Received: 28 October 2022 | Revised: 17 March 2023

'.) Check for updates

Accepted: 22 March 2023

DOI: 10.1111/mec.16939

ORIGINAL ARTICLE

pi(e)n:els) mcg:lde)fele)d WILEY

Demographic fluctuations and selection during host-parasite
co-evolution interactively increase genetic diversity

Guénolé Le Pennec! | CasRetel’ | Vienna Kowallik?® | Lutz Becks**® |

Philine G. D. Feulner'®

1Department of Fish Ecology and
Evolution, Center for Ecology, Evolution
and Biogeochemistry, EAWAG, Swiss
Federal Institute of Aquatic Science and
Technology, Kastanienbaum, Switzerland

2Community Dynamics Group,
Department of Evolutionary Ecology, Max
Planck Institute for Evolutionary Biology,
Pl6n, Germany

SAlbert-Ludwigs University Freiburg,
Faculty of Environment and Natural
Resources, Professorship of Forest
Entomology and Protection, Stegen-
Wittental, Germany

“Aquatic Ecology and Evolution,
Limnological Institute University of
Konstanz, Konstanz, Germany

°Division of Aquatic Ecology, Institute of
Ecology and Evolution, University of Bern,
Bern, Switzerland

Correspondence

Philine G. D. Feulner, Department of Fish
Ecology and Evolution, Center for Ecology,
Evolution and Biogeochemistry, EAWAG,
Swiss Federal Institute of Aquatic

Science and Technology, Kastanienbaum,
Switzerland.

Email: philine.feulner@eawag.ch

Funding information

Deutsche Forschungsgemeinschaft,
Grant/Award Number: BE4135/5,
BE4135/9; Schweizerischer Nationalfonds
zur Forderung der Wissenschaftlichen
Forschung, Grant/Award Number:
310030E-160812 and 310030E_179637

Handling Editor: Wolfgang Stephan

Abstract

Host-parasite interactions can cause strong demographic fluctuations accompanied
by selective sweeps of resistance/infectivity alleles. Both demographic bottlenecks
and frequent sweeps are expected to reduce the amount of segregating genetic vari-
ation and therefore might constrain adaptation during co-evolution. Recent studies,
however, suggest that the interaction of demographic and selective processes is a
key component of co-evolutionary dynamics and may rather positively affect levels
of genetic diversity available for adaptation. Here, we provide direct experimental
testing of this hypothesis by disentangling the effects of demography, selection and
their interaction in an experimental host-parasite system. We grew 12 populations
of a unicellular, asexually reproducing algae (Chlorella variabilis) that experienced ei-
ther growth followed by constant population sizes (three populations), demographic
fluctuations (three populations), selection induced by exposure to a virus (three pop-
ulations), or demographic fluctuations together with virus-induced selection (three
populations). After 50days (~50 generations), we conducted whole-genome sequenc-
ing of each algal host population. We observed more genetic diversity in populations
that jointly experienced selection and demographic fluctuations than in populations
where these processes were experimentally separated. In addition, in those three
populations that jointly experienced selection and demographic fluctuations, experi-
mentally measured diversity exceeds expected values of diversity that account for the
cultures' population sizes. Our results suggest that eco-evolutionary feedbacks can
positively affect genetic diversity and provide the necessary empirical measures to
guide further improvements of theoretical models of adaptation during host-parasite

co-evolution.
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1 | INTRODUCTION

Genetic diversity plays an especially important role in populations
that live in fluctuating environments and undergo frequent adapta-
tions (Barrett & Schluter, 2008; Bitter et al., 2019). Despite a long-
standing interest in understanding how genetic variation is shaped in
populations, it remains difficult to understand how different deter-
minants of genetic diversity interact with each other (Buffalo, 2021;
Corbett-Detig et al.,, 2015; Ellegren & Galtier, 2016; Leffler
et al., 2012; Messer et al., 2016; Osmond & Coop, 2020). Scenarios
in which evolution and ecological change occur at similar timescales
complexify this question as ecology and evolution mutually affect
each other (Hairston Jr et al., 2005; Hendry & Kinnison, 1999). For
instance, the action of selection diminishes population size—but
also allows its growth through adaptation. In return, population
size changes the efficiency of selection and the supply of mutations
on which selection operates (Hartl & Clark, 2007). Such feedbacks
between evolutionary processes are commonplace for example in
host-parasite and prey-predator co-evolution (e.g., Retel et al., 2019;
Schulte et al., 2010), or in response to biocides (Antonio-Nkondjio
et al., 2017; Calla et al., 2021; Waclaw, 2016). To better understand
and refine predictions of how genetic diversity is shaped in popula-
tions, we need to study its variation not only over larger timescales
and based on singled-out evolutionary factors, but also over short
time frames where molecular, ecological and demographic factors
are intertwined (Messer et al., 2016; Retel et al., 2019).

In an isolated population, genetic diversity is determined by the
rate at which alleles appear by mutation and at which they disappear
by selection and drift. Among others, one driver of the amount of
diversity segregating in a population is its absolute size, as popula-
tion size determines both the number of mutations that appear per
generation (this supply is proportional to the population size) and
the intensity at which variation is lost through genetic drift (Nei
et al., 1975). Successions of population expansions and contractions
thus affect the number of segregating sites and the distribution of
allele frequencies at these sites (Tajima, 1989). Overall, large popula-
tions are expected to have higher mutation supplies and segregating
variation, thus providing a larger pool of alleles that can be acted on
by selection. A second important driver of genetic diversity is selec-
tion. Purifying selection removes deleterious alleles thereby lowering
genome-wide diversity (Cvijovic¢ et al., 2018), but balancing selection
has the opposite effect (Abdul-Rahman et al., 2021). Positive selec-
tion is the most important to consider in the context of adaptation
to a novel, strong stressor. A selective sweep causes a depletion of
genetic variation at and around selected variants through the hitch-
hiking effect (Maynard Smith & Haigh, 1974), and the depletion of
genetic diversity is more severe if the local recombination rate is low
(Aguadé et al., 1994; Begun & Aquadro, 1992; Charlesworth, 2020).
In the absence of recombination, the complete linkage of alleles on
a chromosome depletes an entire linkage group of variation, such
that the hitchhiking effect of selective sweeps extends to the entire
genome of clonally reproducing populations. Therefore, one general
expectation is that populations that undergo frequent adaptations

