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Abstract

Viruses are notorious for rapidly exchanging genetic information between
close relatives and with the host cells they infect. This exchange has profound
effects on the nature and rapidity of virus and host evolution. Recombina-
tion between dsDNA viruses is common, as is genetic exchange between
dsDNA viruses or retroviruses and host genomes. Recombination between
RNA virus genomes is also well known. In contrast, genetic exchange across
viral kingdoms, for instance between nonretroviral RNA viruses or ssDNA
viruses and host genomes or between RNA and DNA viruses, was previ-
ously thought to be practically nonexistent. However, there is now growing
evidence for both RNA and ssDNA viruses recombining with host dsDNA
genomes and, more surprisingly, RNA virus genes recombining with ssDNA
virus genomes. Mechanisms are still unclear, but this deep recombination
greatly expands the breadth of virus evolution and confounds virus taxonomy.
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INTRODUCTION

Virus Classification

In 1971, David Baltimore presciently proposed six classes of viruses based on the form of their
packaged genomes and the mechanism they use to make mRNA. This classification is widely used
to this day (10) (Figure 1). Negative-strand ssRNA viruses, like Ebola virus, are Class V; dsDNA
viruses, like camelpox virus, are Class I. The remaining four classes are ssDNA viruses (Class II),
positive-strand ssRNA viruses (Class IV), dsRNA viruses (Class III), and retroviruses, which
replicate using reverse transcription (Class VI). There appears to be considerable recombination,
both homologous and illegitimate, between closely related viruses, much less between viruses of
different families, and practically none between different classes of viruses (11).

Chimeric Viruses

A chimeric or hybrid virus refers to a virus that is composed of genetic parts from two different
parent viruses (see sidebar, Chimera Versus Hybrid). The term chimeric or chimera virus has
been widely used to describe the cause of the next fictional pandemic (1–4) as well as some very
promising vaccine candidates (5–7). Chimeric viruses tend to appear in fiction as a force that will

mRNA 
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Class V 

Host DNA genome 

? 

Video  CLICK TO VIEW

Figure 1
Schematic of different virus classes [after Baltimore 1971 (10)] and the integration of some viruses into
cellular genomes. Black arrows represent DNA. Red arrows represent RNA. Blue hexagons represent virus
capsids. Blue arrows represent virus replication mechanisms to produce mRNA for protein translation. Gray
arrows represent integration into the host genome, with the thickness of the arrow representing the gross
frequency of recombination. The recombination arrow from Class VI viruses, the retroviruses, proceeds
through a dsDNA intermediate. Recombination between ssDNA viruses (Class II) and dsDNA genomes
may proceed through dsDNA (lower arrow) or directly as ssDNA (upper arrow) (55). Recombination between
Class V and Class III viruses is probably mediated by cellular retrotransposons (see Figure 2). For an
animation of the schematic, see Video 1 or download a PowerPoint slideshow.
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CHIMERA VERSUS HYBRID

The Chimera is a fire-breathing creature of Greek legend with the body of a goat between the head of a lion and
the tail of a snake. In biology, a chimera is an organism made up of cells derived from two different zygotes. For
example, in the generation of a transgenic mouse, an embryonic stem cell derived from one mouse is injected into
the blastocyst of another mouse with a different genetic background, and a chimeric mouse then develops. Molecular
chimeras can be formed by polymerase chain reaction (PCR) as a product derived from two different sources. This
is a significant problem in PCR-based surveys of molecular diversity. Apparent diversity could have been generated
by the PCR reaction itself and not by actual underlying diversity. For this reason, standard procedures require a
check for molecular chimeras.

A hybrid, on the other hand, generally describes the product of mating between two genetically different indi-
viduals of the same or similar species. These hybrids may or may not be reproductively viable. The classic example
of a hybrid animal is the mule.

kill off most humans and possibly all life on this planet unless some charismatic hero or heroine
saves us all. The chimeric viruses used in vaccines are recombinant combinations of genes from
closely related viruses—in the case of ChimeriVax, from different flaviviruses (6). A virus is typically
described as chimeric when it is derived from viruses that otherwise infect different hosts. The
most famous, or infamous, chimeric viruses are the influenza viruses, which often undergo genome
reassortment, whereby genome segments from different influenza viruses are incorporated into
a new influenza virus with a different host range, immune reactivity, pathogenicity, or all of the
above (8). The genome reassortment process in influenza is well understood and bears superficial
conceptual resemblance to independent assortment of eukaryotic chromosomes. Some more far-
fetched fictional examples are chimeras of Ebola virus and camelpox virus (2). This combination
seems particularly unlikely given that Ebola virus is a negative-strand ssRNA virus that replicates
in the absence of a DNA intermediate (Class V) and camelpox (like all poxviruses) is a dsDNA virus
that encodes its own DNA replicase and does not replicate its genome using an RNA intermediate
(Class I). Until the past few years, it was thought that RNA viruses did not recombine at all with
DNA viruses (9).

