamics and sequence data

217 The internal equilibrium frequency of the RES-allele mainly increases with in-
218 creasing cost of infectivity (cp) (Fig. 1 a+b vs. Fig. 1 c+d), increases very slightly
219 With increasing cost of infection (s) and remains almost unaffected by changing

220 costs of resistance (cy) (Fig. 1 a+c vs. Fig. 1 b+d). The opposite is true for

11
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221 the parasite. Here, the equilibrium frequency of the infective (INF)-parasite rises
222 mainly with increasing cost of infection (s) (Fig. 1). Higher costs of resistance
223 (cy) decrease the equilibrium frequency of INF-parasites (Fig. 1 a+c vs. Fig. 1
222 b+d) for a given value of s. In contrast to the host, the equilibrium frequencies in
225 the parasite are almost unaffected by changes in the cost of infectivity (cp). For
226 high costs of infection s the dynamics are always switching to arms-race dynam-
227 1Cs, irrespectively of the underlying costs of resistance and infectivity (Fig. 1, Fig.
228 ST).

220 The changes in equilibrium frequencies with changing cost of infection (s), cost
20 Of resistance (cy) and changing cost of infectivity (cp) are reflected by the result-
231 Ing genomic signatures at the coevolving genes (Fig. 2). Generally, the strongest
22 signatures of balancing selection (here indicated by high Tajima’s D values) can
2:a be observed when the equilibrium frequencies of INF-parasites or RES-hosts are
2 close to 0.5 (see Fig. 1, Tab. S3, Fig. 2). The strength of the signatures declines
25 the further the equilibrium frequencies move away from 0.5.

26 The genomic signature in the parasite changes strongly with changing cost of in-
237 fection (s), irrespectively of cy and cp. Further, the resulting genomic signatures
28 1n the parasites for a given cost of infection s are distinguishable for different costs

20 Of resistance but not for different costs of infectivity.

12
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Figure 1: Deterministic equilibrium frequencies for model A (pure autoinfection model with 7' =
2 parasite generations) for different combinations of cost of resistance cy = (0.05, 0.1) (columns),
cost of infectivity cp = (0.1, 0. 3) (rows) and cost of infection s = (0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8)
(color of the squares). Only combinations with trench-warfare dynamics are shown. Centres of
the squares represent the equilbrium frequencies obtained by simulating numerically the recursion
equations Eq. 3 for 30,000 generations starting with an initial frequency of Ry = 0.2 resistant hosts
and ap = 0.2 infective parasites. Heads of the arrows represent the equilibrium frequencies based

on Eq. 4 which slightly differ from the numerical computations due to analytical approximations.

220 The genomic signature in the host changes very slightly with increasing cost of
21 infection (s) as the resepective equilbrium frequencies are strongly affected by cp.
22 Thus, the strongest balancing selection signature for the host is found for an in-

213 creased costs of infectivity (cp = 0.3) and intermediate costs of infection.

13
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2.« The combination of host and parasite signatures holds the highest information
25 content about the fitness parameters guiding the coevolutionary dynamics. This is
26 due to the fact that the equilibrium frequencies in the host and parasite are differ-
217 entially affected by these fitness parameters. The genomic signature in the host is
2s  mainly indicative about the cost of infectivity (cp), a cost which is affecting the
219 parasite fitness, whereas the signature in the parasite is mainly informative about
20 the costs of resistance (cy) and infection (), parameters with a direct fitness effect
251 1n the host (Fig. 2). This results from the action of niFDS. Increasing costs of re-
252 sistance (cy) disfavor resistant hosts. Thus, the frequency of infective parasites is
253 decreasing which results in lower equilibrium frequencies of INF-parasites. The
254 Opposite is true for increasing costs of infectivity (cp). This cost reduces the fit-
255 ness of INF-parasites which in turn favors RES-hosts compared to res-hosts.

256 The qualitative changes of the genomic signatures for changing costs of infec-
257 tion in the standard case remain similar even when population sizes differ in both
2ss interacting partners (Fig. 3). However, the strength of genomic signatures is af-
250 fected by the population sizes. The strongest signature of balancing selection in
20 the parasite is found when the parasite population size is small compared to the
261 host population size (Fig. 3c). Here, the large host population size reduces the
22 amount of genetic drift in the host. Thus, there are less allele frequency fluctua-
23 tions in the host around the internal equilibrium point. This in turn, also reduces
2« allele frequency fluctuations in the parasite.

s Overall, there is a strong link between the equilibrium frequencies under trench-
26 warfare dynamics and the resulting genomic signatures. We obtain similar results
267 when we slightly modify the assumptions about the coevolutionary interaction by

28 either a) extending the model to more than two parasite generations per host gen-

14
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260 eration (Model B, Fig. S1, Fig. S3cd) or b) allowing for allo-infections at rate
270 1 — in the second parasite generation within host generation g (Model C, Fig.
271 S2, Fig. S3ab). Increasing the number of parasite generations extends the param-
272 eter space in which trench-warfare dynamics occur. Here, the strongest signatures
273 of balancing selection are found for intermediate costs of infection (Fig. S3). Al-
27« lowing for allo-infections, decreases the parameter space in which trench-warfare
275 dynamics take place and thus, also the range in which balancing selection signa-
276 tures can be observed in both interacting partners (Fig. S3ab).