to new stressors and experience frequent sweeps with population
size fluctuations have low genetic diversity, while populations that
experience weak selective pressures and have a large size have more
variation and evolutionary potential. Note, however, thatin scenarios
where multiple sweeping alleles compete for their expansion, their
interference can slow allele fixations and maintain alleles at interme-
diate frequencies and thus genetic diversity (Chevin et al., 2008; Kim
& Stephan, 2003; Stephan, 2019).

Strong selection is often caused by the removal of a large frac-
tion of a population (e.g., Miller & Vincent, 2008; Zuk et al., 2006).
In such scenarios, the demographic and selective histories of pop-
ulations become intricately linked. A strictly gradualist perspective
of evolution—where evolutionary change is slow and ecological
conditions are negligible—fails to describe such scenarios and one
has to consider the effect of feedbacks between ecology and evo-
lution (Bell, 2013). In particular, environmental change can create a
sequence of population size collapse, selective sweeps and popula-
tion regrowth. Genetic diversity is likely to be affected in a complex
fashion by such successions, with demographic fluctuations modu-
lating the mutation supply and genetic drift, as well as the intensity
and direction of multiple density-dependent selection pressures.
Incorporating such feedbacks between evolution and population
sizes is necessary to understand the dynamics of genetic diversity
during rapid evolution (Messer et al., 2016). While we can make
progress by producing more complex population genetics models
that incorporate eco-evolutionary feedbacks, these models need
to be motivated and compared to empirical results (Buckingham &
Ashby, 2022).

Co-evolution of microbial hosts with a parasitic virus can give
rise to fast-paced evolution and is ideal to study co-evolution in
laboratory conditions (Brockhurst et al., 2007; Frickel et al., 2016;
Mizoguchi et al., 2003; Retel et al., 2019). In particular, arms-race
dynamics, where hosts and parasites evolve in response to each
other, is characterized by frequent sweeps and population size fluc-
tuations (Buckling & Brockhurst, 2012). Resistance (i.e., the ability
of a host to maintain high fitness in presence of the parasite) can
evolve as a mechanism that prevents attachment, penetration or
virus replication inside the cell, as well as by blocking cellular lysis or
evolving a tolerance to infection (Stern & Sorek, 2011). In the labora-
tory, any segregating or de novo mutations conferring resistance to
the host can rapidly sweep and restore positive population growth
in the presence of the virus and allow us to study interactions be-
tween demography and selection experimentally. It is already known
that interactions of demographic fluctuations with selection have
wide-reaching consequences in host-parasite co-evolution (Hesse
& Buckling, 2016; Ashby et al., 2019), including changing temporal
dynamics (de Andreazzi et al., 2018; van Velzen & Gaedke, 2017,
2018), the balance of stochasticity and determinism of evolutionary
trajectories (Gokhale et al., 2013), and the conditions under which
diversity persists (Ashby et al., 2019). However, it is not known to
what extent demography-selection interactions shape host genetic
diversity (but see Retel et al., 2019). As genetic diversity is essen-
tial to host persistence (Ekroth et al., 2019), empirical measures of
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the effect of interactions on genetic diversity are required to un-
derstand host-parasite dynamics and provide fundaments for the-
oretical models.

We present results of a 60-day co-evolution experiment in a
microbial host-parasite system. Our experimental setup aims to
measure the separate and joint effects of demographic fluctua-
tions and of selection induced by parasitism on the hosts' genetic
diversity. We grew microalgae Chlorella variabilis (strain NC64A)
in a flow-through system that allows manipulation of the popula-
tion size by adjusting the substrate's dilution rate. To measure the
effect of selection induced by the virus and demographic fluctu-
ations together, we inoculated some cultures with Chloroviruses
(DMS; see Section 2). These cultures were previously studied in
Retel et al. (2019). In separate cultures, we measured the effect
of demographic fluctuations alone by growing the algae without
virus but inducing demographic fluctuations through adjusting
dilution rates of the flow-through system at certain time points
(DEM). To measure the effect of selection alone, we grew algae
with virus in an environment with a constant but increased dilution
rate to minimize demographic fluctuations (SEL). We hypothesized
that demographic fluctuations negatively affect genetic diversity
such that the control treatment (CON) free of virus-induced se-
lection and of demographic fluctuations would have the highest
levels of diversity. Second, we hypothesized that the presence of
virus negatively affected genetic diversity because of the deplet-
ing effect of resistance alleles sweeping in the host population
(Frickel et al., 2016). Third, we hypothesize that the joint effect
of demographic fluctuations and selective sweeps is not an ad-
dition of individual effects but that these two factors interact, as
suggested in Retel et al. (2019). Our experimental measures pro-
vide direct evidence for the role of feedbacks between selection
and demography, and show that this interaction retained or accel-
erated the replenishment of genetic diversity of the algae hosts

during co-evolution.

