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Abstract 

Tripartite biotic interactions are inherently complex, and the strong interdependence of species and often one-sided exploitation can 
make these systems vulnerable to extinction. The persistence of species depends then on the balance between exploitation and avoid-
ance of exploitation beyond the point where sustainable resource use is no longer possible. We used this general prediction to test the 
potential role of trait evolution for persistence in a tripartite microbial system consisting of a marine heterotrophic flagellate preyed 
upon by a giant virus, which in turn is parasitized by a virophage. Host and virophage may benefit from this interaction because the 
virophage reduces the harmful effects of the giant virus on the host population and the virophage can persist integrated into the host 
genome when giant viruses are scarce. We grew hosts and virus in the presence and absence of the virophage over ∼280 host genera-
tions and tested whether levels of exploitation and replication in the giant virus and/or virophage population evolved over the course 
of the experiment, and whether the changes were such that they could avoid overexploitation and extinction. We found that the giant 
virus evolved toward lower levels of replication and the virophage evolved toward increased replication but decreased exploitation of 
the giant virus. These changes reduced overall host exploitation by the virus and virus exploitation by the virophage and are predicted 
to facilitate persistence.
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Introduction
Virophages are a distinct class (Maveriviricetes) of viral agents that 
parasitize the cytoplasmic factories of giant viruses in the order 
Imitervirales for their replication (Duponchel, Fischer, and Condit 
2019; Roux et al. 2023). Metagenome studies found that virophages 
can be highly abundant and diverse, which suggests that they 
play an important role in the dynamics of microbial commu-
nities by modulating giant virus-mediated mortality in protist 
populations (Paez-Espino et al. 2019). The interaction between 
hosts and virophages has been described as being mutualistic 
because virophages facilitate host persistence in the presence of 
high giant virus densities, and because host cells provide an oppor-
tunity for the virophage to persist integrated into the genome 
of the host when giant viruses are scarce (Fischer and Hackl 
2016; Koonin and Krupovic 2016; Berjón-Otero, Koslová, and Fis-
cher 2019; Hackl et al. 2021). The benefit for the host arises 
because virophages reduce the lytic impact of the giant virus on 
the host population over time by inhibiting giant virus replication. 
However, there are less data on long-term two-way interactions 
between host and virophage at the population level and giant virus 
and virophage trait evolution. Like other tripartite systems with 
strong interdependence of interacting species and high levels of 

exploitation, i.e. the benefits of the interaction are one-sided (e.g. 
hyperparasitism, satellite viruses, and helper viruses (May and 
Anderson 1983; Ewald and Ewald 1987)), the host–virus–virophage 
systems may be short-lived and prone to extinction (Holt and 
Hochberg 1998; Wodarz 2013).

The long-term persistence of host, giant virus, and virophage 

largely not only depends on the strength of virophage–giant virus 

and giant virus–host parasitism but may also depend on environ-

mental factors (e.g. predators of the host, seasonal population 
density changes) (Yau et al. 2011; Biggs, Huisman, and Brussaard 
2021). Overexploitation by the giant virus can lead to extinction of 
the host (followed by the virophage and the giant virus, unless they 

expand their host range), while overexploitation by the virophage 

can lead to extinction of the giant virus (cf., the Tragedy of the 
Commons). The latter would also reduce the possibility for hor-

izontal transfer of the virophage through infection of new hosts 
with potential long-term consequences for virophage fitness. The 

level of exploitation depends on the traits of the consumer (giant 

virus and virophage), resource (host and giant virus), and pop-
ulation sizes. For long-term stability of the system, traits are 
predicted to evolve in a way that adaptations allow for sufficient 
exploitation without compromising the abundance of the host as 
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a resource (Morozov, Robin, and Franc 2007; Heilmann, Sneppen, 
and Krishna 2010; Wodarz 2013). This balance may be difficult to 
evolve for the giant virus because different traits might determine 
the level of host exploitation and exploitation by the virophage, 
and negative associations between traits may constrain trait evo-
lution. This has been shown for hyperparasitism (May and Hassell 
1981; Addy et al. 2012; Parratt and Laine 2016), when hosts evolve 
in the presence of a virus/phage and predator (Gómez, Buckling, 
and Grover 2013; Frickel, Theodosiou, and Becks 2017) or when 
hosts evolve in the presence of defensive and pathogenetic bacte-
ria (Ford et al. 2016). For example, higher virulence of a pathogen 
and thus higher exploitation can evolve when virulence and the 
pathogen’s resistance against a competitor or a defensive microbe 
(e.g. virophage) are positively correlated (Santander and Robeson 
2007; León and Bastías 2015). Lower virulence against the host was 
found when virulence is costly with respect to resistance against 
the defensive microbe (León and Bastías 2015; Ford et al. 2016). 
Traits contributing to exploitation and replication, their evolution, 
and potential roles for the persistence of host–virus–virophage 
systems are, however, largely unexplored.