Recombination of Virus Genomes with Host Genomes

Most retroviruses must integrate into cellular genomes in order to replicate, so there is extensive
evidence of retroviruses and retroviral elements in many genomes. For instance, up to 8% of
the human genome is clearly derived from retrovirus insertion (12). On the flip side, many, if
not most, of the oncogenic retroviruses—also known as RNA tumor viruses—have incorporated
host oncogenes into their genomes. It is also not surprising that there is extensive evidence of
dsDNA viruses or their genes in cellular dsDNA genomes; almost all known genomes contain such
proviruses (13). Moreover, there is extensive recombination, both homologous and illegitimate,
between different dsDNA viruses, particularly the tailed bacteriophages (14–17). Until recently,
there was little to no evidence for insertion of either nonretroviral RNA viruses or ssDNA viruses
into cellular DNA.

However, evidence is now emerging for nonretroviral RNA and ssDNA virus genomes that
have integrated at least in part into cellular dsDNA genomes. Moreover, a number of recently
discovered ssDNA viruses appear to have acquired RNA genes by recombination with coinfecting
RNA viruses (9, 18–20). This review examines these examples, explores potential mechanisms for
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this deep recombination, and proposes future work to determine the prevalence and provenance
of these chimeric viruses.

UNEXPECTED VIRUS GENES IN CELLULAR GENOMES

RNA Virus Genomes in Cellular Genomes

In the mid-1970s Zhdanov and coworkers (21–23) reported the presence of measles, tick-borne
encephalitis, and Sindbis viruses—viruses that use only RNA for replication—incorporated into
cellular dsDNA genomes. All were in long-term [as long as 15 years (23)] cell culture systems. The
presence of genomic DNA copies of RNA viruses was confirmed by DNA-RNA hybridizations
and CsCl gradients. The authors predicted that the genomes of these RNA viruses had been incor-
porated by the activity of reverse transcriptases from coinfecting retroviruses (21). Unfortunately,
their experiments were apparently difficult to reproduce and were widely ignored (24, 25). How-
ever, these early reports were corroborated, at least in part, almost 25 years later with the advent of
polymerase chain reaction (PCR) amplification and whole-genome sequencing. First, DNA com-
plementary to the genome of lymphocytic choriomeningitis virus (LCMV), a segmented ssRNA
virus, was found in mouse spleen DNA by PCR after infection, but no RNA could be detected
(26). As anticipated by Zhdanov, the incorporation of RNA into DNA was inhibited by the pres-
ence of the reverse transcriptase inhibitor azidothymidine (26). For LCMV the process appears to
include recombination with a retrotransposon (27). About 50% of the genome of a flavivirus-like
(positive-strand ssRNA) virus was found in mosquito dsDNA genomes also using PCR (25).

With the advent of whole-genome sequencing, a number of extensive bioinformatics searches
have been undertaken to determine whether RNA virus sequences are present in cellular genomes.
Importantly, given the fragmented nature of many host genome sequences and the ease of contam-
ination, the best studies have also confirmed junctions between RNA virus–like sequences and the
cellular genome. For instance, Taylor & Bruenn (28) found a number of totivirus-like sequences
in diverse fungal genomes (28). Totiviruses are very simple dsRNA viruses that encode an RNA-
dependent RNA polymerase and a capsid protein. Similarly, many partitivirus-like sequences were
found in plant genomes, including in the model plant Arabidopsis thaliana; partitiviruses are also
dsRNA viruses (29). In 2010, three independent bioinformatics studies found multiple nonretro-
virus RNA virus–like sequences in animal, particularly vertebrate, genomes (30–32).

Bornavirus-like sequences in cellular genomes. The most common RNA virus–like sequences
found in mammalian genomes are similar to bornavirus genes. Bornaviruses are negative-strand
enveloped ssRNA viruses that, unusually for RNA viruses, replicate exclusively in the nucleus of
host cells (reviewed in 33). The mRNA from the N protein gene and, less frequently, the P protein
gene from bornaviruses seems to have been incorporated into diverse animal genomes, from
primates to insects (30–33). By phylogenetic analysis, the integration event seems to have taken
place independently in each lineage. One insertion, in the thirteen-lined ground squirrel, seems
to have occurred quite recently. By contrast, some of the insertions seem to have taken place in
common ancestors of current genomes more than 65 million years ago. Horie et al. (30) also showed
that in cell cultures stably infected with bornaviruses, the N protein gene incorporates into different
places in the host genome. However, they were not able to detect integration during infection (33).