2 | MATERIALS AND METHODS

2.1 | Overview of the experiment

To study a host-parasite system, we used the unicellu-
lar green algae Chlorella variabilis strain NC64A and the lytic
virus Paramecium bursaria chlorella virus-1 (PBCV-1). In nature,
Chlorella variabilis NC64A is a natural endosymbiont of the cili-
ate Paramecium bursaria, but it can also be grown in the labora-
tory in free-living conditions. The algae's generation time is
~24 h under standard laboratory conditions and it has a genome
size of 46.2Mb. The Chlorovirus virus PBCV-1 is a large double-
stranded DNA virus. Chloroviruses infect Chlorella-like green algae
(Agarkova et al., 2014). Both the algae and the virus are haploid
and reproduce asexually. We conducted the experiment using
continuous flow-through systems (chemostats) as previously de-
scribed (Frickel et al., 2016; Retel et al., 2019). Chemostats were
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continuously supplied with a modified version of Bold's Basal
Medium (BBM), mixed by stirring, and maintained at 20°C with
constant light.

To study the separate and combined effects of strong selec-
tion and demographic fluctuations, we applied treatments in a fac-
torial design with four treatments and three replicate cultures per
treatment, producing a total of 12 cultures. The experimental cul-
tures grew for 60 days. At the beginning of the experiment, we in-
oculated all 12 chemostats with a common Chlorella stock culture
derived from a single algal clone. With this initial inoculation from
one isogenic ancestor, we aimed to minimize the initial genetic
differences between chemostats. After 12days, we inoculated
isogenic PBCV1 virus in half (six) of the cultures. These six cultures
are part of two treatments with virus-induced selection. In three
cultures with virus, we maintained a constant flow-through rate of
0.1 of the volume per day. Since we expected selection and demo-
graphic variation to occur together in this treatment, we refer to
these cultures as treatment DMS (for DeMography and Selection).
The cultures of the DMS treatment have been analysed previously
in Retel et al. (2019). In the remaining three cultures with virus, we
increased the daily dilution rate to 0.3 from day 12 until the end
of the experiment. Changes in dilution rates have previously been
shown to change the dynamic behaviour of populations (between
a cyclical and a steady state in population sizes) and in cycle am-
plitudes (e.g., Becks & Arndt, 2013) such that we expected the
increased dilution rate of the chemostats to reduce the amplitude
of the demographic changes, thereby minimizing the effect of
population size fluctuations in this treatment. We refer to these
cultures as treatment SEL (for SELection). In three cultures with-
out virus, we replicated the demographic history of the treatment
DMS, thereby isolating the effect of demography from the effect
of virus-induced selection (cultures hereafter called treatment
DEM, for DEMography). To produce demographic fluctuations, we
modified the dilution rate of these three cultures simultaneously
between 0 and 1.2 per day over time. Finally, three control cul-
tures of algae were grown in the absence of virus under a constant
flow-through rate of 0.1 of the volume per day (treatment CON, for
CONtrol), as previously presented in Retel et al. (2019).

2.2 | Population size measurements

We measured population sizes of the algae and of the virus each
day. Algae samples were fixed with 2.5% Lugol for later quanti-
fication using imaging flow cytometry (FlowCam, Fluid Imaging
Technologies) using the protocol described in Retel et al. (2019). In
the plots, log-transformed population sizes of both species were
smoothed with cubic splines with the smooth.spline function in R
(R Core Team, 2022). To provide a statistic representing the overall
population sizes of each culture throughout the experiment, we cal-
culated the harmonic means of the daily population sizes between
day 2 and the day of sampling (54 [control cultures] and 51 [cultures
of other treatments]). Harmonic means of population sizes N can be
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used as approximations of the effective population size N, when N
fluctuates (Rice, 2004).

2.3 | Analysis of resistance and growth rates

To study how the presence and absence of virus affected pheno-
typic evolution in host populations, we collected and preserved
algae and virus samples at regular intervals to perform time shift
experiments (for details see Frickel et al., 2016). We measured
the resistance of the algae as the experiment progresses against
an array of viruses sampled throughout the experiment. For this,
we selected nine (treatments SEL and DMS) and three (treatments
CON and DEM) time points and conducted infection assays. We
sampled more points for the treatments with virus, as we aimed to
follow the evolution of resistance and we did not expect evolution
of resistance in the treatments without virus based on previous
experiments with this system (Frickel et al., 2016). For each of the
time points, a subset of 10-12 algal clones per time point were
regrown individually in liquid BBM. We then exposed clonal popu-
lations of each isolated host individually to virus population from
the nine selected time points (including the ancestral virus) with
an initial ratio of algal cells to virus particles of 0.01 in 200 L in
96-well plates and we tracked algal growth for 3 days. Algal growth
rates were calculated from optical density measurements (Infinite
M200PRO; Tecan) taken at t=0and t=72h. For each combination
of algal clone and virus population, we conducted four technical
replicates. Algal clones were said to be resistant to a virus popu-
lation when the mean growth rate+2 SD of the technical repli-
cates per clones in wells containing virus and in wells without virus
overlapped (Frickel et al., 2016). From these tests, we calculated
a resistance range for each host clone as the proportion of virus
populations to which the host is resistant (range 0-1). For clones
coming from the treatments CON and DEM, we performed resist-
ance assays with ancestral virus only.

To explore whether resistance evolved at different speeds in the
treatments that received virus, SEL and DMS, we analysed changes
in the clones' resistance ranges over time, between the date where
virus was inoculated (day 12) until the end of the experiment (day
60). This includes eight time points per treatment and 10-12 clones
per time point per treatment. We performed a regression on a linear
mixed model, regressing the resistance ranges of individual clones
over time (in days), treatment (SEL or DMS), and the interaction be-
tween time and treatment. We also added a variable of random ef-
fect, batch (from one to 12), with a random intercept and fixed slope.
We used this random effect to account for the nonindependency
of clones coming from one chemostat. We used a likelihood ratio
test comparing the above model with a model where the interaction
between time and treatment was removed. The speed at which resis-
tance evolved would be considered different between treatments
SEL and DMS if the likelihood ratio test between both models was
significant at a threshold p<.05. Linear mixed models were built
with the function Imer of the R package Lme4 (version 1.1.29; Bates

et al., 2015) and likelihood ratio test performed with the function
anova of the R package stats (version 1.1.29).