Here, we use experimental evolution to study virus and 
virophage traits and how their evolution might contribute to the 
long-term persistence of host–virus–virophage systems. We estab-
lished the marine bacterivore Cafeteria burkhardae, the giant virus 
Cafeteria roenbergensis virus (CroV), and the virophage mavirus 
(Fenchel and Patterson 1988; Fischer et al. 2010; Fischer and Sut-
tle 2011; Schoenle 2020) in chemostats (del Arco, Woltermann, 
and Becks 2020). Hereafter, we refer to CroV as ‘virus’ and to 
mavirus as ‘virophage’. We studied virus and virophage trait evo-
lution by comparing their replication and exploitation between 
ancestors that were used to start the chemostats and re-isolated 
virus and virophage from day 57 (after ∼280 host generations). In 
this system, virus infection of the host nearly always leads to cell 
lysis. During a virophage-only infection of the host, the virophage 
may integrate into the nuclear genome and reproduce as a provi-
rophage in the host genome (Fischer and Hackl 2016). When virus 
and virophage coinfect a host cell, virophage production blocks 
virus capsid formation and only virophages are produced, which 
mitigates the effect of the virus on the host population during sub-
sequent infections. When the virus infects a host with integrated 
virophage in their genome, both virus and virophage are pro-
duced, with no apparent decrease in virus replication compared to 
virus-only infections. Here, we tested the specific prediction that 
trait evolution leading to lower virophage replication could con-
tribute to host–virus–virophage persistence (Wodarz 2013). This 
can result from low intrinsic growth and/or high pathogenicity of 
the virophage towards the virus. Specifically, a higher degree of 
exploitation of the virus over time results in lower virus densities 
and thus fewer opportunities for the virophage to parasitize it and 
increase its exploitation. In addition, we tested whether the virus 
evolved a higher reproductive output in the absence of virophage 
and a lower reproductive output in the presence of the virophage 
(Wodarz 2013), resulting in higher and lower host exploitation, 
respectively. Lower levels of virus replication reduce exploitation 
by the virophage and thus its replication and population size over 
time.

Materials and methods
Virus and virophage evolution experiment
Our experimental system consisted of the marine heterotrophic 
flagellate C. burkhardae strain E4-10P as host, the giant virus 
CroV, and its virophage mavirus. The experiment was performed 

in continuous chemostat systems (glass bottles with 400 ml
f/2-enriched artificial seawater (SW) medium (Guillard and Ryther 
1962) supplemented with 0.025 per cent (w/v) yeast extract and 
0.3 g/ml of chloramphenicol) with a continuous flow-through of 
120 ml medium per day (= 0.3× dilution rate per day) (del Arco, 
Woltermann, and Becks 2020) at 18 ± 0.5ºC. The chemostat exper-
iments lasted for 57 days, based on host density data collected 
immediately after daily sampling, which indicated that host den-
sities became very low in the virus treatments (Supplementary 
Fig. S1). The 57 days represent up to 280 host generations (number 
of generations under optimal replication conditions of the host 
in control groups assuming a doubling time of 4.2–4.6 h [Mas-
sana et al. 2007]). Triplicate chemostats were inoculated with 
the host and Escherichia coli bacteria (control), with E. coli and 
the virus (virus treatment), and with E. coli, virus, and virophage 
(virus–virophage treatment). All chemostats were inoculated with 
7*104 host cells/ml, and both virus and virophage were added at 
day 7 and again at day 13 when host population dynamics had 
reached maximum population sizes. Viruses and virophage were 
inoculated at a virus-to-host ratio of 0.1 in the virus and virus–
virophage treatments based on host density counts and virus 
and virophage DNA copies quantification (del Arco, Fischer, and 
Becks 2022). A virus–host ratio of 0.1 would allow initial virus 
and virophage replication without driving the host to extinction 
(Fischer and Hackl 2016). As these chemostat experiments ran 
for 57 days, ratios changed because of ecological and evolution-
ary dynamics. We used a chloramphenicol-resistant E. coli strain 
(BL21(DE3)pLysS) to keep the bacterial community composition 
constant. Escherichia coli served as food for the host in our exper-
iments. The flagellate host strain used to start the experiments 
carried endogenous marvirus (Hackl et al. 2021), but these did not 
produce mavirus particles under the experimental conditions of 
this study as has not been observed in similar experimental condi-
tions (Supplementary Information, Fig. S3). Therefore, we consider 
the control and the virus treatment to be lacking free marvirus 
virophages which we confirmed by the absence of amplification 
of free virophage from the control and virus treatment at day 57 
of the experiment (see below for virus quantification; for a dis-
cussion of the potential role of other endogenous virophage and 
MAvirus-Like-Elements (EMALE, Hackl et al. 2021), see ‘Discussion’ 
section).

