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Abstract—Relationships between viruses and their human host are traditionally described from the point of
view taking into consideration hosts as victims of viral aggression, which results in infectious diseases. How-
ever, these relations are in fact two-sided and involve modifications of both the virus and host genomes.
Mutations that accumulate in the populations of viruses and hosts may provide them advantages such as the
ability to overcome defense barriers of host cells or to create more efficient barriers to deal with the attack of
the viral agent. One of the most common ways of reinforcing anti-viral barriers is the horizontal transfer of
viral genes into the host genome. Within the host genome, these genes may be modified and extensively
expressed to compete with viral copies and inhibit the synthesis of their products or modulate their functions
in other ways. This review summarizes the available data on the horizontal gene transfer between viral and

human genomes and discusses related problems.
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INTRODUCTION

The relationships between viruses and their hosts
are in fact more complex and diverse than is generally
perceived. If their interactions are transient and lim-
ited to the single virus host paradigm, it largely deter-
mines the diagnosis of an infection, and the virus is
considered an absolute parasite; this is the approach
currently practiced by clinicians. However, on a larger
time scale, transient interactions of this kind represent
only a specific case of a more general role of viruses,
since they are the basis of the evolutionary progression
of the whole biological system where viruses and their
hosts are constantly adapting to each other, either
gaining certain advantages or suffering considerable
losses. This is a continuous, ongoing process with a
varying rate. Both sides act on the population level and
exhibit different extents of aggression and plasticity.
For this reason, it can be extremely difficult to deter-
mine the causes and the nature of a pathology (espe-
cially chronic) in a given individual because they are
often modified by virological events that occurred
many generations ago. Therefore, it seems fairly rea-
sonable to consider a potential viral origin (in a broad
sense) for almost any human disease with unclear eti-
ology, even though it appears noninfectious, espe-
cially taking into account that, in particular, this origin
implies the possibility of horizontal gene transfer, a
phenomenon that is most efficiently mediated by

viruses and largely determines the evolutionary prog-
ress as the consequence of the total sum of numerous
elementary interspecies interactions [1].

The initiation of a viral infection depends on the
presence of specific receptors on host cells, i.e., on the
host sensitivity to a particular virus. The host’s ability
to resist infection or to develop a mutual relationship
with the virus determines a favorable outcome, while
weaker elements can be eliminated from the host pop-
ulation by the lethal course of infection. The distribu-
tion of genes that encode these receptors in the human
genome is shown in Fig. 1 [2].

The parallel evolution of viruses and their host’s
sensitivity on the immune response level can lead to a
decrease in the virus’s pathogenicity [3]. For instance,
this process underlaid the spreading of the low-viru-
lence poxvirus variant, alastrim, in the years that pre-
ceded the eradication of smallpox [4—6].

Viruses recognize specific receptors on the surface
of host cells; otherwise, if the expression of these
receptors is inhibited, they become noninfectious. For
instance, this happens if the human gene that encodes
the CCRS5 receptor to HIV is damaged by a 32-bp
deletion [7]. In some cases, a virus receptor can be
blocked by a protein, the gene of which was previously
acquired by the host from the same virus via horizontal
transfer. On the molecular level, a mutualistic solution
has the form of a latent infection; a viral agent can per-
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Fig. 1. (a) Distribution of viral receptor genes in human chromosomes; (b) viruses shown in the same colors as the corresponding
receptors are ordered according to the Baltimore classification. In the second row, ss and ds stay for viruses with single- and dou-
ble-stranded genomes, respectively; for single-stranded genomes, positive (+) or negative (—) sense is indicated.

sist for a long time in a host’s cells, which protect it
from external factors, while the host organism can
make use of the reactivation of the virus, the expres-
sion of certain viral genes, or the production of latent
RNAs for its own benefit; at the same time, sporadic
reactivation and release from the host body enable the
virus to maintain the level of genomic variation suffi-
cient for its evolutionary promotion.