To test whether growth rates of the host evolved during the
duration of the experiment, we compared the slopes of linear re-
gressions of growth rate against time (through the entire duration
of the experiment) with null models. To do this, we considered the
10-12 algal clones sampled at six time points for the treatments
that did not receive virus (CON and DEM) and at nine time points for
the treatment with virus (SEL and DMS). To provide for measures of
growth in an equivalent, nonstressing environment, we considered
growth rates of these clones in the absence of virus. For each of the
four treatments, we built a linear mixed model with the mean growth
rate as the dependent variable, time (in days) as the independent
variable and batch (from 1 to 12) as a random effect with fixed slope
to account for different mean growths between replicates. The
model was build using the function Imer of the package Lme4 (version
1.1.29). We performed a likelihood ratio test with the function anova
of the package stats (version 1.1.29) to assess whether time had an
effect on the mean growth rate of the clones. We realized this test
by comparing the likelihood of the full model against a model where
the time variable was removed. We calculated values of R? for mixed
models with the function r.squarredGLMM of the R package MumiN
(version 1.46.0; Barton, 2022).

2.4 | Analysis of genetic data

To test for the effects of selection by the virus, demographic bot-
tlenecks and the interaction of the combined factors on genetic di-
versity (nucleotide diversity and segregating sites), we selected time
points where cultures with virus had undergone multiple rounds of
growth and reduction in population size and multiple incremental
steps in the host resistance range. After day 50, algae in the treat-
ment DMS had undergone at least two sweeps for resistance (Retel
et al., 2019). We selected day 51 for the treatment DEM, SEL and
DMS and day 54 for the control treatment CON (day 54 was the first
day sampled after day 50 for that treatment). On these dates, we
sampled 40mL of liquid from each chemostat and centrifuged them
at ~35,0009 for 2h to obtain pellets. We froze the pellets at -80°C
for later DNA extractions. To extract DNA, we used DNeasy Blood
and Tissue kits with minor modifications. We started by incubating
100pL of buffer ATL, 30 uL of proteinase and 200 pL of concentrated
sample at 56°C for 4 h, then adding 600 pL of 1:1 buffer AL+ ethanol
mix and subsequently followed the standard column-based protocol
(elution in 50 L elution buffer).

For sequencing, we prepared libraries with lllumina NexteraXT
kits and conducted paired-end 150-bp sequencing. Populations
fromthe treatment DMS were sequenced on four runs of an lllumina
NextSeq machine (Max Planck Institute for Evolutionary Biology)
and are a subset of the data published in Retel et al. (2019). We
sequenced the other nine populations on two lanes of an lllumina
NovaSeq S1 (NGS platform at Bern University). We included
a sample from a clonal population of the ancestral host in both
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the NextSeq and NovaSeq sequencing batches. We performed
preprocessing of the sequencers' output reads with raste (Chen
etal., 2018). This consisted of trimming Illumina adapter sequences
and polyG tails (default settings), and merging forward and reverse
reads in case they overlapped (with the settings overlap_len_re-
quire to 20, overlap_diff_limit to 5 and overlap_diff_percent_limit
to 5). We also trimmed 3’ end tails of reads if the mean quality
dropped below 15 and removed reads shorter than 70 bases.
Reads were aligned on the Chlorella variabilis reference genome
(Blanc et al., 2010) with swa Mem version 0.7.17 (Li & Durbin, 2009)
using default parameter settings. We ran samtooLs version 1.9 (Li
et al.,, 2009) fixmate and picarp version 2.0.1 (http://broadinsti
tute.github.io/picard) AddOrReplaceReadGroups to create unique
read groups per library per sequencing batch per lane. We then
merged the resulting alignment files per sample (samTooLs merge),
sorted the resulting bam files (picarp SortSam), removed duplicate
reads (samTooLs markdup), and cleaned (picarp CleanSam) and in-
dexed (samToOLS index) the files. We created a pileup file with the
samTooLs mpileup function. To minimize the quantity of base call
and mapping errors, we used stringent quality filtering on the vari-
ation retained in this variant file by removing bases with a quality
<35 and alignments with a score<35. We removed indels of the
pileup file with the parameter skip-indels in samTooLs mpileup.

To allow comparison of genetic diversity between samples with
different depth of coverage, we standardized all files to a uniform
coverage of 6x using the function subsample-pileup.pl of the soft-
ware PopooLATION version 1.2.2 (Kofler et al., 2011). We fixed this
depth of coverage to retain a maximum of 1-kb genomic windows
with sufficient coverage to calculate genetic statistics in the 12 sam-
ples. We then used popooLaTioN's function variance-sliding.pl to cal-
culate nucleotide diversity (n), segregating sites, and Tajima's D for
nonoverlapping 1-kb windows. We only included windows that were
fully covered with 6x depth by setting the variance-sliding.pl options
as follows: --pool-size 1000 --min-count 1 --min-covered-fraction 1.
To assess the number of segregating sites in all samples, we used
the output log of variance-sliding.pl to extract the number of variable
sites used in the calculation of nucleotide diversity with a custom
bash script.