277 The strong link between equilibrium frequencies and resulting genomic signatures
278 can be explained in terms of a structured coalescent tree. The coalescent tree in
27e  both coevolving species consists of two demes (RES and res for the host and INF
250 and ninf for the parasite). As we assume that the neutral sites are fully linked to
21 the coevolving locus neutral mutations are usually linked to the allele in which
22 they arose, unless a functional mutation is taking place and accordingly, one lin-
23 eage 1s migrating from one deme to the other. When the frequencies of both allles
22« (ninf and INF in the parasite or RES and res in the host) are fairly similar they
255 have equal contributions to the sample. Thus, the underlying coalescent tree is
256 well balanced. Accordingly, we observe an excess of intermediate frequency vari-
27 ants in the SFS. As the equilibrium frequencies move away from 0.5, the average
2ss sample configuration changes and the coalescent tree becomes less balanced (see
220 Fig. S7 a-c and p-r). Therefore, the number of SNPs at intermediate frequencies

200 drops and Tajima’s D decreases (Fig. 2).
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Figure 2: Tajima’s D (y-axis) for model A for various cost of infection s (x-axis). The results are
shown for different combinations of cp (cp = 0.1 top, cp = 0.3 bottom) and cy (cyg = 0.05 left,
cy = 0.1 right). The mean and standard error of Tajima’s D of the parasite population (dark grey)
and of the host population (light grey) are plotted for » = 200 repetitions. The other parameters

are fixed to: Ny = Np = 10,000, nyy = np = 50, 0y = 0p = 5, Urior = Hriork = Hutol = Hiton = 107°.

201 3.2. Inference of coevolutionary dynamics from polymorphism data

202 Our results clearly indicate that it is possible to infer the cost of infection using
203 polymorphism data from the host and parasite (Fig. 4, Fig. 5). The accuracy of
2« inference mainly depends on four factors being 1) the true value of the cost of in-

205 fection, 2) the type of polymorphism data being used (host and parasite together,

16


https://doi.org/10.1101/625301
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/625301; this version posted May 2, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-ND 4.0 International license.

Ny =5000 Ny = 10000 Ny = 15000
a) b) C) host
2 == parasite
Z
1 I
3
8
0 £3
-1
d) e) f)
2
e =
.: 1 L
£ g
© S
F oo £ 3
R S 3 k3
® 3 [ s TE-E
ks
-1
9) h) i)
2
s
1 1
3
8
0 * 3
* o 2
5 ¥ F * s % o= 5T
- 0.00 0.25 0.50 0.75 1.000.00 0.25 0.50 0.75 1.000.00 0.25 0.50 0.75 1.00

Cost of infection (s)

Figure 3: Tajima’s D (y-axis) for Model A for various cost of infection s (x-axis) and different
combinations of Np (Np = 5,000 top, Np = 10,000 middle, Np = 15,000 bottom) and Ny
(Ng = 5,000 left, Ny = 10,000 middle, Ny = 15,000 right). The mean and standard error of
Tajima’s D of the parasite population (dark grey) and of the host population (light grey) are plotted
for r = 200 repetitions. Note that subfigure e corresponds to Fig. 2a. The other parameters are
fixed to: cyg = 0.05, cp = 0.1, g = Ny/2000, 0p = Np/2000, ng = np = 50, Urior = Hrtor =
Hntol = Hiton = 107°.
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206 only host or only parasite), 3) the number of available repetitions and 4) the type
207 of known parameters.

20s Inferences of the cost of infection and of the population sizes are the most accurate
20s 1f the number of repetitions is high (» = 200), and host and parasite polymorphism
a0 data are both available (Fig. 4, Fig. S4, Fig. S5). Generally, inference for Sce-
201 nario 1 works best if host and parasite data are used together, irrespectively of the
sz number of repetitions available (compare Fig. 4a to Fig. 4b+c; Fig. 4d to Fig.
ss  4e+f). Using parasite polymorphism data only is also quite powerful for small to
s« intermediate values of the cost of infection (s < 0.6) (Fig. 4c+f) where trench-
as warfare dynamics take place and SFS of the parasite changes pronouncedly with s
a6 (Fig. S7). In contrast, using only host polymorphism shows markedly less power
%07 in the same parameter range (Fig. 4b+e), especially if the number of available rep-
s0s  etitions is low. For low costs of infection the respective equilibrium frequencies of
s the RES-genotype are close to zero (< 0.1) and increase only very slightly when s
sio increases (Tab. S3). Thus, the host sample mostly consists of polymorphism data
s from res-hosts. Accordingly, the coalescent tree consists of a very large subtree
sz containing the res-samples and a very small subtree containing the RES-samples
si3 - and the overall tree looks almost neutral (Fig. 2). The power of estimating the
aia - cost of infection using only host information diminishes in the transition between
s1s  trench-warfare and arms-race dynamics (around s = 0.6), especially if the number
asis  of repetitions is low (r = 10). In this range, fixation of alleles in both species can
s1i7  either happen due to genetic drift or due to the inherent dynamics of the coevo-
a1s  lutionary interaction. This effect decreases the accuracy of parameter estimation
ats even if host and parasite polymorphism data are available (Fig. 4a+d, Fig. 2).

s20 The results clearly indicate that the availability of more repetitions increases the
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221 accuracy of inference (compare Fig. 4a-c to Fig. 4d-f). There are three sources of
222 stochasticity affecting the neutral polymorphism around the coevolutionary loci:
s2s 1) The effect of genetic drift on the allele frequency trajectory under coevolution,
s« 2) the stochasticity in the coalescent process for a given allele frequency trajectory
25 and 3) the stochasticity in the neutral mutation process on top of the coalescent
as process. As the first type of stochasticity affects the ’population’ sizes of the
27 functional alleles in the host (in the parasite) over time it also has a subsequent
ws  effect on the other two sources of stochasticity. Using data from several repeti-
29 tions allows to better handle and to average out the effect of genetic drift on the
w0 variability of the allele frequency path and its subsequent effect on the observed
1 summary statistics. This is especially helpful in the range of parameter values
sz where the dynamics switch from arms-race to trench-warfare.