Filovirus-like sequences in cellular genomes. In addition to bornavirus-like sequences,
filovirus-like sequences were also detected in host genomes by bioinformatics surveys of
vertebrate genomes (31, 34). Filoviridae is infamous for being the virus family that includes Ebola
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virus. Five vertebrate genomes have been found to contain sequences similar to the filovirus
N protein gene, three with sequences similar to the filovirus GP35 gene, and one with a sequence
similar to the filovirus L protein gene (31). Like bornaviruses, filoviruses are negative-strand
enveloped ssRNA viruses, but unlike bornaviruses, they replicate in the cytoplasm of infected
host cells. Filovirus-like sequences have been found in a broad range of mammals, including
many that are not known to be filovirus hosts (32, 34).

How Do RNA Virus Sequences Get Into Cellular DNA Genomes?

The insertion of partial RNA virus genomes into host genomes is thought to proceed through
the activity of endogenous retroelements, similar to integration of processed pseudogenes (35,
36). This model is based on the presence of poly(A) sequences adjacent to RNA virus genes
in host genomes as well as terminal direct repeat (TDR) sequences flanking them, as would be
expected if integration were mediated by LINE-1 (33, 35) (Figure 2). Bornaviruses replicate in
the nucleus, potentially giving them ample opportunity to integrate into the genome or associate
with endogenous retroelements. That single, highly expressed genes are incorporated supports
the LINE-1-mediated integration model. The mechanisms for the integration of other RNA
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Video  CLICK TO VIEW

Figure 2
Proposed LINE-1-mediated mechanism of integration of RNA virus genes into host genomes. LINE-1
elements in the host genome (blue rectangle) are transcribed into mRNA (red line). The resulting mRNAs are
exported to the cytoplasm, where they combine with ORF1 (light blue circles) and ORF2 (orange ovals), the
products of the two LINE-1 open reading frames. These complexes can be either relocated to stress granules
or reimported back into the nucleus (blue arrows), where they can recombine with the host genome (dark gray
lines) by reverse transcription. RNA viruses ( green hexagon) infect the cell and produce mRNA (orange lines)
that can bind to the ORF products of LINE-1 and be imported to the nucleus for reverse transcription or,
possibly, relocated to stress granules ( green arrows). For an animation of the mechanism, see Video 2 or
download a PowerPoint slideshow.
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virus genomes or parts thereof into host cellular genomes are less clear but must involve a reverse
transcriptase. Curiously, most of the exogenous viral elements (EVEs) found by Katzourakis &
Gifford (32) in insects did not have TDRs or poly(A) sequences. However, this lack may be due
to different retrotransposon activities in the host genomes, which may not generate TDRs or
produce flanking poly(A) sequences (37).

The prevailing model for LINE-1 retrotransposition, target-primed reverse transcription,
has multiple steps (38) (Figure 2). First, the LINE-1 element is transcribed into mRNA; the
mRNA is then transported to the cytoplasm, where both open reading frames (ORFs), ORF1
and ORF2, are translated. Next, the gene products assemble on the LINE-1 mRNA and are
imported back into the nucleus. There, the product of LINE-1 ORF2, an endonuclease/reverse
transcriptase, makes a nick in the genome at a poorly conserved target site (5′-TTTT/AAA-3′)
(39, 40). The thymidine residues in the DNA then pair with the poly(A) tail of the LINE-1
mRNA. The reverse transcriptase activity of LINE-1 ORF2 makes a DNA copy of the LINE-1
mRNA using the 3′-OH generated by the nick as a primer. After that, the second strand is made,
presumably by the product of LINE-1 ORF2. The dsDNA is subsequently inserted into the host
genome. Finally, any gaps generated by the nicking process are repaired by cellular DNA repair
machinery. If the nick is downstream of the site used for reverse transcription, then a target site
duplication or TDR is created, but if the nick is upstream, the target site could be deleted (37).

Subcellular compartments or foci containing RNA and RNA-binding proteins have been im-
plicated as being extremely important for RNA processing and translation, as well as for LINE-
1-mediated retrotransposition and the control thereof (41). The best known of these foci are the
stress granules and perinuclear (P) granules. An excellent review on the positive and negative
interplay between these granules and viruses was published recently (42). It is possible that bor-
naviruses and filoviruses disrupt stress and/or P granules in a manner that leads to the mRNAs of
these viruses being integrated into the genome as EVEs more frequently than are those of other
viruses. Curiously, there seems to be more LINE-1 activity in aging cells (43). Thus, there could
be more RNA virus insertion in aging somatic cells than in younger ones.