We sampled chemostats at the end of the experiment on day 
57 to determine host densities and the presence of virus and 
virophages. The host was quantified from live samples using a 
hemacytometer and light microscope (20× magnification). For 
the virus and virophage, we separated viruses from host cells, 
bacteria, and from each other by filtration through 0.45 μm and 
0.2 μm filters and quantified in each fraction the DNA copies/ml 
by digital droplet PCR (ddPCR). For all ddPCR assays, DNA was 
extracted using a commercial kit (DNeasy 96 Blood & Tissue Kit, 
Qiagen, Hilden, Germany) and kept at 4∘C until the ddPCR. We 
designed and selected primer and probes for virus amplification as 
described earlier (del Arco, Fischer, and Becks 2022). PCR parame-
ters were set to one cycle of 95∘C (10 min), forty cycles of 94∘C (30s), 
forty cycles of 58∘C (1 min), one cycle of 98∘C (10 min), and a hold 
temperature of 12∘C. All ddPCR results were analyzed using QUAN-
TASOFT 1.7.4. The detailed methods and quality requirements for 
the data are described in the reference (del Arco, Fischer, and Becks 
2022). Viruses and virophages differ in capsid sizes: 300 nm for 
CroV and ∼70 nm for mavirus (Fischer and Suttle 2011; Xiao et al. 
2017). We used a Spartan® cellulose filter (Whatman®) with a pore 
size of 0.2 μm to separate viruses and virophages from mixed sam-
ples. With a filter pore size of 0.2, CroV is mostly retained on the 
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filter, while mavirus passes through the filter. We used reverse fil-
tration to recover CroV from the filter (see further). Retention of 
CroV on the filter with this protocol was high, resulting in too 
few virus particles for further experiments; hence, we amplified 
these viruses by another round of infection before using them in 
a series of assays to detect phenotypic changes that developed 
during the experiment. We refer to ancestral virus and virophage 
lines for the virus and virophage that were used to inoculate 
the chemostats and to selected virus and virophage lines for the 
viruses and virophages that were isolated and amplified at the 
end of the experiment. We used the selected viruses versus ances-
tral populations to measure levels of exploitation and replication 
under standardized conditions (see further). Differences between 
selected and ancestral population DNA copy numbers allowed us 
to identify heritable phenotypic changes in the virus populations 
following standard procedures of experimental evolution (Gómez, 
Buckling, and Grover 2013; Frickel, Sieber, and Becks 2016).

We did not follow virus and virophage densities over time and 
thus we have no information on virus and virophage replication. 
It is theoretically possible, but highly unlikely given the contin-
uous dilution of chemostat cultures (dilution rate = 0.3/day), that 
the selected virus and virophage, which were amplified from the 
end of the experiment, are residual ancestral virus and virophage 
or were produced at the beginning of the experiment rather than 
virus and virophage produced throughout the experiment. The 
selection of virus and virophage over the experiment is sup-
ported by the observation that virus and virophage replication and 
exploitation differed when we compared ancestral and selected 
populations in standardized assays.