Horizontal transfer involves fragments of genetic
information that vary strongly in size, in particular
depending on the buffer genome capacity of each par-
ticipant. In the human genome, this capacity is deter-
mined by the portion of chromosomal DNA, which
does not contain species-specific protein-encoding
sequences and, thus, can basically make a place for
novel information that will be modified to reach a new
balance. If we consider full-size genes, the essential
sequences occupy ~10% of the human genome, while
only 2.5% of the genome are gene exons.

The reverse process, i.e., the acquisition of host
genes or shorter sequences by viruses, is also possible,
although viral genomes obviously have a lower abso-

lute capacity for storing the acquired material. How-
ever, there still are certain provisions; for instance, it
was shown that up to 80% of genes in the herpesvirus
[8—11] and adenovirus [12—15] genomes can be
removed and substituted with foreign DNA without
losing virus viability.

In some cases, it is difficult to identify the direction
of the initial horizontal transfer (i.e., to determine
whether a gene was transferred from the virus to the
host or the other way around), because these genes
start to perform important functions in both the virus
and the host.

Considerable interest is drawn to viral tRNA-like
(clover leaf, or L-form) structures present in the
human genome and in some viral genomes, such as
alphavirues and endogenous retroviruses. These
structures can participate in the stabilization of viral
RNA, as well as in viral replication and translation; all
of these functions are determined by the folding of
these structures [16, 17].

In human DNA, viral insertions can be present as
full-size genome sequences, but also as smaller
MOLECULAR BIOLOGY  Vol. 51
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genome segments, individual viral genes or their clus-
ters, and short sequence fragments. The genetic mate-
rial of all known virus types using all possible replica-
tion strategies can reach animal germ cells and be
transferred to subsequent generations, which deter-
mines the evolutionary role of the gene flow from
viruses to animals [1].

INSERTION DONORS
RNA viruses

Retroviruses have certainly left the most extensive
and frequent evolutionary ancient viral traces in host
DNA: in the human genome, sequences of human
endogenous retroviruses (HERV) amount to ~8% of
its total size [18—20] and are derived from at least
504 phylogenetically different sources [20]. This fact is
related to specific characteristics of the retrovirus rep-
lication machinery, which transcribes the genetic
information carried by the viral DNA into DNA that is
subsequently incorporated into the host genome.
These incorporated viral sequences can be maintained
in the host genome for a long time, either in the initial
form, or with some modifications, and can be inher-
ited. Modifications are determined by the activity of a
number of different factors, including mobile ele-
ments of the host genome and transposons, which
makes it usually very difficult to identify the source of
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a given insertion. Further on, viral genes integrated
into host chromosomes can act as alleles that modify
the host phenotype and sometimes provide a consid-
erable selective advantage. For example, it is believed
that this phenomenon contributed to the evolution of
viviparous placental mammals; their genomes carry
retroviral insertions that encode syncytins, proteins
that serve to form the syncytiotrophoblast layer of the
placenta and to ensure the immunological tolerance of
the mother towards the embryo. Importantly, not all
of the mammals (and not only mammals) possess a
well-developed placenta, but those who do also have
syncytins derived from surface glycoproteins of differ-
ent retroviruses, the insertion of which occurred at dif-
ferent moments of mammalian evolution. In retrovi-
ruses, these surface glycoproteins contain immuno-
suppressing domains [2, 21—-26], and it is these
domains that are used by the novel hosts. Relic retro-
viral sequences (HERV-K) can be found in the
genomes of human ancestors, Old World primates,
nearly to the moment of their separation from the New
World primates [27]. Human chromosomal DNA
contains 30—50 HERV-K copies, some of which con-
tain genes that exhibit low levels of expression in nor-
mal testicular and placental tissue [28]. At the same
time, endogenous retroviruses and retrotransposons
can induce carcinogenesis in somatic cells [29, 30].
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Other RNA viruses. In fact, the scope of the
described phenomena is not limited to retroviruses as
such, since the ubiquity of retroviral elements in ani-
mal genomes, their activity in germline cells [31],
along with the fact that viral replication depends sig-
nificantly on RNA expression, allow retroviruses to
contribute in different ways to the insertion of nonret-
roviral genes into animal germline cells.