sz Like in scenario 1 inference for scenario 2 works best if data from both the host
s and the parasite are available for a large amount of repetitions » = 200. However,
ws the accuracy of inference for the cost of infection s is generally not as accurate as
ws 1n scenario 1. Simultaneous inference of all three parameters in scenario 2 is most
a7 accurate for intermediate costs of infection and if both, host and parasite polymor-
xs phism data, are available. This is due to the fact that signatures in the host and the
xe parasite are differentially affected by the various costs (Fig. 2).

a0 Inference of the cost of resistance (cy) works reasonably well if polymorphism
a1 data only from the parasite are available. However, this comes at the cost of less
sz accurate inference of the cost of infection () as both paramters are affecting the
sz equilibrium frequency in the parasite (Fig. 4, Fig. 5). While the equilibrium fre-
as quency of INF-parasites increases with increasing cost of infection, an increase

us  1n the cost of resistance for a fixed cost of infection (s) decreases the respective
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us equilibrium frequency. Thus, overestimating the cost of infection () can be com-
a7 pensated by overestimating the cost of resistance (cy) simultaneously. This effect
as  can be seen for low costs of infection () if only the information from the parasite
ue  polymorphism data is used in Scenario 2 (see Fig. 5 c+f). In contrast, inference of
w0 the cost of infectivity (cp) works reasonably well if polymorphism data only from
51 the host are available. This is due to the fact that changing costs of infectivity (cp)
sz mainly affect the equilibrium frequencies in the host but not in the parasite (Fig.
s 1). Therefore, inference of this parameter does not work if only parasite poly-
s« morphism data are available. All the above mentioned effects explain why the
sss  simultaneous inference of several cost becomes less accurate with less (r = 10)

w6 repetitions (Fig. S6).
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Figure 4: Median of the posterior distribution (y-axis) for the cost of infection s compared to
the true value (x-axis) for r = 10 (top, a-c) and » = 200 (bottom, d-f). The inference results
for scenario 1 based on host and parasite polymorphism data (left, a+d), host polymorphism data
only (middle, b+e) and parasite polymorphism data only (right, c+f) are shown. The chosen
parameters are: cy = 0.05, cp = 0.1, functional mutation rate 1073, ¢y = 0.05, ¢p = 0.1,
Zmax = 30,000, 8y = 5, 0p = 5, ng = 50 and np = 50. Priors have been chosen as follows: Ny
log uniform(2000, 40000), Np log uniform(2000, 40000), s uniform (0.1,0.9). s, Ny and Np are

inferred simultaneously for all plots.
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Figure 5: Median of the posterior distribution (y-axis) for the cost of infection s (a-c), cost of
resistance cy (d-f) and cost of infectivity cp (g-1) compared to the true value (x-axis) for » = 200.
Inference results for scenario 2 are based on host and parasite polymorphism data (left, a+d+g),
host polymorphism data only (middle, b+e-+h) and parasite polymorphism data only (right, c+f+1).
The chosen parameters are: Ny = Np = 10,000, functional mutation rate 1072, Zmax = 30,000,
Oy =5,0p =5, nyg =50 and np = 50. Priors have been chosen as follows: s uniform(0.1,0.9), cy

uniform (0.01, 0.35), cp uniform(0.01, 0.35). s, cy and cp are inferred simultaneously for all plots.
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57 4. Discussion

s We could establish the link between coevolutionary dynamics (Fig. 1), the result-
o 1ng genomic signatures (Fig. 2, Fig. 3) and subsequentially the amount of in-
w0 formation about the underlying coevolutionary dynamics which can be extracted
st from genomic signatures at the coevolving loci (Fig. 4, Fig. 5). Our results in-
ss2 dicate that under trench-warfare dynamics the allele frequencies at the non-trivial
sss internal equilibrium point affect the strength of genomic signatures at the coe-
a4 volving genes in both, the host and parasite. We further could show as a proof of
sss principle that it is possible to infer information about parameters underlying the
ss coevolutionary interaction from polymorphism data at the genes under coevolu-
s7 tion if some relevant parameters such as diverse costs (Fig. 4) or population sizes
ss (Fig. 5) are known. This is due to the fact that various parameter combinations
39 can give rise to similar equilibrium frequencies and thus, result in undistinguish-
s7o  able genomic signatures. In general, inference works best if polymorphism data
ar1 from both the host and the parasite are available from repeated experiments.

a2 As already shown in Tellier et al. (2014) the link between coevolutionary dynam-
a73  1cs in finite population and resulting signatures at the coevolving loci is not always
a7« black (arms-race result in selective sweep signatures) and white (trench-warfare
75 dynamics in balancing selection signatures) but follows a continuum of outcomes.
s7e  The strength of the genomic signatures under trench-warfare dynamics is a result
s77  of the internal equilibrium frequencies, the fluctuations around these equilbrium
ars  frequencies, the amount of genetic drift in both partners and the proximity of these
79 equilibrium frequencies to the fixation boundaries. When equilibrium frequencies

ss0 are close to boundaries, alleles can be easily lost by drift and thus, arms-race dy-
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st namics take place although trench-warfare dynamics would be predicted based on
sz the model. In such cases signatures of balancing selection cannot be observed.