Virus and virophage amplification
For virus amplification, we added 50 μl of the medium used to 
recover viruses from the 0.2 μm filter to the medium containing 
the ancestral host (strain E4-10P; 105 cells/ml) to propagate and 
produce virus stocks of isolated virus populations from day 57 of 
the chemostat experiment. Virus amplification was done for each 
chemostat replicate of the virus and virus–virophage treatments 
(one replicate was lost from the virus treatment, see also Supple-
mentary Fig. S2). After observing host lysis (confirmed by sam-
pling and enumeration by microscopy), we collected virus sam-
ples (filtration through 0.45 μm filters) and quantified virus DNA 
copies/ml by ddPCR (as mentioned earlier). To produce selected 
virophages, we added 50 μl of the filtrate of the 0.2 μm filter to 
medium containing strain host (strain E4-10P; 105 cells/ml) and 
ancestral virus. After observing host lysis, we collected virophage 
samples (filtration through 0.2 μm filter) and quantified virophage 
DNA copies/ml by ddPCR.

Recovery of the virus fraction
We used reverse filtration to recover the virus fraction retained 
in the 0.2 μm filter (see earlier for separation of size fractions). 
For this, we attached a flexible tube (6 mm diameter) to the back 
of the filter and washed it with the medium used in the experi-
ment to recover CroV. We measured the number of virophage DNA 
copies in the virus fraction (CroV) that were not removed from 
the virus fraction using this approach. On average, we detected 
∼103 virophage DNA copies/ml, resulting in a virophage–host 
ratio of ∼0.2 when considering the sample volumes added to 
achieve a virus–host ratio of 0.1 in the assays described earlier. 
In these assays, we detected amplification of virophages in three 
of nine samples (chemostat C: 1 out of 3; chemostat D: 1 out of 3; 
chemostat E: 0 out of 3; for virus amplification and assay descrip-
tion see further). But there were no differences in the densities 

of amplified viruses when comparing the densities of repli-
cates with and without virophage amplification from the same
chemostat.

Assay for virus and virophage evolutionary 
changes
We tested whether viruses and virophages evolved during the 
chemostat experiment by comparing the replication and exploita-
tion of ancestral and selected viruses and virophages. We used 
host and virus densities as proxies for the degree of virus and 
virophage exploitation and replication. We infected the ancestral 
host (strain E4-10P) in the 27 ml SW medium in tissue culture 
flasks with ancestral or selected viruses at a virus–host ratio 
of 0 (virus-free control) or 0.1 and with ancestral or selected 
virophages at a virus–host ratio of 0 (no virophage added control) 
or 10. This ratio allows the detection of produced virus particles 
after 1 day of infection (Fischer and Hackl 2016). Note that the 
background virophage in the virus fraction after reverse filtra-
tion (as mentioned earlier) leads to a low virophage-to-host ratio 
of 0.2 in the treatments where the virus came from the virus–
virophage treatments. This had a negligible effect on the assays 
where we started with a ratio of 10 but could have had effects on 
virus replication in the assays where we did not add virophage, 
and the selected virus was amplified from the virus–virophage 
treatments. We discuss the potential effect of this background 
virophage below (see ‘Discussion’ section). Therefore, we assume 
that the effect of the background virophage in the selected virus 
from the virus-virophage treatment had no detectable effect on 
the virus replication measurements.

All conditions were performed in triplicates, starting with a 
host density of 104 cells/ml. Host and virus samples were collected 
and quantified 1 day after infection. Host samples were preserved 
with glutaraldehyde (4 per cent final concentration). Hosts were 
quantified by flow cytometry (FACSverse). For this purpose, sam-
ples were stained with SYBR-Green I DNA stain (Sigma-Aldrich) at 
a final concentration of 0.02 per cent. Host enumeration was per-
formed in well plates at a flow uptake of ∼90 μl for 24 s with shak-
ing at 1,000 rpm. Lateral light scatter (SSC) and SYBR-green fluo-
rescence (FITC) measurements were performed with logarithmic 
amplification using FlowJo software (BDBiosciences). Virus and 
virophage samples were immediately collected for DNA extrac-
tion and quantified by ddPCR (see above and (Del Arco, Fischer, 
and Becks 2022)).

Free and integrated virophage in host genome
We tested whether the number of virophages integrated into the 
genome and the presence of free virophages in the absence of 
the virus affected host growth using four different host strains: 
C. burkhardae strain E4-10P; strain RCC970-E3 and two strains 
derived from the strain RCC970-E3: strain RCC970-E3-8.8 and 
strain RCC970-E3-9.3.1 with two or three copies of integrated 
virophage genomes, respectively. Host growth was tested in the 
presence and absence of free virophages (virophage–host ratio of 
8) in tissue culture flasks containing a 30 ml SW medium and 
in five replicates (host: 2*103 cell/ml). Samples were collected 
6 days after infection, fixed (4 per cent final concentration of glu-
taraldehyde), and host densities quantified by flow cytometry (see 
above).

