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ABSTRACT. The evolutionary changes of viruses are primarily associated with the replication processes of viruses con-
taining deoxyribonucleic and ribonucleic acids, which differ significantly. The genomes of most viruses containing ribonucleic
acid are replicated with much less accuracy compared to the genomes of viruses containing deoxyribonucleic acid. Com-
paring the number of mutations in an infected cell reflects an inverse relationship between genome size and the frequency
of mutations carried out by these two categories of viruses. Viruses with double-stranded deoxyribonucleic acid genomes
have a low mutation rate compared to single-stranded genomes. The genome of viruses is not a stable unique structure,
but rather an average, variable number of different amino acid sequences. It is in the virus population that a high mutation
rate is maintained, and low variability is not beneficial for the preservation of viruses in nature. Some animal species may be
intermediate hosts when new epidemic viruses appear. The introduction of non-viral nucleic acid into the viral genome can
also contribute to the evolutionary changes of the virus, lead to the formation of defective genomes or to the emergence of
hypervirulent strains. Viral genomes encode numerous molecules that modulate a wide range of protective immune mecha-
nisms. The variability of viruses is also facilitated by the simultaneous integration of several proviral genomes into one cell,
which activates the processes of recombination and genetic shift. An important evolutionary point may be the conversion of
ribonucleic acid ribose into deoxyribose of deoxyribonucleic acid, which increases the stability of nucleic acids by more than
100 times. Horizontal gene transfer between viruses that infect different hosts is a central feature of the evolution of viruses
containing ribonucleic acid. Eukaryote viruses with single-stranded deoxyribonucleic acid probably evolved from bacterial
plasmids after they acquired capsid protein genes from the (+) ribonucleic acid chain of viruses. In addition to megaviruses
and adenoviruses, polintons are likely precursors to bidnaviruses and virophages.
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3BOJIOLUUOHHBIE MEXAHU3MbI
W3MEHYUBOCTU BUPYCOB
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PesioMe. 3BOMIOLMOHHbIE M3MEHEHWUA BUPYCOB B NEPBYI0 04epefb CBA3aHbI C MPOLECCaMM PennnKauum BUPYCOB,
COAEpHaLLMX [e30KCUPUOOHYKNEMHOBYIO U PUOBOHYKNEMHOBYIO KMCIOTbI, KOTOpPble 3HAYMTENbHO OTAUYaloTCA. [eHo-
Mbl 60NbLUMHCTBA BMPYCOB, COAEPHALLUX PUOOHYKNEMHOBYIO KUCMOTY, PEN/IMLMPYIOTCA C FOPa3fo MeHbLUeN TOYHOCTbI
M0 CPaBHEHMIO C FeHOMaMWM BUPYCOB, COAEPHALLMX [E30KCMPUBOHYKNEMHOBYIO KMCnoTy. CpaBHEHWE KONWMYECTBa MyTaLWii
B MHOMLMPOBAHHOMN KNETKe OTPaKaeT 0bpaTHYI0 3aBUCUMOCTb MEM Y Pa3MepoM reHoMa 1 4acToToi MyTaLmi, ocyLLecT-
BNAEMbIX 3TUMW OBYMA BULAMM BMPYCOB. [l BUPYCOB C LBYXLEMNOYEUHBIMU FEHOMaMM [,e30KCUPUBOHYKNEUHOBOM KUC-
NOTbI XapaKTepHa HWU3Kaa YacToTa MyTaLMi Mo CPAaBHEHWMIO C OAHOLENOYEYHbIMI FeHOMaMK. [[eHOM BUPYCOB NpeacTaBnsAeT
c060M1 He CTabUNbHYI0 YHUKaNbHYI0 CTPYKTYPY, @ CKOpee BCEro ycpeaHeHHoe, BapuabenbHoe KOMMYECTBO Pas/iMyHbIX aMu-
HOKMCNOTHBIX NocneoBaTeNbHoCTeN. IMEHHO B NOMYNALMM BUPYCOB NOAAEPHKMBAGTCA BbICOKAA YacToTa MyTaLWW, a HU3-
Kaf M3MEHYMBOCTb AB/IAETCA HEBLIFOAHOW AR COXPaHEHMA BUPYCOB B NpUpoae. HeKoTopble BUbI FUBOTHBIX MOTYT ObiTh
MPOMEMYTOUHBIMU X03AEBaMW NpU MOSABMEHUM HOBLIX 3NULEMUYECKUX BMPYCOB. BBeeHWe HEBUpPYCHOWM HYKNeWHOBOW
KMCNOTbI B BUPYCHBIV FTEHOM MOMKET TaKe CnocobCTBOBaTbL IBOMIOLIMOHHBIM M3MEHEHUAM BUpYCa, NPMBOAMUTL K 06pa3oBa-
HYI0 AedEKTHbIX FeHOMOB WAV NOABMEHMIO TMNEPBUPYNEHTHBIX LUTaMMOB. BUpYCHble reHOMbI KOAMPYIOT MHOMOYMCIIEHHbIE
MOJIEKY/Ibl, MOAYNMPYIOLLME LUMPOKMI CMEKTP 3aLLMTHBIX MMMYHHbIX MeXaHW3MoB. BapuabenbHocT BUpycoB cnocobcTyeT
1 OHOBPEMEHHAA UHTErpaLusa HECKONbKMUX NPOBUPYCHBLIX FEHOMOB B OfAHY KMETKY, YTO aKTUBU3MUPYET NPOLLECCHl PEKOM-
BUHALMK M FeHeTUYECKOro caBuMra. BayKHbIM 3BOMIOLMOHHEIM MOMEHTOM MOXKET ObITh NpeBpaLLeHne pubosbl puboHyKne-
MHOBOW KWCMOTbI B A€30KCUPUB03Y 4Ee30KCUPUOOHYKNEMHOBOM KUCMOTBI, YTO YBENUYMBAET CTabUNLHOCTL HYKNEMHOBBIX
Kucnot 6onee yeM B 100 pas. [opM30HTaNbHbIN NEPEHOC FEHOB MEX/Y BUPYCaMu, KOTOPbIE 3aparKaloT PasfiNyHbIX X03AEB,
AIBNAGTCA LEHTPaNbHON 0COBEHHOCTbIO 3BOMTIOLMM BUPYCOB, COLEPHKALLMX PUBOHYKEMHOBYIO KMCNOTY. Bupychl aykapuoToB
C 0HOLLENoYeYHoM Ae30KCMPUOOHYKNEMHOBON KUCIOTOM, BEPOATHO, 3BOMIOLLMOHMPOBANU M3 BaKTepuanbHbIX NnasMua
nocne NpMobpeTeHUA UMM FeHOB KancuaHbIX 6eNKOB U3 (+) Leny BUPYCOB, COAEpHKaLLMX puboHyKNenHoByto Kucnoty. Kpo-
Me MEeraBupycoB W aAeHOBMPYCOB NOSIMHTOHbI ABMAIOTCA BEPOATHLIMU NpeLLecTBEHHUKaMM 61HaBMPYCOB M BUpOdaros.
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INTRODUCTION

