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DNA transposons are mobile genetic elements that have 
shaped the genomes of eukaryotes for millions of years, 
yet their origins remain obscure. We discovered a 
virophage that, on the basis of genetic homology, likely 
represents an evolutionary link between double-stranded 
DNA viruses and Maverick/Polinton eukaryotic DNA 
transposons. The Mavirus virophage parasitizes the giant 
Cafeteria roenbergensis virus and encodes 20 predicted 
proteins, including a retroviral integrase and a protein-
primed DNA polymerase B. On the basis of our data we 
conclude that Maverick/Polinton transposons may have 
originated from ancient relatives of Mavirus, and thereby 
influenced the evolution of eukaryotic genomes, although 
we cannot rule out alternative evolutionary scenarios. 

Transposable elements (TEs) affect the genetic landscape of 
eukaryotes by creating new alleles, influencing gene 
regulation and rearranging chromosome structure (1). TEs 
can be divided into retrotransposons and DNA transposons. 
DNA transposons are further categorized into cut-and-paste 
TEs, rolling-circle TEs, and the self-synthesizing Maverick or 
Polinton (MP) TEs [(2) and references therein]. MP TEs are 
9-22 kilobase pairs (kb) long, encode up to 20 proteins, and 
are found in a wide range of eukaryotes, including protists, 
fungi, and animals (3–6). Their coding capacity varies among 
species, yet they contain a conserved set of genes (4, 5). Most 
MP TEs encode a retroviral integrase, a viral protein-primed 
DNA polymerase B, an ATPase similar to the FtsK-HerA 
genome packaging ATPases of double-stranded (ds) DNA 
viruses, and a cysteine protease with homologs in 
adenoviruses. Another protein termed PY, which is frequently 
encountered in MP TEs (4), shows structural similarity to the 
major capsid protein of phycodnaviruses (7). Because MP 
TEs genetically resemble viruses of the bacteriophage PRD1-
adenovirus lineage (8), a viral origin of these transposons has 
been proposed (5, 7), although a retroviral integrase in 
combination with the PRD1-adenoviral genes, as found in 
MP TEs, is not known in viruses. 

The giant Cafeteria roenbergensis virus (CroV), with a 
730 kb genome (9), replicates in the marine phagotrophic 

flagellate C. roenbergensis. We have discovered a much 
smaller virus associated with CroV infection (fig. S1) (10), 
which we named Mavirus (for Maverick virus). CroV 
production and host cell lysis were reduced by Mavirus 
infection (table S1), and Mavirus was not able to replicate in 
the absence of CroV, as demonstrated by quantitative PCR 
(table S2). We therefore classify Mavirus as a virophage 
sensu La Scola et al. (11), who coined the term 'virophage' in 
reference to Sputnik, a true virus parasite of Mimivirus. 
According to this definition, virophages are predicted to have 
no nuclear phase in their infection cycle, to replicate in the 
virion factory of their host virus, and to be dependent on 
enzymes provided by their host virus, rather than by the host 
cell (11, 12). The discovery of Mavirus suggests that 
virophages may be a common phenomenon. The Mavirus 
genome (Fig. 1A) is a 19,063 base pair (bp) circular dsDNA 
molecule with a G+C content of 30.26% and 20 predicted 
protein-coding sequences (CDSs) of an average length of 883 
nucleotides (nt), resulting in a genome coding density of 
92.6%. A nearly perfect inverted repeat of ~50 bp was 
situated in the intergenic region between CDSs MV20 and 
MV01. This region has the potential to adopt a hairpin 
structure with a 43 bp stem and a 15 nt loop (Fig. 1B). The 
adenine at the top of the loop was designated position 1 of the 
genome. Analysis of the intergenic regions revealed a 
conserved promoter motif (fig. S2) preceding all 20 CDSs 
that is highly similar to a putative late promoter motif in 
CroV (9). This implies that Mavirus gene expression is 
governed by the transcription machinery of CroV during the 
late stage of infection. Ten Mavirus CDSs showed sequence 
similarity to proteins from eukaryotes, bacteria, retroviruses, 
and dsDNA viruses including at least four genes found in 
Sputnik (table S3, fig. S3). Mavirus and Sputnik have 
homologous genes encoding a capsid protein (fig. S4), a 
predicted DNA-pumping ATPase (fig. S5), a predicted 
cysteine protease (fig. S6), and a predicted GIY-YIG 
endonuclease/Zn-ribbon protein (fig. S3); however, the 
integrases and promoter motifs (13) of the virophages are 
unrelated. Indeed, about 80% of the CDSs appear unrelated, 
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suggesting that any evolutionary connection between these 
viruses must be ancient. 