Data analysis
All data analyses were performed in Rstudio (RStudio Team, V. 
2020) and R (R Core Team, V. 4. 1. 1. 2020) using the packages 
geepack (Højsgaard et al. 2020) and lme4 (Pinheiro et al. 2017). 
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Figure 1. Changes in virus replication and host exploitation. Densities of ancestral and selected virus lines (as viral DNA copy numbers/milliliter, 
median). (A) Virus densities without virophages, (B) virus densities with ancestral virophages, (C) virus densities with selected virophages, and (D) host 
densities with ancestral virus or selected lines but without added virophage. Gray = ancestral, blue = selected virus from chemostat with virus, 
purple = selected virus from chemostat with virus and virophage. There were three replicates per virus type (either ancestral or selected): one 
ancestral virus, two selected viruses from two chemostats of the virus treatment, three selected viruses from three chemostats of the virus–virophage 
treatment and three selected virophages from the three chemostats of the virus–virophage treatments (Supplementary Fig. S2). Depending on the 
host–virus combinations, the number of data points varies between panels because each virus or virophage isolate was challenged with viruses from 
the same and different chemostats (Supplementary Fig. S2).

Significance was evaluated using model comparisons. Differ-
ences between statistical models were considered relevant when 
P < 0.05. All posthoc tests included corrections for multiple testing 
(Tuckey) using the package (multcomp) (Hothorn, Bretz, and West-
fall 2008). We used the generalized linear mixed model (GLMER, 
family = poisson) to test for differences in virus densities to eval-
uate differences in virus replication and exploitation (Fig. 1A–C). 
For these tests, we used virus (levels: ancestral, selected from the 
virus treatment, selected from the virus–virophage treatment) and 
virophage (levels: absent, ancestral, selected) as well as their inter-
action as explanatory variables and chemostat as random effect 
to account for the relatedness of selected virus and virophage 
isolated from the same chemostat. To compare host densities in 

the presence of the virus, we used a GLMER with virus (levels: 
ancestral, selected from virus treatment, selected from virus–
virophage treatment) as explanatory and chemostat as random 
variable (Fig. 1D). We used a GLMER (family = poisson) to test 
for differences in virophage DNA copy numbers with virophage 
(ancestral, selected), virus (levels: ancestral, selected from the 
virus treatment, selected from the virus–virophage treatment), 
and their interaction as explanatory and chemostat as random 
variable (Fig. 2). We compared host densities in the presence 
of virus and presence and absence of virophage (Fig. 3) using a 
GLMER (family = poisson) with virus (levels: ancestral, selected 
from the virus treatment, selected from the virus–virophage 
treatment), virophage (ancestral, selected), and their interac-
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Figure 2. Changes in virophage replication. Virophage DNA copy 
numbers (DNA copy numbers/milliliter, median) of ancestral (gray) and 
selected virophage lines (purple) in the presence of ancestral virus 1 day 
postinfection.

tion as explanatory variable. For all tests, we used generalized 
linear models as we were dealing with count data including
zero values.

Results
Virus and virophage evolution experiment
We measured host population and tested for the presence of virus 
and virophage at the end of the experiment and confirmed the 
presence of host, virus, and virophage. We found that the host–
virus–virophage could persist over the course of the experiment 
without driving each other to extinction. Host reached densities 
of 8*105 host cells/ml in average, and virus and virophage were 
amplified for further experiments.

Virus evolution: decreased replication
We compared virus densities of ancestral and selected virus 
(virus and virus–virophage treatment) in the presence or absence 
of virophage (ancestral or selected) 1-day postinfection. We 
found that ancestral and selected virus densities differed signif-
icantly and depended on whether ancestral or selected virophage 
was present (Fig. 1, GLMER: virus χ2= 366,324, df = 6, P < 0.001; 
virophage χ2= 7,760,494, df = 6, P < 0.001; interaction virus and 
virophage χ2= 366,321, df = 4, P < 0.001). Specifically, we found that 
virus DNA copy numbers were lower for selected virus from the 
virus–virophage treatment compared to the ancestral virus with 
and without the virophage (Fig. 1A, posthoc test: P < 0.0001; all 
other comparisons non-significant).