Researchers have been concerned for centuries with
the question of what evolutionary mechanisms allow
viruses to escape the control of the immune system (IS).
Why is immunological memory not sufficiently effective
to eliminate the virus from the macroorganism? Thanks
to improvements in rapid sequencing techniques, we
now have information about the variability of viruses and
the peculiarities of immunopathogenesis of viral infections.
At present, researchers can detect traces of viruses not
only in nature but also in the deoxyribonucleic acid (DNA)
of living organisms. Evolutionary changes concern not
only viruses but also their hosts; as a result, viruses that
successfully overcome established immunological defense
mechanisms are selected. In fact, the evolution of viruses
can be viewed as a kind of “arms race”, in which viral
genes are selected from their host cells. Although viruses
circulate in a vast genetically variable host population and
in constantly changing conditions, owing to their genetic
diversity caused by mutations, recombinations of viral genes
are preserved with the most favorable properties of their
genomes. In viral infections, hundreds or thousands of viral
particles with different characteristics are formed even after
a single cycle of reproduction in a single cell. This diversity
in viruses ensures their survival under the most unfavorable
conditions. This results in a significantly different virus
genotype even after a single selective event. Positive and
negative selection of pre-existing virus genotypes can occur
at any stage of the life cycle of viruses. This is influenced by
the need for viral spread in the host organism, population
density, immune homeostasis, and immunological memory.
Two general strategies for virus survival are distinguished.
The first is the r-propagation strategy characterized by
short reproductive cycles and high reproductive output.
The second is the K-propagation strategy with a low output
of viral particles during reproduction with the development
of latent variants of the course of infections. Under these
conditions, the viral genome is in a stable environment,
and the virus can exist as long as its host lives. In some
cases of infections caused by the herpes simplex virus and
the human immunodeficiency virus (HIV), both the R-strategy
of reproduction (productive infection) and the K-strategy
characterizing the latent course of infection with low
reproduction occur.