The genomic integration of nonretroviral genes can
be mediated by nonhomologous recombination with
chromosomal DNA [32] or by interaction with retro-
elements of the host cells [33, 34]. It has been shown
that retrotransposons can help the host borrow
sequences from different RNA and DNA viruses. For
example, recombination between the RNA of the lym-
phocytic choriomeningitis virus and a murine IAP ret-
rotransposon results in reverse transcription of the
RNA and in its integration into the host genome [35].
In some species, such insertions were shown to pro-
vide advantages; for example, bees that have acquired
the gene that encode structural proteins of dicistrovi-
rus become resistant to this agent, which causes acute
paralysis in wild-type individuals [36]. This phenom-
enon is very common in the kingdoms of plants and
fungi [37, 38].

In human, genomic incorporation of nonretroviral
sequences has been described for such RNA viruses as
Ebola [21, 22, 39, 40] and Marburg viruses (family
Filoviridae), agents of the Born disease (family Bornavir-
idae) [23, 37, 38, 41], and polioviruses (order Picornavi-
rales) |32]. The first two families belong to the order
Mononegavirales, which also includes paramyxoviruses
and rabdoviruses. These viruses have different virion
structures, but share a common trait: their genome is
composed of a single-stranded negative-sense RNA
molecule up to 19 kb long. Filoviruses cause extremely
severe acute infections in humans (with 60—90%
lethality), and bornaviruses causes an equally severe
disease in horses (with up to 90% lethality). Bornavi-
ruses have also been detected in humans; in patients
with severe mental disorders, such as schizophrenia
[42], as well as in individuals without any pronounced
clinical presentation in the cells of which these viruses
persisted over long periods of time [43].

Fragments of filo- and bornavirus genomes are
inserted into the host genome via interaction with
LINEs [44], the most common mobile elements in
higher eukaryotes, which bear a reverse transcriptase
gene. The most frequent findings in the host genomes
are inserted fragments containing bornavirus genes N
and L, which encode nucleocapsid protein N and
RNA-dependent RNA polymerase (p190), respec-
tively. It is difficult to say when these fragments were
inserted into the host genomes; presumably, this event
occurred about 40 MA ago. Its initiation and rate var-
ied among different hosts and for different bornavi-
ruses species. At present, in many animal species, bor-
navirus-derived genes have evolved into homologous
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own genes, EBLNI and EBLNZ2 [44]. These acquisi-
tions provided an important selective advantage,
enabling the host to resist devastating bornavius epizo-
otics. It was shown that animals that possess EBLN
genes are resistant to species-specific bornavirus
infections, or the course of the disease is less severe in
them [37]. The molecular basis of this resistance is the
excessive synthesis of a protein N analog, which inhib-
its p190 polymerase and, thus, decreases the virus
yield. The initial functions of inserted genes can
undergo gradual modification with time; this phe-
nomenon is referred to as exaptation.

Filovirus genes appropriated by vertebrates are
those that encode NP nucleoprotein and structural
VP35 protein, which inhibits interferon production in
the host. Cellular analogs of these genes have been
found in bats, bandicoot, wallaby, and other animals
of the area. The borrowed viral genes can be partially
transcribed, and the resulting truncated N-terminal
NP fragments (the full-size sequence of the host gene
apparently is not expressed [44]) compete with the
corresponding viral component, inhibiting the repli-
cation of the virus [45].