In the presence of ancestral virophages, the DNA copy numbers 
of selected viruses from both treatments were significantly lower 
than the DNA copy numbers of ancestral viruses (Fig. 1B, GLMER: 
virus χ2 = 8.0843, df = 2, P = 0.017). This was not the case in the 
presence of selected virophages (Fig. 1C, GLMER: virus χ2 = 3.8981, 
df = 2, P = 0.142). To further assess host exploitation by the virus, 
we compared host densities 1-day postinfection in the presence 
of ancestral and selected virus (virus and virus–virophage treat-
ment). Host densities were not significantly different depending 
on the virus (Fig. 1D, GLMER: χ2 = 3.94, df = 2, P = 0.139).

Virophage evolution: increased replication and 
decreased virus exploitation
Ancestral virophage DNA copy numbers were significantly higher 
in the presence of the ancestral virus compared to the selected 
virus, and virophage DNA copy numbers were higher for selected 
virophage than for ancestral virophages when tested with ances-
tral and selected virus (Fig. 2, GLMER: virus line, χ2 = 10,949,655, 
df = 4, P < 0.001; virophage line, χ2 = 42,586,791, df = 3, P < 0.001; 
interaction virus and virophage line, χ2= 10,949,652, df = 2, P < 2.2 
*1016).

Effects of evolution on host: reduced exploitation
To further assess how host exploitation by the virus is affected 
by the virophage, we compared host densities in the presence of 
ancestral and selected virus (virus and virus–virophage treatment) 
and presence of ancestral or selected virophage. Host density 
was significantly affected by the combination of virus and the 
virophage lines (Fig. 3, GLMER: virus line, χ2 = 18,317,684, df = 4, 
P < 0.001; virophage line, χ2= 42,042,860, df = 3, P < 0.001; interac-
tion virus and virophage line, χ2 = 18,317,680, df = 2, P < 2.2 * 10−16). 
Specifically, host densities with selected virus from the virus–
virophage treatment had significantly higher densities compared 
to the other two virus lines in the presence of the ancestral 
virophage (Fig. 3, Posthoc test: ancestral virus versus selected in 
presence of virus and virophage: P < 0.0001; selected in presence 
of virus vs. selected in presence of virus and virophage: P < 0.0001; 
ancestral virus vs. selected in presence of virus: P = 0.978) and host 
densities were generally higher in the presence of the selected 
virophage compared to the ancestral virophage (Fig. 3B, Posthoc 
test: ancestral virus versus selected virus from the virus and 
virus–virophage treatment: P < 0.001; selected virus from the virus 
treatment versus selected virus from the virus–virophage treat-
ment: P < 0.001; ancestral virus versus selected virus from the 
virus treatment: P < 2.2 * 10−16).

We assessed if the number of virophages integrated in the 
genome and the presence of free virophages affected host growth 
in the absence of the virus by using host strains with different 
numbers of virophage copies integrated in their genome. We found 
no effect of integrated or free virophage on the host strain growth 
rate (Supplementary information Fig. S4, LME, interaction host 
line and virophage type, χ2 = −0.73, df = 3, P = 0.975).

Discussion
Long-term persistence of consumer and resource (i.e. host–
parasite, predator–prey) is only possible if the consumer does 
not exploit the resource beyond the point where sustainable 
exploitation is no longer possible. This problem appears to be 
prominent in systems where one species exploits a resource while 
being exploited by another species, since adaptation must favor 
traits that balance exploitation with avoidance of being exploited 
so that organisms are not driven to local extinction. Here, we 
explored evolutionary changes in exploitation and replication of 
a giant virus and virophage as a first experimental assay in host–
virus–virophage systems to test the potential role of evolution to 
persistence of host–virus–virophage systems. By comparing traits 
between the ancestral and the selected isolates, we found that the 
virus evolved towards lower replication while host exploitation did 
not change (Fig. 1A). As we found no differences in virus replica-
tion and host exploitation between the virus and virus–virophage 
treatments (Fig. 1D), we consider the effect of the background 
virophage to be negligible in these assays. The virophage evolved 
towards increased replication (Fig. 2) and lower exploitation of the 
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Figure 3. Effect of virophage on host exploitation by the virus. Host density (as cell/ml, median; ancestral host) when grown for 1 day in the presence 
of virus (ancestral: gray; selected from virus treatment: blue; virus–virophage treatment: purple) and virophage (A: ancestral virophage; B: selected 
virophage). Host densities were significantly higher in the presence of virus from the virus–virophage treatment with ancestral virophage (A) and in 
the presence of the selected virophage (B).

virus compared to ancestral virophage (Fig. 1B, C). Lower virus 
replication as well as lower virus inhibition by the virophage can 
promote community persistence as these traits reduce the DNA 
copy numbers of the virus in the community (Fig. 1) and reduce 
the impact of the virophage on the virus population (Fig. 3). These 
results are consistent with predictions from mathematical models 
and show that traits have evolved to allow long-term persis-
tence, e.g. by reducing the probability of virophage extinction as a 
result of oscillatory dynamics associated with high viral inhibition 
(Wodarz 2013).