Genomes of viruses containing ribonucleic acid (RNA)
often replicate with errors close to the threshold. By contrast,
the replication of DNA viruses proceeds with higher accuracy,
which is well below the error threshold. Moreover, mutations
accumulate with each replication cycle of viruses, and with
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their high frequency, viruses of the same species and type
in a population can have different antigenic properties.
The peculiarities of virus evolution should be considered in
the light of two hypotheses of virus origin: (1) viruses arose
before cells and may have participated in their organization,
and (2) viruses arose after the cells as their genetic elements
and acquired the ability for autonomous replication.
Information obtained about the amino acid sequences of
viruses in host cell genomes provides important information
about the consequences of the interaction between the virus
and host IC cells over evolutionary time. In the last decade,
advanced computational methods and an expanded database
of viral genomes made possible by metagenomic studies
have enabled outlining of the major general trends in viral
evolution. All these considerations are the reasons why we
are interested in considering the evolutionary features of
changes in the antigenic structures of viruses.

This study aimed to summarize new literature data on
the mechanisms of virus variability and peculiarities of their
escape from IS control.

MATERIALS AND METHODS

The current scientific literature has focused on
the evaluation of the evolutionary mechanisms of
the variability of viruses that support their vital functions.

RESULTS AND DISCUSSION

The R-strategy of multiplication leads to the production
of up to 10 000 viral particles by a single cell infected
with poliovirus in 8 h. This rate of viral multiplication over
3-4 cycles of multiplication can ensure the production of
viral particles enough to infect every cell in the body.
However, this does not happen for several reasons: with
IP control, viruses can multiply only in certain tissues and
cell types. Nevertheless, the R-strategy of reproduction is
a characteristic of many infections, and high rates of viral
particle production can persist for years. For example, in
the late stages of HIV infection, it takes only 1.6 days for
thousands of viral particles to leave the cell and reach other
T-lymphocytes, followed by lysis of these cells. Mutations
that accompany genome replication accumulate, although
these errors are not yet easy to quantify, and they depend
on the peculiarities of the experiment [1].

Replications of DNA and RNA viruses differ considerably.
The genomes of most RNA viruses replicate with much less
precision than those of DNA viruses. The average error
rate of RNA virus genomes is approximately one missense
integration per 104-105 polymerized nucleotides, which
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corresponds to an average of one mutation in each replicated
genome. However, not all viral RNA genomes have the same
mutation rate. In viruses with larger genomes, RNA
replications proceed with higher precision. This is also true
for coronavirus; however, the inactivation of the correcting
exonuclease leads to a 15-20-fold increase in the frequency
of viral mutations, both in vitro and in mouse model [2].

The estimated replication error rate of viral DNA is
approximately 10-to 107, which is closer to the replication
rate of host cell genomes than for most RNA viral genomes.
A reason for this difference is that most DNA-dependent
polymerases can excise and replace incorrectly incorporated
nucleotides, whereas many RNA polymerases have no such
error correction mechanisms. A comparison of the number of
mutations in an infected cell reflects an inverse relationship
between the genome size and frequency of mutations carried
out in both RNA and DNA viruses. However, these values
can also be higher because the frequency of polymerase
errors caused by RNA editing or spontaneous damage of
viral nucleic acids (DNs) by oxygen radicals or ionizing
radiation is not taken into account. DNA viruses with double-
stranded (ds) genomes are characterized by a low mutation
rate because complementary strands ensure the repair of
altered sites. The replication of small single-stranded (ss)
genomes of DNA viruses (Parvoviridae and Circoviridae) is
accompanied by more pronounced mutational changes than
DNA genomes of larger viruses [3].

