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Endogenous viral elements (EVEs) are common genetic passengers in various protists.
Some EVEs represent viral fossils, whereas others are still active. The marine heter-
otrophic flagellate Cafeteria burkhardae contains several EVE types related to the
virophage mavirus, a small DNA virus that parasitizes the lytic giant virus CroV. We
hypothesized that endogenous virophages may act as an antiviral defense system in
protists, but no protective effect of virophages in wild host populations has been shown
so far. Here, we tested the activity of virophage EVEs and studied their impact on giant
virus replication. We found that endogenous mavirus-like elements (EMALEs) from
globally distributed Cafeteria populations produced infectious virus particles specifically
in response to CroV infection. However, reactivation was stochastic, often inefficient,
and poorly reproducible. Interestingly, only one of eight EMALE types responded to
CroV infection, implying that other EMALEs may be linked to different giant viruses.
We isolated and cloned several reactivated virophages and characterized their particles,
genomes, and infection dynamics. All tested virophages inhibited the production of CroV
during coinfection, thereby preventing lysis of the host cultures in a dose-dependent
manner. Comparative genomics of different C. burkhardae strains revealed that inducible
EMALE: are common and are not linked to specific geographic locations. We demon-
strate that naturally occurring virophage EVEs reactivate upon giant virus infection,
thus providing a striking example that eukaryotic EVEs can become active under specific
conditions. Moreover, our results support the hypothesis that virophages can act as an
adaptive antiviral defense system in protists.
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Viruses of the class Maveriviricetes, commonly known as virophages, are small double-
stranded (ds) DNA viruses, which infect unicellular eukaryotic cells but require a coin-
fecting giant virus for their replication (1, 2). Associated giant viruses belong to the order
Imitervirales in the phylum Nucleocytoviricota, also known as nucleocytoplasmic large DNA
viruses (NCLDVs). Virophages propagate in viral factories formed by giant viruses and
can interfere with giant virus replication (3—6). While only a few virophages have been
isolated in culture, metagenomic studies revealed that these viruses are highly diverse and
are found in various ecosystems around the planet (7-9). Virophages probably regulate
population dynamics of giant viruses and their eukaryotic hosts and may thus have a
considerable influence on ecosystem functioning in protistan communities (10—12).

Virophages overlap in their gene content with Maverick/Polinton elements (MPEs) and
Polinton-like viruses (PLVs), and although virophages, MPEs, and PLVs represent phyloge-
netically distinct groups (1), they probably have a common origin (13, 14). MPEs were
initially described as self-synthesizing transposons found in diverse unicellular eukaryotes
and animals (15, 16). However, as many MPEs carry viral morphogenesis genes (17), they
qualify as endogenous viruses. PLVs were discovered in metagenomes (18) and exhibit a
particularly high degree of genetic diversity. Recently, it was shown that PLVs, MPEs, and
virophages are much more prevalent in protist genomes that previously assumed (19-23).

These genomic surveys stand in stark contrast to functional studies, and little is known
about the lifestyles and eco-evolutionary impacts of these elements. To date, only two
PLVs and a handful of virophages have been isolated in culture. Whereas PLVs can either
depend on a giant virus (22, 24) or replicate independently in the host cell (25), all
virophages isolated so far coreplicate with a specific giant virus (3, 4, 26, 27). The strong
correlation between virophage and giant virus gene promoter motifs and the timing of
virophage DNA replication suggest that virophages use the late transcription machinery
of the giant virus to express their genes (4, 28, 29). Virophage and PLV sequences that
are integrated in cellular genomes are usually silent, and although some of their genes can
be transcribed (21), so far, no production of virus particles was observed without the
involvement of a giant virus.
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Significance

Single-celled eukaryotes are
parasitized by viruses just like
other life forms, but compared to
bacteria or animals, their defense
systems against viral infection
remain unknown. Virophages
could be one such mechanism
since these small DNA viruses
often inhibit giant DNA viruses
while leaving their protist hosts
unharmed. In this study, we
demonstrate that certain
virophage genomes that are
integrated in wild populations of
the marine protist Cafeteria
burkhardae become active upon
infection with the giant virus
CroV and are able to protect host
populations from lysis by CroV.
We show that this virophage-
based defense is giant-virus-
specific and is present in protists
from around the globe. Our
findings strongly suggest that
some protists use beneficial
viruses to fend off lytic viruses.
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The dual lifestyle of virophages has experimentally only been
shown for mavirus (30). Mavirus replicates during coinfection
with the giant Cafeteria roenbergensis virus (CroV); however, it
can also integrate into the nuclear genome of Cafeteria spp. inde-
pendently of CroV. Provirophage genes are induced by infection
with CroV, which results in the formation of infectious virophage
particles. The newly produced mavirus particles inhibit CroV rep-
lication in subsequent rounds of infection (5). Genome-integrating
virophages may therefore represent a unique example of an induc-
ible antiviral defense system in eukaryotic microbes (5, 31). The
virophage defense hypothesis is further supported by the finding
that genomes of wild C. burkhardae populations contain dozens
of copies of endogenous mavirus-like elements (EMALEs) (32).
We described eight types of EMALEs based on GC content, nucle-
otide similarity, and phylogenetic analysis. Different EMALE types
also carry distinct promoter motifs implicating interactions with
different giant viruses.

In uninfected Caféteria cultures, EMALE: are transcriptionally
silent, and no virion formation is observed. Here, we analyzed
whether EMALEs from wild flagellate populations are functional
and whether they can protect against the lytic giant virus CroV. We
demonstrate that EMALESs reactivate in many strains of C. bur-
kbardae when infected with CroV. We also show that only EMALEs
of one type respond to CroV infection and that reactivated
virophages display properties similar to mavirus. Our results provide
strong evidence that endogenous virophages from wild protist pop-
ulations are active, thus corroborating the hypothesis that virophages
can act as an adaptive antiviral defense system in marine flagellates.
We show that virophage-based defense is an ecologically relevant
process in a globally distributed protist species.

Results

CroV Infection of C. burkhardae Reactivates Endogenous
Virophages of EMALE Type 4. We tested whether endogenous
virophage elements in the marine protist C. burkbardae are able to
form infectious particles upon infection with the giant virus CroV
(Fig. 14). CroV has been shown to induce the virophage mavirus
from a provirophage-carrying host strain that was produced in the
laboratory (5). We inoculated the C. burkhardae strains BVI, Cflag,
E4-10, and RCC970 with CroV at multiplicities of infection (MOI)
0f 0.1 or 0.01. These host strains have fully annotated genomes and
contain a variety of EMALEs (32, 33). The infected cell populations
died within several days, even though we observed differences in lysis
behavior among individual host strains. Cultures of Cflag, E4-10,
and RCC970 lysed 3 to 5 d post infection (pi) and permitted high
levels of CroV replication (>10° genome copies/mL, SI Appendix,
Fig. S1 A-C). In contrast, lysis of strain BVI was delayed to 8
dpi, and CroV replication levels were low (<10” genome copies/
mL, ST Appendix, Fig. S1D). Occasionally, we observed that CroV
infection in strain BVI was abortive, as indicated by a lack of viral
replication and no cell lysis within 10 d (S7 Appendix, Fig. S1E).
Following lysis, we filtered the culture supernatants through
0.22-um-pore-size filters to separate virophage capsids (50 to 70 nm
in diameter) from cell-associated virophage DNA. The filtrate was
treated with DNase to remove unpackaged DNA, followed by DNA
extraction and qPCR analysis with primers targeting conserved
regions within the retroviral integrase (rve-nz) and DNA polymerase
B (po/B) genes of different EMALE types. We first tested for the
presence of DNA from EMALE:s of type 4 (EMALEO4), because
members of this clade are the closest relatives to mavirus and contain
the late promoter motif of CroV (32). Irrespective of MOI, we found
EMALEO4-specific DNA in the filtered lysates of strains BVI and
E4-10, but not in Cflag or RCC970, nor in uninfected controls
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(Fig. 1B and SI Appendix, Fig. S2). Filtrates prepared from CroV-
infected BVI cultures contained higher concentrations of EMALEO4
DNA than those from strain E4-10 (on average 2.5 x 10° copies/
mL versus 6.7 x 10° copies/mL), although the virophage response
was faster in E4-10 than in BVI (87 Appendix, Fig. S1), and virophage
DNA concentrations varied considerably between individual infec-
tions. Some CroV-infected E4-10 cultures had undetectable levels
of 0.22-pm-filterable EMALE04 DNA, suggesting inefficient or
absent reactivation of endogenous virophages. These fluctuations
indicate that the reactivation of endogenous virophages is stochastic
or partly controlled by factors that may vary between infection exper-
iments. Even within a genetically homogeneous host population,
differences in cell cycle and physiological states may greatly influence
the reactivation behavior.