sa The found links between dynamics in infinite population size and genomic signa-
ss« tures in finite population size have several implications. Model based inference of
s parameters governing the coevolutionary dynamics is possible if they substantially
sss  shift the equilibrium frequencies of the dynamics and thus, the resulting genomic
7 signatures. In cases where different parameters shift the equilibrium frequencies
s along the same axis, three different inference scenarios are possible. First, it is
ses only possible to infer a compound parameter if there is no a priori information
a0 available. This is illustrated by the inference results for scenario 2 when only
31 parasite polymorphism data are available (Fig. 5). Here, overestimating the cost
w2 Of infection s compensates for overestimating the cost of resistance cy. Second,
ss  1f some of these parameters are known a priori, the other parameters can be in-
s« ferred conditional on this information. Third, the parameters have different effects
ss on the equilibrium frequencies in the host and parasite and, thus, combining host
ss and parasite polymorphism data allows to infer the different parameters simulata-
a7 neously.

ss  For many host-parasite models (including the one used here) it has been shown
we that the equilibrium frequencies in the host are substantially or exclusively af-
w0 fected by fitness penalties applying to the parasite and vice-versa. Thus gener-
01 ally speaking, the strength of genomic signatures in either species are presumably
w2 mmost indicative about processes affecting the coevolving partner. We therefore
w3 speculate, that the balancing selection signatures which have been found at R-
w4 genes in Arabidopsis thaliana (Stahl et al., 1999; Bakker et al., 2006) (Karasov
ws et al., 2014), Solanum sp. (Rose et al., 2007; Hoerger et al., 2012; Caicedo and
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w6 Schaal, 2004), Phaseolus vulgaris (De Meaux et al., 2003), Capsella (Gos et al.,
w07 2012), are indicative about the selective pressure in the coevolving parasite or par-
ws asite community. Conversely, the long term maintenance of strains in P. syringae
w9 (Karasov et al., 2018) could reflect fitness costs in A. thaliana.

a0 Further, we have shown that the genomic signatures might be rather weak and
a1 almost undistinguishable from neutral signatures if the the internal equilibrium
sz frequencies are close to fixation. In such cases it is very likely that genes under
s13 - coevolution are missed when applying classic outlier scan methods.

s« In general, our results should not be restricted to the used coevolution model (see
a5 Appendix). We acknowledge that we assumed the most simple type of coevolu-
s tionary interaction possible. However, understanding the link between dynamics,
s7 - signatures and resulting accuracy of inference is a useful starting point to develop
ss  afurther and deeper understanding when several major genes are involved into the
s19  coevolutionary interaction. There are various other coevolution models with re-
220 spect to the biology of the coevolving species or the ecology of the disease which
21 have been shown to result in trench-warfare dynamics. Nevertheless as long as
222 the coevolutionary interaction is driven by a single bi-allelic locus in each species,
23 the resulting equilbrium frequencies will be always confined to the 2-dimensional
24 plane and a limited amount of possible genomic signatures (see Fig. S1, Fig. S1
«2s and Fig. S3). Therefore, our findings should also apply to coevolutionary epi-
226 demiology models such as in Ashby and Boots (2017); Gokhale et al. (2013).

227 So far we did not take population size changes and the resulting temporal vari-
2 ation in the amount of genetic drift into account. In host-parasite coevolution,
229 population size changes can be due to two different sources: 1) Population size

so changes which are independent of the coevolutionary interaction and 2) popula-
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1 tion size changes which arise as an immediate result of coevolutionary interac-
w2 tion, e.g. from epidemiological feedback or any other form of eco-evolutionary
w3 feedback. Independently of the particular source, demographic changes always
sa  affect all loci in the genome simultaneously. Therefore, existing methods to es-
w5 timate the demography based on whole-genome data may offer the possibility to
ws approximate the demographic history of both species, especially if time sampled
w7 data are available. However, the resolution of the demography depends on the
xs amplitude and time-scales on which such population size fluctuations take place.
s Zivkovié et al. (2019) could show that fluctuations in population size arising from
a0 host-parasite coevolution only leave a signature in the genome-wide parasite site
a1 frequency spectrum if they happen at a slow enough time scale. Irrespectively of
a2 whether the demographic changes can be resolved from genome-wide data or not,
w3 the resulting genomic signatures at the coevolving loci will be always the result of
s the allele frequency path at the coevolving locus itself. Therefore, further studies
xs  should focus on the specific effect of eco-evolutionary feedback on the variability
ss  of the allele frequency path and the resulting effect of the population size changes
s7 On mutation supply at the coevolving loci.

ss  We could show that of our ABC-approach is suited to infer the cost of infection
w9 with very good accuracy by jointly using host and parasite polymorphism data
w0 from repeated experiments. Thus, we could demonstrate as a proof-of-principle
ss1  that there is enough information contained in the site frequency spectra of the loci
sz under coevolution to infer information about the past coevolutionary history. So
3 far, our approach relies on data from repeated experiments and it is probably best
s« met by data from microcosm experiments (e.g. Hall et al., 2011; Frickel et al.,

sss  2016) where coevolutionary interactions can be tracked across several replicates
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ss6 for a reasonable amount of generations. Using data from repeated experiments
47 1s one possible attempt to deal with the variability in allele frequency trajectories
s resulting from the interaction between genetic drift and coevolution. The usage of
0 data from several independent populations or the usage of time-sampled might be
w0 possible alternatives. Time samples offer an at least partially time-resolved view
s1 on changes in allele frequencies and accordingly, can help to better capture the
w2 coevolutionary dynamics.

