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Abstract Virophages can parasitize giant DNA viruses and may provide adaptive anti-giant virus
defense in unicellular eukaryotes. Under laboratory conditions, the virophage mavirus integrates
into the nuclear genome of the marine flagellate Cafeteria burkhardae and reactivates upon super-
infection with the giant virus CroV. In natural systems, however, the prevalence and diversity of host-
virophage associations has not been systematically explored. Here, we report dozens of integrated
virophages in four globally sampled C. burkhardae strains that constitute up to 2 % of their host
genomes. These endogenous mavirus-like elements (EMALEs) separated into eight types based

on GC-content, nucleotide similarity, and coding potential and carried diverse promoter motifs
implicating interactions with different giant viruses. Between host strains, some EMALE insertion
loci were conserved indicating ancient integration events, whereas the majority of insertion sites
were unique to a given host strain suggesting that EMALEs are active and mobile. Furthermore, we
uncovered a unique association between EMALEs and a group of tyrosine recombinase retrotrans-
posons, revealing yet another layer of parasitism in this nested microbial system. Our findings show
that virophages are widespread and dynamic in wild Cafeteria populations, supporting their poten-
tial role in antiviral defense in protists.

Introduction

Many eukaryotic genomes harbor endogenous viral elements (EVEs) (Feschotte and Gilbert, 2012).
For retroviruses, integration as a provirus is an essential part of their replication cycles, but other
viruses also occasionally endogenize, for instance with the help of cellular retroelements (Holmes,
2011). Some green algal genomes even contain giant EVEs of several hundred kilobase pairs (kbp) in
length (Moniruzzaman et al., 2020), but unlike prophages in bacteria and archaea, most eukaryotic
EVEs are thought to be ‘genomic fossils’ and incapable of virion formation and horizontal transmission.
However, some viral genes may be co-opted for various host functions (Frank and Feschotte, 2017,
Aswad and Katzourakis, 2012). In recent years, the exploration of protist-infecting giant viruses has
uncovered a novel class of associated smaller DNA viruses with diverse and unprecedented genome
integration capabilities.

Viruses of the family Lavidaviridae, commonly known as virophages, depend for their replication on
giant DNA viruses of the family Mimiviridae and can parasitize them during coinfection of a suitable
protist host (La Scola et al., 2008; Krupovic et al., 2016a; Duponchel and Fischer, 2019). A striking
example is the virophage mavirus, which strongly inhibits virion synthesis of the lytic giant virus CroV
during coinfection of the marine heterotrophic nanoflagellate Cafeteria sp. (Stramenopiles; Bicosoe-
cida) (Fischer and Suttle, 2011; Fischer and Hackl, 2016). Virophages possess 15-30 kbp long
double-stranded (ds) DNA genomes of circular or linear topology that tend to have low GC-contents
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elLife digest Viruses exist in all ecosystems in vast numbers and infect many organisms. Some
of them are harmful but others can protect the organisms they infect. For example, a group of
viruses called virophages protect microscopic sea creatures called plankton from deadly infections
by so-called giant viruses. In fact, virophages need plankton infected with giant viruses to survive
because they use enzymes from the giant viruses to turn on their own genes.

A virophage called mavirus integrates its genes into the DNA of a type of plankton called Cafe-
teria. It lays dormant in the DNA until a giant virus called CroV infects the plankton. This suggests that
the mavirus may be a built-in defense against CroV infections and laboratory studies seem to confirm
this. But whether wild Cafeteria also use these defenses is unknown.

Hackl et al. show that virophages are common in the DNA of wild Cafeteria and that the two
appear to have a mutually beneficial relationship. In the experiments, the researchers sequenced the
genomes of four Cafeteria populations from the Atlantic and Pacific Oceans and looked for virophages
in their DNA. Each of the four Cafeteria genomes contained dozens of virophages, which suggests
that virophages are important to these plankton. This included several relatives of the mavirus and
seven new virophages. Virophage genes were often interrupted by so called jumping genes, which
may take advantage of the virophages the way the virophages use giant viruses to meet their own
needs.

The experiments show that virophages often co-exist with marine plankton from around the world
and these relationships are likely beneficial. In fact, the experiments suggest that the virophages may
have played an important role in the evolution of these plankton. Further studies may help scientists
learn more about virus ecology and how viruses have shaped the evolution of other creatures.

(27-51%) (Fischer, 2020). A typical virophage genome encodes 20-30 proteins, including a major
capsid protein (MCP), a minor capsid or penton protein (PEN), a DNA packaging ATPase, and a matu-
ration cysteine protease (PRO) (Krupovic et al., 2016a). In addition to this conserved morphogenesis
module, virophages encode DNA replication and integration proteins that were likely acquired inde-
pendently in different virophage lineages (Yutin et al., 2013). Viruses in the genus Mavirus contain a
rve-family integrase (rve-INT) that is also found in retrotransposons and retroviruses, with close homo-
logs among the eukaryotic Maverick/Polinton elements (MPEs) (Fischer and Suttle, 2011). MPEs
were initially described as DNA transposons (Pritham et al., 2007; Kapitonov and Jurka, 2006),
but many of them carry the morphogenesis gene module and thus qualify as endogenous viruses
(Krupovic et al., 2014).

Phylogenetic analysis suggests that mavirus-type virophages share a common ancestry with
MPEs and the related Polinton-like viruses (PLVs) (Fischer and Suttle, 2011; Yutin et al., 2013). We
therefore tested the integration capacity of mavirus using the cultured protist Cafeteria burkhardae
(formerly Cafeteria roenbergensis; Fenchel and Patterson, 1988; Schoenle et al., 2020) and found
that mavirus integrates efficiently into the nuclear host genome (Fischer and Hackl, 2016). The
resulting mavirus provirophages are transcriptionally silent unless the host cell is infected with CroV,
which leads to reactivation and virion formation of mavirus. Newly produced virophage particles then
inhibit CroV replication and increase host population survival during subsequent rounds of coinfection
(Fischer and Hackl, 2016). The mutualistic Cafeteria-mavirus symbiosis may thus act as an adaptive
defense system against lytic giant viruses (Fischer and Hackl, 2016; Koonin and Krupovic, 2016).
The integrated state of mavirus is pivotal to the proposed defense scheme as it represents the host's
indirect antigenic memory of CroV (Koonin and Krupovic, 2017). We therefore investigated endog-
enous virophages to assess the prevalence and potential significance of virophage-mediated defense
systems in natural protist populations.

Here, we report that mavirus-like EVEs are common, diverse, and most likely active mobile genetic
elements (MGEs) of C. burkhardae. Our results suggest an influential role of these viruses on the
ecology and evolution of their bicosoecid hosts.
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Figure 1. Endogenous virophages in Cafeteria burkhardae. (A) GC-content graph signature of a virophage element embedded in a high-GC host
genome. Shown is a region of contig BVI_c002 featuring an integrated virophage (pink box) flanked by host sequences. (B) Location of partial or
complete virophage genomes and Ngaro retrotransposons in the genome assemblies of C. burkhardae strain BVI (see Figure 1—figure supplement
1 for all four strains). Horizontal lines represent contigs of decreasing length ordered from left to right and from top to bottom, with numbers shown for
the first contig of each line; colored boxes indicate endogenous mavirus-like elements (EMALEs). Fully assembled elements are framed in black. Ngaro
retrotransposon positions are marked by black symbols; open symbols indicate Ngaros integrated inside a virophage element. (C) Graphic summary

of the number and types of all EMALEs identified in each of the four C. burkhardae strains. (D) Nucleotide contributions of EMALEs and Ngaros to
Cafeteria genomes. Fractions for each strain are computed based on nucleotides in the assembly (left) and nucleotides in the reads (right) mapping to
the different parts of the assembly.

The online version of this article includes the following figure supplement(s) for figure 1:

Figure supplement 1. Distribution of EMALE and Ngaro retrotransposon integration sites in the four Cafeteria burkhardae genome assemblies.

Results

Endogenous virophages are abundant in Cafeteria genomes
In preparation of screening for endogenous virophages, we generated high-quality de novo genome
assemblies of four cultured C. burkhardae strains (Hackl et al., 2020). These strains, designated BV,
Cflag, E4-10P (E4-10), and RCC970-E3 (RCC970), were isolated from the Caribbean Sea in 2012, the
Northwest Atlantic in 1986, the Northeast Pacific in 1989, and the Southeast Pacific in 2004, respec-
tively. We sequenced their genomes using both short-read (lllumina MiSeq) and long-read (Pacific
Biosciences RSII) technologies in order to produce assemblies that would resolve 20-30 kb long repet-
itive elements within the host genomic context. Each C. burkhardae genome assembly comprised of
34-36 megabase pairs with an average GC-content of 70 % (Hackl et al., 2020).

To identify endogenous virophages, we combined sequence similarity searches against known
virophage genomes with genomic screening for GC-content anomalies. The two approaches yielded
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redundant results and virophage elements were clearly discernible from eukaryotic genome regions
based on their low (30-50%) GC-content (Figure 1A). Each element had at least one open reading
frame (ORF) with a top blastp hit to a mavirus protein, with no elements bearing close resemblance to
Sputnik or other virophages outside the genus Mavirus. In the four Cafeteria genomes combined, we
found 138 endogenous mavirus-like elements (EMALEs, Figure 1B and C; Figure 1—figure supple-
ment 1, Supplementary file 1). Thirty-three of these elements were flanked by terminal inverted
repeats (TIRs) and host DNA and can thus be considered full-length viral genomes.

The remainder were partial virophage genomes that were located at contig ends or on short
contigs. These cases arise from incomplete assembly rather than from biological truncations, since the
assembly algorithm probably terminated due to the presence of multiple identical or highly similar
EMALEs within the same host genome — a well-known issue for repetitive sequences (Kolmogorov
et al., 2019). With 55 elements, C. burkhardae strain BVI contained nearly twice as many EMALEs as
any of the other strains, where we found 27-29 elements per genome (Figure 1C, Supplementary file
1). Compared to the total assembly length, EMALEs composed an estimated 0.7-1.8% of each host
assembly (Figure 1D). Contributions calculated from assemblies deviated only slightly (0.01-0.3%)
from read-based calculations. Therefore, the assemblies seem to provide a good representation of the
actual contribution of EMALEs to the overall host genomes.