To determine the timing of virophage reactivation in CroV-
infected strains BVI and E4-10, we quantified virophage DNA
daily until lysis. Filterable virophage DNA appeared 2 to 3 dpi
and increased over the time, reaching the highest concentrations
during lysis (87 Appendix, Fig. S1 Cand D).

Genome analysis of C. burkbardae revealed only one partial (or
partially assembled) copy of EMALEO4 in strains Cflag and
RCC970. In contrast, there were two partial EMALEQ4 copies in
strain E4-10, and 16 copies (2 fully assembled, 14 partially assem-
bled) in strain BVI (32). The higher reactivation levels of type 4
EMALE:s in strain BVI thus correlate with a higher copy number
of these elements in the host genome. However, the faster
virophage response in host strain E4-10 appears to be correlated
with higher levels of CroV replication, compared to strain BVI
(81 Appendix, Fig. S1). The type 4 EMALE:s in Cflag and RCC970
appear inactive, potentially because of truncation.

To confirm that reactivation produced infectious virophage par-
ticles, we amplified them in host strain RCC970, which lacks
CroV-responsive type 4 EMALEs. We coinoculated RCC970 cells
with CroV and filtrates from CroV-infected BVI or E4-10 cultures,
or with mavirus as a control, and monitored virophage DNA rep-
lication by qPCR. BVI-reactivated virophages replicated to levels
comparable to mavirus, with an increase of more than five orders
of magnitude at 3 dpi, whereas replication of E4-10-reactivated
virophages was slightly less efficient than mavirus (Fig. 1C). No
virophage propagation was observed in the absence of CroV.

In addition, negative staining transmission electron microscopy
revealed the presence of virophage-like capsids in BVI filtrates
(Fig. 1E). Although we found no virophage particles in E4-10
filtrates, such capsids were present after an additional round of
propagation in CroV-infected RCC970 cultures (Fig. 17), indi-
cating low virion concentrations directly after reactivation in
E4-10 cells. These results show that type 4 EMALEs from two
different Cafereria populations reactivate upon CroV infection
and produce infectious virophage particles.

We then investigated whether other EMALE types also
responded to CroV infection by sequencing total DNA from the
0.22-um-filtered lysates. Unpackaged DNA was removed by
DNase treatment prior to DNA extraction. BVI and E4-10 filtrates
yielded sufficient amounts of DNA for Illumina sequencing,
whereas RCC970 and Cflag filtrates contained insufficient DNA
for sequencing. The sequence reads were aligned to their respective
C. burkhardae genome assemblies (33), with 96% of reads from
the BVI filtrate mapping against the BVI genome and 34% of reads
from the E4-10 filtrate mapping against the E4-10 genome. When
we determined the relative sequencing depth for each EMALE
type, we found that almost all reads (99.4% for strain BVI and
99.9% for strain E4-10) mapped to type 4 EMALE: (Fig. 1G and
SI Appendix, Table S1). Sequence matches to other EMALE types
were random and involved fewer than 0.05% of reads.
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Fig. 1. Cafeteria burkhardae releases EMALEO4 virophages upon CroV infection. (A) C. burkhardae strains containing various EMALEs (depicted as colored lines)
were infected with CroV. After cell lysis, the 0.22-um filtrates of culture supernatants were analyzed for the presence of virophage DNA and particles by qPCR.
(B) Quantification of type 4 EMALEs produced during CroV infection of four C. burkhardae strains. The 0.22-pm-filtered lysates were treated with DNase prior to
DNA extraction and qPCR analysis with EMALEO4-specific po/B primers. Significant differences compared to uninfected controls are marked by asterisks (**P =
0.01 to 0.001, ***P < 0.001). (C) Cultures of C. burkhardae strain RCC970 were inoculated with virophages (mavirus or BVI- and E4-10-derived virophages) alone
or together with CroV. Replication of virophage DNA was analyzed 3 days post infection (dpi) using qPCR with EMALEO4-specific primers. (D-F) Negative stain
electron micrographs of mavirus (D), BVI VP after reactivation (£), and E4-10 VP after reactivation and propagation in host strain RCC970 (). (G) Postlysis culture
supernatants of CroV-infected strains BVl and E4-10 were 0.22 um filtered and concentrated, followed by lllumina DNA sequencing. DNA reads were mapped to
the respective C. burkhardae genome assemblies, and for each host strain, a cumulative coverage for all EMALE types was calculated. (H) PCR products specific
for reactivated virophages EV1 and EV2 from five individual CroV infections of host strain E4-10.

Sequencing reads were then used to assemble genomes of reac-
tivated virophages. Attempts to assemble full genomes of BVI
virophages failed and resulted in short contigs, indicating a mix-
ture of different type 4 EMALE: that caused assembly problems
due to partial sequence overlap. In contrast, assembly of E4-10
reads produced a single contig with high sequence similarity to
mavirus, and several contigs related to bacteria and bacteriophages
that are likely derived from the mixed bacterial community present
in Cafeteria sp. cultures, which serve as a food source for the
phagotrophic flagellates (S Appendix, Table S1). Detailed analysis
of the mavirus-like sequence revealed two subpopulations that we
named EV1 (E4-10 virophage 1) and EV2 (E4-10 virophage 2).
These two virophage genomes were highly syntenic except for a
gene encoding a FNIP/IP22 repeat protein (see Fig. 3B).

To distinguish the EV virophages in individual reaction exper-
iments, we designed PCR primers for the FNIP/IP22 gene and
conducted CroV infection experiments with E4-10 cells in five
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replicates. After cell lysis, the 0.22 pm filtrates were analyzed by
PCR using EV1 and EV2 specific primers. Fig. 1/ depicts how
different biological replicates of CroV infections produced differ-
ent amounts of EV1 and EV2, with some cultures reactivating
only one but not the other virophage version (compare replicates
1, 2 and 4).

These experiments unambiguously show that CroV infection
of C. burkbardae reactivates type 4 EMALEs and induces the
production of infectious virophage particles. Interestingly, how-
ever, reactivation of endogenous virophages appears to be a sto-
chastic and sometimes inefficient process.