sss Our results further show that analyzing both interacting partners in a joint frame-
sss  work rather than analyzing them separately helps to better recover information
s about the coevolutionary history. This is in line with recent method developments
ss  (MacPherson et al., 2018; Nuismer et al., 2017; Wang et al., 2018) which show
a7 the value of analyzing hosts and parasite in a joint framework. Additionally, these
ss methods can be promising approaches to identify candidate genes being involved
a0 1nto the coevolutionary interaction on which our approach is based on.

a0 Overall, we investigated the link between coevolutionary dynamics and resulting
a1 genomic signatures and quantify the amount of information available in polymor-
a2 phism data. Although, we started from a very simple coevolutionary interaction
a3 we could show that model-based inference is possible. With growing availability
a7« of highly resolved genome data, even of non-model species, it is important to gain
s a differentiated and deep understanding of the continuum of possible links be-
a76  tween coevolutionary dynamics without or with eco-evolutionary feedbacks and
a7 their effect on polymorphism data. Such as thorough understanding is the basis
78 for devising appropriate sampling schemes, for using optimal combinations of di-
a79  verse sources of information and for developing model-based refined inference

a0  methods.
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se  S1. Supplementary information models

609 S].]. Model A

st S1.1.1. Detailed description how the allele frequency path is obtained

s11 In order to obtain the frequency of a given allele in the next generation, we perform

s12 the following steps:

613 e We compute the allele frequency after selection using the difference equa-
614 tions Eq. 3.

615 e We incorporate genetic drift by performing a binomial sampling based on
616 the frequency after selection and the finite and fixed haploid population size
617 (Ny for the host and Np for the parasite).

618 e We allow for recurrent allele mutations (functional mutations) to take place
619 and change genotypes from RES to res at rate tg,,, or res to RES at rate u,,,g
620 in the host and from ninf to INF at rate u,,,; and from INF to ninf at rate
621 uyton in the parasite. We set all functional mutation rates to tgs, = tnor =
622 HMrioR = Miton = 107°.

s2a  Note that the above mentioned steps are repeated twice for the parasite as there
s24 are two parasite generation per host generation. Once when going from parasite
e2s generation g, 1 to g, 2 and once when going from parasite generation g, 2 to g+1, 1.

e2s Accordingly, the detailed calculations for each parasite generation are as follows:
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627 1. The expected frequency of INF-parasites after selection a, (x=g,2 or x=g+1,1)

628 is obtained by using the respective recursion equation in Eq. 3. The corre-
629 sponding frequency of ninf-parasites is calculated as A, = 1 — a,.

630 2. The number of INF-parasite individuals after drift N, is sampled from a
631 Binomial distribution N; ~ B(Np, a,). Thus, the number of ninf-parasites
632 after drift ist equal to N,, = Np — Nj.

633 3. In order to include the functional mutations the following two samplings are
634 performed:

635 e the number of mutants M, from INF to ninf is obtained by sampling
636 from a Poisson distribution with rate A = yy,, - N;.

637 e the number of mutants M,; from ninf to INF is obtained by sampling
638 from a Poisson distribution with rate A = ;7 - N,.

sss  Thus, the number of INF-parasites in generation x is given by:

Nyr =Ny — M, + My, (ST)

s« And the frequency of INF-parasites at the beginning of generation x is equal to:

Nx,I
Np

(82)

641

sz The corresponding steps for the host population are as follows.

643 1. The expected frequency of RES-hosts after selection R, is obtained by

644 using difference equation Eq. 3. The frequency of res-hosts is calculated as
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645 Ter1 = 1 = Rgiy.

646 2. The number of RES-host individuals after drift is sampled from a Binomial
647 distribution Nz ~ B(Ny, R,.1) . Thus, the number of res-host after drift ist
648 equal to N, = Ny — Nkg.

649 3. In order to include the functional mutations the following two samplings are
650 performed:

651 e the number of mutants from RES to res My, is obtained by sampling
652 from a Poisson distribution with rate A = ug,,, - Nkg.

653 e the number of mutants from res to RES M, is obtained by sampling
654 from a Poisson distribution with rate A = p,,, - N,.

ess  Thus, the number of RES-individuals in generation g + 1 is given by:

Ngiir = Np — Mg, + M, (S3)

sss And the frequency of RES-hosts at the beginning of generation g + 1 is equal to:

Ngi1r
N (S4)
es7 By repeating this procedure for g,,,, = 3 - max(Ny, Np) generations we obtain the
ess S0 called frequency path which consists of the frequencies of all four alleles at
eso the beginning of each generation g. In order to constrain a modified version of
ss0 msms (Ewing and Hermisson, 2010; Tellier et al., 2014) by this frequency path

1 We rescale the generations g in the host to g, = g/(2Ny) and in the parasite to

2 gp = g/(2Np). Note that msms is in diploid size. As Ny and Np are haploid
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ses population sizes this rescaling is equivalent to rescale time in units of 4 - Ny gipiia
sos and 4 - Npgipi0ia. Based on this time rescaled frequency path we launch msms once

ess for the host and once for the parasite.

ees O1.1.2. Fitness matrix

Table S1: Fitness matrix for Model A capturing the fitness effects of different interactions between
host genotypes and parasites genotypes within a single host generation g. R, (r,) denotes the
frequency of resistant (susceptible) hosts in generation g. A, 1 (Ag) denotes the frequency of non-
infective parasites and a, | (a,7) denotes the frequency of infective parasites at the beginning of
the first (second) parasite generation = 1 (¢ = 2) within host generation g. The costs are: cy=cost

of resistance, cp=cost of infectivity, s;, sp=cost of infection.