EMALEs are genetically diverse

From here on, we focus our analysis on the 33 complete EMALE genomes, which were 5.5-21.5 kb
long with a median length of 19.8 kb, and TIRs that varied in length from 0.2 to 2.3 kb with a median
of 0.9 kb (Supplementary file 1, Figure 3—figure supplement 1). Their GC-contents ranged from
29.7% to 52.7%, excluding retrotransposon insertions where present. To classify EMALEs we used an
all-versus-all DNA dot plot approach (Figure 2). It revealed two main blocks: The first block contained
EMALEs with GC-contents of 29.7-38.5% (median 35.3%), whereas EMALEs in the second block had
GC-contents ranging from 47.2% to 52.7% (median 49.3%). The C. burkhardae EMALEs can thus be
roughly separated into low-GC and mid-GC groups.

Based on the similarity patterns within each block, we further distinguish eight EMALE types, with
low-GC EMALEs comprising types 1-4 and mid-GC EMALEs comprising types 5-8 (Figure 2). Repre-
sentative genome diagrams for each EMALE type are shown in Figure 3, for a schematic of all 33
complete EMALEs, see Figure 3—figure supplement 1. According to this classification scheme, the
reference mavirus strain Spezl falls within type 4 of the low-GC EMALEs (Figures 2 and 3, Figure 3—
figure supplement 1). Partial EMALEs were classified based on their sequence similarity to full-length
type species (Figure 2—figure supplement 1).

The codon and amino acid composition of EMALE genes clearly correlated with the overall GC-con-
tent of the EMALE genomes (Figure 2—figure supplement 2). For each encoded amino acid, we
observed a strong shift toward synonymous codons reflecting the overall GC trend, and across amino
acids, we observed a shift from those encoded by high-GC codons to those encoded by low-GC
codons in low-GC EMALEs and vice versa. This uniform trend across all amino acids likely indicates
that selection and evolutionary processes driving GC-content variation in these viruses act on the
nucleotide level, rather than on the encoded proteins.

With few exceptions, EMALEs are predicted to encode 17-21 proteins each. None of the encoding
genes was found to contain introns. The virion morphogenesis module in EMALE types 1 and 3-7
consists of the canonical virophage core genes corresponding to MCP, PEN, ATPase, and PRO
proteins. Type 2 EMALEs likely encode a different set of capsid genes as discussed below, and the
truncated EMALE type 8 lacks recognizable morphogenesis genes. Another highly conserved gene
in EMALE types 1 and 3-7 is MV14, which is always found immediately upstream of the ATPase
(Figure 3, Figure 3—figure supplement 1) and codes for a protein of unknown function that is
part of the mavirus virion (Born et al., 2018). MV14 is present in various metagenomic virophage
sequences (Paez-Espino et al., 2019) and, based on synteny and protein localization, likely encodes
an important virion component in members of the genus Mavirus.

The replication/integration module consists of the rve-INT gene and at least one additional ORF
coding for a primase/helicase and a DNA polymerase. Low-GC EMALEs encode a mavirus-related
primase/helicase and protein-primed family B DNA polymerase (pPolB) (Figure 3, Figure 3—figure
supplement 1). Mid-GC EMALEs, on the other hand, lack the pPolB gene and feature a longer
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Figure 2. Classification of endogenous virophages based on DNA dot plot analysis. The self-versus-self DNA dot plot of concatenated sequences of
33 complete EMALE genomes and mavirus reveals two main block patterns, corresponding to EMALEs with low (29-38%) GC-content and medium (47—
53%) GC-content. Smaller block patterns define EMALE types 1-8. EMALE identifiers indicate the host strain and contig number where the respective
element is found. Multiple EMALEs on a single contig are distinguished by terminal letters. Elements printed in bold represent the type species shown
in Figure 3. Inset: GC-content distribution of complete and partial EMALEs labeled ‘complete: TRUE/FALSE’. Some partial EMALEs were too short for
type assignment and are thus inconclusive. Retrotransposon insertions, where present, were removed prior to analysis.

The online version of this article includes the following figure supplement(s) for figure 2:

Figure 2 continued on next page
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Figure 2 continued
Figure supplement 1. Type assignment for incomplete EMALEs.
Figure supplement 2. Codon usage with respect to GC-content in different EMALE types.

primase/helicase ORF that may include a DNA polymerase domain similar to the helicase-polymerase
fusion genes described in PLVs (Krupovic et al., 2016b).

Other mavirus genes frequently found in EMALEs include MV19 (encoding a putative protease
domain), and two genes of unknown function, MV08 and MV12. Interestingly, all mid-GC EMALEs
encode a predicted tyrosine recombinase (YR) in addition to the rve-INT and thus possess two
predicted enzymes for genome integration. YRs have been found in other virophages and likely cata-
lyze integration into giant virus genomes (Desnues et al., 2012; Yutin et al., 2015). Notable genes
unique to one EMALE type include a putative DNA methylase and a ribonucleotide reductase small
subunit gene found in EMALEQ7. The TIré6F protein encoded by EMALE types 1 + 2 is present in
diverse MGEs, including other virophages, PLVs, and large DNA viruses of the phylum Nucleocytovir-
icota (Koonin and Krupovic, 2017, Stough et al., 2019).

In general, genes were syntenic between EMALEs of the same type, whereas gene order was
poorly conserved among EMALEs of different types, with the following exceptions: MCP was always
preceded by PEN, and ATPase was always preceded by MV14, whereas the MV14-ATPase-PRO-
PEN-MCP morphogenesis gene order as seen in mavirus was present only in EMALE types 4-7.
EMALEOQ2 represents an interesting case, as it shares 6-7 kb of its 5' part (we chose the primase/
helicase genes to mark the 5' end of all EMALEs) with EMALEO1, while the remaining 11 kb are not
closely related to other EMALEs or virophages (Figure 3—figure supplement 2). Genes encoded in
the latter region are mostly ORFans, with the exception of an MV12-like gene and divergent MCP
and ATPase genes with remote similarity to PLVs (Bellas and Sommaruga, 2021) and adintoviruses
(Starrett et al., 2021). EMALEO2 may thus be the result of a recombination event that exchanged
the canonical virophage morphogenesis module of EMALEO1 with capsid genes of a PLV (Figure 3,
dashed line). Overall, these observations support the notion that recombination and non-homologous
gene replacement are important factors in virophage genome evolution (Yutin et al., 2013).

Core gene conservation and non-homologous gene replacement in
EMALEs

To validate our classification scheme for EMALEs and to place them in a phylogenetic context to other
virophages, we used maximum likelihood reconstruction on the core proteins MCP, PEN, ATPase,
and PRO, as well as on rve-INT (Figure 4). In the resulting phylogenetic trees, EMALE core proteins
formed monophyletic clades with mavirus and related sequences from environmental samples, thus
significantly expanding the known diversity of the genus Mavirus. The environmental sequences that
clustered with EMALE core proteins include a single amplified genome (SAG) from an uncultured
chrysophyte (Castillo et al., 2019), the metagenomic Ace Lake Mavirus (ALM) (Zhou et al., 2013),
and four additional metagenomes that were identified in a global survey of virophage sequences
(Paez-Espino et al., 2019). The chrysophyte SAG is nearly identical to mavirus strain Spezl and indi-
cates that the host range of mavirus extends beyond bicosoecids. The metagenomic sequences either
clustered with one of the EMALE types, or branched separately from them, which suggests the exis-
tence of additional sub-groups (e.g. M590M2_1006461).

Within the Mavirus clade, EMALEs of a given type were monophyletic for each of the four core
proteins, which corroborates their dot plot-based classification. It is worth noting that although
EMALEs of types 5 and 6 are largely syntenic (Figure 3, Figure 3—figure supplement 1), they were
clearly distinguishable in their phylogenetic signatures (Figure 4). A comparison of clade topologies
revealed that even within the conserved morphogenesis module, individual proteins differed with
regard to their neighboring clades, and low-GC and mid-GC EMALEs did not cluster separately from
each other. These observations could suggest that the morphogenesis modules of different EMALE
types diversified simultaneously and that adaptation of GC-content may occur rather quickly.

In contrast, phylogenetic analysis of rve-INT proteins revealed separate clades for low-GC and
mid-GC EMALEs (Figure 4). Each of these clades was affiliated with different cellular homologs that
included MPEs and retroelements. Notably, the rve-INT genes of low-GC EMALEs were located near
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Figure 3. Genome organization of eight EMALE types found in Cafeteria burkhardae. Shown are schematic genome diagrams of the EMALE type
species 1-8; for all 33 complete EMALEs, see Figure 3—figure supplement 1. The reference mavirus genome with genes MVO1-MV20 is included for
comparison. Homologous genes are colored identically; genes sharing functional predictions but lacking sequence similarity to the mavirus homolog
are hatched. Open reading frames are numbered individually for each element. Ngaro retrotransposon insertion sites are indicated where present.
The dotted line between EMALEQT and EMALEO2 separates a homologous region (left) from unrelated DNA sequences (right) and thus indicates the
location of a probable recombination event.

Figure 3 continued on next page
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The online version of this article includes the following figure supplement(s) for figure 3:

Figure supplement 1. Coding capacity of 33 completely assembled EMALEs in Cafeteria burkhardae.

Figure supplement 2. Partial synteny between EMALEO1 and EMALEO2.

Figure supplement 3. Unique and orthologous EMALE integration loci among four Cafeteria strains.

Figure supplement 4. DNA dot plots of selected EMALE loci as shown in Figure 3—figure supplement 3.

Figure supplement 5. Putative promoter motifs in EMALE genomes.

Figure supplement 6. Correction of lllumina/PacBio-based assemblies by PCR and Sanger sequencing.

the 5’ end of the genomes, whereas in mid-GC EMALEs, they were located near the 3' end (Figure 3,
Figure 3—figure supplement 1). These observations suggest that EMALEs encode two different rve-
INT versions, one specific for low-GC EMALEs that co-occurs with the pPolB and a shorter primase/
helicase ORF, and one specific for mid-GC EMALEs that co-occurs with a longer primase/helicase ORF.
The two integrase versions may have been acquired independently, or one version could have replaced
the other during EMALE evolution. Such non-homologous gene replacement appears to have taken
place among the primase/helicase genes, too, as previously noted for virophages in general (Yutin
et al., 2013). EMALEs encode several different versions of primase/helicase genes with a degree of
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Figure 4. Phylogenetic reconstruction of conserved EMALE proteins. Unrooted maximum likelihood trees were constructed from multiple sequence
alignments of the four virophage core proteins major capsid protein (MCP), penton protein (PEN), ATPase, and protease (PRO), as well as of the
retroviral integrase. Nodes with bootstrap values of 80 % or higher are marked with dots. EMALEs are color-coded by type; cultured virophages are
printed in bold. ALM, Ace Lake Mavirus; DSLV, Dishui Lake virophage; OLV, Organic Lake virophage; RVP, rumen virophage; TBE/TBH, Trout Bog Lake
epi-/hypolimnion; YSLYV, Yellowstone Lake virophage. Metagenomic sequences starting with Ga and M590 are derived from Paez-Espino et al., 2019.