To be able to compare empirical measures with theoretical ex-
pectations, we calculated the expected nucleotide diversity (z,,) and
segregating sites (Sexp) in populations at statistical equilibrium. The
expected nucleotide diversity in Chlorella populations at mutation-
drift equilibrium was obtained with the formula ze,,=2N.pu (Hartl
& Clark, 2007). The value N, was approximated as harmonic means
of population sizes (see Section 2.2) and p the mutation rate. Since
mutation rates in Chlorella variabilis are not known, we presented
results for a range of three plausible mutation rates: 107%, 107° and
107, The expected number of segregating sites when sampling i
sequences in the population was calculated with equation 1.4a of
Watterson (1975) as follows: S,,; = 2N.p Zj';i 1/j. We used i=6 as
all positions in the observed genetic data were subsampled to a uni-

form 6x depth of coverage.
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To understand the effect of selection and demogra-
phy on the genetic nucleotide diversity in Chlorella cul-
tures, we used the R package wme4 (version 1.1.29) for mixed
modelling to construct the following linear mixed model:
log (7 + 1) = By + f1demography; + f,selection; + psinteraction; + fy; + &
To use a linear regression on the right-skewed data of genetic di-
versity, we performed a log(x+ 1) transformation of the genetic
diversity variable (Kirchner, 2020). Given that = can be equal to O,
the +1 allows taking the logarithm of the data set while retaining
the property of the log transformation. The model has the log +1
of observed nucleotide diversity () as the dependent variable,
and three independent variables of fixed effect (selection, demog-
raphy and the interaction between the two) and one variable of
random effect (batch). The variable selection is a vector of 0 and 1
corresponding to the presence or absence of virus in a culture. The
variable demography is equal to 1 minus the (log of) harmonic mean
of a given culture's population sizes (N,) divided by the (log of)
average N, in the control treatment (1 -log(N, of a culture)/log(N,
of controls)). Thus, demography is higher in populations that have
experienced overall lower population size. The variable interaction
is the interaction between the variables selection and demography
as encoded in the model by the syntax demography: selection in
R. The variable batch captures the random effect caused by the
growth of independent replicate populations per treatment by fit-
ting a different intercept for each culture. To analyse a data set
with a balanced number of observations between treatments, we
reduced the data set to create a table with an equal number of ob-
servations per treatment. DMS was the treatment with the fewest
genomic windows (923) with full 6x coverage. We balanced the
number of observations by sampling 923 genomic windows in each
of the treatments CON, DEM and SEL and keeping the 923 genomic
windows for DMS. We verified that the results of the statistical
tests remained consistent when sampling different genomic win-
dows. We tested statistical significance of the predictor variables
on genetic diversity with a type 3 ANOVA test using the function
anova of the package stats. We fitted a comparable model with
observed segregating sites S, as the dependent variable (with-
out log +1 transformation), to the variables demography, selection,
interaction and batch as described above. The model's family was
set to be a Poisson distribution to fit count data. To be able to use
a Poisson distribution, we used the function glmer of the R pack-
age LMe4 and specified the option family =poisson. To provide for
a balanced number of observations per treatment in the ANOVA,
we used the same subsampled data set as above. To test the signif-
icance of individual variables, we conducted an ANOVA comparing
the full glm model against models where single variables were al-
ternatively removed and performed likelihood ratio tests with the
function anova of the package sTats. To estimate values of R? for
the above mixed models, we used the function r.squarredGLMM
of the R package Mumin (version 1.46.0; Barton, 2022). In the case
of the segregating sites model that assumed a Poisson distribu-

tion, we reported the R? estimated from the lognormal distribution
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(Nakagawa et al., 2017). We report p-values corrected with the
Benjamini-Hochberg method using the R function p.adjust (pack-

age STATs version 3.6.2).

3 | RESULTS

3.1 | Population size variation

We present the result of an experiment that aimed to disentangle
the effects of demographic fluctuations, of selection exerted by a
virus, and of the interactions of fluctuations and selection on the
genetic diversity of an algae host. In treatment CON, the host popu-
lations grew steadily to reach a maximum population size of ~7 x 108
cells about 30days after the start of the experiment (Figure 1).
In the treatment DMS, the presence of the virus resulted in large
fluctuations of host population sizes of about two orders of mag-
nitude and population size variations of the three replicates were
highly consistent (more information in Frickel et al., 2018; Retel
et al., 2019). Population size changes in the treatment DEM followed
experimental manipulations of the dilution rates. Although these did

9 CON

10 P =

$

Algae population size

Algae population size

0 20 40
Time (days)

not precisely match variations in the treatment DMS, the harmonic
means of population sizes in the treatment DEM are close to that of
the treatment DMS. In the treatment SEL, where we aimed to reduce
demographic fluctuations by increasing dilution rates, some demo-
graphic fluctuations remained but amplitudes were reduced at one
order of magnitude compared to the treatments DMS and DEM. The
harmonic means of population size were highly consistent within
treatments, with CON (108°8%9%) and SEL (10777%%9) treatments

075910‘03) and

having the highest population sizes overall, and DEM (1
DMS (10746%005) treatments the lowest, as intended by our experi-
mental setup. To compare the relative magnitude of bottlenecks that
occurred in each treatment we calculated minimum-to-maximum
population size ratios. From day 12 (introduction of virus) until day
54, the ratio between minimum and maximum population sizes
measured in treatment CON was 1/2.47. In contrast, in treatment
DMS, bottlenecks induced by the virus led to a strong population size
reduction by a factor of 1/250. In treatment DEM, the bottlenecks
led to a reduction by a factor of 1/26 and in treatment SEL, bot-
tlenecks were reduced by a factor of 1/8.8. This demonstrates that
increased dilution rates considerably lowered demographic fluctua-

tions in treatment SEL relative to treatment DMS.