Retroviruses are not the only group for which
nucleotide sequences can be fixed in eukaryotic
genomes. In the 1970s, V.M. Zhdanov, an outstanding
Soviet virologist, hypothesized that it should be possi-
ble for other RNA viruses [46]. In a later work,
L.Yu. Frolova et al. showed that tRNA-encoding
sequences in the human genome homologous to
tRNA-like elements encoded by LTRs of endogenous
retroviruses, can act as targets for alphaviruses [47].

Presumably, virus-specific revertase is not at all
necessary for a viral nucleic acid to insert into a host
genome [22]. Some features of this process are similar
in very different viruses and are worth a detailed anal-
ysis. For example, the stable incorporation of viral
genes into the host genome typical for retroviruses was
also described in filoviruses (although it is less fre-
quent), while in many other viruses, this feature is less
prominent or unknown at all.

The Ebola virus genome has an interesting feature,
which probably does not explain its ability to integrate
into the host genome (most probably occurring by
homologous recombination), but is nevertheless
worth mentioning. It is a short (25—27 amino acids)
immunosuppressing fragment p15E, which exhibits a
high level of homology in Ebola and retroviruses [22].
Importantly, the function of this domain is activated as
a result of the incorporation of an additional adenine,
which results in a reading frame shift. This adenine
insertion in p15E serves as a marker of pathogenicity of
both retroviruses and the Ebola virus when they infect
a new host.

The human genome contains a number of immu-
nosuppressing fragments: they are expressed within
syncytin genes in plancetal cells [23]. Insertions of
nonretrovirus genes can basically have occurred as
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result of interactions between the gene source and a
retrovirus (most commonly, a LINE retrotrans-
poson).

Among the proteins, the genes of which were bor-
rowed from a virus, those that perform a primarily
protective function are the most likely to be fixed in
their new environment. For example, Fvl is a protein
similar to CA protein of the murine leukemia virus and
competing with it; it binds the viral capsid and blocks
reverse transcription, providing insensitivity to infec-
tion. In human and other animals, there are also pro-
tective proteins encoded by genetic elements of viral
origin incorporated in the host genome. In particular,
TRIMS (and its analogs present in some primates) can
inhibit the proliferation of some retroviruses in largely
the same way as Fv1 and, at the same time, affects the
proinflammatory transcription factors NF-kB and
AP-1, which control the expression of genes involved
in immune response, apoptosis, and cell cycle [48].

DNA Viruses

DNA retroviruses. Elements derived from genomes
of DNA retroviruses (e.g., the duck hepatitis B virus)
are found significantly less frequently in host DNA than
those originating from RNA retroviruses [1, 44, 49]),
even though they possess revertase, which could be
expected to enable efficient incorporation of viral
sequences into the host genome.

Other DNA viruses. Host genomes also bear traces
of encounters with DNA viruses. Most commonly,
these are members of the large parvovirus family (Par-
voviridae): dependoparvoviruses (adenoassociated
agents that can replicate only in the presence of a
helper adenovirus or herpesvirus), nonpathogenic in
humans. Dependoparvovirus genes have been found
in the DNA of pigs, cattle, rats, mice, and other ani-
mals [1, 50]. Probably (although it has not been
proven), these insertions serve to protect against par-
vovirus infections. Papillomaviruses were also shown
to integrate into human genome [51].

Apart from the above agents, it was also found that
the pig genome contains relic copies of the circovirus
genome (noninfectious for humans). Genes of nano-
and geminiviruses were found in plant genomes [1, 50].
Human DNA was also found to contain genes and
larger genome elements of herpesviruses, including
the Epstein—Barr virus (human herpesvirus 4, HHV4),
human herpesvirus 6 (HHV6), and other members of
this superfamily [52].