The online version of this article includes the following figure supplement(s) for figure 4:

Figure supplement 1. Maximum likelihood reconstruction of EMALE tyrosine recombinase phylogenies.
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amino acid divergence that precluded their inclusion in a single multiple sequence alignment. The YR
proteins encoded by EMALE types 5-8 formed a monophyletic clade and were part of a larger group
of recombinases that included virophages from freshwater metagenomes, as well as microalgae and
algal nucleocytoviruses (Figure 4—figure supplement 1).

Cafeteria strains differ in their EMALE composition

The four C. burkhardae strains displayed distinct EMALE signatures: strain BVI had the highest
number of virophage elements with 13 complete and 42 partial EMALEs, whereas the other three
strains had 6-7 complete and 20-22 partial EMALEs each (Figure 1C, Supplementary file 1). EMALE
types 1, 3, 4, 5, and 6 were present in every host strain, EMALEQ7 was found in all strains except
Cflag, and EMALE types 2 and 8 were detected in strains BVl and E4-10 only. We found no evidence
for sequence-specific genome integration of EMALEs after inspecting the host DNA sequences that
flanked EMALE integration sites, which confirms previous reports of mavirus integration (Fischer and
Hackl, 2016). EMALEs were flanked by target site duplications (TSDs) that were predominantly 3-5 bp
in length, although some were as short as 1 bp or as long as 9 bp (Supplementary file 1). By compar-
ison, mavirus and MPEs generate 5-6 bp long TSDs upon integration (Fischer and Hackl, 2016;
Pritham et al., 2007, Kapitonov and Jurka, 2006).

To assess whether homologous EMALEs were found in identical loci in closely related host
genomes, we conducted sequence similarity searches with the flanking regions of each of the 33 fully
resolved EMALEs. Whenever these searches returned a homologous full or partial EMALE with at least
one matching host flank, we considered the EMALE locus to be conserved in these host strains. We
found varying degrees of conservation, with examples shown in Figure 3—figure supplement 3. In
11 cases, an EMALE insertion was conserved in at least two host strains (Supplementary file 1): three
EMALE loci were shared by all four strains, four were shared by three strains, and another four were
shared by two strains. Based on conserved EMALE loci, strains Cflag and RCC970 were most closely
related with nine shared EMALE integrations, which is in line with phylogenetic and average nucleo-
tide identity (ANI) analyses of these strains (Hackl et al., 2020). The four C. burkhardae genomes have
ANls of >99% and thus appear to differ mostly based on their content of EMALEs and other MGEs.

The most parsimonious scenario for the origin of EMALEs that are located in identical loci in
different host strains is that they derived from a single integration event. For instance, EMALEO3
BVI_101 is orthologous to Cflag_017 C and RCC970_016 A (Figure 3—figure supplement 3C), which
suggests that this element initially colonized the common ancestor of C. burkhardae strains BVI, Cflag,
and RCC970. Further cases of redundant EMALEs are Cflag_017B & RCC970_016B (EMALEO1) and
BVI_029 & RCC970_095 (EMALEQ6). These elements may thus derive from relatively ancient inte-
gration events, whereas 18 of the 33 complete EMALEs represent integrations that were unique to
a single host strain (Supplementary file 1). Strain BVI contained 10 of these 18 unique integrations,
more than twice as many as any other strain.

The genomic landscape around EMALE integration sites ranged from repeat-free flanking regions
to complex host repeats (Figure 3—figure supplement 4). Of the 29 different integration sites repre-
sented by the 33 fully resolved EMALEs, 18 were located near repetitive host DNA (within 10 kb from
the insertion site). These repeats, in addition to EMALE TIRs, multiple copies of the same EMALE
type, and the putative heterozygosity of EMALE insertions, occasionally caused assembly problems,
as illustrated in Figure 3—figure supplement 3.

Next, we analyzed whether EMALE insertions interrupted coding sequences of the host. Fifteen
integration sites were located within a predicted host gene (13 in exons, 2 in introns), four were found
in predicted 3’ untranslated regions, and three were located in intergenic regions (Supplementary
file 1). These data show that EMALE insertions may disrupt eukaryotic genes with potential nega-
tive consequences for the host. The apparent preference for integration in coding regions could be
assembly related, driven by increased accessibility of euchromatin, or linked to host factors that could
direct the rve-INT via its CHROMO domain (Gao et al., 2008).

EMALEs are predicted to be functional and mobile

Based on genomic features such as coding potential, ORF integrity, and host distribution, most
EMALEs appear to be active MGEs. With the exception of EMALEO8 and EMALEO2, all endogenous
Cafeteria virophages encode the canonical morphogenesis gene module consisting of MCP, PEN,
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ATPase, PRO, as well as MV14. EMALEO?2 likely encodes more distantly related capsid genes. There-
fore, all EMALE types except EMALEO8 should be autonomous for virion formation. In addition, all
EMALEs contain at least one predicted enzyme for genome integration, an rve-INT in EMALE types
1-7 and a YR in EMALE types 5-8. EMALEs thus encode the enzymatic repertoire for colonizing new
host genomes. Finally, the high variability of EMALE integration loci among otherwise closely related
host strains strongly argues for ongoing colonization of natural Cafeteria populations by virophages.

The genomic similarity to mavirus implies that EMALEs may also depend on a giant virus for activa-
tion and horizontal transmission. Shared regulatory sequences in virophages and their respective giant
viruses suggest that the molecular basis of virophage activation lies in the recognition of virophage
gene promoters by giant virus encoded transcription factors (Fischer and Suttle, 2011, Claverie
and Abergel, 2009, Legendre et al., 2010). We therefore analyzed the 100 nt upstream regions of
EMALE ORFs for conserved sequence motifs using MEME (Bailey et al., 2009). For all type 4 EMALEs,
which include mavirus, we recovered the previously described mavirus promotor motif ‘TCTA', flanked
by AT-rich regions. This motif corresponds to the conserved late gene promoter in CroV (Fischer
and Suttle, 2011; Fischer et al., 2010), thus possibly indicating that all type 4 EMALEs could be
reactivated by CroV or close relatives. EMALEs of other types lacked the 'TCTA" motif, but contained
putative promoter sequences that may be compatible with different giant viruses (Figure 3—figure
supplement 5).

MGEs are prone to various decay processes including pseudogenization, recombination, and
truncation. Among the 33 fully resolved EMALEs are three truncated elements: Cflag_215 and
RCC970_122 (both EMALEO4), and BVI_005 (EMALEOQ8) (Figure 3—figure supplement 1). Inter-
estingly, even these shorter elements are flanked by TIRs, which must have regenerated after the
truncation event. Whereas most EMALE ORFs appeared to be intact, as judged by comparison with
homologous genes on syntenic elements, several EMALEs contained fragmented ORFs (e.g. ATPase
and PEN genes in EMALEO4 BVI_055B, Figure 3). To test whether premature stop codons may be
the result of assembly artifacts, we amplified selected EMALEs by PCR and analyzed the prod-
ucts using Sanger sequencing. When we compared the Sanger assemblies with the Illumina/PacBio
assemblies, we noticed that the latter contained several substitutions and indels. For example, the
MCP gene of EMALEO1 RCC970_016B was split into three ORFs in the Illumina/PacBio assembly,
whereas a single ORF was present in the corresponding Sanger assembly (Figure 3—figure supple-
ment 6). None of the Sanger assemblies confirmed fragmentation of conserved virophage genes,
emphasizing the importance of independent sequence validation. However, since it was not possible
to re-sequence all potential pseudogene locations, we cannot exclude that some EMALE genes may
be fragmented. Overall, EMALE ORFs appeared to be intact and are thus likely to encode functional
proteins.

Tyrosine recombinase retrotransposons integrate into EMALEs

Strikingly, about one in four virophage elements was interrupted by a GC-rich sequence with a typical
length of ~6 kb (Figure 5A, Supplementary file 1). We identified these insertions as retrotransposons
of the Ngaro superfamily, within the DIRS order of retrotransposons (Wicker et al., 2007). Ngaro
retrotransposons feature split direct repeats with A,-{ORFs}-B;A,B, structure (Figure 5D), encode a
YR instead of the rve-INT that is typical for retrotransposons, and are found in various eukaryotes from
protists to vertebrates (Poulter and Goodwin, 2005). In the four C. burkhardae strains, we anno-
tated 80 Ngaro elements, with 10-25 copies per strain (Supplementary file 1). In addition, we found
isolated AB repeats scattered throughout the genome, which could have arisen from recombination of
5’ and 3’ repeats and are reminiscent of solo long terminal repeats of endogenous retroviruses (Friedli
and Trono, 2015). Solo AB repeats were also occasionally present in EMALEs (BVI_016, BVI_115,
Cflag_024, Cflag_214, Cflag_215). Dot plot analysis of concatenated Cafeteria Ngaro sequences
revealed four distinct types that showed no similarity at the nucleotide level, but appeared to share
the same coding potential (Figure 5B and D). Based on synteny to previously described Ngaros,
ORF1 may encode a Gag-like protein; ORF2 encodes predicted reverse transcriptase (Pfam PF00078)
and ribonuclease H domains (Pfam PF17919); and ORF3 encodes a predicted YR (Pfam PF00589) with
the conserved His-X-X-Arg motif and catalytic Tyr residue. Ngaro YRs are related to putative trans-
posons of bacteria and eukaryotes (Figure 5—figure supplement 1), but bear no sequence similarity
to the EMALE-encoded YRs.
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Figure 5. Ngaro retrotransposons in Cafeteria burkhardae. (A) Genomic profile of an EMALE-integrated Ngaro element showing a GC-content graph
(top), open reading frame (ORF) organization of EMALE and Ngaro (middle), and a schematic overview of the three genomic entities (bottom; host: gray,
EMALE: blue, Ngaro: red). (B) Self-versus-self DNA dot plot of 80 concatenated Ngaro sequences. Block patterns define Ngaro types 1-4. Ngaros are
numbered according to Supplementary file 1, with red numbers indicating retrotransposons inserted in EMALEs. (C) Distribution of Ngaro integration

Figure 5 continued on next page
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Figure 5 continued

loci in EMALE and host DNA. Ngaro types 1 and 2 a show a clear preference for EMALE loci, in contrast to Ngaro types 2b, 3, and 4 that are mostly
found in host loci. (D) Coding potential of C. burkhardae Ngaro retrotransposons, shown for one example per type with their host strain and contig
numbers listed. Triangles indicate direct repeats. GAG, group specific antigen; RT, reverse transcriptase; RH, ribonuclease H; YR, tyrosine recombinase.