In addition to the evolution of traits that reduce overall 
exploitation, coevolution between antagonists may facilitate their 
coexistence (Gómez and Buckling 2011; Hampton, Watson, and 
Fineran 2020; Piel et al. 2022). For example, the likelihood of prey 
species coexisting was increased by trait variation resulting from 
past coevolution between predator and prey (Scheuerl et al. 2020). 
When selection acts to reduce fitness inequality between competi-
tors, coevolution can promote the long-term coexistence of two 
competing species (Huang et al. 2017). We also found evidence for 
virus–virophage coevolution in our experiment: virus replication 
decreased most in the presence of selected virophages for virus 
from the virus-virophage treatment, and host exploitation was 
lowest when virus and virophages from the virus–virophage treat-
ment were combined. Additional experimental tests are needed 
to further explore this observation, and their results could con-
tribute to a better understanding of diversity in virus–virophage 
systems. For example, comparing the replication and exploitation 
of virus and virophage when paired from different time points in 
the experiment (i.e. time-shift experiments, Gaba and Ebert 2009) 
could test for the underlying coevolutionary pattern. Knowing 
whether virus–virophage coevolution is better explained by coevo-
lutionary models with directional selection (arms race dynamics 
(Frickel, Sieber, and Becks 2016; Frickel, Theodosiou, and Becks 
2017)) or by fluctuating polymorphism of virus and virophage 
(trench warfare dynamics, Stahl et al. 1999) would allow further 
predictions of the genetic and phenotypic diversity expected in 
such a system.

The evolutionary changes in virus and virophage observed here 
affect host and virus exploitation. In general, reduced exploita-
tion can stabilize consumer-resource dynamics (i.e. predator–prey 
and host–parasite (Rosenzweig and MacArthur 1963), and previ-
ous studies have shown that evolutionary changes in traits related 

to exploitation can affect population dynamics. For example, the 
evolution of resistance in an algal host that reduced exploita-
tion by a virus resulted in a shift to more stable dynamics with 
reduced oscillations in population size (Frickel, Sieber, and Becks 
2016). Differences in antagonist population size can have a direct 
effect on the strength of selection, e.g. by reducing the host–virus 
ratio, and thus on further selection. This link between host–virus 
ratios and selection has been shown, e.g. for the evolution of viral 
infection (single versus coinfection) of host cells. Viruses from 
environments with higher virus–host ratios evolved more slowly 
than viruses from lower ratios (Turner, Cooper, and Lenski 1998). 
We did not investigate population dynamics of the host, virus, and 
virophage and test whether and how the observed evolution in the 
viruses affected population dynamics.