An alternative putative mechanism for integration of RNA viruses into host genomes is that
RNA recombination occurs between viral RNA and the mRNA of a retrotransposon before the
retrotransposon is converted to DNA. This process seems to have occurred in grapevines (44) and
in cells infected with LCMV (27).

Why Are RNA Virus Sequences Maintained in Host Genomes?

Curiously, of the nonretroviral RNA viruses, sequences similar only to bornaviruses and filoviruses
are found in vertebrate animal genomes, despite the wide net cast in bioinformatics studies (31).
This immediately raises the question of why bornavirus-like and filovirus-like RNAs are incor-
porated or maintained in host genomes to the exclusion of sequences from other viruses. The
proposed mechanism, LINE-1-mediated insertion (30, 31, 33) (Figure 2), predicts that many dif-
ferent RNAs, both cellular and viral, would be incorporated. It may be that all virus sequences that
are not positively selected are lost. The presence of presumably unselected cellular pseudogenes
and the absence of viral pseudogenes, however, argue against this. A more likely hypothesis is that
the integrated RNA virus gene provides defense against future infection by the same or a similar
virus. A clear example of this is bees harboring parts of the Israeli acute paralysis virus (a positive-
strand ssRNA virus) in their genomes. Bees that had incorporated some part of the structural
genes of the viral genome were resistant to future infection (45). Whether other EVEs also confer
resistance is less clear (33, 46). Given the severe outcomes of diseases caused by filoviruses and bor-
naviruses, there could be considerable selective pressure for maintenance of genes that protect from
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infection. In Drosophila, RNA virus infection leads to production and genome insertion of small
cDNA fragments that can modulate virus infection through RNA interference (47). Thus it appears
that reverse transcription of RNA viruses, even those that are not retroviruses, is quite prevalent.

It is possible, if not probable, that there are many other RNA virus genomes, or fragments
thereof, that were inserted into host genomes and have since mutated beyond recognition. In
addition, only a very small proportion of the viruses in the biosphere have been characterized
(48–50). All of the studies published to date on EVEs used database searches of known virus
genomes to find these integrated viruses. If there is no annotated sequence in the database, then
an integrated virus will escape detection. It is unclear how many integrated viruses are missed in
this way, but the number could be vast.

ssDNA Virus Genomes in Host Genomes

Similar to RNA virus genomes, there are a few examples of either complete or partial ssDNA
virus genomes in host genomes. The best characterized of these are the parvoviruses (51). Due to
its use in gene therapy, probably the most studied of the parvoviruses is adeno-associated virus 2
(AAV2) (52). AAV2 integrates its complete genome into human chromosome 19 (53). Similarly,
the ssDNA bacteriophage that encodes cholera toxin in Vibrio cholerae (CTXϕ) also inserts into
the host genome (54, 55). In addition to genes from parvoviruses (56, 57), bioinformatics surveys
of animal genomes for ssDNA virus–like sequences have found a gene similar to the circovirus
rolling circle replication initiation protein (Rep) gene (32) (Figure 3). Circoviruses are small
circular ssDNA viruses common in numerous and diverse environments (58, 59). A broad survey
of other eukaryotic genomes (60) also found many ssDNA Rep gene homologs, but very few capsid
protein gene homologs, in eukaryote genomes. One major caveat of this and other bioinformatics
studies is that capsid protein genes are notoriously difficult to identify by sequence similarity
searches (61).

Mechanism of ssDNA Virus Insertion into Host Genomes

Parvoviruses are proposed to integrate at host genome sequences similar to their viral replication
origins (62). The proposed mechanism for incorporation of circovirus rep sequences is analogous:
There is a DNA sequence in the host genome that is similar to the origin of replication of the
circovirus genome (hairpin loop), and this feature is recognized by the Rep protein (60) (Figure 3).
In contrast, microviruses, ssDNA viruses of bacteria, have been proposed to integrate in a manner
similar to the ssDNA cholera phage, by harnessing the cellular XerC/D mechanism normally used
for resolution of chromosome dimers after replication (55, 63).