The study of the RNA population of bacteriophage
QB has led to a unique conclusion. Although the Qf
bacteriophage population is in dynamic equilibrium, viral
mutants arise at a high rate. Therefore, the QB phage
genome is not a stable unique structure but an averaged,
variable number of different amino acid sequences. This
conclusion was subsequently confirmed for many virus
populations. Accordingly, viral populations exist as a
dynamic distribution of non-identical but related replicons,
called quasispecies. Such a particular population of viral
quasispecies must contain a very large number of viral
particles because such equilibrium cannot be achieved in
small populations. Under these conditions, extreme gene
and phenotype fluctuations are possible [4].

The RNA virus population is characterized by the average,
consensus sequences of its genome; however, nearly every
genome is different. Rare mutational changes in the genome
can persist in all genomes of the viral progeny. Other
mutations tend to also persist in the genome. Therefore,
the product of selection after replication is a new, sufficiently
diverse population of genomes in which selected and
closely related mutations are preserved. This concept of
quasispecies shows that the viral population is not just a
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set of diverse mutants but a group of interactive variants
characterizing a particular population. Population diversity
is crucial to the survival of viruses, and viral populations,
not individual mutants, are the objects of selection, limiting
viral diversity. For example, some spontaneous mutants of
HIV type 1 that are resistant to the reverse-transcriptase
inhibitor lamivudine show a 3.2-fold reduction in the error
rate. Another example is the poliovirus, whose replication
is accompanied by errors and production of a variable
population. Thus, ribavirin-resistant mutant poliovirus
strains are characterized by approximately sixfold reduced
variability; however, such mutants are low pathogenic for
animals compared with parental viruses. This reduction
in diversity has resulted in the weakening and loss of
neurotropism by polioviruses. Thus, in a genetically diverse
population, viral mutants complement each other, i.e.,
the population develops, not the individual. A high mutation
rate is maintained in the population of viruses, and low
variability is disadvantageous for the conservation of viruses
in nature. Contrary to quasispecies dynamics, viruses with
low mutational capacity turn out to be more adapted to
survive and reproduce in a certain environment in which
viruses with high mutational variability are found. Such a
population is characterized by the so-called quasispecies
effect [5, 6].

Despite the high mutation rate, not all viral genome
sequences change. For example, the cis-regulatory elements
of RNA viruses slightly change during reproduction. These
sequences include signals necessary for genome replication,
matrix RNA (mRNA) synthesis, and genome packaging. They
are often binding sites for one or more viral or cellular
proteins. The mutational genome encoding the corresponding
viral binding protein may not replicate at all. Changes in
both interacting components, i.e., the binding protein and
the mutation genome sequences, are necessary to restore
function. Their close functional relationship markedly
reduces evolutionary changes. Many biological parameters
influence virus reproduction and survival. Naturally, among
others, population dynamics and seasonal variations in
temperature, humidity, etc., are the most important [7].

Takata et al. [8] added a high dose of ribavirin to
the medium of cells infected with poliovirus, whereas
the part of the cells remained intact. The extracted viral RNA
from the resulting progeny was injected into new host cells
by transfection. A 50% loss of infectivity index (LI50) was
assessed. At LI50, two mutations per genome, 50% of viral
genomes mutate lethally. This is nearly two times higher
than naturally occurring mutations. The deterioration of
genomic viability at normal mutation rates in the population
(approximately 10%) does not occur. At 1.5 mutations per
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genome, no significant loss of function occurs. Two mutations
per genome reduce the infectivity of wild-type virus RNA
to 30%, seven mutations per genome make the virus RNA
avirulent, and the poliovirus is on the verge of viability.

Thus, genetic diversity in the viral population by
recombination or reassortment facilitates the construction
of genomes with minimal mutational changes, which
compensates for the presence of harmful mutations. This
phenomenon is quite rare; however, the offspring of this rare
virus will eventually prevail in the population.