first fitness g, 1 second fitness g, 2 host fitness
generation generation
host genotype  ninf (Agy) O ninf (Ag2) 0 1-cy
RES (Ry)
ninf (Ag1) 0 INF (ag2) 1—cp (1 =cy)1 —s52)
INF (ag,1) 1—cp INF (ag2) 1—cp (I —cy)1-1s1)
host genotype  ninf (Ag1) 1 ninf (Ag2) 1 11—
res (rg)
INF (ag,1) 1-cp INF (agp) l-cp 1-5

67 S1.2. Model B

s S1.2.1. Model description

sso Model B extends the basic model to 7 > 2 parasite generations per host gener-

e70 ation. As in the basic model the cost of infection s, is a function of the parasite
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71 generation ¢ in which the host became infected and the maximum cost of infection
sz s, which correspond to the cost of being infected at the first parasite generation t=1
e7a  Within host generation g. Upon infection a host stays infected until it reproduces
e« and dies from natural death (at the end of the host generation g). An infected host
e7s 1 reinfected by the offspring of the particular parasite for all subsequent parasite
76 generations within host generation g (100% auto-infection). Hosts which have
e77 not been infected so far can be attacked by the offspring of any parasite type at
e7s the beginning of each parasite generation . Whether this interaction subsequently
e7s results in an infection depends on the infection matrix. The recursion equations

eso for this model are given by:

(I-cp)

t -1
ag1 + X agiRg T] AKVM]
1=2 m=1

Agr+1 = p 1 (S5a)
(I -cp) ag1 + Z ag,le l_[ Ag,,-,, +Ag,1rg
=2 m=1
T -1
(1 - CP) Qg1 + ]Zzag,]Rg Ii[l Ag,m]
dgir1 = —= (S5b)
(1 -cp) ag1 + Z ag,le n Ag,m +Ag,1rg
=2 m=1
(1 - CP) tdg.1
— i S5
g2 (1 - Cp)agvl +Ag‘|rg ( C)
T t-1 T
Ry - (1 —cpy) ((1 —s1)ag + ;2((1 — Si)ag; Il:ll Agyl) + [:[1 Ag,,)
Rei1 = = - = (S5d)

T -1 T
Ry -(1-cph) ((1 — s ag1 + Zz((l — 51)ag IHI Ag,l) + HlAg't) +rg(1—s1)
1= = =

st Note that in this side analysis, genetic drift and functional mutations are only
ss2 taken into account when going from host generation g to host generation g + 1 in
sss both, the host and the parasite. The frequency path in the parasite which is used
e« to launch msms consists of the frequencies at the first parasite generation within

sss host generation g. Time is rescaled as g}, = g/(2Np) in the parasite.
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ess 51.3. Model C

7 S1.3.1. Model description

sss Model C is based on Model C in Tellier and Brown (2007). As in model A,
s We assume 7 = 2 discrete parasite generations per discrete host generation g
s and frequency-dependent disease transmission. Parasites of the second (r = 2)
o1 generation within host generation g infect the same host individual as there parent
ez at rate ¥ (auto-infection) or a different host at rate 1 — ¢ (allo-infection). A host
s Which is infected throughout the whole host generation g looses the amount s; = s
s« (cost of infection) of its fitness. If it is only infected during a single parasite
sss generation the cost of infection reduces to s, = 5. The respective fitness matrix
s96 1S shown in table S2 with A, (a,,) denoting the frequency of ninf (INF)-parasites
s 1n the 7-th parasite generation within host generation g and R, (r,) denoting the

s frequency of RES (res)-hosts in host generation g.

ag1-(1-cp)

Y2 = (L= cp) + Agy - 1g (862)
(1= cp) - (ReAg1ag + reAgraga(l =) + ag 1 [ + aga(1 = )]
W + Aga(l— ) + (1 — cp) - (ReAg1aga + rghg1aga(l — ) + aga [ + aga(l - 1)) (560
Rent = Re - (1 —cp)(AgiAgn + (1 = $2)(Ag1ag2 + ag1Ag2(1 =) + (1 — s1)(agay + ag1ag2(1 — )

Ry (1= cn) (AgiAga + (1= 52)(Ag1agn + ag1Aga(1 =) + (1 = s1)(ag 1t + agraga(l = 1)) + rg(1 = 51)
(Sé6c)

so The allele frequency path for this model is obtained in the same way as in Model

700 A .
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o1 S1.3.2. Fitness matrix

Table S2: Fitness matrix for Model C capturing the fitness effects of different interactions between
hosts and parasites within a single host generation g. R, (r,) denotes the frequency of resistant
(susceptible) hosts in generation g. A, 1 (A, ) denotes the frequency of non-infective parasites and
ag,1 (ag2) denotes the frequency of infective parasites at the beginning of the first (second) parasite
generation ¢t = 1 (¢ = 2) within host generation g. n/a indicates that these hosts have not been
infected as ninf-parasites fail to infect RES-hosts. The costs are: cy=cost of resistance, cp=cost

of infectivity, s, sp=costs of infection.

first auto-infection (¢)  second fitness of host fitness
generation allo-infection (1-  generation second  parasite
W) generation
host genotype RES (R;) ninf (Ag,1) n/a ninf (Ag2) 0 1-cy
INF (ag2) I—cp (I —cp)(1 = s2)
INF (ag,1) v INF (ag2) l-cp (A =emd - s1)
1-y INF (ag2) I—cp (I =cy)1 =s1)
1-y ninf (Ag2) 0 (1 - en)(1 = 52)
host genotype res (rg) ninf (Ag,1) ] ninf (Ag2) 1 1-s1
1-y ninf (Ag2) 1 1-s1
1-y INF (agp) 1-cp 1 -
INF (ag,1) 7] INF (ag2) 1-cp 11—
1-y INF (ag>) 1—cp 11—