Reactivated Virophages Inhibit CroV Replication in Subsequent
Rounds of Infection. To test whether virophage reactivation
interfered with CroV replication, we infected the four C.
burkhardae strains with CroV and, following cell lysis, collected
1.2 pm filtrates containing both CroV particles and potential
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virophage particles (Fig. 24). CroV and virophage genomes were
quantified by qPCR to test for a potential link between the levels
of virophage production and CroV replication. We observed that
CroV replication was primarily dependent on the host strain (e.g.,
CroV replicating at low levels in strain BVI), and not on virophage
production (Fig. 2B). This is in agreement with previous results
showing that the induction of mavirus provirophages does not
interfere with CroV replication (5). In the next step, we tested
whether CroV, contained in lysates from different C. burkbardae
strains that may also contain reactivated virophages, could replicate
in strain RCC970, which lacks CroV-inducible EMALEs. We
performed several rounds of infection with 1.2 pm-filtered CroV
at MOIT 0.1. For each infection round, we collected 1.2 pm filtrates
at 3 dpi and monitored CroV and virophage replication using
qPCR. Fig. 2C shows that replication of CroV produced from
BVI and E4-10 strains was strongly inhibited in comparison with
RCC970- and Cflag-produced CroV. CroV from BVI lysates
showed decreased replication already during the first round of
infection, whereas CroV produced on strain E4-10 replicated well
during the first round of infection and decreased only in infection
rounds two and three. Moreover, CroV from BVI lysates was
essentially absent after the second round of infection, with levels
barely above background that precluded a third round of infection.

We found a strong correlation between CroV replication levels
and the ratio of virophage-to-CroV DNA at the beginning of each
infection round. Fig. 2D shows that CroV replication was impaired
when the approximate concentration of virophage genomes was

Cafeteria

burkhardae

strain

Cflag

E4-10 ®) & /Ce®i2 o LY '8

_> \.‘.‘ ‘Rcc97o"’

®) e 49w o &

RCCOT0 (2) B @gPiin g = G
g 5 Rcco70 @

10°
AA A A

- o
»
>

108

CroV replication (copies/ml)

107 .
*
* .’Q
108 T T
0 10¢ 107 108 10°
Virophage replication (copies/ml)
+ BVI = Cflag Ao E4-10 e RCC970

equal to or higher than that of CroV genomes (ratio > 1). These
data indicate that virophages reactivated from wild-type Cafeteria
populations inhibit CroV replication in a dose-dependent manner
and can even stop the spread of giant virus infection entirely.

Analysis of EMALEO4 Clones Reveals High Strain-Level Diversity
of Virophages. Individual strains of C. burkhardae produced mixed
virophage populations in response to CroV infection, which was
particularly pronounced in strain BVI that harbors at least 16
EMALEO4 loci in its genome. These virophage genomes share
high similarity, except for a few unique genes that are present in
certain virophages. To distinguish individual BVI virophages and
to gain insight into the reactivation behavior of this host strain,
we designed PCR primers specific for unique EMALEO4 genes
(81 Appendix, Fig. S3A). We then followed their DNA replication
by qPCR analysis during four CroV infection experiments and
found that each infection resulted in a different composition of
virophages, reiterating the stochasticity of virophage reactivation
(SI Appendix, Fig. S3B).

To characterize individual virophages, we made use of their
ability to integrate into nuclear host genomes. The workflow for
obtaining clonal virophages is shown in Fig. 34 and started by
inoculating the EMALE04-deficient RCC970 strain with a mix-
ture of reactivated virophages, followed by a 1-wk-long incubation
to allow the virophages to integrate. Copy numbers of integrated
virophages genome were monitored by qPCR (using the AACt
method, S/ Appendix, Table S2), and cultures containing 0.1 to
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Fig. 2. Reactivated virophages inhibit CroV replication in subsequent rounds of infection. (A) C. burkhardae strains BVI, Cflag, E4-10, and RCC970 were infected
with CroV at MOI 0.1. After cell lysis, the cultures were 1.2 um filtered to remove cell debris. CroV and virophages in the filtrates were analyzed by qPCR and
used for three subsequent rounds of infection in C. burkhardae strain RCC970 to analyze the biological activity of reactivated virophages. After each round, the
cultures were 1.2 um filtered, and viral copy numbers were monitored. (B) Concentrations of CroV and virophage DNA in 1.2-um filtrates after CroV infection of
individual C. burkhardae strains. (C) CroV DNA replication levels during three consecutive rounds of infection in C. burkhardae strain RCC970 with 1.2-pm-filtered
CroV that was produced in different C. burkhardae strains. (D) CroV DNA replication levels in relation to the virophage/CroV ratio at the start of infection. Host
strains where the initial CroV infections took place are indicated; all subsequent infections were performed in host strain RCC970.

https://doi.org/10.1073/pnas.2314606121

pnas.org


http://www.pnas.org/lookup/doi/10.1073/pnas.2314606121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2314606121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2314606121#supplementary-materials

Downloaded from https://www.pnas.org by 84.209.12.234 on March 12, 2024 from | P address 84.209.12.234.

Infection with a mixture
of reactivated virophages

BVI VP

E4-10 VP
riw
S

Single-cell cloning containing provirophage

-

® ® 6©ge0221m o
& —> (&) —> (8% —> o°

R

é o
> (®) ., Sonygs,
@) @. (®2,022um
> >» (Ci‘}’O > OOO

N

Selection of clones

CroV infection Filtration

s =y

rec. helicase © GIY-YIG

» MV07

10k 15k 20k

D kinase & DNA-methylase m FNIP

Fig. 3. Cloning and comparative genomics of reactivated virophages from C. burkhardae. (A) Cloning strategy for reactivated virophages. C. burkhardae strain
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the BVI genome assembly.

0.3 provirophages per host genome were further processed, in
order to minimize the probability of host cells carrying multiple
integrations. We then performed limiting dilution cloning of the
cells and selected clones that tested PCR-positive for virophages.
Upon CroV infection and lysis, these cultures produced clonal
populations of virophages. With this method, we were also able
to cryopreserve virophages in their host-integrated state, which is
not possible for free virophage particles as they lose infectivity
after freeze-thawing.

Applying the cloning procedure above to lysates from the four
CroV infections of host strain BVI (8] Appendix, Fig. S3B), we
isolated eight different virophages named BV1 to BV8. The spec-
trum of virophage clones we obtained from the four infections was
representative of the different types of virophages we had found in
the mixed lysates (S/ Appendix, Fig. S3C). To clone virophages from
host strain E4-10, we started with infections where only EV1 or
EV2 had reactivated (Fig. 1H) and selected one clone each for
further characterization. The 10 clonal virophages were then prop-
agated via CroV infection in host strain RCC970, virophage par-
ticles were concentrated by tangential flow filtration, and the
resulting samples were analyzed by electron microscopy and DNA
sequencing (see Materials and Methods for details).

PNAS 2024 Vol.121 No.11 2314606121

Negative staining electron microscopy revealed virus-like parti-
cles in all clonal virophage preparations (SI Appendix, Fig. S4). The
particles had hexagonal shapes with a diameter of 80.8 + 5.5 nm
and were indistinguishable from mavirus capsids. Given that all
EMALESs encode a double-jelly roll major capsid protein, we con-
clude that virophage reactivation leads to the formation of nonen-
veloped capsids with icosahedral symmetry. These results are in
agreement with previous reactivation studies on mavirus (5).