DEM

0 20 40
Time (days)

FIGURE 1 Population sizes of algae in the four treatments. Green dots are daily measures of the number of algae cells, as cells on a log, -
scale. Different shades of green mark the three replicates of each treatment. To facilitate comparisons between treatments, measures of all
experimental populations are plotted in light grey. The harmonic means of population sizes are represented as diamonds on the left of each
plot. All populations were inoculated with Chlorella algae from the same clonal population. The time point of introduction of PBCV-1 virus
(for SEL and DMS) is marked with an orange triangle. The control treatment (CON) had a constant dilution rate (0.1) in the absence of virus.
The demographic treatment (DEM) had a variable dilution rate leading to population size fluctuations. The selection treatment (SEL) had virus
and an increased dilution rate (0.3) to reduce population size fluctuations. The demography-and-selection treatment (DMS) had virus and a

constant dilution rate (0.1).
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3.2 | Evolution of resistance and growth rate

In the treatment CON where no demographic fluctuations occurred,
all but one of 180 (60 per replicate) tested clones were suscepti-
ble to infection by the ancestral PBCV-1 viruses (Figure 2a). In the
treatment with demographic fluctuations (DEM) we found 11 clones
among the 180 clones tested per replicate to be resistant to an-
cestral virus. In all cultures that received virus (treatments SEL and
DMS) the host's resistance range increased with time. In particular,
resistance evolved at least three times (in response to the evolu-
tion of novel infectious virus strains in the populations, vertical lines
in Figure 1a) in the SEL and DMS treatment, following a pattern of
arms-race dynamics. We found statistical evidence for the effect of
demography on resistance evolution comparing treatment SEL vs.
DMS (X2(1)=1O.093, p=.0015). Host populations that experienced
selection through the virus therefore evolved resistance at a faster
rate in the treatment with weak demographic fluctuations (SEL) com-
pared to the treatment with large demographic fluctuations (DMS).
After addition of the virus, resistance evolved 16% faster in the algae
in treatment SEL than in treatment DMS.

We tested whether the growth rate of the host evolved through-
out the experiment and if the speed of this evolution depended on
the treatments. Likelihood ratio tests on linear mixed models re-
vealed a significant change in host growth rates in treatment CON
(x4(1)=7.482, p=.018) and SEL (x3(1)=53.76, p<.001), but no signif-
icant changes were found in treatment DEM (xz(l):0.644, p=.422)
or DMS (X2(1)=3.854, p=.099). Despite CON and SEL both having
a significant association of time with growth rate, in the treatment
SEL the time variable captures R>=13% of the growth rate variation,
while only R?=3% of the growth rate variation in treatment CON is
captured by the time variable (Figure 2b).

3.3 | Interaction of demography with selection

To test how the host's genetic diversity was affected by demogra-
phy, selection and both processes together, we sequenced cultures
of Chlorella at day 51 (except treatment CON, sampled at day 54)
after the start of the experiment. Treatment CON, where popula-
tions grew without virus-induced selection and without demo-
graphic fluctuations, had the highest genome-wide estimates of
nucleotide diversity. The treatment with demography alone (DEM)
caused the largest genetic diversity reduction relative to the values
obtained in control populations (Figure 3a). Interestingly, the combi-
nation of demographic fluctuation and selection in treatment DMS
produced cultures with a higher genetic diversity than treatments
with viral selection (SEL) or demographic fluctuations (DEM). To as-
sess whether different population sizes were sufficient to explain
the higher diversity in DMS compared to DEM and SEL, we calculated
the expected nucleotide diversity zq,,=2N.p of theoretical popu-
lations at mutation-drift equilibrium with an effective population
size N, taken to be the harmonic mean as measured in the 12 ex-
perimental populations and for three different hypothetical values
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of mutation rate p. Results show that observed nucleotide diversity
7 Of cultures in treatments CON, SEL and DEM were lower than
Zexp Calculated with a mutation rate of p= 107 using the population
size measured in each culture. In contrast, nucleotide diversity 7, of
the three cultures of the treatment DMS was intermediate between
values of 7, calculated with a mutation rate p=10"" and p=10""°
(Figure 3b).

We found segregating sites to follow the same trend as nucle-
otide diversity in all cultures, with treatment CON having the high-
est average density of segregating sites followed by DMS, SEL and
DEM (Figure 3c). To assess whether population size differences
could explain the distribution of segregating sites across cultures,
we compared the observed density of segregating sites, S, with
a theoretical estimate of a population at mutation-drift equilibrium
Sexp = 2Ncp 21.5:1 1/j. With the exception of cultures of treatment
DMS, we found segregating site values S , . to lie between S, calcu-
lated with mutation rates p=10"" and p=1071°. In contrast, the three
cultures in treatment DMS had a density of segregating sites above
Sexp Calculated with p= 1077 (Figure 3d).

From comparisons of theoretical equilibria and measured values,
we found that empirical values of segregating sites suggest a much
higher mutation rate than nucleotide diversities (Figure 3b,d), which
indicates an excess of rare alleles compared to a mutation-drift
equilibrium. Tajima's D is a combination of nucleotide diversity and
the number of segregating sites, with negative values corresponding
to an excess of rare alleles relative to an expected equilibrium value.
Accordingly, we found all populations to have, on average, negative
values of Tajima's D across genomic windows (Figure 3e). This nega-
tive Tajima's D reflects a population expansion or a recent selective
sweep, which is congruent with the demographic history of the ex-
perimental populations.

The factorial design of the experiment allowed us to quantify the
effects of demography, selection and their interaction on genetic
diversity in the algae host populations. For this, we used a mixed
model with observed nucleotide diversity log(z,, .+ 1) as the depen-
dent variable, two independent variables of fixed effects selection
and demography, and one variable of random effect batch that cap-
tured variation between replicate cultures. The variable selection
was a vector of zeros and ones matching to the presence of virusin a
culture. The variable demography reflected the magnitude of popula-
tion size bottlenecks, with demography approaching O when popula-
tion size was similar to that of control populations and approaching 1
if population sizes were very small. Results of the fitted parameters
are provided in Table S1. The fixed effects fitted in this model ex-
plained R?=.43 of the variance in nucleotide diversity (conditional
R?=.60 including fits of random effects). Performing an ANOVA on
this model showed that demography has a statistically significant
effect on nucleotide diversity (X2(1)=17.067, p<.001), and that se-
lection has a statistically significant effect on nucleotide diversity
(Xz(l):6.834, p=.009). Furthermore, the two-way ANOVA revealed
a statistically significant interaction between the variables selection
and demography (3%(1)=8.723, p=.006). In the model with all vari-
ables, the sign of the fitted coefficient was negative for the variables
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FIGURE 2 Phenotypic evolution in the algae host. (a) Resistance ra