Diversity in viral populations is provided by two
mechanisms, namely, genetic drift and genetic shift. Diversity
arising from genome replication errors and immune selection
of single-site mutants (drift) differs from the recombination
between genomes or recombination of genome segments
(shift). Drift occurs every time a genome replicates, whereas
shear is relatively rare. Episodic influenza pandemics
support this conclusion. For example, only six cases of
hemagglutinin (H) genetic shift in influenza viruses have
been identified since 1889. Nevertheless, the combination
of drift and shift, together with the presence of intermediate
virus species, contributes significantly to annual influenza
infection outbreaks (Fig. 1) [9].

Major influenza pandemics (Fig. 1) are characterized
by viral reassortants. The reassortants carried H and
neuraminidase (N) genes that had not been in circulation in
humans for some time; thus, there was little or no immunity.
With the emergence of the new subtype, an influenza
pandemic characterized by a new H, or a new combination
of H and N had occurred. Segments of the viral genome are
illustrated in three colors, each representing a particular
viral genotype. Segments and gene products of pandemic
strains are labeled in each human silhouette. The numbers
next to the arrows show the number of segments of the viral
genome replaced in each episode.

New strains of influenza virus type A can appear after
the recombination of human and avian influenza viruses in
pigs. Such pandemic strains are the result of an exchange
of segments of the genomes of human, swine, and bird
influenza viruses. Consequently, human and avian influenza
viruses replicate well in the pig organism regardless of the H
and N composition. This occurs because the epithelium of
the mucous membrane of the upper respiratory tract of pigs
contains the same receptors as those of birds and humans.
Such a recombination of H and N segments of influenza
viruses is infrequent; however, the high population density
creates conditions for the emergence of new pandemic
strains. For example, virologists have confirmed that strains of
the pandemic influenza virus type A from 1957 and 1968 that
originated in China circulate in wild bird populations. Studies in
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Italy in the late 1980s confirmed the reassortment processes
of avian and human influenza viruses in pigs. Sequencing and
phylogenetic analysis techniques confirmed that pigs could
be an intermediate host for new pandemic influenza viruses.
Indeed, such recombination led to the emergence of the 2009
“swine influenza” type A-H1N1 pandemic [10].

The HIN1 influenza virus probably caused 105,700-
400 000 deaths worldwide in the first year alone, with
46 000-179 000 people probably dying from cardiovascular
complications. The pandemic officially ended in 2010, and
HIN1 is now considered a seasonal flu virus. This genetic
exchange is an important source of variation, as confirmed
by reoviruses and orthopoxviruses. The introduction of
nonviral NK into the viral genome can also contribute to
evolutionary changes in the virus, leading to the formation
of defective genomes or emergence of hypervirulent strains.
As a result of recombination processes, cytopathic viruses
can appear in nonpathogenic bovine diarrhea viruses, and
oncogenic viruses can appear after infection with non-
oncogenic strains. This is a consequence of viral genes
acquiring the genetic material of the host cell, which is
characteristic of transforming retroviruses such as the Rous
sarcoma virus [11, 12].

A unique phenomenon in the life activity of viruses is
their basic properties being barriers to pronounced genetic
changes. Thus, only retrovirus genomes can be transformed
into DNA and vice versa. This occurs because the mechanisms

Spanish Asian Hong Kong

Fig. 1. Appearance and transmission of distinct serotypes of
influenza A virus in human pandemics in the 20" century (on J. Flint,
V. Racaniello, G. Rall et al. Principles of Virology. Fifth edition.
Vol. 1. 2020)

Puc. 1. MoABneHne v nepefava pasNnyHbIX CEPOTUMOB BUpYca
rpunna A npu naHaemuax B XX B. (o k. ®auHTy, B. PakaHben-
no, . Panna u gp. MpuHumnel Bupyconorun. 5-e usg. T. 1. 2020)
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that ensure genome replication and expression are selected
in the course of evolution, and viruses most often die
under extreme influences. In addition, each stage of virus
reproduction requires its close interaction with the host cell.
Any change in the viral component, which is not supported
by compensatory changes in the cellular mechanism, can
lead to impaired reproduction and the spread of the virus in
the host. Evolutionary changes are also limited by the nature
of the capsid, which is necessary for genome transmission.
The capsid determines the size of the NCs that are packaged
in them. Finally, viral genomes encode numerous molecules
that modulate a wide range of immune mechanisms [13].