Genome sequencing of the EMALEQ4-derived virophage clones
allowed us to analyze the strain-level diversity of this group of
endogenous protist viruses (34). Overall, the 10 genomes were
mostly syntenic to each other and to mavirus, yet each genome
displayed unique features (Fig. 3B). Between the highly similar
virophages EV1 and EV2 from C. burkhardae strain E4-10, only
the FNIP/FGxxFN repeat-containing gene at the 3" end of the
genome differed significantly, whereas the rest of their genomes
had only two single nucleotide polymorphisms. Interestingly, the
ENIP/FGxxEN repeat, which belongs to the class of leucine-rich
repeats, is prominently present in =70 CroV genes and the respec-
tive proteins are likely to mediate protein-protein interactions
(35). The ENIP/FGxxFN repeats in mavirus, EV1/2, and some
BVI virophages may have been acquired from CroV and could be
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implicated in the interaction of virophages with their giant host
viruses, similar to what has been proposed for other types of
host-related proteins such as collagen-like repeats in Sputnik and
OLV (36). Although we did not observe phenotypic differences
between EV1 and EV2, they may display slightly different char-
acteristics when combined with other giant virus strains. Some
EV1/2-encoded proteins such as Rve-Int, PolB, MV04, and
MVO05 shared more than 90% amino acid identity (AAI) with
their mavirus homologs, whereas others such as Helicase, Lipase,
and MCP had only 50 to 60% AAI compared to mavirus (Fig. 3B).
Notably, the EV1/2 virophages contained two copies of the
MVO06-like GIY-YIG endonuclease.

Genome analysis of the eight BVI-derived virophages con-
firmed their PCR-based detection, although additional virophages
may reactivate from this strain. For instance, DNA sequencing
of 0.22-um-filtered lysates yielded reads that mapped to a type
4 EMALE named BVIc02, which was fully assembled in the BVI
genome, indicating reactivation of this element. However, BVIc02
production was too low for cloning (S Appendix, Fig. S3B), pos-
sibly due to a frame-shift mutation in the predicted lipase gene
causing a premature stop codon (Fig. 3B). Alternatively, BVIc02
may be ill-adapted to the CroV strain used here, as it is more
distant to mavirus than the other BVI-derived virophages.
BV1-BV8 displayed average nucleotide identities of 82 to 97%
to mavirus, even though none of them shared the exact gene
content with mavirus (Fig. 3B). In particular, we found three
hypervariable regions. First, BVI virophages had three distinct
versions of the predicted primase/helicase gene. The variability
of this gene already became apparent during the initial genome
analysis of C. burkhardae EMALEs and may indicate a higher
recombination rate compared to other virophage genes (32).
Interestingly, new primase/helicase versions were always associ-
ated with a change in the terminal inverted repeat sequence, sug-
gesting a functional link between them. Second, we noticed that
the central part of EMALEO4 genomes is less conserved than its
flanking regions that encode mostly core genes. The central region
is typically composed of small ORFs, of which few have func-
tional predictions such as DNA methylase and kinase domains.
Apparently, these accessory genes are not essential for virophage
replication but may provide benefits under certain conditions.
The third hypervariable region is located at the 3’ terminus and
involves the gene encoding FNIP/FGxxFN repeats (MV20 in
mavirus). Overall, we observed five variants of FNIP/FGxxFN
repeat-containing genes among reactivated virophages, in BV1/4
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(identical to mavirus), EV1, EV2, and two such genes in BVIc02
(Fig. 3B).

Reactivated Virophages Provide Host Protection against CroV
Infection. Using the clonal strains of reactivated EMALE04
virophages, we compared their effects on CroV replication and host
population survival. We performed CroV coinfection experiments
with four selected virophages (BV4, BV7, BVS, and EV2) and
with mavirus as a control. C. burkhardae strain RCC970 was
inoculated with clonal virophages or mavirus at MOIs of 20 to
50 to ensure that every cell would be infected with at least one
virophage particle. The same cultures were coinfected with CroV
at MOIs of 0.01, 0.1, 1, or 10 and monitored daily for eight
days by microscopy (host cells) and gPCR (CroV and virophages).
The full infection dynamics for each virophage are provided in
SI Appendix, Fig. S5. We found that all virophages inhibited CroV
replication and increased host population survival when compared
to virophage-free CroV infections (Fig. 4). Cell survival and CroV
inhibition decreased with higher CroV MOls, and at CroV MOI
= 10 the cultures lysed irrespectively of whether virophages were
present, indicating that virophages stop the spread of CroV by
inhibiting the production of CroV virions rather than preventing
lysis of CroV-infected cells. These results conform with previous
reports of mavirus-CroV coinfection dynamics (5) and prove
that virophages reactivated from naturally occurring endogenous
elements are able to provide host population defense against a
lytic giant virus.

C. burkhardae Strains with Reactivable Endogenous Virophages
(EMALEO4) Are Geographically Widespread. Our analyses of only
four C. burkhardae strains already revealed high variability in the
genome content and reactivation potential of type 4 EMALEs.
To further investigate the prevalence and activity of this group
of virophages on a spatial scale, we tested 23 additional Cafereria
strains that had been isolated from various marine locations
worldwide (Fig. 54 and SI Appendix, Table S3). We quantified
type 4 EMALEs in these flagellate genomes with rve-Int- and polB-
specific qPCR and found large differences among these two genes.
While EMALEO4-specific rve-Int genes were detected in almost all
genomes, EMALEQ4-specific po/B genes were found in only eight
strains (Fig. 5B). We cannot exclude that our primer set may have
failed to amplify some po/B genes, even though the targeted region
was highly conserved among all reactivated virophages. Therefore,
we consider it more likely that the apparently higher prevalence of

109=
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107=
106=
105+
104

CroV replication (copies/ml)
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mm CroV MOI 1 == CroV MOI 10

Fig.4. BV/EVvirophages promote host cell survival by inhibition of CroV replication. C. burkhardae strain RCC970 was inoculated with individual clonal virophages
at high MOI (20 to 50) and coinfected with CroV at different MOls. Four different clonal virophages (BV4, BV7, BV8, and EV2) were individually tested, but here,
we show their combined effect on cell host survival (A) and CroV replication (B) on days 2 and 8 postinfection. For detailed infection dynamics of individual
virophages, see S/ Appendix, Fig. S5. All experiments were performed in biological triplicates. Cell densities are based on microscopy counts; CroV concentrations
were determined by qPCR. CTRL represents virophage-free CroV infections. Error bars represent SD.
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Fig. 5. Global distribution of CroV-inducible endogenous virophages in heterotrophic flagellates of the genus Cafeteria. (A) Geographic origin of Cafeteria sp.
strains used in this study. Prediction of genomes containing complete (pink dots) or truncated (blue dots) type 4 EMALEs is based on gPCR results. (B) Relative
copy number of EMALEO4 rve-Int and polB genes in different Cafeteria sp. genomes as determined by qPCR. (C) Quantification of type 4 EMALEs reactivation
upon CroV infection (MOI = 0.1) of different C. burkhardae strains. The 0.22-pm-filtered lysates were treated with DNase prior to DNA release and qPCR analysis
with primers specific to the Rve-Int gene of EMALEO4. The dashed line indicates the background threshold.

rve-Int may result from truncated or cryptic provirophages in the
host genome, whereas the presence of both marker genes would
be associated with complete provirophages. This hypothesis is in
agreement with the observation that integrase genes are enriched
in cryptic prophages (37). Furthermore, analysis of strains BVI,
Cflag, E4-10, and RCC970 showed that in contrast to rve-Int,
the po/B gene was not amplified in strains Cflag and RCC970
(Fig. 5B). These two strains failed to reactivate virophages in
response to CroV (Fig. 1B) and contained only truncated type 4
EMALEs, according to their respective genome assemblies (32).