The online version of this article includes the following figure supplement(s) for figure 5:
Figure supplement 1. Phylogenetic placement of Ngaro tyrosine recombinases.
Figure supplement 2. Protein length distributions in EMALEs with and without retrotransposons.

Figure supplement 3. Nested integration scenario involving one EMALE and three Ngaro retrotransposons.

Interestingly, the four Ngaro types in C. burkhardae differed with regard to their integration site
preference. Whereas 91 % of type 1 Ngaros were inserted in an EMALE, this was the case for only
14% and 8% of type 3 and type 4 Ngaros, respectively. At first glance, type 2 Ngaros were distrib-
uted evenly among viral and eukaryotic DNA (47 % inside EMALEs, 53 % outside EMALEs). However,
several type 2 Ngaros were truncated at their 5’ end, featuring ~2 kb long deletions that covered
ORF1. All of these deletion variants, which we designate as type 2b, were located in host DNA, in
contrast to 82 % of the full-length type 2 a Ngaros that were inserted in EMALEs (Figure 5C and D).
Similarly, most of the type 1 Ngaros that were inserted into eukaryotic chromatin also lacked ORF1.
Hence, it appears that ORF1 determines the integration site specificity of Ngaro retrotransposons.
We did not observe any preference of host-genome-integrated Ngaros for regions with a GC-content
lower than the host average. Out of 20 Ngaro insertion sites with analyzable EMALE flanking regions
(including partial EMALEs), 9 were located in intergenic regions, 7 in EMALE genes (1 x primase/
helicase, 1 x pPolB, 1x MV12, 4x MV19), and 4 in TIRs (Supplementary file 1). Considering that
intergenic regions comprise only 5-10% of an EMALE genome, we notice a significant bias (p < 1e,
Fisher's exact test) toward Ngaro integration in intergenic EMALE DNA, which may be caused either
by purifying selection of deleterious Ngaro insertions or by a higher preference for Ngaro integration
into EMALE intergenic regions, e.g. due to their lower GC-content.

A possible consequence of retrotransposon insertion is the loss of biological activity and subse-
quent pseudogenization. However, we found that Ngaro-containing EMALEs did not contain more
fragmented genes than Ngaro-free EMALEs (Figure 5—figure supplement 2). Whereas the biolog-
ical properties of Ngaro retrotransposons and their influence on host-virus-virophage dynamics remain
to be explored, the EMALE-Ngaro interactions appear to be convoluted. For instance, an EMALEO3
genome in strain Cflag is interrupted by two adjacent Ngaro1 insertions, while the EMALE itself is
located inside an Ngaro4 element (Figure 5—figure supplement 3).

Discussion
Virophages represent a recently discovered family of eukaryotic dsDNA viruses that possess interesting
genome integration properties and have potentially far-reaching eco-evolutionary consequences. Our
genomic survey of the marine bicosoecid C. burkhardae revealed an unexpected abundance and
diversity of endogenous virophages, with dozens of elements in a single host genome. Based on DNA
dot plots and phylogenetic analysis, we distinguish eight different types of mavirus-related endoge-
nous virophages. Similar to mavirus, these EMALEs could potentially reactivate and replicate in the
presence of a compatible giant virus. Mavirus is proposed to act as an adaptive defense system
against CroV in Cafeteria populations (Fischer and Hackl, 2016; Koonin and Krupovic, 2016), and
our findings suggest that different types of EMALEs may respond to different giant viruses infecting
Cafeteria. The assortment of endogenous virophages in a given host genome may thus reflect the
giant virus infection history of that population (Blanc et al., 2015). Some EMALEs are present in
orthologous genomic loci in two or more host strains and likely date back to the common ancestor
of these strains. However, at least half of the EMALE insertions are specific to a given host strain and
may thus have been acquired relatively recently. Combined with the overall integrity of EMALEs and
the conservation of integrase and capsid genes, these findings suggest that endogenous virophages
in C. burkhardae are active MGEs.

Similar to other MGEs, EMALEs are likely prone to various decay processes including pseudogeni-
zation, truncation, and recombination; however, the extent to which these mechanisms affect EMALE
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stability is currently unclear. Although nonsense mutations appear to be present in some EMALE
genes, re-sequencing of selected genomic regions did not confirm pseudogene loci in those cases
(Figure 3—figure supplement 6). We found three truncated EMALEs (5-15 kb long), but these are
not to be confused with the 105 partial EMALEs that resulted from computational limitations during
sequence assembly of these multi-copy elements. Recombination most likely created the EMALEQ02
variant, with no obvious signs of degradation. Based on our EMALE identification approach (see Mate-
rials and methods), we are quite confident that we have not missed more severely degraded EMALEs
or more divergent virophages, except perhaps for hypothetical elements lacking any recognizable
sequence similarity to annotated virophages and possessing a GC-content similar to that of the host
genome. Overall, these observations raise the question of how balance between new virophage inte-
grations and loss of existing EMALEs is achieved to prevent overload of the host genome with mobile
DNA. Possible explanations include loss by homologous recombination, for example, between TIRs
of the same or similar EMALEs, excision of EMALEs via host- or EMALE-encoded integrases or endo-
nucleases, or mechanisms to limit the uptake of new elements. Given that multiple mavirus genome
integrations per host cell can be observed within a period of days (Fischer and Hackl, 2016) and that
virophage integration rates under natural infection conditions are likely to fall within similar timescales,
we hypothesize that the majority of EMALE loss may occur before pseudogenization and degradation
can take place. EMALEs would thus have relatively short residence times in the unicellular Cafeteria
compared to germline EVEs of multicellular eukaryotes (Barreat and Katzourakis, 2021).

Horizontal transmission of virophages in natural environments is likely limited by their requirement
for two concurrent biological entities, namely a susceptible host cell infected with a permissive giant
virus. Similar to temperate bacteriophages, persistence in the proviral state may thus be an essen-
tial survival strategy for virophages, as underscored by the abundance of EMALEs in C. burkhardae.
Endogenous virophages may also be common in eukaryotes outside the order Bicosoecales, although
a search in 2015 for provirophages in 1153 eukaryotic genomes found only one clear case in the
chlorarachniophyte alga Bigelowiella natans (Blanc et al., 2015). In contrast to rapidly increasing
virophage reports from metagenomic sequence mining in recent years (Paez-Espino et al., 2019),
we propose that the discovery of host-integrated virophages is still hampered not only by sampling
bias, but also by technical limitations. For instance, AT-rich mavirus DNA was severely underrepre-
sented when we sequenced the genome of C. burkhardae strain E4-10M1 with the standard lllumina
MiSeq protocol (Fischer and Hackl, 2016). Additional problems arise during binning and assembly
procedures. Although our sequencing and assembly strategy was specifically tailored to endogenous
virophages and resolved 33 EMALEs in their host genomic context, dozens of EMALEs were only
partially assembled, some may contain assembly errors (Figure 3—figure supplement 3), and others
may have been missed altogether. Advances in long-read sequencing technologies and assembly
algorithms will likely alleviate such problems.

Surprisingly, we found that EMALEs were frequently interrupted by Ngaro retrotransposons, which
revealed an additional level of nested parasitism in this microbial system. Cafeteria genomes contain
four distinct Ngaro types with different affinities for EMALEs. Deletion of ORF1 in type 1 and type
2 Ngaros coincides with a decreased occurrence of these retrotransposons in EMALEs (Figure 5).
Syntenic ORFs in other Ngaros are predicted to encode a Gag-like structural protein (Poulter and
Butler, 2015), and Gag proteins of several retroviruses have been linked to integration site speci-
ficity (Lewinski et al., 2006; Tobaly-Tapiero et al., 2008). The putative Gag proteins of Cafeteria
Ngaros may thus influence whether retrotransposon insertion occurs in an EMALE or in eukaryotic
chromatin. So far, retrotransposons have not been described for giant DNA viruses or virophages;
however, pandoravirus genomes contain DNA transposons (Sun et al., 2015), and a class of 7 kb
long DNA MGEs called transpovirons interacts with the particles and genomes of Acanthamoeba-
infecting mimiviruses and their virophages, apparently without affecting viral replication (Desnues
et al.,, 2012; Jeudy et al., 2020). It remains to be studied whether Ngaro retrotransposons use reac-
tivated virophages or giant viruses as vehicles for horizontal transmission, and what effect retrotrans-
poson insertion in EMALEs has on the fitness of the virophage, the host cell, and their associated giant
viruses.

In conclusion, we show that endogenous virophage genomes are abundant and diverse in the
marine heterotrophic protist C. burkhardae. These mavirus-like EVEs appear to be active and dynamic
MGEs with significant potential to shape the genome evolution of their hosts. We present evidence
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for recombination and gene exchange within EMALEs, and a previously unknown affiliation between
virophages and YR retrotransposons. Our findings imply an important role for EMALEs in the ecology
and evolution of bicosoecids and are in line with the hypothesis that endogenous virophages provide
adaptive defense against giant viruses.

Materials and methods

C. burkhardae cultures and genome sequencing
C. burkhardae strains BVI, Cflag, E4-10P, and RCC970-E3 were cultured, and their genomes sequenced
and assembled as described previously (Hackl et al., 2020).

Detection and annotation of EMALEs

To identify endogenous virophages, we initially took a manual approach and searched for clearly
visible drops in GC-content along contigs when visualized in Artemis Release 16.0.0 (Rutherford
et al., 2000). Based on our experience we suspected that integrated virophages would have a consid-
erably lower GC-content than the host genomes. For those low-GC regions we then computed DNA
dot plots with Gepard (Krumsiek et al., 2007) to detect TIRs, predicted ORFs with Artemis, manually
curated them into gene calls, and also manually assigned functional annotations based on blastp
searches against known virophages and public databases. This resulted in the identification of 33
manually curated, TIR-containing high-confidence (‘complete’) EMALEs.