HYBRID OR CHIMERIC VIRUSES

In addition to these examples of ssDNA and nonretroviral RNA virus genes and genomes that
have been incorporated into cellular genomes, there are a few examples of ssDNA and RNA virus
genes that have recombined with other virus genomes.

ssDNA Virus Genes in dsDNA Virus Genomes

Much like in cellular dsDNA genomes, there are a few examples of ssDNA virus–like sequences
in dsDNA virus genomes. A parvovirus Rep gene homolog was found in the sequence of human
herpesvirus 6 (HHV-6), but not in the very closely related HHV-7 (64). The HHV-6 gene, U94,
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a b

Figure 3
Replication of circular ssDNA viruses and possible insertion of RNA. Blue represents newly replicated
DNA. (a) Replication of ssDNA viruses. After infection, the ssDNA virus genome is made into dsDNA by
cellular DNA polymerases. The dsDNA is cut by the Rep protein ( purple arrowhead ), and the 5′ end of the
nontemplate strand is covalently attached to a conserved tyrosine in Rep. The 3′-OH generated by Rep
provides a primer for cellular DNA polymerases that replicate around the genome until a complete genome
has been made. At this point Rep reverses its activity, a covalently closed DNA genome is released, and the
process repeats. (b) RNA capture. RNA (red ) could be incorporated into the ssDNA genome at the first step
of replication by serving as a primer for second-strand synthesis. RNA could also be used as the primer for
ssDNA synthesis and either become covalently attached to Rep or be incorporated at the end of replication.
Figure modified with permission from Stedman (75).

can complement AAV2 rep mutants (65). The U94 gene product is thought to act in the latent
phase of infection and may protect against infection by other herpesviruses (66). It may also
be involved in integration of the HHV-6 genome into the host genome (67). The sequence of
rat cytomegalovirus, a betaherpesvirus, also contains a homolog of the parvovirus rep gene (68).
Similar to HHV-6, only the rat cytomegalovirus contains this gene; other cytomegaloviruses do
not. Last but not least, canarypox virus was found to contain a rep-like gene similar to that found
in circoviruses (69), but this gene is not present in other closely related poxviruses.

The presence of integrated ssDNA virus rep genes in poxvirus and herpesvirus genomes con-
founds virus metagenome analyses (see sidebar, Metagenomes and Metaviromes). Many of these
analyses report the presence or absence of different virus families in environmental virus as-
semblies by sequence similarity of metagenomic reads to annotated database sequences (70, 71).
Hits to poxvirus or herpesvirus sequences may in fact be due to sequences similar to the inte-
grated circovirus rep homolog in canarypox and parvovirus rep homologs in herpesviruses. Thus
metagenome analyses indicating the presence of poxviruses and herpesviruses in a virus assemblage
need to be checked carefully to determine whether the sequences are similar to multiple viruses
from each of these families or just to canarypox, HHV-6, and rat cytomegalovirus. If the latter,
then the sequences in the metagenome are more likely derived from an ssDNA virus than from a
dsDNA virus.
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METAGENOMES AND METAVIROMES

A metagenome is nucleic acid sequence data from an environmental sample. A metavirome or viral metagenome,
terms that are used interchangeably, is nucleic acid sequence data collected from a virus-enriched sample (89).
Generally, viral metagenomes contain so little biomass that the nucleic acid must be amplified before sequence
data can be obtained. Amplification clearly generates some biases, such as the overrepresentation of circular ssDNA
virus genomes (90) when using multiple displacement amplification. Metagenomes provide a partial snapshot of a
community under certain conditions. Most viral metagenomes have extremely high diversity, such that complete
genomes can only rarely be assembled (48, 49).

RNA Virus Genes in ssDNA Virus Genomes

More surprising than the presence of ssDNA virus sequences in dsDNA virus genomes was the
discovery of RNA virus sequences in putative ssDNA virus genomes (9). RNA virus–like sequences
in DNA virus metagenomes were reported in two separate instances (72, 73), but these sequences
either were not discussed (72) or were explicitly stated to be contamination (73). The lack of
previous assignment of these sequences is probably due to the massive diversity present in both virus
metagenomes (49), making assembly of larger sequences problematic. However, a clear instance
of an ssDNA virus genome containing an RNA virus–derived gene was the result of assembly
of a low-diversity metavirome from an acidic hot lake. This ssDNA virus genome appeared to
have recombined with a capsid protein gene from an RNA virus (9). The authors called this
genome Boiling Springs Lake RNA-DNA hybrid virus (BSL-RDHV) and noted that similar
partial sequences, including sequence resembling genes for both capsid protein and ssDNA Rep,
were present in three marine metagenomic data sets (9). Since then, two more complete genomes
of similar viruses, both from metaviromes, have been reported (18, 19). Whether another ssDNA
virus found in a dragonfly metagenome also has an RNA virus capsid protein gene homolog is
controversial (20, 74, 75). Unfortunately, to date, the host or hosts for the viruses represented by
these genomes have not been conclusively determined.