Finally, at least 34% of the human genome is com-
posed of fairly large virus-like sequences: the so-called
selfish DNA, the origin of which is unclear, while the
only observed type of activity is autoreplication. The
most active group are transposons of the LINE class
(long interspersed elements); in human, they harbor
approximately one in thousand genetic mutations
[53—55]. On the whole, virus-like components of the
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human genome account for nearly a half of the chro-
mosomal DNA, and some of them play an important
role in the host organism, but hardly anything is
known about the origin and functions of the others.
Antiviral host response can transform an acute infec-
tion into the chronic or even the latent form (as it hap-
pens with herpesviruses), and a reservoir of viruses is
thus conserved in their natural host, who will remain
their target in case of reactivation.

It should be underlined that, for many important
reasons, the body of relevant data available from the
existing publications is far from being complete [1].
First of all, not all of the known viruses have been
studied as potential sequence donors for the host
genome, and not all the potential host species have
their genomes sequenced. Secondly, an insertion of a
viral sequence may represent a temporary outcome of
a single infection event and will not be maintained in
subsequent host generations. Moreover, the host spe-
cies may also be eliminated from the evolution (as a
result of extinction), which means that the acquired
insertions will only be conserved if they are no longer
limited to the extinct species and have become specific
for a more general taxonomic branch, such as genus,
order, or higher. Next, the relatively recent insertions
may be insufficiently widespread to be identified and
thus evade observation. Finally, the ability to incorpo-
rate parts of the viral genome into the chromosomal
DNA of host germline cells can vary strongly among
different taxonomic groups of viruses, i.e., orders,
families, genera, and even species

If insertions of viral sequences remain functionally
active in the host cell genome, they can give rise to
either proteins that function in a new environment or
untranslated RNAs of different sizes. If these inser-
tions are inactive, they can merely witness a history of
close and evolutionary long-term interactions between
the virus and the host.

The characteristic trait of human herpesviruses is
that, in their typical latent state, they can persist and
replicate in the form of an episome in the direct vicin-
ity of the host genomic DNA. These viruses have long
coexisted with their hosts and the hosts’ phylogenetic
ancestors, and their genomes carry full-size genes that
in turn were captured at some moment from the host
and can often be expressed in their new environment
[52, 56]. The nucleotide sequences of these genes, the
encoded amino acids, and even the functions of the
resulting proteins do not correspond strictly to their
cell counterparts, but the range of their functions in
the virus certainly suggests a relationship between the
viral and the host genes. Some herpesviruses (such as
HHVS associated with Kaposi’s sarcoma) have
acquired genes of serpentines (G-protein-coupled
receptors; GPCR), which they employ at the early
stage of lytic infection of lymphoid cells and of sar-
coma itself; moreover, the inhibition of viral DNA
synthesis does not affect the functioning of these
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genes. Their function is not quite clear, since they act
mainly at the early stages of infection: GPCR tran-
scripts, which have mainly bicistronic structure, pro-
tect the 5'-region of the coding sequence of another
HHVS8 gene, KI14; while monocistronic transcripts
analyzed in model experiments did not exhibit such
properties. This probably indicates that the translation
of GPCR transcripts may be reinitiated and suggests
the need for further analysis of all the functions of
GPCR itself in the pathogenesis of Kaposi’s sarcoma.

The product of the GPCR-encoding gene BILF]
captured by HHV4 acts as a specific inhibitor of class I
major histocompatibility complex. The reverse pro-
cess can also be imagined easily, as well as subsequent
GPCR modifications as a result of the repeated gene
capture with the acquisition of new functions. In fact,
no such data are currently available, but the research
has only begun very recently.

A recent study detected the first endogenous her-
pesvirus (genus Roseolovirus) in the genome of the
Philippine tarsier (order Primates), while insertions of
nearly full-size HHVS- and HHV4-like genomes were
found in the DNA of other primates: aye-aye, lemur,
and chimpanzee [57].

In this context, it is also worth mentioning that
more data exist on the integration of herpesviruses into
host genomes [58], as well as on the incorporation of
herpesvirus 6 DNA (HHV6; also of the genus Roseolo-
virus) into the telomeric zones of human chromo-
somes. The significance of these insertions (which can
be transmitted vertically if occur in germline cells) for
human diseases or for the functioning of the immune
system is currently absolutely unclear [56, 59, 60].