Partial EMALEs that could not be fully assembled and were thus located on contig termini were
identified based on sequence similarity to annotated virophages and EMALEs using the BLAST suite.
Their boundaries were determined based on GC-content or sequence similarity to already annotated
TIRs. Partial EMALEs were annotated with prodigal-2.6.3 (Hyatt et al., 2010). We pre-trained one
gene model for mid-GC and one for high-GC EMALEs, and called genes on those genomes sepa-
rately. Where present, we masked integrated Ngaro elements with ‘N’s prior to training and anno-
tation because we observed in trial runs that automated gene prediction could not properly resolve
the gene structure of the Ngaros and would produce fragmented and spurious gene calls for these
regions. We also explored other gene prediction programs including PHANOTATE (McNair et al.,
2019) and VGAS (Zhang et al., 2019), but found pre-trained prodigal to produce results most consis-
tent with manually curated expert annotations for EMALE genomes.

Detection of Ngaro retrotransposons

Retrotransposon insertions were first noticed in GC-content graphs as 6-7 kb long GC-rich sequences
that interrupted AT-rich EMALEs. DNA dot plot analysis of these regions showed split direct repeats,
and conserved domain and tblastx searches predicted RNaseH, reverse transcriptase, and tyrosine
recombinase domains. ORFs were annotated in Artemis based on the predicted conserved domains.
These initially curated protein sequences and direct repeats were then used to seed blast searches
against all four C. burkhardae genomes to identify additional Ngaro elements, which were inspected
individually and annotated manually.

Nucleotide contributions of EMALEs and Ngaros to Cafeteria genomes
To quantify how much of each host genome is comprised of EMALEs and Ngaros, we applied two
complementary strategies: (i) We compared the number of nucleotides annotated as EMALEs and
Ngaros in the assemblies to the overall assembly sizes, and (ii) we quantified the number of nucle-
otides in the PacBio reads that we could assign to either of the three fractions — host, EMALE, and
Ngaro. The latter approach is less prone to assembly biases, such as overestimation of contributions
for elements only present in one allele, or underestimation of contribution due to collapsed repeated
copies, or elements not assembled because of low coverage. We aligned the PacBio reads to the
assemblies using minimap2 v2.16 (-x map-pb) (Li, 2018) and computed the coverage of the different
genomic regions with samtools v1.9 (Li et al., 2009). We did not consider lllumina data for the quanti-
fication due to an observed sequencing bias against low-GC regions that would lead to lower EMALE
estimates.
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Codon usage analysis

To analyze possible correlations between EMALE GC-content and the codon composition of their
genes, we counted codons of all genes of complete EMALEs with a custom Perl script and visualized
their distribution relative to their GC-content with a custom R script.

Assignment of EMALE and Ngaro types

We first performed pairwise whole-genome comparisons of all 33 EMALEs plus the reference mavirus
genome. Next, we concatenated the EMALE genomes according to their nearest sequence neigh-
bors. We then plotted the resulting concatemer against itself with Gepard (Krumsiek et al., 2007)
using a word length of 10, and analyzed the similarity patterns. The dot plot-based classification was
confirmed by phylogenetic analysis of virophage core genes. A similar approach was used for type
assignment of Ngaro retrotransposons.

For partial EMALEs, we assigned types in an automated manner based on the highest cumulative
blastx bitscores to typespecies EMALE genomes. EMALEs with cumulative bitscores below 100 were
classified as ‘inconclusive’. For validation, the results were visualized with a beta version of ggge-
nomes (https://github.com/thackl/gggenomes, copy archived at swh:1:rev:b6b6d8f23fab20a8fd3d99
04b37329c914b263a5; Hackl et al., 2021).

Phylogenetic analysis of EMALE and Ngaro proteins

For EMALE core genes, multiple amino acid sequence alignments were constructed with MAFFT using
the E-INS-i iterative refinement method (Nakamura et al., 2018). Alignments were manually inspected
and trimmed to eliminate long insertions and regions of low sequence conservation. The best model
and parameters for a maximume-likelihood phylogenetic reconstruction were estimated with modelt-
est-NG v0.1.6 (Darriba et al., 2020) and the tree was computed with IQ-TREE v2.0 (ATPase: LG + | +
G4, MCP: LG + R4+ F, Penton: LG + | + G4+ F, Protease: LG + R4+ F, all: -B 1000) (Minh et al., 2020).
The trees were visualized with ggtree v1.14.6 (Yu et al., 2017). For comparison, we also performed
Bayesian inference analysis with MrBayes v3.1.2 using the following settings: rates = gamma, aamod-
elpr = mixed, number of generations = 1 million (Ronquist and Huelsenbeck, 2003).

For EMALE tyrosine recombinases, we generated a multiple amino acid sequence alignment with
MAFFT v7.310 (--genafpair) (Nakamura et al., 2018) and an HMM profile (Eddy, 2011) from the
four sequences present in the type species genomes (EMALEO5-EMALEQ8). We then identified closest
relatives with jackhmmer on HmmerWeb v2.40.0 for two iterations (-E 1 -—domE 1 --incE 0.001
--incdomE 0.001 --seqgdb uniprotrefprot) (Potter et al., 2018), realigned the EMALE sequences
with the 30 best hits (mafft --genafpair), and trimmed the alignments with trimAl (-automated1)
(Capella-Gutiérrez et al., 2009). A maximume-likelihood tree was computed with FastTree v2.1.10
(Price et al., 2010). The tree was visualized with ggtree v1.14.6 (Yu et al., 2017).

Phylogenies for the Ngaro YRs were generated the same way as for the EMALE YRs, however, only
one iteration of jackhmmer was run, and only the top 20 database hits were included in the final tree.

Comparative analysis of integration sites and their genomic context

For each of the 33 fully resolved EMALEs, we copied up to 10 kb (<10 kb if the EMALE was located
within 10 kb of a contig border) of the 5’ and 3’ host sequences immediately flanking the TIR of
the EMALE, and conducted blastn analyses on each of the four C. burkhardae genome assemblies
with each flanking region separately. In case there was another EMALE located in the 10 kb flanking
regions, the second EMALE was omitted from the BLAST search and only host sequence was included.
After locating orthologous, and sometimes paralogous, sites in each host strain, we identified TSDs by
comparing empty and EMALE-containing alleles using pairwise sequence alignments of homologous
sites. To analyze the genomic context of EMALEs for repetitive DNA, flanking regions were analyzed
by dot plot analysis.

Prediction of putative EMALE promoter motifs

We predicted putative promoter motifs in EMALE genomes by running MEME-suite v5.1.1 on all
100 bp upstream regions of all coding sequences. We identified the three highest-scoring motifs for
each EMALE type individually. Putative motifs were further validated by analyzing their occurrences
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across all EMALE whole genomes, and motifs not consistently present in multiple intergenic regions
were excluded.

Validation of EMALE assemblies by PCR and Sanger sequencing

We designed primer pairs for selected EMALEs to generate overlapping, 700-1100 bp long PCR
products. Primer sequences for the validated EMALEO1 as shown in Figure 3—figure supplement 6
are listed in Supplementary file 1. PCR products were obtained using 2 ng of genomic DNA template
from C. burkhardae strain BVI, Cflag, E4-10, or RCC970 in 50 ul total volume containing 5 pl 10 x
Q5 Reaction Buffer (NEB, Frankfurt am Main, Germany), 0.5 U of Q5 High-Fidelity DNA Polymerase
(NEB), 0.2 mM dNTPs, and 0.5 uM of each primer. Cycling conditions on a TGradient thermocycler
(Biometra, Jena, Germany) consisted of: 30 s initial denaturation at 98 °C; 35 cycles of 10 s denatur-
ation at 98 °C, 30 s annealing at 56-60°C (depending on the melting temperature of the respective
primers), and 45 s to 1 min extension at 72 °C; followed by a final extension time of 2 min at 72 °C.
To check for correct product length and purity, 5 ul of each reaction were mixed with loading dye and
analyzed on a 1 % (w/v) agarose gel containing GelRed (VWR, Darmstadt, Germany). The remaining
PCR mix was purified using a QlAquick PCR Purification Kit (Qiagen, Hilden, Germany) according
to the manufacturer’s instructions. Sanger sequencing of PCR products was performed at Eurofins
Scientific using the LightRun Tube service. Reads were trimmed, assembled, and mapped to their
respective reference EMALEs in Sequencher software v5.2.2 (Gene Codes Corporation, Ann Arbor,
MI). Due to the presence of repetitive regions within and across EMALEs in a single host strain and
resulting low-quality reads or failed PCRs, the Sanger assemblies typically did not cover the entire
length of an EMALE.

Effect of retrotransposon integration into EMALEs

To test if the insertion of a YR retrotransposon triggered the degeneration of the targeted EMALE, we
compared the lengths of conserved genes in Ngaro-containing EMALEs to those without transposon
across all 138 EMALEs. Protein lengths were obtained from the sequence files and plotted with a
custom R script.
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Genome sequences of the four Cafeteria burkhardae strains have been published previously (PMID
31964893) and are deposited in GenBank (VLTLO0000000.1, VLTM00000000.1, VLTN0O0000000.1,
VLTO00000000.1). DNA sequences and genome annotations of endogenous virophages and Ngaro
retrotransposons, as well as multiple sequence alignments used for phylogenetic reconstruction are
available via (https://github.com/thackl/cb-emales copy archived at https://archive.softwareheritage.
org/swh:1:rev:4fa8b383d5f8f207bf2c9d08421fa2239dbbba%4). Additional data items are deposited
under https://doi.org/10.5281/zenodo.4632783.