nge against time (in days) for each of the treatments produced in the

study. The growth of 10-12 algae clones in the presence of virus was measured to test for resistance. An algae resistance range of O (resp.
1) implies that the algae is resistance to none (resp. all) of the viruses used in the assays. The size of the dot is proportional to the number

of algal clones with the same resistance range. Dashed lines show the

highest resistance ranges maintained by at least two clones at all

consecutive time points. The three replicates per treatment are coloured with different greens. (b) Average growth rate of Chlorella clones
in the absence of virus. For each sampled time point, we grew 10-12 clones in the absence of virus and used the average growth rate of

four technical replicates. Lines show the regression of average growth
significant evolution of host growth rates in treatments CON and SEL.

selection (-0.002 +0.001 [SE]) and demography (-0.014 +0.003) and
positive for the interaction (0.019 +0.006).

To test the effects of demography, selection and their interaction
on the density of segregating sites, we constructed a generalized
linear model fitting a Poisson distribution. The fixed effects of se-
lection, demography and their interaction explained R?=.62 of the
variance in the density of segregating sites (conditional R?=.68 with
random effects). Comparison of the full model with models that
excluded a single variable through a likelihood ratio test showed
that demography had a statistically significant effect on segregating
sites (X2(1)=28.644, p<.001), as well as the presence of selection
(x%(1)=10.607, p=.001). The two-way ANOVA detected a statisti-
cally significant interaction between selection and demography affect-
ing the density of segregating sites (x%(1)=10.208, p<.001). In the
full model, the sign of the coefficient was negative for the variables
selection (-1.672 +0.324 [SE]) and demography (-18.773 +1.643) and
positive for the interaction (26.086 + 3.247).

4 | DISCUSSION

We performed experimental manipulations on populations of an
algae host and measured the effects of selection, demographic

rates against time for each treatment. Statistical analysis reveals a

fluctuations and their interaction on algal genetic diversity. All algal
populations were started from the same source population that
was grown from one clone. Each of the four different treatments
was replicated three times with combinations of presence/absence
of selection exerted by a lytic virus and demographic fluctuation.
These treatments include a control treatment (CON) with constant
host growth in the absence of virus, a demographic treatment (DEM)
where host population size varied through manual adjustments of
the cultures' dilution rates, a selection treatment (SEL) with virus and
reduced population size fluctuations through increased dilution rate
(0.3), and a demography-and-selection treatment (DMS) with virus
and constant dilution. We used a pooled sequencing approach on
the populations to quantify the effects of virus-induced selection,
demographic fluctuations and their interaction on the genetic diver-
sity of hosts. Previous work has demonstrated that genomic varia-
tion in the virus population is restricted to the same few genes in
both treatments (Retel et al., 2022).

Previous experiments using Chlorella and PBCV-1 found highly
repeatable evolution with respect to the timing and magnitude of
population size variations as well as host resistance and virus host
ranges (Frickel et al., 2016, 2018). Co-evolution between host and
viruses in treatment DMS likewise produced large population size
variation that was highly repeatable across replicates (discussed in
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Retel et al., 2019). Periods of population size increase (days 20-30
and days 45-50) coincided with the spread of resistant host types,
showing that the expansion of one or more resistant lineages drives
population growth (Figures 1 and 2a). A general expectation is that
bottlenecked populations experience more random effects through
increased genetic drift and lower mutation supply than large popu-
lations of constant size (Garoff et al., 2020, Windels et al., 2021; but
see Freitas et al., 2021). However, the high repeatability of the timing
of population size fluctuations in treatment DMS was not observed
in treatment SEL where demographic fluctuations were reduced and
bottlenecks weaker (Figure 1). Generally, differences in dilution rate
can affect the length of the periods in cyclical populations and the
transient time, and can lead to complex population dynamics (Becks
et al., 2005; Becks & Arndt, 2013; Fussmann et al., 2000).

Phenotypic change in the algae populations depended on the
treatments they experienced. Resistance evolved only in the pres-
ence of virus. The evolution of resistance was faster in the treatment
with little demographic fluctuations (SEL) than in the treatment with
large fluctuations (DMS). This faster adaptation is in agreement with
previous experiments that showed that bottlenecks and low pop-
ulation sizes can slow down adaptation (e.g., Windels et al., 2021,
although see Izutsu et al., 2021). We further observed an increase in
algal growth rate in the two treatments that maintained high popu-
lation sizes, CON and SEL (Figure 2b). In the treatment SEL where the
dilution rate was increased (0.3) compared to other treatments (0.1),
we measured an increase in growth rate (+22% between days 0 and
60), which could be an adaptation to the increased death rate due
to the increased number of algae that are washed out (e.g., Stearns
et al., 2000). It is further possible that the evolution of a faster
growth rate of the algae and/or the increased washout in treatment
SEL results in a comparatively faster spread of resistance alleles in
this treatment.