Similar data were obtained for viruses of other tax-
onomic groups. A systematic analysis showed that
sequences derived from a wide range of animal viruses
other than retroviruses are present as endogenous ele-
ments in mammalian, avian, and insect genomes.
These elements of animal genomes represent the full
spectrum of viral replication strategies [1]; moreover,
the larger the sample of animal genomes, the wider the
diversity of endogenous viral elements. Obviously, the
more ancient these elements are, the smaller the num-
ber of host species needed to detect them. To identify
more recent viral insertions, a much wider sample on
the order and genus level is required. However, as we
have pointed out above, the currently available data
are far from complete.

The diversity of the known virus isolated as repre-
sented in virus gene/protein banks is but a small por-
tion of the total virus diversity. In view of their likely
ancient origin, members of the many virus families
may be much more widely distributed among their
mammalian hosts than we currently imagine, both as
separate entities and as genome fragments in the host
DNA. This is also reflected in the virus phylogeny,
which was constructed using endogenous virus inser-
tions along with exogenous viruses; close exogenous
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relations frequently are either not identified or were
only described in the past decade [61—63]. The
recently discovered relationship between filoviruses
and marsupials has suddenly specified this infraclass
of mammals as a potential filovirus reservoir. The
presence of viral insertions may become an important
factors for evaluation of findings obtained using
metagenomic approaches [48, 64, 65].

All of these data have been discussed in several
comprehensive reviews [1, 2, 66]. The capture of cer-
tain fragments of a viral genome by the host may be a
random event; however, should the captured genes
reach germline cells and prove useful to the host, they
can become fixed in subsequent generations.

It may prove interesting to consider information
that concerns shorter insertions of viral origin. They
can be expected to exist in much higher numbers,
since the probabilities of their incorporation, as well as
of transposition or multiplication, seem higher than
for larger insertions. Fragments of 20—30 nt long
would have the same size as the biologically active
RNAs, such as those involved in RNA interference.

Numerous studies, e.g., those reviewed in [67],
indicate that such molecules can directly participate in
the regulation of mammalian viruses. For instance, liver-
specific miR-122 suppresses the replication of hepatitis C
virus [68], while several human microRNAs, such as
miR-199a-3p, miR-210, and miR-125a-5p, inhibit
hepatitis B virus [69]. Other human microRNAs are tar-
geted against the influenza virus (miR-323, miR-491,
and miR-654), the vesicular stomatitis virus (miR-27
and miR-93), and against HIV (miR-28, miR29a,
miR-125b, miR-150, miR-223, and miR-382) [70].
There are miRNAs against HHV4 and HHVS herpes-
viruses (miR-17/92 and miR-106b/25) [71—73], Cox-
sackie virus (miR-342-5p) [74], and human papilloma
virus [74]. It is also known that some viral miRNAs can
circulate in human. For instance, miRNA-UL112-1 is
encoded by the human cytomegalovirus (HHVS; genus
Cytomegalovirus, family Herpesviridae), and its target
is mRNA of the pre-early viral protein IE1 [75];
miRNA of HHV4 is targeted against BART LMP
mRNA [76, 77], while miRNAs of herpes simplex
viruses (HHV1 and HHV2), miR-H2, miR-H3, and
miR-H4, are directed against mRNA of viral proteins
ICPO and ICP34.5 [78]. Similar miRNA—mRNA
pairs were detected in experimental models of a retro-
viral infection [79]. It was shown that endogenous
small interfering RNAs (siRNAs) can regulate the
activity of some endogenous retroviruses [80].