We then selected six pol/B-positive Caféteria strains with presum-
ably intact type 4 EMALESs, and five po/B-negative strains with
presumably truncated type 4 EMALEs. We infected them with
CroV, passed the culture supernatant through a 0.22-pm filter after
cell lysis, and treated the filtrate with DNase prior to DNA extrac-
tion and rve-Int-specific qPCR analysis. EMALE04 DNA replica-
tion occurred only in those host strains that were predicted to
contain intact EMALEO4 genomes (Fig. 5C). In contrast, no

PNAS 2024 Vol.121 No.11 2314606121

evidence for EMALEO4 reactivation was found in strains with pre-
sumably truncated type 4 EMALEs. Similar results were obtained
when using po/B-specific qPCR primers (SI Appendix, Fig. S6A).
We noticed a positive correlation between the copy number of
EMALEOQ4 provirophages and their reactivation efficiency (com-
pare Fig. 5B to Fig. 5C and S Appendix, Fig. S6A).

We then investigated these six additional Cafeteria strains with
functional type 4 EMALE:s further by testing whether CroV rep-
lication is inhibited already during virophage reactivation, or dur-
ing later coinfection cycles only. We infected the strains with CroV
and measured the concentration of CroV- and virophage-specific
DNA in the 1.2 pm-filtered cell lysates. Subsequently, we con-
ducted several rounds of infection by inoculating host strain
RCC970 with the six different 1.2 pm filtrates, as described in
Fig. 2A. During virophage reactivation, we observed pronounced
differences in CroV replication levels, ranging from 3E+07 copies
per mL in strain Saltery Bay to 1.4E+09 copies/mL in strain
HFCCB827; however, there was no correlation between CroV

https://doi.org/10.1073/pnas.2314606121

7 of 11


http://www.pnas.org/lookup/doi/10.1073/pnas.2314606121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2314606121#supplementary-materials

Downloaded from https://www.pnas.org by 84.209.12.234 on March 12, 2024 from | P address 84.209.12.234.

8 of 11

replication and virophage reactivation (87 Appendix, Fig. S6B). In
contrast, CroV was increasingly inhibited during subsequent
rounds of coinfection when it originated from a virophage-producing
host strain (S Appendix, Fig. S6C). The level of inhibition
depended on the virophage-to-CroV ratio at the start of the coin-
fection, with CroV replication levels dropping at ratios of 0.1 and
higher (57 Appendix, Fig. S6D). These observations are in agree-
ment with results from C. burkhardae strains BVI and E4-10
(Fig. 2) and previous reports of mavirus (5) and confirm that CroV
replication is not impaired during virophage reactivation, but only
during subsequent coinfection events with virophage particles.
Serial propagation of CroV from the virophage nonproducer
strains Saltery Bay and Spiaggia Ciaccia resulted in consistently
high CroV DNA concentrations throughout four rounds of infec-
tion (SI Appendix, Fig. S6C).

In summary, our detailed characterization of host responses to
CroV infection in 27 C. burkhardae strains revealed that type 4
EMALE: are not only geographically widespread but also represent
functional endogenous virophages. We showed that CroV-induced
virophage reactivation is common, but its efficiency varies between
host strains and between individual infection experiments. All
reactivated virophages were able to inhibit the spread of CroV
infection upon further propagation, which highlights the ecolog-
ical impact of virophages by controlling heterotrophic flagellate
and giant virus populations in marine habitats.

Reactivated Virophages Do Not Contain Inserted Ngaro
Retrotransposons. EMALEs in C. burkbardae are often interrupted
by non-LTR retrotransposons of the Ngaro superfamily (32). In
contrast, none of the reactivated virophage clones contained Ngaro
sequences. DNA sequencing of reactivated virophages from strains
E4-10 and BVI did not yield any reads mapping to full Ngaro
elements either. The only exception were a few reads from BVI-
reactivated virophages that aligned to Ngaro AB repeats which
are typically located at the retrotransposon termini, implying
that some virophages may contain remnants of Ngaro elements.
Furthermore, we tried to match reactivated virophage sequences
with specific Ngaro-interrupted EMALEs in Caféteria genomes.
Since most type 4 EMALEs were only partially assembled, we
resequenced the genomes of host strains BVI and E4-10 with
Nanopore technology to obtain long reads spanning the entire
length of an EMALE (~20 kb) (38).

Long-read resequencing of the BVI genome allowed us to
reconstruct the full genomes of three type 4 EMALE:s that cor-
responded to the clonal virophages BV3, BV5, and BV7
(ST Appendix, Table S4). Another two elements matched to BV2
and BVS, although the endogenous and exogenous genomes
were not identical. In these two cases, the EMALEs contained
Ngaro elements that were not present after reactivation. In the
E4-10 genome, we found fully assembled EMALEs matching
the clonal virophages EV1 and EV2, with a retrotransposon in
the EV2-matching EMALE. This observation indicates that
Ngaros may be excised during the reactivation of EMALEs, and
the functionality of Ngaro-containing EMALEs was already
suggested after finding that their genes were not more frag-
mented than those of Ngaro-free EMALEs (32). To test whether
we might have missed an Ngaro-free EMALEO4 that could have
led to the reactivation of virophage EV2 because it was not
properly assembled, we examined the raw Nanopore reads of
E4-10. We found no Ngaro-free reads that contained the EV2-
specific FNIP repeats (SI Appendix, Fig. S7), supporting the
hypothesis that EV2 reactivated from an endogenous element
that contained a Ngaro retrotransposon and that was excised
during reactivation.

https://doi.org/10.1073/pnas.2314606121

Discussion

We had previously shown that the virophage mavirus is able to
integrate into host genomes and can be reactivated by CroV infec-
tion (5), and that naturally occurring endogenous virophages are
abundant and diverse in Caféteria populations (32). However, nei-
ther of these studies alone was sufficient to demonstrate the eco-
logical importance of host-integrated virophages. In this work, we
provide experimental evidence that endogenous virophages from
wild protist populations are reactivated by giant virus infection and
can produce infectious virions. Although the concentrations of
reactivated virophages vary widely, subsequent coinfection events
amplified the virophage response rapidly, leading to pronounced
phenotypes in CroV inhibition and host cell survival. Our findings
are in line with the virophage defense hypothesis, which states that
endogenous virophages act as mutualists of their hosts by providing
specific protection against lytic giant viruses (5, 30). While this
statement cannot be generalized for other virus-protist systems, we
now have strong evidence to support a virophage-based defense
system against giant viruses in C. burkhardae.

Interestingly, only one of eight different EMALE types responded
to CroV infection. EMALEs of type 4 are the closest known rela-
tives to mavirus and, unlike other EMALE types, contain the
conserved CroV late gene promoter motif. The transcriptional
connection to CroV provides a plausible explanation why only
EMALEO04 virophages can be induced by CroV infection, whereas
other EMALE;s are probably specific for different types of giant
viruses (32). Another possibility is that virophages interact with
CroV through their shared FNIP/FGxxFN repeat domain-containing
proteins.

The induction of a specific EMALE locus by an infecting giant
virus is an inefficient process. Out of eight tested Cafeteria strains,
five contained reactivable type 4 EMALEs that produced on aver-
age fewer than 10 virophages per mL after CroV infection (based
on qPCR). Such low virophage concentrations are difficult to
detect by electron microscopy and therefore endogenous virophage
reactivation can be easily overlooked. Replicate CroV infection
experiments with the same host strain revealed that the reactiva-
tion of type 4 EMALEs is stochastic or may depend on the phys-
iological state of the cell, resulting in varying mixtures of individual
virophage strains. The chance of generating a virophage response
is increased by the presence of multiple EMALE copies per host
as shown by the observation that EMALEQ4 reactivation in host
strain BVI with =16 copies was much more efficient than in host
strain E4-10 with only two copies.