A bioinformatics study of approximately 100 viral metagenomes was undertaken using se-
quences similar to the capsid protein gene from BSL-RDHV to discover similar chimeric virus
genomes (20). Thirteen new chimeric virus genomes were found in both viral metagenomes and
whole-genome shotgun sequence analysis. Whereas all of the capsid protein genes were found
to be monophyletic, or clearly related to one another, the associated Rep protein genes were,
surprisingly, related to those from three different groups of ssDNA viruses. This result implies
that the capsid protein gene was acquired once in the common ancestor of all of these viruses,
whereas the Rep protein genes have undergone rampant exchange since then.

A new family of ssDNA viruses from silkworms, the bidnaviruses (76), appears on the basis of
phylogenetic analysis to contain sequences derived from both dsRNA and dsDNA viruses (77).
The mechanisms and reasons for this recombination are not clear but may involve recombination
or insertion with the politon family of transposons. These transposons may also replicate as viruses
(77, 78).

Mechanism of RNA Incorporation by ssDNA Viruses

Recently, a number of potential mechanisms were proposed whereby ssDNA viruses could
capture RNA virus sequences in their genomes (75). One set of these mechanisms is based on
relaxed substrate specificity of the Rep protein. Rep could ligate RNA instead of DNA at a
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number of steps during rolling circle replication of the ssDNA virus genome (Figure 3b). Another
potential mechanism is that an mRNA from a coinfecting virus is used as a primer for either first-
or second-strand replication (Figure 3a,b). Any RNA-DNA recombination event would have
to be followed by reverse transcription, presumably by cellular reverse transcriptases (38). In
theory, insertion of an ssDNA virus Rep protein mRNA into an RNA virus followed by reverse
transcription of the whole virus is possible (79, 80), but this seems less likely than RNA acquisition
by ssDNA viruses, given the diversity of Rep protein genes and lack of diversity in capsid protein
genes in these chimeric virus genomes (20). A retroelement-mediated insertion of mRNA into the
dsDNA form of an ssDNA virus, similar to that proposed for RNA virus genes in host genomes
(Figure 2), is also possible, but repeat sequences and poly(A) tails have not been detected flanking
transferred genes in ssDNA viruses, nor have transposable elements been detected. DNA recom-
bination rates in ssDNA viruses are known to be very high (81), also probably due to the activity of
Rep.

Why Are RNA Virus Sequences Maintained in ssDNA Viruses?

All the mRNA capture mechanisms described above predict that any mRNA could be incorporated;
thus, it is surprising that only genes resembling the BSL-RDHV capsid protein gene have been
found to date in chimeric ssDNA viruses (20, 75). This suggests that selection for an RNA virus
capsid protein gene that can incorporate ssDNA might be very strong; possibly, the RDHV-like
capsid protein gene is one of very few that can incorporate a different kind of nucleic acid genome,
DNA as well as RNA (9, 20). Moreover, a capsid protein gene would be the most likely gene to be
stably maintained, because capsids are critical for the determination of host range and the avoidance
of host defenses. There are also many ssDNA virus genomes that appear to contain capsid protein
genes that are not similar to other known capsid protein genes; these could be derived from as-
yet-uncharacterized RNA viruses (58). Environmental RNA viruses are extremely poorly studied
(82), so this possibility is not unlikely. The presence of only a few RNA virus gene types is similar
to the case with bornavirus and filovirus sequences in animal genomes, where the presence of these
genes may also provide strong positive selection (see above). A recent study examining artificial
recombination in ssDNA viruses found that very few were viable (83).

Other Evidence for RNA-DNA Recombination in Viruses

Recently, an exhaustive bioinformatics survey examined virus genomes for chimeric virus genes.
Chimeric virus genes were defined as single virus genes that are derived from different sources. In
more than 3,000 genomes comprising 120,000 genes, about 10% of the genes were found to be
chimeras. Cluster analysis showed that 20 of these sequences were chimeric between DNA and
RNA viruses (84). Generally, positive-strand ssDNA and ssRNA viruses were much more prone
to having chimeric genes than were negative-strand ssRNA viruses. Again, this bioinformatics
study was constrained by the limited number of known virus genome sequences.