Evolutionary changes are also enhanced because viruses
can occupy wider niches, infecting several intermediate
hosts. When a virus is eliminated from one organism, its
population can survive in another host, which is more typical
of RNA viruses. A high virulence also makes it easier for
viruses to infect a wide range of organisms. For example,
the 2013-2016 outbreaks of Ebola viruses in West Africa
are extremely contagious. Viral variability is also facilitated
by the simultaneous integration of several proviral genomes
into a single cell, which contributes to recombination and
genetic shift. Electron microscopy of lambda and related
bacteriophages revealed that different pairs of viral DNA
sequences formed heteroduplexes when homologous ds
sites were linked to corresponding nonhomologous ss
sites. The genomes of this group of phages were mosaic,
containing blocks of genes shuffled by recombination
during evolution. Such nonhomologous recombination of
the genetic materials of bacteria and bacteriophages is a
central feature in their evolution. This allowed us to establish
that bacteriophage genomes have hereditary relationships
with Eukarya and Archaea viruses [14].

An important evolutionary point may be the change
of the ribose RNA to deoxyribose DNA, which increases
the stability of NK by more than 100-fold. This is
important because DNA can store much more information.
In addition, the presence of a complementary strand for ss-gap
repair is an additional advantage for dsDNA genomes (dsDNA).
The transition from RNA to DNA genomes was made possible
by the evolution of genes encoding reverse transcriptase
and enzymes required for deoxynucleotide synthesis
(e.g., ribonuclectide reductase and thymidylate synthetase) [14].

Sequences of millions of viral genomes are currently
known, and this is constantly increasing. In addition, it
is now possible to take a sample from an ecosystem
and determine the nature and diversity of viral genomes.
Metagenomic analysis has revealed an amazing diversity
among known families of viruses. More surprisingly,
the vast majority of the viral sequences identified
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represent previously unknown viral genomes. Although
the origin of viruses remains largely unclear, advances in
metagenomic analysis and bioinformatics have provided
data on the ancestors of modern eukaryotic virus families.
Studies of proteins necessary for genome replication
(e.g., RNA-dependent RNA polymerases) have made it
possible to trace the lineage of viruses that affect eukaryotic
organisms. Such phylogenomic reconstructions have
provided new insights into the likely sequences that led to
the emergence of various eukaryotic virus families [15].

Although RNA viruses are rare in bacteria and archaea,
they are frequently detected in eukaryotes. Physical barriers
associated with eukaryotic cell compartmentalization partially
explain this striking difference. The genomes of many eukaryotic
RNA viruses replicate in the cytoplasm in viral compartments or
on cell membranes. Viruses containing the RNA(+) chain have
a simple multiplication strategy because their genomes can be
converted into proteins. These viruses have become the main
pool for studying the evolution of RNA viruses in eukaryotes.
Phylogenetic comparisons of polymerase gene sequences
have shown that bacterial levivirus is a likely precursor of
eukaryotic (+) strand RNA replicons, such as mitoviruses and
narnaviruses, which reproduce in the mitochondria. Migration
into the cytoplasm of one such replicon and its acquisition of
a picornavirus capsid is a plausible explanation for the origin
of plant ermyaviruses. Phylogeny, i.e., the relationships
between different groups of organisms and their evolutionary
development, up to the precursor viruses containing the RNA
(+) chain of other eukaryotic RNA viruses, has been studied.
These precursors give rise to four branches. The first branch
includes the widespread picornaviruses, and the second
branch includes flaviviruses and alphaviruses. Comparison of
the sequences of their RNA-dependent RNA polymerases also
suggests that viruses with ds RNA genomes evolved from two
separate branches of (+) strand RNA viruses [16, 17].

A group of dsRNA viruses arose from the same branch
as the picornaviruses, and another group of viruses can be
traced directly back to the ancestor of the primary (+) RNA
chain. In this scheme, viruses with (-) chain RNA genomes,
such as bunyaviruses, filoviruses, and orthomyxoviruses,
are among the last viruses to emerge, through the loss of
the (+) chain dsRNA viruses in this second group. Genome
analysis of the phylogenetic tree reflects the increasing
accumulation of additional genes encoding chelicases and
extensive replacement of functional modules. Horizontal
gene transfer between viruses that infect different hosts is
a central feature of RNA viral evolution and is consistent
with the proposed phylogenetic scheme [18].