However, it is currently hardly possible to identify
the targets of microRNAs based on their sequences
only, since they do not need to be strictly complemen-
tary. In addition to the CLIP-seq and PAR-CLIP
techniques that employ immunoprecipitation of
RNA—protein complexes with subsequent sequencing
[81], it may prove helpful to analyze the data on the
coexpression of miRNAs and their putative gene tar-
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gets [82]. Two other groups of molecules participating in
RNA interference are siRNAs and so-called piwiRNAs
(or piRNASs). The latter are 24—29 nt long; their activ-
ity is mediated by a specific mechanism involving
enzymes of the PIWI family, and their targets are usu-
ally transposons, retrotransposons, and endogenous
retroviruses [83]. The 20—30-nt long fragments that
form siRNAs and piRNAs must be almost fully com-
plementary to their target sequences (with mismatches
of no more than 2 nt). These RNAs are mainly tar-
geted at exons, which facilitates the in silico search for
putative small insertions in the recipient DNA. The
functional activity of siRNAs and piRNAs should be
determined experimentally. The detection of nucleo-
tide fragments of the specific size in the Escherichia
coli genome invited the hypothesis that bacteria pos-
sess an antiviral immune defense system [84], which
later became the basis for the development of the rev-
olutionary gene editing tools, CRISPR Cas9/Cpfl
[85, 86].

We attempted to identify 20- to 30-nt-long homol-
ogy stretches (which we provisionally refer to as Aits) in
the human genome and in the genomes of human ade-
noviruses and herpesviruses and showed that their
number was significantly higher than in extended
samples that included either viruses that do not
directly infect human, such as bacteriophages, or arti-
ficially generated sequences of the same as the herpes-
virus genome [87].

Later, we showed that, even in a given group of
viruses (HHVs), the portion of the viral exome that
corresponds to hits, i.e., short 20—28-nt long
sequences homologous between the virus and the
host, is specific to each virus type and, as the first
approximation, can be related to the destructive effect
of the viral infection [88].

We have also proposed a hypothesis that reacti-
vated HHV1 could exhibit oncolytic properties in vivo
[88], because the body of RLI (which encodes
ICP34.5 protein) contains a large number of
virus/human homologous sequences (hits); in artifi-
cial HHV1-based oncolytic constructs, this gene is
switched off first. Obviously, our hypothesis requires
experimental verification.

Homo sapiens AS A RECIPIENT
OF VIRAL INSERTIONS

The Fig. 2 schematically shows the load of human
DNA with viral relics. We define the known viral
insertions and their derivatives, including trans-
posons, as relics, since we are currently able to identify
only those that were incorporated into the host
genome long time ago.

Human translated genes constitute approximately
2% of the total information volume of genomic DNA,
whereas as virus relics and virus-like structures (with
some reservations, in addition to endogenous retrovi-
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Fig. 2. Portions of the human genome occupied by pro-
tein-coding genes (2%) and relic viral sequences: endoge-
nous retroviruses (8%), DNA transposons (3%), SINEs
(14%), and LINEs (18%). Dark area of the human genome
(55%) also contains other viral sequences (see text), genes
whose activity is limited to transcription, and structures
whose function is currently unknown.

ruses, these may be assumed to include retrotrans-
posons and DNA transposons) amount to nearly half
of the human genome.

This information suggests that there might be a
need to reconsider the notion of a virus. From the tra-
ditional medical point of view, a virus is a parasite that
infects a sensitive cell and ultimately causes its
destruction. The virus (its genome) can also infiltrate
the host DNA, occupying the free space or adding to
its size. By replicating in the host genome, the virus
ensures its genetic diversity and at the same time
acquires a safe depot protecting it from external fac-
tors. This viral activity can be reasonably classified as
parasitic.

However, from this viewpoint, we overlook the
potential evolutionary advantages that the host popu-
lation may gain as result of a viral infection: viruses are
the most efficient vectors, which might transfer novel
genetic information. For this reason, we propose to
define a virus as an information carrier indistinguish-
able from a specific one and possessing an autono-
mous autoreplication program that employs the
addressee’s reading, synthesizing, and metabolic
machinery for its own realization. This definition
underlines the major evolutionary function of viruses
as carriers of genetic information and is free from
moral judgment, which is foreign to nature. Moreover,
this definition has a more general character than the
one specifying viruses a parasites.