The following previously published datasets were used:

Author(s) Year Dataset title Dataset URL Database and Identifier
Hackl M, Barenhoff D, 2020 Cafeteria roenbergensis https://www.ncbi. NCBI GenBank,
Heider F strain RCC970-E3, nlm.nih.gov/nuccore/ VLTLO0000000.1

whole genome shotgun VLTLO0000000.1
sequencing project

Hackl M, Barenhoff D, 2020 Cafeteria roenbergensis https://www.ncbi. NCBI GenBank,
Heider F strain Cflag, whole genome nlm.nih.gov/nuccore/ VLTMO00000000.1
shotgun sequencing VLTMO00000000.1
project
Hackl M, Barenhoff D, 2020 Cafeteria roenbergensis https://www.ncbi. NCBI GenBank,
Heider F strain BVI, whole genome  nlm.nih.gov/nuccore/ VLTN00000000.1
shotgun sequencing VLTN00000000.1
project
Hackl M, Barenhoff D, 2020 Cafeteria roenbergensis https://www.ncbi. NCBI GenBank,
Heider F strain E4-10P, whole nlm.nih.gov/nuccore/ VLTO00000000.1
genome shotgun VLTO00000000.1

sequencing project

Hackl et al. eLife 2021;10:e72674. DOI: https://doi.org/10.7554/eLife. 72674 17 of 20


https://doi.org/10.7554/eLife.72674
http://orcid.org/0000-0002-0022-320X
http://orcid.org/0000-0002-4014-3626
https://doi.org/10.7554/72674.sa1
https://doi.org/10.7554/72674.sa2
https://github.com/thackl/cb-emales
https://archive.softwareheritage.org/swh:1:rev:4fa8b383d5f8f207bf2c9d08421fa2239dbbba94
https://archive.softwareheritage.org/swh:1:rev:4fa8b383d5f8f207bf2c9d08421fa2239dbbba94
https://doi.org/10.5281/zenodo.4632783
https://www.ncbi.nlm.nih.gov/nuccore/VLTL00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/VLTL00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/VLTL00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/VLTM00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/VLTM00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/VLTM00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/VLTN00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/VLTN00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/VLTN00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/VLTO00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/VLTO00000000.1
https://www.ncbi.nlm.nih.gov/nuccore/VLTO00000000.1

e Llfe Research article

Genetics and Genomics | Microbiology and Infectious Disease

References

Aswad A, Katzourakis A. 2012. Paleovirology and virally derived immunity. Trends Ecol. Evol 27: 627-636. DOI:
https://doi.org/10.1016/j.tree.2012.07.007, PMID: 22901901

Bailey TL, Boden M, Buske FA, Frith M, Grant CE, Clementi L, Ren J, Li WW, Noble WS. 2009. MEME SUITE:
Tools for motif discovery and searching. Nucleic Acids Research 37: 202-208. DOI: https://doi.org/10.1093/nar/
gkp335, PMID: 19458158

Barreat JGN, Katzourakis A. 2021. Paleovirology of the dna viruses of eukaryotes. Trends in Microbiology 2: 004.
DOI: https://doi.org/10.1016/}.tim.2021.07.004, PMID: 34483047

Bellas CM, Sommaruga R. 2021. Polinton-like viruses are abundant in aquatic ecosystems. Microbiome 9: 13.
DOI: https://doi.org/10.1186/s40168-020-00956-0, PMID: 33436089

Blanc G, Gallot-Lavallée L, Maumus F. 2015. Provirophages in the Bigelowiella genome bear testimony to past
encounters with giant viruses. PNAS 112: E5318-E5326. DOI: https://doi.org/10.1073/pnas. 1506469112,
PMID: 26305943

Born D, Reuter L, Mersdorf U, Mueller M, Fischer MG, Meinhart A, Reinstein J. 2018. Capsid protein structure,
self-assembly, and processing reveal morphogenesis of the marine virophage mavirus. PNAS 115: 7332-7337.
DOI: https://doi.org/10.1073/pnas.1805376115, PMID: 29941605

Capella-Gutiérrez S, Silla-Martinez JM, Gabaldén T. 2009. trimAl: a tool for automated alignment trimming in
large-scale phylogenetic analyses. Bioinformatics 25: 1972-1973. DOI: https://doi.org/10.1093/bioinformatics/
btp348, PMID: 19505945

Castillo YM, Mangot JF, Benites LF, Logares R, Kuronishi M, Ogata H, Jaillon O, Massana R, Sebastian M,
Vaqué D. 2019. Assessing the viral content of uncultured picoeukaryotes in the global ocean by single cell
genomics. Molecular Ecology 28: 4272-4289. DOI: https://doi.org/10.1111/mec.15210, PMID: 31448836

Claverie J, Abergel C. 2009. Mimivirus and its Virophage. Annual Review of Genetics 43: 49-66. DOI: https://
doi.org/10.1146/annurev-genet-102108-134255, PMID: 19653859

Darriba D, Posada D, Kozlov AM, Stamatakis A, Morel B, Flouri T. 2020. ModelTest-NG: A New and Scalable
Tool for the Selection of DNA and Protein Evolutionary Models. Molecular Biology and Evolution 37: 291-294.
DOI: https://doi.org/10.1093/molbev/msz189, PMID: 31432070

Desnues C, La Scola B, Yutin N, Fournous G, Robert C, Azza S, Jardot P, Monteil S, Campocasso A, Koonin EV,
Raoult D. 2012. Provirophages and transpovirons as the diverse mobilome of giant viruses. PNAS 109:
18078-18083. DOI: https://doi.org/10.1073/pnas.1208835109, PMID: 23071316

Duponchel S, Fischer MG. 2019. Viva lavidaviruses! Five features of virophages that parasitize giant DNA
viruses. PLOS Pathogens 15: e1007592. DOI: https://doi.org/10.1371/journal.ppat. 1007592, PMID:
30897185

Eddy SR. 2011. Accelerated profile HMM searches. PLOS Computational Biology 7: €1002195. DOI: https://doi.
org/10.1371/journal.pcbi.1002195, PMID: 22039361

Fenchel T, Patterson DJ. 1988. Cafeteria roenbergensis nov. Gen., nov. Sp., a heterotrophic microflagellate from
marine plankton. Marine Microbial Food Webs 3: 9-19.

Feschotte C, Gilbert C. 2012. Endogenous viruses: Insights into viral evolution and impact on host biology.
Nature Reviews. Genetics 13: 283-296. DOI: https://doi.org/10.1038/nrg3199, PMID: 22421730

Fischer MG, Allen MJ, Wilson WH, Suttle CA. 2010. Giant virus with a remarkable complement of genes infects
marine zooplankton. PNAS 107: 19508-19513. DOI: https://doi.org/10.1073/pnas.1007615107, PMID:
20974979

Fischer MG, Suttle CA. 2011. A Virophage at the Origin of Large DNA Transposons. Science 332: 231-234. DOI:
https://doi.org/10.1126/science.1199412, PMID: 21385722

Fischer MG, Hackl T. 2016. Host genome integration and giant virus-induced reactivation of the virophage
mavirus. Nature 540: 288-291. DOI: https://doi.org/10.1038/nature20593, PMID: 27929021

Fischer MG. 2020. The virophage family Lavidaviridae. Current Issues in Molecular Biology 40: 1-24. DOI:
https://doi.org/10.21775/cimb.040.001, PMID: 32089519

Frank JA, Feschotte C. 2017. Co-option of endogenous viral sequences for host cell function. Current Opinion in
Virology 25: 81-89. DOI: https://doi.org/10.1016/j.coviro.2017.07.021, PMID: 28818736

Friedli M, Trono D. 2015. The Developmental Control of Transposable Elements and the Evolution of Higher
Species. Annual Review of Cell and Developmental Biology 31: 429-451. DOI: https://doi.org/10.1146/
annurev-cellbio-100814-125514, PMID: 26393776

Gao X, Hou Y, Ebina H, Levin HL, Voytas DF. 2008. Chromodomains direct integration of retrotransposons to
heterochromatin. Genome Research 18: 359-369. DOI: https://doi.org/10.1101/gr.7 146408, PMID: 18256242

Hackl T, Martin R, Barenhoff K, Duponchel S, Heider D, Fischer MG. 2020. Four high-quality draft genome
assemblies of the marine heterotrophic nanoflagellate Cafeteria roenbergensis. Scientific Data 7: 29. DOI:
https://doi.org/10.1038/s41597-020-0363-4, PMID: 31964893

Hackl T, Ankenbrand MJ, Schandry N. 2021. gggenomes.
swh:1:rev:béb6d8f23fab20a8fd3d9904b37329c914b263a5. Software Heritage. https://archive.
softwareheritage.org/swh:1:dir:0d6c2a349dc7fe6f51715fddfc351c02b975d87;origin=https://github.com/
thackl/gggenomes;visit=swh:1:snp:a15%ecdaff66524bce195d5278c1966873378175;anchor=swh:1:rev:bbb6
d8f23fab20a8fd3d9904b37329c914b263a5

Holmes EC. 2011. The evolution of endogenous viral elements. Cell Host & Microbe 10: 368-377. DOI: https://
doi.org/10.1016/j.chom.2011.09.002, PMID: 22018237

Hackl et al. eLife 2021;10:e72674. DOI: https://doi.org/10.7554/eLife. 72674 18 of 20


https://doi.org/10.7554/eLife.72674
https://doi.org/10.1016/j.tree.2012.07.007
http://www.ncbi.nlm.nih.gov/pubmed/22901901
https://doi.org/10.1093/nar/gkp335
https://doi.org/10.1093/nar/gkp335
http://www.ncbi.nlm.nih.gov/pubmed/19458158
https://doi.org/10.1016/j.tim.2021.07.004
http://www.ncbi.nlm.nih.gov/pubmed/34483047
https://doi.org/10.1186/s40168-020-00956-0
http://www.ncbi.nlm.nih.gov/pubmed/33436089
https://doi.org/10.1073/pnas.1506469112
http://www.ncbi.nlm.nih.gov/pubmed/26305943
https://doi.org/10.1073/pnas.1805376115
http://www.ncbi.nlm.nih.gov/pubmed/29941605
https://doi.org/10.1093/bioinformatics/btp348
https://doi.org/10.1093/bioinformatics/btp348
http://www.ncbi.nlm.nih.gov/pubmed/19505945
https://doi.org/10.1111/mec.15210
http://www.ncbi.nlm.nih.gov/pubmed/31448836
https://doi.org/10.1146/annurev-genet-102108-134255
https://doi.org/10.1146/annurev-genet-102108-134255
http://www.ncbi.nlm.nih.gov/pubmed/19653859
https://doi.org/10.1093/molbev/msz189
http://www.ncbi.nlm.nih.gov/pubmed/31432070
https://doi.org/10.1073/pnas.1208835109
http://www.ncbi.nlm.nih.gov/pubmed/23071316
https://doi.org/10.1371/journal.ppat.1007592
http://www.ncbi.nlm.nih.gov/pubmed/30897185
https://doi.org/10.1371/journal.pcbi.1002195
https://doi.org/10.1371/journal.pcbi.1002195
http://www.ncbi.nlm.nih.gov/pubmed/22039361
https://doi.org/10.1038/nrg3199
http://www.ncbi.nlm.nih.gov/pubmed/22421730
https://doi.org/10.1073/pnas.1007615107
http://www.ncbi.nlm.nih.gov/pubmed/20974979
https://doi.org/10.1126/science.1199412
http://www.ncbi.nlm.nih.gov/pubmed/21385722
https://doi.org/10.1038/nature20593
http://www.ncbi.nlm.nih.gov/pubmed/27929021
https://doi.org/10.21775/cimb.040.001
http://www.ncbi.nlm.nih.gov/pubmed/32089519
https://doi.org/10.1016/j.coviro.2017.07.021
http://www.ncbi.nlm.nih.gov/pubmed/28818736
https://doi.org/10.1146/annurev-cellbio-100814-125514
https://doi.org/10.1146/annurev-cellbio-100814-125514
http://www.ncbi.nlm.nih.gov/pubmed/26393776
https://doi.org/10.1101/gr.7146408
http://www.ncbi.nlm.nih.gov/pubmed/18256242
https://doi.org/10.1038/s41597-020-0363-4
http://www.ncbi.nlm.nih.gov/pubmed/31964893
https://archive.softwareheritage.org/swh:1:dir:0d6c2a349dc7fe6f51f7f5fddfc351c02b975d87;origin=https://github.com/thackl/gggenomes;visit=swh:1:snp:a159ecdaff66524bce195d5278c1966873378175;anchor=swh:1:rev:b6b6d8f23fab20a8fd3d9904b37329c914b263a5
https://archive.softwareheritage.org/swh:1:dir:0d6c2a349dc7fe6f51f7f5fddfc351c02b975d87;origin=https://github.com/thackl/gggenomes;visit=swh:1:snp:a159ecdaff66524bce195d5278c1966873378175;anchor=swh:1:rev:b6b6d8f23fab20a8fd3d9904b37329c914b263a5
https://archive.softwareheritage.org/swh:1:dir:0d6c2a349dc7fe6f51f7f5fddfc351c02b975d87;origin=https://github.com/thackl/gggenomes;visit=swh:1:snp:a159ecdaff66524bce195d5278c1966873378175;anchor=swh:1:rev:b6b6d8f23fab20a8fd3d9904b37329c914b263a5
https://archive.softwareheritage.org/swh:1:dir:0d6c2a349dc7fe6f51f7f5fddfc351c02b975d87;origin=https://github.com/thackl/gggenomes;visit=swh:1:snp:a159ecdaff66524bce195d5278c1966873378175;anchor=swh:1:rev:b6b6d8f23fab20a8fd3d9904b37329c914b263a5
https://doi.org/10.1016/j.chom.2011.09.002
https://doi.org/10.1016/j.chom.2011.09.002
http://www.ncbi.nlm.nih.gov/pubmed/22018237