The biological activity of reactivated virophages from wild flag-
ellate populations was comparable to that of the virophage mavirus
by inhibiting CroV and increasing host population survival during
subsequent rounds of infection in a dose-dependent manner (5).
‘Therefore, endogenous virophages from wild C. burkhardae pop-
ulations can provide efficient protection against CroV to their host
populations. Another similarity to mavirus is that CroV replica-
tion was not inhibited during the initial round of infection when
provirophage induction occurred, suggesting that this process is
slower or less efficient than a coinfection with infectious mavirus
particles. CroV can thereby still produce some progeny virions,
which may ensure that mavirus-like virophages can retain their
horizontal mode of transmission.

CroV-responsive endogenous virophages were present in wild
Cafeteria populations from the Atlantic and Pacific Oceans and
the Baltic Sea, proving that functional EMALEs are widespread
in the marine environment. However, the reverse conclusion can-
not be made, as the absence of EMALEO4 virophage sequences
in a particular flagellate strain does not imply their absence in an
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entire geographical region. First, the genetic composition of
Cafeteria populations will change over time due to ocean currents
and genetic drift. Second, our flagellate strains are clonal popula-
tions and thus reflect only a subset of the genetic diversity that is
present at a particular location. As an example, we included two
clonal Caféteria strains that originated from the same water sample
at the Biosphere 2 artificial ocean in Arizona, USA. Surprisingly,
the EMALEO4 content of these two clones varied dramatically,
with strain Biosphere A having the highest copy number of com-
plete type 4 EMALEs in this study (=290) and high levels of
reactivation, whereas strain Biosphere B contained probably only
one cryptic EMALEO4 that did not reactivate. The strain-level
diversity and type composition of endogenous virophages in wild
protist populations thus remains to be studied.

Even less is known about the geographical distribution of CroV
and the strain-level diversity of Cafeteria-infecting viruses in the
subfamily Aliimimivirinae (39). CroV was isolated in 1989 from
coastal waters of the Gulf of Mexico (40), and since then, only
one other study observed a large virus lysing Cafeteria during
enrichment experiments in the Indian Ocean (41); however, no
sequence information about this virus is available. Metagenomic
studies indicate the presence of CroV-like sequences in various
marine locations (42, 43), but isolation of additional giant viruses
infecting Cafeteria is needed to study the basis of virophage - giant
virus specificity.

Interestingly, our findings also have practical consequences for
the isolation of novel giant viruses. If protists are able to mount
a virophage defense in response to giant virus infection, the pres-
ence of a giant virus may go unnoticed in screening experiments
that rely solely on host cell lysis or the appearance of cytopathic
effects. Possible solutions to such virus isolation problems include
flow cytometry detection of giant virus particles after short and
long incubation periods, electrophoretic detection of free
virophage genomes in the size range of 15 to 40 kbp, or testing
multiple strains of a protist species of interest. Such considerations
are surely not exaggerated, given that endogenous DNA viruses
are much more common in unicellular eukaryotes than previously
assumed. A recent study uncovered tens of thousands of virophages
and PLVs in the genomes of all major eukaryotic supergroups
(19). While their modes of action may be diverse and their rela-
tions to giant viruses remain unclear in most cases, many can be
presumed to regulate the activity of giant viruses (22). The marine
heterotrophic flagellate Cafeteria burkhardae is therefore exem-
plary for the still largely unexplored role of virophages in microbial

ecology.

Materials and Methods

Host and Virus Strains. The geographic location and isolation year of individual
Cafeteria strains are depicted in S/ Appendix, Table S3. After isolation, the cul-
tures were single-cell cloned and continuously passaged approximately every
4 wkinf/2 enriched artificial seawater medium supplemented with one to three
autoclaved wheat grains per 10 mL to stimulate bacterial growth. For infection
experiments, cells were grown in f/2 enriched artificial seawater medium sup-
plemented with 0.03% (w/v) Bacto yeast extract (Becton, Dickinson, Germany).
Cultures were grown in flat-bottom 125 mLor 250 mL polycarbonate Erlenmeyer
flasks (VWR, Germany) at room temperature. The viruses used for infection experi-
ments were Cafeteria roenbergensis virus (CroV) strain BV-PW1 (44) and mavirus
strain Spezl (4).

Determination of Viral Titers. The infectivity of CroV was measured by end
point dilution assays described previously (5). The statistical method by Reed and
Muench (45) was used to determine the 50% end point. When we performed
several rounds of infection of CroV in order to analyze the effect of reactivated
virophages on CroV replication, we determined only the approximate titer of CroV
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by qPCR detection of CroV gDNA. For mavirus and isolated virophages, end point
dilution assays could not be employed because a productive virophage infection
does not cause cell lysis. Therefore, we used it for the detection of approximate
virophage titer qPCR measurement of virophage gDNA. However, based on our
experience, the number of infectious particles can be 5 to 10 times lower than
the amount of viral gDNA.

Infection Experiments. Infection experiments were performed in a similar way
as described previously (5). Cafeteria cultures were propagated until they reached
adensity of >10° cells per mLand before the infection the cultures were diluted
with f/2 medium containing 0.03% (w/v) yeast extract to a cell density of 6 to 8
x 10° cells per mL. Depending on the experiment, aliquots of 25 mL or 50 mL
were inoculated with virus stock. The amount of the CroV/virophage inoculum
varied between different infection experiments according to the desired MOI
and the titer of the CroV/virophage working stock. CroV inoculum was stored at
4 °C and replaced every few months. Mavirus/virophage inoculum was always
prepared fresh by CroV infection of a Cafeteria clone containing an integrated
form of virophage, stored at 4 °C, and used within 2 wk.

When we analyzed the effect of reactivated virophages on CroV replication.
We used 1.2-pm filtrates gained after CroV infection of individual C. burkhardae
strains (Collection of Reactivated Virophages), which should contain both CroVand
potentially reactivated virophages. We determined the amount of CroV gDNA
by gPCR and performed several rounds of infection of Cafeteria strain RCC970.
The Cafeteria culture was diluted to a density of 7 x 10° cells per mL, 2 mL were
distributed to each well of 12-well plate and infected with individual 1.2 pm
filtered CroV suspension at an MOI of 0.1. After 2 d, each sample was filtered
through a 1.2-um syringe filter, analyzed by qPCR, and used for the next round
of infection. For each C. burkhardae strain, we performed the experiment in bio-
logical triplicates.

Cell concentrations were measured by staining a 10 pl aliquot of the sus-
pension culture with 1 pL of Lugol's acid iodine solution and counting the cells
on a hemocytometer (Neubauer Improved Counting Chamber, VWR Germany).
Aliquots of 25 plL for qPCR analysis were sampled at appropriate time points
and were immediately frozen and stored at —20 °C until further processing. All
infections were performed in triplicates or quadruplicates.

Collection of Reactivated Virophages. Different Cafeteria strains were infected
with CroV, and on the day when lysis was detected (at least 90% of cells died), the
culture was passed through a syringe filter of 0.22-pum pore size (Techno Plastic
Products), for collection of virophages, or filter of 1.2-pm pore size (Whatman)
for collection of CroV together with virophages. The day of lysis varied between
different strains and was dependent on CroV MOI. On the same day, filtrate from
uninfected culture was collected as a control. To completely remove CroV, it was
necessary to filter the lysate twice through 0.22-pm-pore-size filter. Virus stocks
were stored at4 °C; 25 plLaliquots were sampled for qPCR analysis and processed
immediately.