1-y ninf (Ag2) 1 11—
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72 S2. Pairwise Manhattan Distance (PMD)

PMD is calculated as the sum of manhattan distances between class i in the host
site frequency spectrum and class i in the parasite site frequency spectrum. It is

calculated as:

n—1
PMD = ) |y, — &pi (S1)

i=1
703 with &g, (€p;) being the total number of neutral SNPs linked to the coevolving
704 locus which are in frequency class i of the unfolded site frequency spectrum of
705 the host (parasite). Note that in the current formulation the summary statistic
706 relies on the sample size of the host (ny) and the parasite (np) being the same.

707 However it is possible to adjust this summary statistic by downsampling the site

708 frequency spectrum of the species with the higher sample size.

700 S3. Supplementary tables

Table S3: Approximate frequencies of resistant hosts (R) and infective parasites (2) at the non-
trivial interal equilbrium point in Model A (Eq. 4) for various combinations of cost of resistance

(ch), cost of infectivity (cp) and cost of infection (s) as plotted in Fig. 1.

panel of Fig. 1 ¢y cp S1 52 a R
a 0.05 0.10 0.20 0.10 0.667 0.081
a 0.05 0.10 030 0.15 0.775 0.089
a 0.05 0.10 040 020 0.835 0.094
a 0.05 0.10 0.50 025 0.873 0.097
a 0.05 0.10 0.60 030 0.899 0.100
a 0.05 0.10 070 035 0919 0.102

a 0.05 0.10 080 040 0934 0.104
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0.10 0.10 0.20 0.10 0.424 0.068
0.10 0.10 030 0.15 0.603 0.077
0.10 0.10 040 0.20 0.704 0.084
0.10 0.10 050 025 0.771 0.089
0.10 0.10 0.60 030 0.818 0.092
0.10 0.10 0.70 035 0.853 0.096
0.10 0.10 0.80 0.40 0.881 0.098

c o o o o o o

c 0.05 030 020 0.10 0.667 0.291
c 0.05 030 030 0.15 0775 0324
c 0.05 030 040 020 0.835 0.347
c 0.05 030 050 025 0.873 0.363
c 0.05 030 0.60 030 0.899 0.375
c 0.05 030 070 035 0919 0.384
c 0.05 030 0.80 040 0934 0.392

0.10 030 020 0.10 0424 0.235
0.10 030 030 0.15 0.603 0.273
0.10 030 040 020 0.704 0.301
0.10 030 050 025 0.771 0.323
0.10 030 0.60 0.30 0.818 0.340
0.10 030 0.70 035 0.853 0.354
0.10 030 080 040 0.881 0.366

o o A o e a o

Table S4: Overview of all parameters and variables used in this paper.

name  standard Description

value

cy 0.05 cost of resistance
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Tab. S4 Continued:

s 0.3 cost of infection

cp 0.10 cost of virulence

v 1 auto-infection rate

Ry 0.20 initial frequency of RES-hosts

ao 0.20 initial frequency of INF-parasites

R, frequency of RES-hosts in generation g

I'g frequency of res-hosts in generation g

Ags frequency of ninf-parasites at the beginning of the #-th parasite genera-

tion within host generation g
Agy frequency of INF-parasites at the beginning of the ¢-th parasite genera-

tion within host generation g

Smax 30,000 number of host generations to simulate

T 2 number of parasite generations within host generation g
g - counter for host generations

t - counter for parasite generations within host generation g
ny 50 sample size host

np 50 sample size parasite

Ny 10,000 haploid host population size

Np 10, 000 haploid parasite population size

Oy 5 neutral population mutation rate host

Op 5 neutral population mutation rate parasite

HRror 1073 mutation rate RES to res

HrtoR 107 mutation rate res to RES

Hniol 1073 mutation rate ninf to INF

Hiton 107 mutation rate INF to ninf

Mneutral 1077 neutral mutation rate per bp

Ng number of RES-hosts after selection and genetic drift
N, number of res-hosts after selection and genetic drift

N, number of ninf-parasites after selection and genetic drift
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Tab. S4 Continued:

Ny number of INF-parasites after selection and genetic drift
Mpg, current number of mutants from RES to res

M, current number of mutants from res to RES

M,y current number of mutants from ninf to INF

My, current number of mutants from INF' to ninf

Net1r number of RES-hosts in host generation g + 1

N.s number of INF-parasites in parasite generation x

Table S5: Summary statistics calculated for the pseudo-observed data sets

Summary statistic reference

number of segregating sites §  (Watterson, 1975)

Ow (Watterson, 1975)
nucleotide diversity & (Nei and Tajima, 1981)
Tajimas’ D (Tajima, 1989)

Fuand Li’s D (Fu and Li, 1993)
Fuand Li’s F (Fu and Li, 1993)

Oy (Fay and Wu, 2000)
Hprime (Zeng et al., 2006)

PMD
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Figure S1: Deterministic equilibrium frequencies for Model B for a) T = 5 parasite generations

(left) and b) T = 10 parasite generations (right) per host generation. The equilibrium frequencies

for different combinations of cost of resistance cy (0.05, 0.1) (columns), cost of infectivity