FUTURE DIRECTIONS

Clearly chimeric viruses exist, even between RNA and ssDNA viruses. As more and more virus
genomes are completed, there will undoubtedly be RNA virus sequences found in dsDNA virus
genomes—maybe not Ebola virus in a poxvirus genome, as in fiction (2), but deep recombinants
nonetheless. The frequency of this deep recombination is unknown and is a critical area for future
research.
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There is much more recombination than expected between RNA viruses, ssDNA viruses, and
host genomes. This deep recombination leads not only to host genome diversity but also to an
increase in the already astronomical diversity contained in virus genomes, and it offers multiple
new trajectories for virus evolution (48, 75).

One way to address the frequency of occurrence of deep recombination would be to determine
the mechanisms used (75). Progress has been made in understanding the mechanisms of deep
recombination in host genomes, but not in viruses. Frequencies of recombination may be exceed-
ingly small, but given the colossal number of viruses predicted on Earth, estimated at 1031, and
the sheer number of infections, even highly infrequent events will occur with a finite frequency
and, if beneficial, are likely to be fixed by natural selection (14).

Reverse transcription of infecting RNA viruses by endogenous reverse transcriptases appears
to be much more common than was previously appreciated (31–34, 47). Nonetheless, stable in-
corporation of viral mRNAs in host genomes seems to depend much more on selection than on
opportunity. However, the discrepancy between the lack of viral pseudogenes and the presence of
other pseudogenes needs to be resolved.

Another complication of deep recombination is for virus taxonomy. Does one classify a chimeric
virus together with one or the other of its progenitors or create a new classification (20)? Should
new classifications be made for each new chimeric virus? This subject has been discussed in depth
for bacteriophages and somewhat for other viruses (14, 17, 85). Deep recombination in viruses
appears to be an extreme case of the mosaic nature of viruses and their evolution (14–16, 86–88).

Finally, it is critical to find and characterize more environmental RNA viruses and ssDNA
viruses, as these seem to be the epicenter of such recombination events. Unfortunately the diversity
and prevalence of environmental RNA viruses are still very poorly studied (82); the study of ssDNA
viruses is only slightly better in this regard (18). As all of the chimeric viruses are currently known
only as genomes, probably the most critical goal is to find a host-virus pair so that they can be
studied in more detail, possibly allowing elucidation of their obscure origins.

SUMMARY POINTS

1. There are considerable numbers of nonretroviral RNA virus genes in cellular genomes,
probably inserted by endogenous retrotransposons.

2. RNA and ssDNA virus genes in host genomes appear to be maintained by positive
selection.

3. ssDNA viruses recombine with large dsDNA viruses.

4. Some ssDNA viruses appear to be able to capture RNA virus capsid protein genes.

5. RNA viruses are often reverse transcribed by endogenous reverse transcriptases on in-
fection.

FUTURE ISSUES

1. The frequency of deep recombination should be determined.

2. Mechanisms of recombination between RNA and DNA should be elucidated, particularly
for ssDNA viruses and RNA viruses.

3. Hosts must be found for chimeric viruses found in metagenomes.
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Isabel Sola, Fernando Almazán, Sonia Zúñiga, and Luis Enjuanes � � � � � � � � � � � � � � � � � � � � � � 265

Flaviviridae Replication Organelles: Oh, What a Tangled Web We
Weave
David Paul and Ralf Bartenschlager � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 289

Modulation of the Translational Landscape During Herpesvirus Infection
Britt A. Glaunsinger � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 311

Ribosome Profiling as a Tool to Decipher Viral Complexity
Noam Stern-Ginossar and Nicholas T. Ingolia � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 335

Mechanisms of DNA Packaging by Large Double-Stranded DNA Viruses
Venigalla B. Rao and Michael Feiss � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 351

Assembly and Egress

Virus-Based Nanoparticles as Versatile Nanomachines
Kristopher J. Koudelka, Andrzej S. Pitek, Marianne Manchester,

and Nicole F. Steinmetz � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 379

Transformation and Oncogenesis

Novel Functions of the Human Papillomavirus E6 Oncoproteins
Nicholas A. Wallace and Denise A. Galloway � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 403

Pathogenesis

Parvovirus Family Conundrum: What Makes a Killer?
Shweta Kailasan, Mavis Agbandje-McKenna, and Colin R. Parrish � � � � � � � � � � � � � � � � � � � � � 425

Everything You Always Wanted to Know About Rabies Virus
(But Were Afraid to Ask)
Benjamin M. Davis, Glenn F. Rall, and Matthias J. Schnell � � � � � � � � � � � � � � � � � � � � � � � � � � � � 451

Pathophysiological Consequences of Calcium-Conducting Viroporins
Joseph M. Hyser and Mary K. Estes � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 473

Virus-Host Interactions: From Unbiased Genetic Screens to Function
Holly Ramage and Sara Cherry � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 497

Viruses in Rodent Colonies: Lessons Learned from Murine Noroviruses
Stephanie M. Karst and Christiane E. Wobus � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 525

xii Contents

A
nn

u.
 R

ev
. V

ir
ol

. 2
01

5.
2:

20
3-

21
7.