After infection, retroviral reverse transcriptase and
integrase transform the RNA genomes into a DNA copy,
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Retroviruses

Metaviruses

Caulimoviruses

Belpaoviruses

Pseudoviruses

Hepatoviruses

Fig. 2. Phylogeny of reverse transcriptases in retroviruses and pararetroviruses: env — envelope genes; gag — group-specific antigen;
IN — integrase; LTR — long terminal repeat; MA — matrix protein; MP — motion protein; NC — nucleocapsid; nef tat, rev, vif, vpr, vpu —
human immunodeficiency virus type 1 genes that express regulatory proteins via mRNA; P — polymerase; pol — polymerase genes; PR —
protease; PreS — pre-surface protein (shell); PX/TA — activator of protein X/transcription; RH — RNase H; RT — reverse transcriptase;
SU — surface glycoprotein; TM — transmembrane glycoprotein; TP — RNase H; TT/SR — translational transactivator/suppressor of RNA
interference; VAP — virion-associated protein (adapted from M. Krupovic et al. 2018. J. Virol 92:e00515-18)

Puc. 2. OunoreHuna obpaTtHbIX TpAHCKPUITa3 PETPOBMPYCOB U NapapeTpoBMpPYCOB: env — reHbl 0601104KK; gag — rpynnocneuuduyeckmi
aHTtureH; IN — uHterpasa; LTR — A/MHHbIA TepMUHanbHbIA nosTop; MA — MaTpuuHbiv 6enok; MP — 6enok aBuenus; NC — Hykne-
okancug; nef tat, rev, vif, vpr, vpu — reHbl BUpyca uMMyHogeduuMTa YenoBeKa 1-ro TMNA, KOTOPbIE 3KCMPECCUPYIOT PEryNATOpHbIe
benkm yepes MPHK; P — nonumepasa; pol — reHbl nonvMepasbl; PR — npoteasa; PreS — npeanoBepXHOCTHLIN 6e1oK (060104eYHbIN);
PX/TA — aktuBatop 6enka X/tpaHckpunumu; RH — RNase H; RT — obpatHas TpaHckpunTasa; SU — noBepXHOCTHBIN MIMKOMPOTEMH;
TM — TpaHcMeM6paHHbIf rnkonpotenH; TP — PHKasa H; TT/SR — TpaHcnaumoHHbIn TpaHcakTuatop/cynpeccop PHK-uHTepdepeHumy;
VAP — BMpUMOH-accoLMMpoBaHHbIv 6enok (agantupoBaHo U3 M. Krupovic et al. 2018. J. Virol 92:e00515-18)

which is inserted into the host DNA to form provirus and
retroelements. Retroelements and protoviruses acquire
new cellular gene sequences encoding ribonuclease H
(RNase), integrase, and structural genes and become
infectious viral particles. Phylogenetic comparisons show
that the reverse transcriptases of group Il self-spliced
introns in these unicellular organisms and the long
interspersed nuclear elements (LINE) of eukaryotic cells
are the evolutionary ancestors of retroviral reverse
transcriptase. Comparison analysis of retroviral genome
sequences shows extensive shuffling with the genomes
of other viruses, with host cell genomes and their
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transposable genetic elements. The genomes of eukaryotic
pararetroviruses, vertebrate Hepadnaviridae, and plant
Caulimoviridae are also replicated by reverse transcription.
However, these viruses insert DNA into the capsid, which
does not need integration into the host genome for
the virus to replicate. Hepadnaviruses also lack several
of the characteristic features of retroviruses and other
pararetroviruses. Phylogenetic comparison of all known
viruses with reverse transcription places them outside
the order Ortervirales (Fig. 2) [19].