(0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8) (color of the

cp = (0.1, 0.3) (rows) and cost of infection s =
squares) are shown. Only combinations with trench-warfare dynamics are shown. Centres of the
squares represent the equilbrium frequencies obtained by simulating numerically the recursion
equations in Eq. S5 for g,,. = 30,000 host generations starting with an initial frequency of

Ry = 0.2 resistant hosts and ay = 0.2 infective parasites.
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Figure S2: Deterministic equilibrium frequencies for Model C (auto-allo-infection model) with
T = 2 parasite generations per host generation for two different autoinfection rates ¢ = 0.75 (left)
and ¢ = 0.95 (right). The equilibrium frequencies for different combinations of cost of resis-
tance cy = (0.05, 0.1) (columns), cost of infectivity cp = (0.1, 0. 3) (rows) and cost of infection
s = (0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8) (color of the squares) are shown. Only combinations which
result in trench-warfare dynamics are plotted. Centres of the squares represent the equilbrium fre-
quencies obtained by simulating numerically the recursion equations in Eq. S6 for g,,,. = 30,000
host generations starting with an initial frequency of Ry = 0.2 resistant hosts and ag = 0.2 infec-
tive parasites. Heads of the arrows represent the equilibrium frequencies based on Eq. 4 which

corresponds to the case ¢ = 1 (Tellier and Brown, 2007).
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Model B for T=5 and T=10
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Figure S3: Mean and standard error of Tajima’s D (a+c) and pairwise manhattan distance (PMD)
(b+d) for various costs of infection s (x-axis) and r = 200 repetitions. Results for Model B (pure
autoinfection model with 7 = 5 and T = 10) are shown at the top, results for Model C (auto-
allo-infection model with ¢ = 0.95) are shown at the bottom. The other parameters are fixed to:
cyg = 0.05 and ¢p = 0.1. Initial frequencies Ry and ag in a and b are chosen randomly from a

uniform distribution between 0 and 1 while Ry = a¢g = 0.2 in ¢ and d.
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Figure S4: Median of the posterior distribution (y-axis) for the host population size Ny against
the true cost of infection s for » = 10 (top, a-c) and r = 200 (bottom, d-f). The inference results
for scenario 1 based on host and parasite polymorphism data (left, a+d), host polymorphism data
only (middle, b+e) and parasite polymorphism data only (right, c+f) are shown. The true host
population size is always Ny = 10,000 as indicated by the dashed horizontal line. The chosen
parameters are: cy = 0.05, cp = 0.1, functional mutation rates = 1075, ¢y = 0.05, ¢p = 0.1,
8gmax = 30,000, 6 =5, 6p =5, ng = 50 and np = 50. Priors have been chosen as follows: Ny
log uniform(2000, 40000), Np log uniform(2000, 40000), s uniform(0.1,0.9). s, Ny and Np are

inferred simultaneously for all plots.
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Figure S5: Median of the posterior distribution (y-axis) for the parasite population size Np against
the true cost of infection s for » = 10 (top, a-c) and r = 200 (bottom, d-f). The inference results
for scenario 1 based on host and parasite polymorphism data (left, a+d), host polymorphism data
only (middle, b+e) and parasite polymorphism data only (right, c+f) are shown. The true parasite
population size is always Np = 10,000 as indicated by the dashed horizontal line. The chosen
parameters are: cy = 0.05, cp = 0.1, functional mutation rates = 1075, ¢y = 0.05, ¢p = 0.1,
8gmax = 30,000, 6 =5, 60p =5, ng = 50 and np = 50. Priors have been chosen as follows: Ny
log uniform(2000, 40000), Np log uniform(2000, 40000), s uniform(0.1,0.9). s, Ny and Np are

inferred simultaneously for all plots.
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Figure S6: Median of the posterior distribution (y-axis) for the cost of infection s (a-c), cost of
resistance cy (d-f) and cost of infectivity cp (g-1) compared to the true values (x-axis) for » = 10.
The results are shown for inference based on host and parasite polymorphism data (left, a+d+g),
host polymorphism data only (middle, b+e-+h) and parasite polymorphism data only (right, c+f+i).
The fixed parameters are chosen as: Ny = Np = 10,000, tigior = tntor = HriorR = Hiton = 1073,
8max = 30,000, 6y = 5, 6p = 5, ng = 50 and np = 50. Priors have been chosen as follows: s
uniform(0.1, 0.9), ¢y uniform(0.01, 0.35), cp uniform(0.01, 0.35). s, cy and cp are inferred simul-

taneously for all plots.
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Figure S7: Influence of the cost of infection (s) on the coevolutionary dynamics and genomic
signatures in Model A. The subfigures show the allele frequency trajectory in infinite population
size (a-c, g-i), one exemplary allele frequency path in finite population size which takes genetic
drift and functional mutations into account (d-f, j-1), the average unfolded host site frequency
spectrum of » = 200 repetitions (m-o0) and the average unfolded parasite site frequency spectrum
of r = 200 repetitions (p-r).

In subfigures a-f each dot represents the frequency of resistant (RES) hosts (x-axis) and infective
(INF) parasites (y-axis) at the beginning of a single host generation g. The same information is
displayed in a slightly different way in subfigures g-1. Here, the frequencies of resistant (RES)
hosts (light grey) and infective (INF) parasites (dark grey) (y-axis) are plotted over time (X-axis).
Costs are fixed to ¢y = 0.05, cp = 0.1. The results in finite population size are plotted for
Ny = Np = 10,000, rior = Hntol = Mror = Mion = 107>, The site frequency spectra are shown for

712 Op = 0y =5 and ny = np = 50.
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