Our results demonstrate a strong negative effect on genetic di-
versity that was caused by large demographic fluctuations. When
compared to control populations (CON), populations of treatment
DEM had the strongest deficit of genetic diversity. This result
adds to previous findings that population size can be a key driver
of genetic diversity even in large populations typical in microor-
ganisms and it is likely to constrain their adaptive potential (Garoff
et al., 2020; Papkou et al., 2016, 2021; Windels et al., 2021). We
likewise found that the selection exerted by viruses in treatment
SEL lowered genetic diversity compared to CON populations. When
comparing experimental measures with theoretical expectations
that account for measured population sizes, we found that the di-
versity levels in treatment SEL and in treatment DEM are in a similar
range to the diversity levels in treatment CON. This suggests that
both nucleotide diversity and segregating sites in treatments SEL,
DEM and CON are at comparable distances to their mutation-drift
equilibria. The decreasing effect of selective sweeps in treatment
SEL on genetic diversity thus appears to be weak or mitigated when
compared with the effect of demography. The weak impact of se-
lective sweeps in reducing genetic diversity is most striking when
observing the host's genetic diversity in treatment DMS. Populations

in treatment DMS consistently had higher nucleotide diversities and
higher densities of segregating sites than those in treatment DEM
and SEL. This relative excess remained when accounting for the re-
spective population sizes of each culture (Figure 3). Our experiment
suggests that the interaction of two different evolutionary scales,
molecular and demographic, can affect the host's diversity positively
and thereby favour adaptions to further viral strains (as discussed in
Retel et al., 2019). The magnitude of this interaction suggests it can
be an important factor in the co-evolution of Chlorella and PBCV-1.
In a former experiment where temperature was used as a selective
agent and where dilutions were used to induce bottlenecks in bac-
teria, interactions between selection and demography were found
to affect genome-wide allele frequencies but did not impact nucleo-
tide diversity (Wein & Dagan, 2019). Our experiment found contrary
results, suggesting the need to investigate under which conditions
an interaction emerges. Namely, it is unresolved whether a positive
interaction on diversity is specific to host-parasite dynamics where
the bottleneck follows a period of weak to no selection by the virus,
or whether it extends to broader scenarios of selection with strong
demographic fluctuations, as commonly encountered in response
to abiotic stressors. Theoretical models will be helpful to find the
conditions and factors that lead diversity to be positively affected
by interacting demography and selection and may include com-
petition for resources, trade-offs caused by resistance, and clonal
interferences.

The positive effect of the interactions between selection and
demographic fluctuations on genetic diversity that we measured
in our experiment could emerge either through mechanisms that
increase the supply of mutations, as well as mechanisms that facil-
itate the maintenance of segregating variation during sweeps and
bottlenecks. Mutation supply increases when mutation rates in-
crease, which has been observed in bacteria and yeast as a response
to environmental change (Swings et al., 2017), or was selected for
through prolonged successions of bottlenecks with selection (De
Ste Croix et al., 2020). Evolution of the algae's mutation rates, how-
ever, is unlikely to happen as quickly and repeatedly to explain the
consistent excess of diversity in all three replicates of the treatment
DMS over a duration of only 60days (~60 generations). Mutation
supply can also increase through faster cell divisions, if resources
increase or if a faster life cycle evolves. Increases in growth rates in
our experiment evolved in treatments with large population sizes,
CON and SEL, but not in DMS, the treatment with the increased di-
versity, indicating that growth rate evolution is unlikely to be the
cause of the increased genetic diversity. Besides the supply of mu-
tations, it is relevant to consider the probability and dynamics of de
novo mutations establishing in populations. Previous studies have
demonstrated that during neutral population expansion mutations
accumulate following a simple power law (Kessler & Levine, 2013;
Luria & Delbrick, 1943; Williams et al., 2016, 2018) and that this
allows the rapid buildup of genetic diversity after selective sweeps
(Retel et al., 2019). This mechanism might be particularly relevant in
treatment DMS due to its dependence on both selection of a clonal
lineage and its subsequent exponential growth, and matches the
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previously observed frequency distribution of mutations during the
sweep in treatment DMS (Retel et al., 2019).

Besides changes in mutation supply, interactions between de-
mography and selection might facilitate the retention of segregat-
ing variants through bottleneck phases and sweeps. In an asexual
system with a high-mutation regime (i.e., multiple resistant lineages
compete for growth), theoretical studies have found that the feed-
back between demography and selection has an effect on allele fix-
ation rates (Campos & Wahl, 2009). This feedback occurs through
changes in the strength of genetic drift caused by population size
variations that are compensated for by changes in the strength of
clonal interferences. Furthermore, the retention of multiple lineages
at intermediate frequencies could be facilitated if multiple resistance
alleles participate in population regrowth (Chevin et al., 2008; Kim
& Stephan, 2003; Stephan, 2019). Such a mechanism might favour
genetic diversity in DMS if there are more interferences in DMS than
in SEL. This could be the case if density-dependent effects caused by
population size fluctuations affect the evolutionary dynamics of the
treatments (Lopez Pascua et al., 2014). One indication that SEL and
DMS have different evolutionary dynamics is that we observed resis-
tance evolving at a slower pace in DMS compared to in SEL, and that
the time intervals between maximum and minimum population sizes
are longer in DMS compared to SEL populations. A comparatively
slower speed of co-evolution, through the slower turnover of host
strains, would facilitate the accumulation of mutations and increase
genetic diversity, a pattern that matches our observations.

Recent experimental and theoretical studies reveal how inter-
actions of selective regimes and demographic fluctuations can lead
to interesting, sometimes counterintuitive outcomes (e.g., lzutsu
et al,, 2021; Mahrt et al., 2021). Our experiment provides measures
of the role of selection, demography and their interaction as they
occur throughout early host-parasite co-evolution. We found that
both selection and demographic fluctuations have a negative ef-
fect on genetic diversity. Most interestingly, we observed that the
combination of demographic fluctuations with the selection exerted
by the virus largely dampened the loss of genetic diversity com-
pared to populations that experienced either fluctuations or selec-
tion. Our results suggest that, in this algae-virus system, genetic
diversity is not explained only by mutation, drift, or by selective
sweeps for resistance alleles, but other factors that emerge from
a demography-selection interaction play a considerable role. Our
results experimentally demonstrate that populations experiencing
a combination of selective and demographic constraints accumu-
late more genetic diversity than expected a priori from their demo-
graphic history, and that this interaction allows host populations to

retain potential for further adaptations.
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