The observation that virus and virophage traits have evolved 
can have implications for the protective role of the virophage on 
the host population. This is because a decrease in virus exploita-
tion by the virophage could reflect changes in the most common 
mode of virophage infection (reactivation versus coinfection). The 
virophage can integrate into the host genome upon infection and 
previous experiments have shown that ∼35 per cent of hosts car-
ried integrated virophages 8 days post infection (Fischer and Hackl 
2016). Since we found no cost to the host carrying integrated 
virophages, and thus no selection against integration (Supplemen-
tary Fig. S4), we expect that nearly all hosts in the virus–virophage 
treatment would have carried at least one copy of the integrated 
virophage halfway through the experiment. This change in the 
frequency of virophage-carrying hosts over time in the presence 
of the virus may shift the common mode of virophage infection 
toward reactivation, and thus a balanced virus and virophage 
production. With reactivation dominating, the virophages pro-
tection role for the host population is reduced. This proposed 
dynamic change in infection mode is related to horizontal or 
vertical transmission selection on bacteriophages and other par-
asites (Lipsitch, Siller, and Nowak 1996; Fellous and Salvaudon 
2009; Shapiro, Williams, and Turner 2016) or mutualists (Roossinck 
2011; Shapiro and Turner 2014), where the relative opportunity for 
horizontal versus vertical transmission has been shown to influ-
ence the evolution of symbiont effects on host fitness (e.g. (May 
and Anderson 1983; Ewald and Ewald 1987; Bull, Molineux, and 
Rice 1991; Bull 1994; Ebert 1994; Day 2001)). Generally, horizontal 
transmission from infected to uninfected cells favors increased 
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costs of infection for the host and more virulent phages or less 
beneficial mutualists, which leads to an increase in the rate of 
infection transfers. In our system, virophage transmission is only 
vertical (transmitted as provirophage by host replication) in the 
absence of giant virus infection, which is expected to be the major 
mode of transmission in wild host populations, as evidenced by 
the widespread occurrence of integrated virophages (Hackl et al. 
2021). As the giant virus was present at the end of the experiment, 
we expect that virophage transmission was predominantly hori-
zontal under the experimental conditions, which in contrast with 
phages, leaded to a decrease of virophage exploitation of the virus. 
It might be that the frequency of horizontal versus vertical trans-
mission in this system oscillates over time due to the dual life cycle 
of the virophage.

Our experiments were started with non-clonal populations of 
giant viruses and virophages. The changes we observed could 
therefore be the result of selection on standing genetic variation 
and/or de novo mutations occurring in the chemostats. Similar to 
other experimental host–pathogen systems (Koskella and Brock-
hurst 2014; Frickel, Sieber, and Becks 2016; Shapiro, Williams, 
and Turner 2016), the present system had a high potential for 
coevolution of traits determining species interactions. In partic-
ular, the small genome size of the viruses compared to other 
microbes, the large population sizes (estimated harmonic mean 
population size from an independent chemostats experiment over 
50 days for viruses 2*104 DNA copies/ml and virophages 3*106 DNA 
copies/ml; del Arco unpublished data), and the strong selection 
pressure (Nowak and May 2001) make de novo mutations likely to 
occur in this experiment.

The ddPCR protocol used to enumerate viruses and virophages 
in this study was designed to detect the strains used as free 
viruses, both for inoculation of the chemostats and for the assays. 
Therefore, there is a possibility that the number of viruses and 
virophages reported here may differ from the actual number, first, 
because viruses and virophages may have evolved to bind primers 
and/or probes less efficiently. We cannot exclude this possibility, 
although a single nucleotide substitution, the type of mutation 
we would expect in this experiment (Retel et al. 2022) should 
not reduce the efficiency of primer and probe binding. Secondly, 
C. burkhardae strain E4-10P carries several different endogenous 
virophages (EMALE) (Hackl et al. 2021), although there is currently 
little understanding of the conditions under which reactivation by 
CroV occurs (Berjón-Otero, Koslová, and Fischer 2019). Our ddPCR 
protocol does not allow us to determine whether other endoge-
nous virophages have been reactivated. As we observed clear 
differences in host densities (Supplementary Fig. S1) when com-
paring host densities in the virus and virus–virophage treatments, 
we consider the possibility that other endogenous virophages 
influenced the evolutionary dynamics to be low. We can, however, 
not exclude it as characterizing the viral community at the end of 
the experiment is beyond the scope of this study.
Host-associated

microbes that mitigate the effects of pathogens on the host are 
common in nature and have been shown to shape evolutionary 
dynamics, reducing selection for resistance in the host (Oliver, 
Smith, and Russell 2014; Polin, Simon, and Outreman 2014; Ford 
et al. 2016). For example, the evolution of bacteriophages and 
satellite viruses showed that the coevolution of helper bacterio-
phages and satellite viruses reduces selection for bacterial resis-
tance to the bacteriophage (Christie and Dokland 2012; Frígols 
et al. 2015; Krupovic, Kuhn, and Fischer 2016). Identifying and 
understanding the processes that allow interacting species with 
strong interdependence and mutual exploitation to persist is an 

ongoing challenge, and yet there are many such systems that per-
sist over time. One evolutionary strategy that has been identified 
to facilitate persistence of such systems is reduced exploitation 
and reproduction. We showed in our experiments, that virus 
and virophage evolved reduced degrees of exploitation and repli-
cation, confirming the general theory on coexistence in tripar-
tite systems and providing experimental evidence for processes 
that could facilitate persistence of protist–giant virus–virophage
systems
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