 D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
 A

cc
es

s 
pr

ov
id

ed
 b

y 
U

ni
ve

rs
ity

 o
f 

Sh
er

br
oo

ke
 o

n 
12

/1
3/

16
. F

or
 p

er
so

na
l u

se
 o

nl
y.



VI02-FrontMatter ARI 15 October 2015 16:33

Immunity

No Love Lost Between Viruses and Interferons
Volker Fensterl, Saurabh Chattopadhyay, and Ganes C. Sen � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 549

Innate and Adaptive Immune Regulation During Chronic Viral Infections
Elina I. Zuniga, Monica Macal, Gavin M. Lewis, and James A. Harker � � � � � � � � � � � � � � � 573

Viral Vectors and Therapeutics

Bacteriophage Therapy: Advances in Formulation Strategies
and Human Clinical Trials
Dieter Vandenheuvel, Rob Lavigne, and Harald Brüssow � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 599

Errata

An online log of corrections to Annual Review of Virology articles may be found at
http://www.annualreviews.org/errata/virology

Contents xiii

A
nn

u.
 R

ev
. V

ir
ol

. 2
01

5.
2:

20
3-

21
7.

 D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
 A

cc
es

s 
pr

ov
id

ed
 b

y 
U

ni
ve

rs
ity

 o
f 

Sh
er

br
oo

ke
 o

n 
12

/1
3/

16
. F

or
 p

er
so

na
l u

se
 o

nl
y.


	Annual Reviews Online
	Search Annual Reviews
	Annual Review of Virology
Online
	Most Downloaded Virology
Reviews 
	Most Cited Virology
Reviews 
	Annual Review of Virology
Errata 
	View Current Editorial Committee

	All Articles in the Annual Review of Virology,  Vol.2

	History
	The Maturation of a Scientist: An Autobiography
	The Legacy of Nat Sternberg: The Genesis of Cre-lox Technology

	Ecology and Evolution
	Biogeography of Viruses in the Sea
	Role of the Insect Supervectors Bemisia tabaci and Frankliniella occidentalisin the Emergence and Global Spread of Plant Viruses
	Coronavirus Host Range Expansion and Middle East Respiratory 
Syndrome Coronavirus Emergence: Biochemical Mechanisms and Evolutionary Perspectives
	Koala Retroviruses: Evolution and Disease Dynamics
	Endogenous Retroviruses in the Genomics Era
	Matters of Size: Genetic Bottlenecks in Virus Infectionand Their Potential Impact on Evolution
	The Phage-Inducible Chromosomal Islands: A Family of Highly
Evolved Molecular Parasites
	Deep Recombination: RNA and ssDNA Virus Genes in DNA 
Virus and Host Genomes

	Attachment and Cell Entry
	Hunting Viral Receptors Using Haploid Cells

	Genome Replication, Regulation of Gene Expression, and Biosynthesis
	Retroviral Integrase: Then and Now
	Continuous and Discontinuous RNA Synthesis in Coronaviruses
	Flaviviridae Replication Organelles: Oh,What a Tangled
Web WeWeave
	Modulation of the Translational Landscape During Herpesvirus Infection
	Ribosome Profiling as a Tool to Decipher Viral Complexity
	Mechanisms of DNA Packaging by Large Double-Stranded DNA Viruses

	Assembly and Egress
	Virus-Based Nanoparticles as Versatile Nanomachines

	Transformation and Oncogenesis
	Novel Functions of the Human Papillomavirus E6 Oncoproteins

	Pathogenesis
	Parvovirus Family Conundrum:What Makes a Killer?
	Everything You Always Wanted to Know About Rabies Virus 
(But Were Afraid to Ask)
	Pathophysiological Consequences of Calcium-Conducting Viroporins
	Virus-Host Interactions: From Unbiased Genetic Screens to Function
	Viruses in Rodent Colonies: Lessons Learned from Murine Noroviruses

	Immunity
	No Love Lost Between Viruses and Interfe
	Innate and Adaptive Immune Regulation During Chronic Viral Infections

	Viral Vectors and Therapeutics
	Bacteriophage Therapy: Advances in Formulation Strategies
and Human Clinical Trials