ELlfe Research article

Genetics and Genomics | Microbiology and Infectious Disease

Hyatt D, Chen GL, LoCascio PF, Land ML, Larimer FW, Hauser LJ. 2010. Prodigal: prokaryotic gene recognition
and translation initiation site identification. BMC Bioinformatics 11: 119. DOI: https://doi.org/10.1186/
1471-2105-11-119, PMID: 20211023

Jeudy S, Bertaux L, Alempic JM, Lartigue A, Legendre M, Belmudes L, Santini L, Philippe N, Beucher L,

Biondi EG, Juul S, Turner DJ, Couté Y, Claverie JM, Abergel C. 2020. Exploration of the propagation of
transpovirons within Mimiviridae reveals a unique example of commensalism in the viral world. The ISME
Journal 14: 727-739. DOI: https://doi.org/10.1038/s41396-019-0565-y, PMID: 31822788

Kapitonov VV, Jurka J. 2006. Self-synthesizing DNA transposons in eukaryotes. PNAS 103: 4540-4545. DOI:
https://doi.org/10.1073/pnas.0600833103

Kolmogorov M, Yuan J, Lin Y, Pevzner PA. 2019. Assembly of long, error-prone reads using repeat graphs.
Nature Biotechnology 37: 540-546. DOI: https://doi.org/10.1038/s41587-019-0072-8, PMID: 30936562

Koonin EV, Krupovic M. 2016. Virology: A parasite’s parasite saves host’s neighbours. Nature 540: 204-205.
DOI: https://doi.org/10.1038/540204a, PMID: 27929010

Koonin EV, Krupovic M. 2017. Polintons, virophages and transpovirons: a tangled web linking viruses,
transposons and immunity. Current Opinion in Virology 25: 7-15. DOI: https://doi.org/10.1016/j.coviro.2017.
06.008, PMID: 28672161

Krumsiek J, Arnold R, Rattei T. 2007. Gepard: a rapid and sensitive tool for creating dotplots on genome scale.
Bioinformatics 23: 1026-1028. DOI: https://doi.org/10.1093/biocinformatics/btm039, PMID: 17309896

Krupovic M, Bamford DH, Koonin EV. 2014. Conservation of major and minor jelly-roll capsid proteins in Polinton
(Maverick) transposons suggests that they are bona fide viruses. Biology Direct 9: 6. DOI: https://doi.org/10.
1186/1745-6150-9-6, PMID: 24773695

Krupovic M, Kuhn JH, Fischer MG. 2016a. A classification system for virophages and satellite viruses. Archives of
Virology 161: 233-247. DOI: https://doi.org/10.1007/s00705-015-2622-9, PMID: 26446887

Krupovic M, Yutin N, Koonin EV. 2016b. Fusion of a superfamily 1 helicase and an inactivated DNA polymerase is
a signature of common evolutionary history of Polintons, polinton-like viruses, TIr1 transposons and
transpovirons. Virus Evolution 2: vew019. DOI: https://doi.org/10.1093/ve/vew019, PMID: 28694999

La Scola B, Desnues C, Pagnier |, Robert C, Barrassi L, Fournous G, Merchat M, Suzan-Monti M, Forterre P,
Koonin E, Raoult D. 2008. The virophage as a unique parasite of the giant mimivirus. Nature 455: 100-104.
DOI: https://doi.org/10.1038/nature07218, PMID: 18690211

Legendre M, Audic S, Poirot O, Hingamp P, Seltzer V, Byrne D, Lartigue A, Lescot M, Bernadac A, Poulain J,
Abergel C, Claverie JM. 2010. mRNA deep sequencing reveals 75 new genes and a complex transcriptional
landscape in Mimivirus. Genome Research 20: 664-674. DOI: https://doi.org/10.1101/gr.102582.109, PMID:
20360389

Lewinski MK, Yamashita M, Emerman M, Ciuffi A, Marshall H, Crawford G, Collins F, Shinn P, Leipzig J,
Hannenhalli S, Berry CC, Ecker JR, Bushman FD. 2006. Retroviral DNA integration: viral and cellular
determinants of target-site selection. PLOS Pathogens 2: e60. DOI: https://doi.org/10.1371/journal.ppat.
0020060, PMID: 16789841

Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, Marth G, Abecasis G, Durbin R, 1000 Genome
Project Data Processing Subgroup. 2009. The Sequence Alignment/Map format and SAMtools. Bioinformatics
25: 2078-2079. DOI: https://doi.org/10.1093/bioinformatics/btp352, PMID: 19505943

Li H. 2018. Minimap2: pairwise alignment for nucleotide sequences. Bioinformatics 34: 3094-3100. DOI: https://
doi.org/10.1093/bioinformatics/bty191, PMID: 29750242

McNair K, Zhou C, Dinsdale EA, Souza B, Edwards RA. 2019. PHANOTATE: a novel approach to gene
identification in phage genomes. Bioinformatics 35: 4537-4542. DOI: https://doi.org/10.1093/bioinformatics/
btz265, PMID: 31329826

Minh BQ, Schmidt HA, Chernomor O, Schrempf D, Woodhams MD, von Haeseler A, Lanfear R. 2020. IQ-TREE 2:
New Models and Efficient Methods for Phylogenetic Inference in the Genomic Era. Molecular Biology and
Evolution 37: 1530-1534. DOI: https://doi.org/10.1093/molbev/msaa015, PMID: 32011700

Moniruzzaman M, Weinheimer AR, Martinez-Gutierrez CA, Aylward FO. 2020. Widespread endogenization of
giant viruses shapes genomes of green algae. Nature 588: 141-145. DOI: https://doi.org/10.1038/s41586-020-
2924-2, PMID: 33208937

Nakamura T, Yamada KD, Tomii K, Katoh K. 2018. Parallelization of MAFFT for large-scale multiple sequence
alignments. Bioinformatics 34: 2490-2492. DOI: https://doi.org/10.1093/biocinformatics/bty121, PMID:
29506019

Paez-Espino D, Zhou J, Roux S, Nayfach S, Pavlopoulos GA, Schulz F, McMahon KD, Walsh D, Woyke T,

Ivanova NN, Eloe-Fadrosh EA, Tringe SG, Kyrpides NC. 2019. Diversity, evolution, and classification of
virophages uncovered through global metagenomics. Microbiome 7: 157. DOI: https://doi.org/10.1186/
s40168-019-0768-5, PMID: 31823797

Potter SC, Luciani A, Eddy SR, Park Y, Lopez R, Finn RD. 2018. HMMER web server: 2018 update. Nucleic Acids
Research 46: W200-W204. DOI: https://doi.org/10.1093/nar/gky448, PMID: 29905871

Poulter RTM, Goodwin TJD. 2005. DIRS-1 and the other tyrosine recombinase retrotransposons. Cytogenetic
and Genome Research 110: 575-588. DOI: https://doi.org/10.1159/000084991, PMID: 16093711

Poulter RTM, Butler MI. 2015. Tyrosine Recombinase Retrotransposons and Transposons. Microbiology
Spectrum 3: 0036. DOI: https://doi.org/10.1128/microbiolspec. MDNA3-0036-2014, PMID: 26104693

Price MN, Dehal PS, Arkin AP. 2010. Fasttree 2--approximately maximum-likelihood trees for large alignments.
PLOS ONE 5: €9490. DOI: https://doi.org/10.1371/journal.pone.0009490, PMID: 20224823