Sample Preparation for qPCR Analysis. Samples containing cells and viruses
were lysed before gPCR analysis to release DNA. Twenty-five microliters of sus-
pension culture was mixed with 25 pl of water and 50 pl of 2x lysis buffer
(20 mM Tris-HCI, pH 8.0; 2 mM EDTA; 0.002% Triton X-100; 0.002% SDS; 2
mg/mL proteinase K) in a PCR tube. The tubes were incubated at 58 °C for 1 h,
and then, the protease was heat-inactivated at 95 °C for 10 min. Filtrates were
treated with DNase before DNA extraction to remove unpackaged DNA. Twenty-
five microliters of filtrate was mixed with 24 pLof waterand 1 uL of TURBO DNase
(Thermo Fisher Scientific) in a PCR tube. The tube was incubated at 37 °C for 30
min. Consequently, the sample was mixed with a 2x lysis buffer and treated
the same way as suspension culture samples. Samples were stored at —20 °C.
In order to analyze integrated virophages/EMALEs in the Cafeteria genome, we
either extracted the DNA from cells or lysed only the cellular fraction to increase
the amount of DNA. 200 to 500 L of the cell culture was transferred to a 1 mL
Eppendorf tube and centrifuged at 5,000 g for 5 min or 4,000 g for 10 min.
Clonesin 96-well plates were centrifuged directly in plates. The supernatant was
quickly removed via aspiration. Afterward, the cell pellets were washed with PBS,
resuspended in 100 uL of 1x lysis buffer (10 mM Tris-HCI, pH 8.0; 1 mM EDTA;
0.001% Triton X-100; 0.001% SDS; 1 mg/mL proteinase K, 0.2 mM CaCl,), and
transferred to PCR tubes. The tubes were incubated at 58 °C for 1 h and heat-
inactivated at 95 °C for 10 min.
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qPCR Analysis. DNAtarget sequences were quantified by gPCR using the SYBR-
related EvaGreen dye. Two microliters of analyzed samples was used as a template
ina 20-pL qPCR reaction containing 10 ul of 2x Fast-Plus EvaGreen Master Mix
with low ROX dye (Biotium, Inc. via VWR, Germany), 10 pmol of each forward and
reverse primer (S/ Appendix, Table S5),and 7.8 uL of ddH,0. No-template controls
(NTC) contained ddH,0 instead of an analyzed sample. Each qPCR reaction was
performed in technical duplicates or triplicates. The Ct values of the NTC controls
were consistently above 35, and therefore, Ct values above 35 were considered
as a background. Thermal cycling was performed in a Stratagene Mx3005P qPCR
system (Agilent Technologies, Germany) with the following settings: 95 °C for 5
min, 40 cycles of 95 °Cfor 10 s followed by 61 °Cfor 25 s and 72 °C for 255, a
single cycle of 72 °Cfor 5 min, and a final dissociation curve was recorded from
50 °Cto 95 °C. Mavirus gDNA was detected by primers Spezl-gPCR-5 and Spezl-
qPCR-6(S/ Appendix, Table S5), which target the MV18 MCP gene, and CroV gDNA
was detected by primers CroV-qPCR-9 and CroV-gPCR-10 which target crov283
gene. Reactivated virophages (including mavirus) were detected by Mav-Pol-fw
and Mav-Pol-2-rv primers targeting conserved region of DNA-PolB gene or Int-
2-fw and Int-2-rv primers targeting conserved region of rve-INT gene. Primers
specific for selected virophage genes which were used to distinguish individual
reactivated virophages are depicted in S/ Appendix, Table S5 and the position of
these primers is indicated in SI Appendix, Fig. S3. Primers were designed based
on partial EMALEO4 sequences found in BVI genome assembly. Selected type 4
EMALEs were aligned and variable sequences (later annotated as specific genes)
were used as targets for gPCR primer design. Viral gDNA copies of mavirus and
CroV were absolutely quantified using a standard curve, which was prepared by
a tenfold dilution series that ranged from 10" to 10® molecules of a linearized
pEX-A plasmid (Eurofins Genomics, Germany) carrying inserted respective PCR
products, as described previously (5). Standard curve for absolute quantification of
reactivated virophages was prepared in a similar way. PCR product amplified using
primers Mav-Pol-fw and Mav-Pol-2-rv primers was inserted in a pCR4BIlunt-TOPO
vector (Thermo Fisher Scientific), linearized, and diluted to form a series from 10"
to 10® molecules. The number of virophage gene copies per Cafeteria genome was
determined by relative quantification. Target virophage sequence was amplified
using Mav-Pol-fw and Mav-Pol-2-rv primers or Int-2-fw and Int-2-rv primers. As
areference, Cafeteria gene aspartyl-tRNA synthetase (AspRS) was amplified using
Cr_E4-10-AspRS-fw and -rv primers. The number of virophage gene copies per
Cafeteria genome was calculated by delta delta Ct method. The results were related
to a sample containing gDNAfrom Cafeteria clone RCC970 8-8, which harbors one
mavirus copy per genome.

Cloning of Individual Reactivated Virophages. Individual virophages were
cloned via host cell genome integration and single-cell cloning. The cloning
strategy is depicted in Fig. 3A. RCC970 strain of C. burkhardae, which does not
contain any CroV-reactivable EMALEs, was inoculated with a mixture of reacti-
vated virophages. Mixtures of reactivated virophages gained after individual
CroV infections of BVI strain had sufficient titer and they were used directly for
inoculation of RCC970 strain. To clone EV-derived virophages, we collected the
virophages from infections, when only EV1 or EV2 reactivated, propagated EV1/
EV2 in RCC970 strain coinfected with CroV to get sufficient virophage titer and
inoculated RCC970 strain without CroV to integrate virophage DNA copies in the
genome. After inoculation, the culture was propagated for 1 wk to provide time
for virophage integration. Every second day 1 mL of culture was transferred to a
new flask containing 20 mLof fresh medium. After 1wk, the amount of integrated
virophage copies per genome was monitored using qPCR. Five hundred microlit-
ers of cell suspension was lysed and analyzed by gPCR (A A Ct method). Cultures
containing from 0.1 to 0.3 provirophages per genome were consequently pro-
cessed. These cultures should contain integrated virophage in every third to tenth
cell, and therefore, the probability of integration of several virophage copies in
one genome should be low. Cell clones were isolated using single-cell dilution.
The cell cultures were diluted with /2 medium + 0.03% (w/v) yeast extract to
a concentration of 1.5 cells/mL (0.3 cells/200 uL). Each well of a 96-well plate
was filled with 200 pL of the diluted cell culture so that, on average, every third
well received one cell. After 1 wk in room temperature, the wells that contained
single cell cultures were selected and transferred to a new 96-well culture plate.
The clonal cultures were propagated every week by taking 10 ul of each culture
and transferring it to a new well plate containing 200 pl fresh medium per well.
Clones were screened by qPCR. Two hundred microliters of clonal cultures was
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lysed prior qPCR analysis (Sample Preparation for gPCR Analysis). Clones con-
taining integrated virophage gDNA were selected based on positive signal (Ct
value lower than 35) using Mav-Pol-fw and Mav-Pol-2-rv primers. Consequently,
positive clones were analyzed by qPCR using primers targeting specific virophage
genes to distinguish individual virophages. For each individual virophage, we
picked one or two cell clones, which was used for clonal virophage production and
storage. C. burkhardae cultures can be frozen in contrast to virophage particles,
which completely lose infectivity after freezing.