In contrast, a closer evolutionary relationship exists 
between Mavirus and MP TEs, which share seven 
homologous CDSs (Fig. 1A). One of the most conserved 
genes in MP TEs is the rve-superfamily retroviral integrase 
(rve-INT; Pfam entry PF00665, 1e-16) (3–5), that contains a 
conserved CHROMO domain (PF00385, 5e-04) of ~60 amino 
acids capable of interacting with chromatin (14, 15). Usually, 
rve-INTs are expressed as part of the POL polyprotein, but in 
eukaryotes they can occur independently of retroelements in 
the form of Ginger DNA transposons (16) and cellular (c-) 
integrases (15). MP TE-encoded c-integrases are the closest 
relatives to Mavirus protein MV02 (fig. S7). Another highly 
conserved gene found in MP TEs and Mavirus (MV03) is the 
predicted protein-primed DNA polymerase B (PolB) (fig. 
S8). For both rve-INT and PolB sequences, the closest 
identified relatives to Mavirus were found in a genomic 
contig of the slime mold Polysphondylium pallidum, which 
contains a MP-like element that is partially syntenic to 
Mavirus (Fig. 1C). This putative MP TE is truncated and 
consequently, no terminal-inverted repeats or target-site 
duplications were identified. A search for Mavirus-like 
promoter signals in P. pallidum was also unsuccessful. An 
additional Mavirus CDS with homologs in MP TEs is MV15, 
which bears Walker A, Walker B, and P9/A32-specific motifs 
that define the DNA-pumping ATPases of the FtsK-HerA 
clade found in membrane-containing DNA viruses and MP 
TEs (fig. S5) (17). The adjacent CDS, MV16, encodes a 
predicted adenoviral cysteine protease with its closest 
homologs in Sputnik, MP TEs, and giant viruses (fig. S6). 
Homologs to three additional Mavirus genes, the superfamily 
3 helicase, the major capsid protein, and MV19 which is 
similar to a cell wall surface anchor family protein from 
Bdellovibrio bacteriovorus, are occasionally encoded by MP 
TEs (4, 5, 7). Furthermore, both Mavirus and MP TEs have 
similar genome lengths (19 kb and 15-20 kb, respectively) 
and genome structures. MP TEs have terminal-inverted 
repeats of several hundred nucleotides in length and highly 
conserved ends that start with 5′-AG and end with CT-3′ (4). 
Similarly, cutting the circular genome of Mavirus between 
nucleotides 19,063 and 1 (Fig. 1B) would result in a linear 
DNA molecule with 5′-AG and CT-3′ termini, as well as 50 
bp terminal-inverted repeats. 

The observed parallels in genome length, genome 
structure, and gene content to MP TEs in general, as well as 
the sequence similarity and partial synteny to the MP-like 
element in P. pallidum in particular, imply that Mavirus and 
MP TEs have evolved from a common ancestor. The genetic 
similarities of these transposons and dsDNA viruses have 
spawned various evolutionary hypotheses such as that MP 
TEs are derived from a linear plasmid (4), and that MP TEs 

and viruses of the PRD1-adenovirus lineage have evolved 
from a common ancestral virus (5, 7). Additionally, the origin 
of nucleocytoplasmic large DNA viruses has been linked to 
MP TEs (18). Although one can envision a number of 
scenarios that would explain the genetic homology between 
Mavirus and MP TEs, two that would appear to be most 
likely candidates are that Mavirus was derived from an 
escaped TE, or that MP TEs arose from the endogenization of 
an ancient relative of Mavirus. The first scenario is 
problematic because it requires multiple gene capture events 
by MP TEs from various sources. For example, the integrase 
would have to be acquired from a retroelement, whereas the 
cysteine protease and FtsK-HerA-like ATPase would have 
originated in a DNA virus. In addition, the first scenario fails 
to explain the genetic (figs. S3-S6) and phenotypic 
similarities between Mavirus and Sputnik, as well as the 
dependency of Mavirus on CroV. A more parsimonious 
explanation is that a Mavirus ancestor (MVA) gave rise to 
MP TEs. This may have occurred in an early eukaryote 
susceptible to infection by a large DNA virus (LDNAV) that 
coevolved with the MVA (Fig. 2). MVA replicated by 
parasitizing the virion factory of LDNAV and interfered with 
its propagation, much as occurs in the CroV-Mavirus and 
Mimivirus-Sputnik systems. The interference of MVA with 
LDNAV replication led to increased survival of the host-cell 
population, and selection on the host cell to stabilize the 
relationship with MVA. In turn, the dependence of MVA on 
LDNAV replication provided strong selection for MVA to be 
closely associated with the LDNAV host. The fortuitous 
acquisition of an integrase gene by MVA provided a 
mechanism for integration into the cellular genome, which 
may have conferred protection against infection by LDNAV, 
and selective pressure for MVA to spread throughout the 
host-cell population. Selection for this viral defense system in 
early eukaryotes and repeated endogenization of various 
virophages in different eukaryotic lineages, combined with 
accumulation of mutations, intragenomic expansion, and 
partial or complete loss of the provirophage in some lineages 
may have led to the current diversity and widespread, albeit 
patchy, taxonomic distribution of MP DNA transposons (Fig. 
2) (4, 5). 