Certainly, these considerations do not imply that
Homo sapiens does not need to struggle with destruc-
tive viral infections. Moreover, the fact that, in nature,
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the horizontal transfer of viral genes can render the
human host resistant to devastating viral infections
suggests the possibility of an utterly new approach to
this struggle based on the thorough understanding of
the molecular biology of interactions between the
virus and the cell. For instance, if it is known that
overexpression of a certain viral protein inhibits the
infection cycle, it would be reasonable to add to the
host—virus system a gene construct that could ensure
efficient expression of the suppressor protein. More
attempts are currently undertaken to employ short
DNA or RNA sequences for antiviral therapy using the
RNA interference technique (more precisely, to
silence the expression of viral genes) [89—91].

As for the short regions of homology to herpesvirus
or adenovirus DNA (which can basically be viral
insertions), their distribution in the human genome is
specific for every virus species, and on the whole, as
we showed previously [87], it can hardly be random.

CONCLUSIONS

It was not the main objective of our brief review to
list all of the available data on the question. The body
of these data is rapidly growing, which, however, does
not seem to change the existing consensus view on the
problem. Obviously, mutual insertions of genomic
fragments in virus—host pairs occur regularly, if not
very frequently. Their exact frequency remains to be
determined both on the population level and on the
level of single individuals. The objective is not as much
to determine the number of already incorporated for-
eign genes but rather to find out how this frequency
depends on the type of the virus and its host. It is also
important to determine the consequences of each
insertion, either transient or fixed, can have for the
human host within the lifetime of the hosts or of their
ancestors. It should be evaluated how often these
insertions reach the host’s germline cells and what key
factors govern these events. There are currently no
answers to these questions, but these issues are
addressed in different areas of study, which sometimes
produces unexpected results. For instance, the Hal-
dane and Waddington problem about the number of
generations were required to obtain recombinant
inbred strains was initially only solved by the authors
for the cases of two and three genes [92]. Recently, for
the general case Samal and Martin proposed an
approach based on a statistical formalism rarely used
in areas other than physics [93]; surprisingly, it pro-
vided an exact solution to the problem involving any
given number of genes. Although the above example
lies in the area of population genetics, while the num-
ber of studies on our topic of interest is insufficient to
allow population-level generalizations, it nevertheless
confirms the need to continue the efforts and empha-
sizes the productivity of breaking traditional thinking
patterns, even in such conservative fields as medical
diagnostics and therapy. The exchange of genetic
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information between living organisms is a complex
albeit an infrequent phenomenon and generates a con-
siderable uncertainty when we attempt to provide a
comprehensive explanation of the causes and nature of
a given pathological condition. The dynamic equilib-
rium between the human genome sensu stricto and the
integrated viral sequences that perform protective and
regulatory functions in the host organism represents a
much deeper relationship than the organism’s interac-
tion with the internal microbiota. Currently, these
relationships constitute the subject of separate omics-
type research. They are the consequence of a multi-
sided (not just a two-sided) encounter, where one side
is represented by a viral population, which is heteroge-
neous in each individual case and consists of different
proportions that are both fully featured and defective,
as well as mutant particles, while the other side is a
multicellular organism that developed as a result of
macro- and microevolution. Viruses have enriched the
host genome in functional virus relics, the amounts
and diversity of which greatly exceed the total of the
host’s own genes. On the other hand, the multicellular
organism has developed a system of antiviral defense
and continues to develop it while employing the full
range of available molecular mechanisms. Predicting
the consequences of this encounter and the results of
their targeted modification for the benefit of the
infected macroorganism is a problem that can only be
solved after considerable advances in the techniques of
analyzing and modeling the underlying mechanisms.
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