Production of Virophages from Clonal Cell Cultures. Cafeteria cell clones
containing integrated virophages were infected with CroV (M010.10r0.01),and on
the day when lysis was detected (at least 90% of cells died), the culture was passed
through a syringe filter of 0.22-um pore size. Filtrates were lysed and analyzed by
qPCR using Mav-Pol-fw and Mav-Pol-2-rv primers to determine the amount of
reactivated virophages. Usually, the production of virophages after reactivation was
low, and therefore, one round of virophage propagation was necessary. Cafeteria
RCC970 strain was coinfected with virophage at MOI 0.01 or lower and CroV MOI
0.1. After cell lysis, 0.22-pm filtrate was collected and analyzed by gPCR.

Concentration of Virophage Particles for Electron Microscopy and DNA
sequencing. Samples of reactivated (mixed) virophages were prepared by CroV
infection of individual C. burkhardae (BVI, C-flag, E4-10, RCC970) strains. Four
liters of Cafeteria cultures was infected with CroV at MOI 0.1 to 0.01. After cell lysis,
the cultures were centrifuged at 7,000 g for 40 min at 4 °C and filtered through
0.22-pm-pore-size filter unit (PES, Millipore Stericup). The filtrates were then con-
centrated on ice with a 100,000 MWCO PES Vivaflow 200 tangential flow filtration
unit (Sartorius via VWR, Germany) to a final volume of approximately 20 mL. The
concentrates were passed through a 0.1-pm pore-size PVDF Millex syringe filter
(Millipore). Twenty microliters of these samples was analyzed by electron micros-
copy. The rest was ultracentrifuged at 28,000 rpm for 3 h at 4 °C using a SW28 rotor
(Beckman Coulter, Germany)in a Beckman Optima ultracentrifuge. The pellet was
resuspended in 175 pL PBS, mixed with 20 pL of 10x TURBO DNase buffer, and
treated with 5 pL of TURBO DNase at 37 °C for 30 min. DNA was extracted by the
QlAamp DNA MINI kit (Qiagen) following the manufacturer's instructions. Samples
of cloned virophages were prepared by coinfection of RCC970 strain. Two liters
of Cafeteria strain RCC970 was coinfected with cloned virophage at MOI 0.01 to
0.007 and CroV at MOI 0.1. Consequently, the samples were processed the same
way as described above for samples containing mixtures of reactivated virophages.

Cellular gDNA Extraction. In order to isolate gDNA for gPCR 10 to 50 mL of
individual Cafeteria spp. cultures we centrifuged at 4,500 g for 10 min, pellets
were washed with PBS and resuspended in 200 L PBS. DNA was extracted by
the QlAamp DNAMINI kit (Qiagen) following the manufacturer's instructions and
diluted to concentration 50 to 100 ng/pL.

Virophage DNA Sequencing, Assembly, and Annotation. Genomes of reac-
tivated virophages from E4-10 and BVI strains were sequenced at the Max Planck
Genome Centre (Cologne, Germany). Two million reads (2 x 250 bp) were produced
onthe lllumina HiSeq2500 platform.The reads were mapped with minimap2 v2.22
(46)to previously published assemblies of the respective host with annotated inte-
grated virophages (33). Coverage of integrated virophages was determined with
"samtools bedcov" v1.9 (47) and aggregated with a custom R script.

Cloned virophages BV1, BV3, BV4, BV5, BV6, and BV7 were sequenced at
Starseq, Germany (NextSeq2000, 5 mil. reads per sample), and virophages EV1,
EV2, BV2, and BV8 at Eurofins, Germany (INVIEW virus sequencing, 5 mil. reads
persample). Virophage genomes were assembled using Geneious software and
manual finishing. Coding DNA sequences were predicted using GeneMarkS (48),
and functional annotation was carried out using BLASTp (49) searches against the
nonredundant protein collection of the NCBI with manual curation to produce
high-quality annotation files.

Virophage Synteny and Phylogeny Analysis. To compare the genome organi-
zation of the reactivated virophages genomes, we computed all-versus-all protein
alignments with MMseqs2 v13-45111(50) and visualized them with gggenomes
(https://github.com/thackl/gggenomes). Phylogenetic relationships were deter-
mined based on a concatenated multiple sequence alignments of the morphogen-
esis proteins (MCP, penton, ATPase, and protease) computed with Mafftv7.490(51).
Ajoint phylogenetic tree was reconstructed with FastTree v2.1.11a (52).
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Host Nanopore Resequencing and Assembly. gDNA from Cafeteria burkhar-
dae strain E4-10 was isolated and sequenced at Max Planck Genome Centre
(Cologne, Germany) using a GridION X5. High-molecular-weight gDNAfrom BVI
strain was isolated using the Blood & Cell Culture DNA Mini Kit (Qiagen, Hilden,
Germany). The SQK-LSR109 kit was used to prepare a DNA library, which was
sequenced on a MinlON R9.4.1 SpotON Flow Cell (Oxford Nanopore Technologies,
UK).Adraft assembly was generated with Flye v2.9.1(53) from reads longer than
4 kb with default settings.

Electron Microscopy. Aliquots (=3 pL) of the concentrated samples were incu-
bated for 2 min on Formvar/Carbon coated 75 mesh Cu grids (Plano, Germany)
that had been hydrophilized by glow discharge. Grids were rinsed with ddH,0,
stained for 90 s with 1% uranyl acetate, and imaged on a Tecnai T20 electron
microscope (FEI, USA) with an acceleration voltage of 200 kV.

PCR of EV1/EV2 FNIP/FG Repeats. A culture of Cafeteria burkhardae strain E4-10
was diluted to a density 7 x 10° cells per mL, and 25 mL aliquots were distrib-
uted to five individual flasks. Flasks 1-3 were infected with CroV at MOl 0.1 and
flasks 4 and 5 with CroV at MOI 0.01. Three days postinfection, when the majority
of cells had lysed, the cultures were filtered through a syringe filter of 0.22-um
pore size. Twenty-five microliters of each filtrate was lysed (Sample Preparation
for gPCR Analysis), and 2 pL of lysate was used as a template in a PCR reaction to
distinguish EV1 and EV2.The region containing FNIP/FG repeats was amplified in
25 plLreaction mix containing 2 pLtemplate, 2.5 plL ExTaq Buffer, 0.6 U of TakaRa
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ExTaq Hot Start Polymerase (Takara), 0.2 mM dNTPs, and 0.4 uM of primers FG-fw
and FG-v (S/ Appendix, Table. S5). The PCR was performed in a thermocycler with
the following cycling conditions: 1 min denaturation at 98 °C; 35 cycles of 10's
denaturation at 98 °C, 30 s annealing at 60 °Cand 1 min extension at 72 °C; and
a final 5 min extension at 72 °C. For product analysis, 5 pl of each reaction was
mixed with loading dye and pipetted on a 1% (w/v) agarose gel supplemented
with GelRed. The marker lanes contained 0.5 pg of GeneRuler 100 bp DNA Ladder
(Fermentas, Thermo Fisher Scientific, USA). The gel was electrophoresed at 90V for
1 h and visualized using a ChemiDoc MP Imaging system (Bio-Rad).
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hosts, and assemblies generated from reactivated clones have been deposited
at the European Nucleotide Archive under project accession PRJIEB61642 (38).
Exogenous EMALEO4 virophage sequences BV1-8 and EV1-2 are also available
from https://zenodo.org/records/10377179 (34).
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