In addition to their genetic similarities, the evolutionary 
relationship between Mavirus and MP TEs is supported by 
other observations. First, the integrases of Mavirus and MP 
TEs are closely related, suggesting that an ancestor of the 
Mavirus integrase could have catalyzed the insertion of DNA 
into a eukaryotic genome. We could, however, not detect 
endogenous forms of Mavirus in uninfected C. roenbergensis 
by polymerase chain reaction with Mavirus-specific primers. 
Second, Mavirus, as its ancestors presumably did, uses 
clathrin-mediated endocytosis to enter the host cell 
independently of its host virus, as shown by thin-section EM 
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(fig. S1). This suggests that Mavirus can associate with the 
host cell even in the absence of a host virus. Third, Mavirus 
interferes with CroV propagation and increases the survival 
of the host-cell population (table S1); hence eukaryotes that 
are susceptible to infection by giant viruses will gain a 
selective advantage if they can associate themselves with 
virophages. The directionality of the proposed viral 
transposogenesis is also supported by the shared promoter 
motif of Mavirus and CroV. It is hard to envision a 
mechanism that would have led to the de novo development 
from a transposon to the observed host-virus dependence, 
while it is conceivable that the promoter sequence 
degenerated after a MVA integrated into the host cell 
genome. In the light of recently described endogenous viruses 
(19), the discovery of Mavirus reveals a further facet of the 
intricate genetic interactions between viruses and cellular life. 
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Fig. 1. (A) Genome diagram of the Mavirus virophage, 
indicating predicted protein functions. Circles from outermost 
to innermost represent protein-coding sequences (CDSs) on 
the forward strand, CDSs on the reverse strand, and G+C 
content (relative to the average of 30.26%). Conserved MP 
genes are shown in red; genes that are occasionally encoded 
by MP TEs are shown in blue. The FNIP/IP22 repeat-
containing gene is shown in pink, additional genes with 
functional annotations are shaded yellow. A hairpin structure 
indicates the position of the inverted repeat upstream of CDS 
MV01. (B) DNA sequence and predicted secondary structure 
of the inverted repeat upstream of MV01. The first and last 
bases of the genome are numbered. (C) Gene organization of 
Mavirus (linear view of the circular genome) and of a 
truncated MP transposon in the slime mold P. pallidum. 
Homologous genes have the same color and syntenic regions 
are shown in green. 

Fig. 2. Hypothesis for the origin of the Maverick/Polinton 
class of DNA transposons. (1) The infection cycle of a lytic 
large DNA virus (LDNAV). After virus entry, the virion 
factory (VF) produces progeny virions that are released 
during cell lysis. (2) A virophage (the Mavirus ancestor, 
MVA) is dependent on coinfection with the LDNAV and 
negatively affects its lytic infection cycle. The survival rate of 
the eukaryotic host population is increased by the MVA. (3) 
Using its integrase, the MVA inserts its genome into the host 
cell chromosome. (4) Over millions of years, the 
provirophage is vertically transmitted, accumulates 
mutations, expands horizontally in some eukaryotic lineages 
(e.g., Trichomonas vaginalis (5)), or suffers partial or 
complete loss in other lineages (e.g., Ascomycota (4)). (5) 
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These evolutionary processes are complemented by repeated 
endogenization of Mavirus-like virophages and result in the 
observed distribution and diversity of MP TEs. (6) Of 
presumably multiple ancient lineages of virophages, only the 
one from which Mavirus descended gave rise to the MP TEs. 
The Sputnik virophage has probably evolved from a different 
lineage, and many others may remain to be discovered. 

 