Hackl et al. eLife 2021;10:e72674. DOI: https://doi.org/10.7554/eLife. 72674 19 of 20


https://doi.org/10.7554/eLife.72674
https://doi.org/10.1186/1471-2105-11-119
https://doi.org/10.1186/1471-2105-11-119
http://www.ncbi.nlm.nih.gov/pubmed/20211023
https://doi.org/10.1038/s41396-019-0565-y
http://www.ncbi.nlm.nih.gov/pubmed/31822788
https://doi.org/10.1073/pnas.0600833103
https://doi.org/10.1038/s41587-019-0072-8
http://www.ncbi.nlm.nih.gov/pubmed/30936562
https://doi.org/10.1038/540204a
http://www.ncbi.nlm.nih.gov/pubmed/27929010
https://doi.org/10.1016/j.coviro.2017.06.008
https://doi.org/10.1016/j.coviro.2017.06.008
http://www.ncbi.nlm.nih.gov/pubmed/28672161
https://doi.org/10.1093/bioinformatics/btm039
http://www.ncbi.nlm.nih.gov/pubmed/17309896
https://doi.org/10.1186/1745-6150-9-6
https://doi.org/10.1186/1745-6150-9-6
http://www.ncbi.nlm.nih.gov/pubmed/24773695
https://doi.org/10.1007/s00705-015-2622-9
http://www.ncbi.nlm.nih.gov/pubmed/26446887
https://doi.org/10.1093/ve/vew019
http://www.ncbi.nlm.nih.gov/pubmed/28694999
https://doi.org/10.1038/nature07218
http://www.ncbi.nlm.nih.gov/pubmed/18690211
https://doi.org/10.1101/gr.102582.109
http://www.ncbi.nlm.nih.gov/pubmed/20360389
https://doi.org/10.1371/journal.ppat.0020060
https://doi.org/10.1371/journal.ppat.0020060
http://www.ncbi.nlm.nih.gov/pubmed/16789841
https://doi.org/10.1093/bioinformatics/btp352
http://www.ncbi.nlm.nih.gov/pubmed/19505943
https://doi.org/10.1093/bioinformatics/bty191
https://doi.org/10.1093/bioinformatics/bty191
http://www.ncbi.nlm.nih.gov/pubmed/29750242
https://doi.org/10.1093/bioinformatics/btz265
https://doi.org/10.1093/bioinformatics/btz265
http://www.ncbi.nlm.nih.gov/pubmed/31329826
https://doi.org/10.1093/molbev/msaa015
http://www.ncbi.nlm.nih.gov/pubmed/32011700
https://doi.org/10.1038/s41586-020-2924-2
https://doi.org/10.1038/s41586-020-2924-2
http://www.ncbi.nlm.nih.gov/pubmed/33208937
https://doi.org/10.1093/bioinformatics/bty121
http://www.ncbi.nlm.nih.gov/pubmed/29506019
https://doi.org/10.1186/s40168-019-0768-5
https://doi.org/10.1186/s40168-019-0768-5
http://www.ncbi.nlm.nih.gov/pubmed/31823797
https://doi.org/10.1093/nar/gky448
http://www.ncbi.nlm.nih.gov/pubmed/29905871
https://doi.org/10.1159/000084991
http://www.ncbi.nlm.nih.gov/pubmed/16093711
https://doi.org/10.1128/microbiolspec.MDNA3-0036-2014
http://www.ncbi.nlm.nih.gov/pubmed/26104693
https://doi.org/10.1371/journal.pone.0009490
http://www.ncbi.nlm.nih.gov/pubmed/20224823

e Llfe Research article

Genetics and Genomics | Microbiology and Infectious Disease

Pritham EJ, Putliwala T, Feschotte C. 2007. Mavericks, a novel class of giant transposable elements widespread
in eukaryotes and related to DNA viruses. Gene 390: 3-17. DOI: https://doi.org/10.1016/j.gene.2006.08.008,
PMID: 17034960

Ronquist F, Huelsenbeck JP. 2003. MrBayes 3: Bayesian phylogenetic inference under mixed models.
Bioinformatics 19: 1572-1574. DOI: https://doi.org/10.1093/bioinformatics/btg180, PMID: 12912839

Rutherford K, Parkhill J, Crook J, Horsnell T, Rice P, Rajandream MA, Barrell B. 2000. Artemis: sequence
visualization and annotation. Bioinformatics 16: 944-945. DOI: https://doi.org/10.1093/bioinformatics/16.10.
944, PMID: 11120685

Schoenle A, Hohlfeld M, Rosse M, Filz P, Wylezich C, Nitsche F, Arndt H. 2020. Global comparison of bicosoecid
cafeteria-like flagellates from the deep ocean and surface waters, with reorganization of the family
cafeteriaceae. European Journal of Protistology 73: : 125665. DOI: https://doi.org/10.1016/j.ejop.2019.
125665, PMID: 31978633

Starrett GJ, Tisza MJ, Welch NL, Belford AK, Peretti A, Pastrana DV, Buck CB. 2021. Adintoviruses: A proposed
animal-tropic family of midsize eukaryotic linear dsDNA (MELD) viruses. Virus Evolution 7: veaa055. DOI:
https://doi.org/10.1093/ve/veaa055, PMID: 34646575

Stough JMA, Yutin N, Chaban YV, Moniruzzaman M, Gann ER, Pound HL, Steffen MM, Black JN, Koonin EV,
Wilhelm SW, Short SM. 2019. Genome and Environmental Activity of a Chrysochromulina parva Virus and Its
Virophages. Frontiers in Microbiology 10: 703. DOI: https://doi.org/10.3389/fmicb.2019.00703, PMID:
31024489

Sun C, Feschotte C, Wu Z, Mueller RL. 2015. DNA transposons have colonized the genome of the giant virus
Pandoravirus salinus. BMC Biology 13: 38. DOI: https://doi.org/10.1186/s12915-015-0145-1, PMID: 26067596

Tobaly-Tapiero J, Bittoun P, Lehmann-Che J, Delelis O, Giron ML, de Thé H, Saib A. 2008. Chromatin tethering
of incoming foamy virus by the structural Gag protein. Traffic 9: 1717-1727. DOI: https://doi.org/10.1111/].
1600-0854.2008.00792.x, PMID: 18627573

Wicker T, Sabot F, Hua-Van A, Bennetzen JL, Capy P, Chalhoub B, Flavell A, Leroy P, Morgante M, Panaud O,
Paux E, SanMiguel P, Schulman AH. 2007. A unified classification system for eukaryotic transposable elements.
Nature Reviews. Genetics 8: 973-982. DOI: https://doi.org/10.1038/nrg2165, PMID: 17984973

Yu G, Smith DK, Zhu H, Guan Y, Lam TT. 2017. GGTREE: an R package for visualization and annotation of
phylogenetic trees with their covariates and other associated data. Methods in Ecology and Evolution 8: 28-36.
DOI: https://doi.org/10.1111/2041-210X.12628

Yutin N, Raoult D, Koonin EV. 2013. Virophages, polintons, and transpovirons: a complex evolutionary network of
diverse selfish genetic elements with different reproduction strategies. Virology Journal 10: 158. DOI: https://
doi.org/10.1186/1743-422X-10-158, PMID: 23701946

Yutin N, Shevchenko S, Kapitonov V, Krupovic M, Koonin EV. 2015. A novel group of diverse Polinton-like viruses
discovered by metagenome analysis. BMC Biology 13: 95. DOI: https://doi.org/10.1186/512915-015-0207-4,
PMID: 26560305

Zhang KY, Gao YZ, Du MZ, Liu S, Dong C, Guo FB. 2019. Vgas: A Viral Genome Annotation System. Frontiers in
Microbiology 10: 184. DOI: https://doi.org/10.3389/fmicb.2019.00184, PMID: 30814982

Zhou J, Zhang W, Yan S, Xiao J, Zhang Y, Li B, Pan Y, Wang Y. 2013. Diversity of virophages in metagenomic data
sets. Journal of Virology 87: 4225-4236. DOI: https://doi.org/10.1128/JVI1.03398-12, PMID: 23408616

Hackl et al. eLife 2021;10:e72674. DOI: https://doi.org/10.7554/eLife. 72674 20 of 20


https://doi.org/10.7554/eLife.72674
https://doi.org/10.1016/j.gene.2006.08.008
http://www.ncbi.nlm.nih.gov/pubmed/17034960
https://doi.org/10.1093/bioinformatics/btg180
http://www.ncbi.nlm.nih.gov/pubmed/12912839
https://doi.org/10.1093/bioinformatics/16.10.944
https://doi.org/10.1093/bioinformatics/16.10.944
http://www.ncbi.nlm.nih.gov/pubmed/11120685
https://doi.org/10.1016/j.ejop.2019.125665
https://doi.org/10.1016/j.ejop.2019.125665
http://www.ncbi.nlm.nih.gov/pubmed/31978633
https://doi.org/10.1093/ve/veaa055
http://www.ncbi.nlm.nih.gov/pubmed/34646575
https://doi.org/10.3389/fmicb.2019.00703
http://www.ncbi.nlm.nih.gov/pubmed/31024489
https://doi.org/10.1186/s12915-015-0145-1
http://www.ncbi.nlm.nih.gov/pubmed/26067596
https://doi.org/10.1111/j.1600-0854.2008.00792.x
https://doi.org/10.1111/j.1600-0854.2008.00792.x
http://www.ncbi.nlm.nih.gov/pubmed/18627573
https://doi.org/10.1038/nrg2165
http://www.ncbi.nlm.nih.gov/pubmed/17984973
https://doi.org/10.1111/2041-210X.12628
https://doi.org/10.1186/1743-422X-10-158
https://doi.org/10.1186/1743-422X-10-158
http://www.ncbi.nlm.nih.gov/pubmed/23701946
https://doi.org/10.1186/s12915-015-0207-4
http://www.ncbi.nlm.nih.gov/pubmed/26560305
https://doi.org/10.3389/fmicb.2019.00184
http://www.ncbi.nlm.nih.gov/pubmed/30814982
https://doi.org/10.1128/JVI.03398-12
http://www.ncbi.nlm.nih.gov/pubmed/23408616

	Virophages and retrotransposons colonize the genomes of a heterotrophic flagellate
	Introduction
	Results
	Endogenous virophages are abundant in ﻿Cafeteria﻿ genomes
	EMALEs are genetically diverse
	Core gene conservation and non-homologous gene replacement in EMALEs
	﻿Cafeteria﻿ strains differ in their EMALE composition
	EMALEs are predicted to be functional and mobile
	Tyrosine recombinase retrotransposons integrate into EMALEs

	Discussion
	Materials and methods
	﻿C. burkhardae﻿ cultures and genome sequencing
	Detection and annotation of EMALEs
	Detection of Ngaro retrotransposons
	Nucleotide contributions of EMALEs and Ngaros to ﻿Cafeteria﻿ genomes
	Codon usage analysis
	Assignment of EMALE and Ngaro types
	Phylogenetic analysis of EMALE and Ngaro proteins
	Comparative analysis of integration sites and their genomic context
	Prediction of putative EMALE promoter motifs
	Validation of EMALE assemblies by PCR and Sanger sequencing
	Effect of retrotransposon integration into EMALEs


	Acknowledgements
	Additional information
	﻿Funding
	Author contributions
	Author ORCIDs
	Decision letter and Author response

	Additional files
	Supplementary files

	References