However, in the origin of DNA viruses, the following
features stand out. Thus, sequence comparison shows that
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eukaryotic viruses containing ssDNA probably evolved from
bacterial plasmids after they acquired the genes for capsid
proteins from the (+) chain of RNA viruses. How this occurred
is unknown. Possibly, some ssDNAs, such as parvoviruses,
may have arisen before the formation of major eukaryotic
kingdoms. Other virus lineages appear to have a later
history. Genome comparison shows that dsDNA viruses,
such as polyomaviruses and papillomaviruses, most likely
arose from osDNA viruses through the encapsidation of a
DNA replication intermediate product. Clearly, the extensive
gene shuffling between functional modules from different
groups of plasmids and viruses makes it difficult to trace
the ancestors of these viruses. Nevertheless, genomic
studies have supported a general scheme of origin for
the main eukaryotic 0sDNA and dsDNA virus lineages, which
include the acquisition of genes for various replication-
related enzymes and structural proteins. The genome sizes
of eukaryotic dsDNA viruses vary considerably. Nuclear
cytoplasmic dsDNA viruses are the largest and most
common group. This group includes vertebrate viruses, such
as poxviruses, aspharviruses, pridoviruses, invertebrate
ascoviruses, and viruses that infect amoebas and other
protists [20, 21].

Gene set analysis shows that large viruses probably
evolved from smaller viruses, obtaining genes from
various sources, including host cells by gene duplication.
These same studies have suggested that megaviruses and
vertebrate herpesviruses belong to two separate evolutionary
branches that arose from two unrelated families of viruses
that infect bacteria. The origin of megaviruses can be
traced to members of the bacteriophage family Tectiviridae.
In genomic reconstructions of the megavirus branch, a
Tectivirus-like ancestor enters a primitive eukaryotic host
cell in the bacterial endosymbiont. This virus subsequently
forms large DNA transposons (15 000-20 000 base
pairs; kilobases, [kb]) called polyntons. These are large
and complexly arranged DNA transposons, which were
discovered in the mid-2000s. One polynton encodes up to
10 different proteins, which are common in many unicellular
and multicellular eukaryotes. Polyntons encode a protein-
primed DNA polymerase and a retrovirus-like integrase,
from which their name is derived. Most of them also encode
an adenovirus-like cysteine protease and icosahedral viral
capsid proteins [22-24].

Polyntons are located in the nucleus; thus, the appearance
of cytoplasmic plasmids and viruses from these precursors
is likely related to transcriptional mechanisms. In addition
to megaviruses and adenoviruses, polyntons are probable
precursors of bidnaviruses and virophages. The evolutionary
origin of some large dsDNA viruses, such as baculoviruses

Tom 25 N2 2, 2023

DOl https://doi.org/1017816/brmma354241

BecTHMK PoccuincKoi BoeHHO-MeaMUMHCKOM akaaemMumm

and other insect viruses, remains unknown, despite
reports that many of them represent a distant offshoot of
megaviruses. A probable ancestor of Herpesvirales is a
caudate bacteriophage with an icosahedral head belonging
to the order Caudovirales, and it is the most common virus
on Earth (Fig. 2) [25].

Figure 2 shows that the phylogenetic tree is constructed
based on the analysis of all reverse-transcribing viruses and
long terminal repeat (LTR) retrotransposons that form virus-
like particles recognized by the International Committee
on Virus Taxonomy. The scheme includes sequences of
nonviral, bacterial group Il introns and eukaryotic long
embedded sequences (non-LTR LINEs; gray triangle).
The genomic DNA organizations of the encoded proteins
are adjacent to the corresponding branches. Families in
the order Ortervirales are indicated by blue triangles, with
sizes proportional to the number of members. Belpaoviridae
include retrotransposons Bel and Poa LTR, Metaviridae
include the yeast Ty3, and Pseudoviridae include the yeast
Tyl. Hepadnaviridae pararetroviruses are indicated by a
red triangle, and a representative circular hepatitis B virus
genome is shown as a 6.6-kDa linear protein.

The history of the discovery of giant viruses is interesting.
For example, during an outbreak of pneumonia in Bradford,
England, in 1992, the largest virus was isolated at the time.
Researchers isolated pathogenic amoebas from cooling
towers of hospitals, which turned out to be gram-positive
bacteria and did not infect people. Accordingly, they had
nothing to do with the disease. Electron microscopy of
Acanthamoeba polyphaga infected with this agent detected
400-nm icosahedral viral particles in the cytoplasm. Mature
particles are surrounded by an abundance of fibers whose
bases form the outer protein capsid. The virus was named
mimivirus because it mimicked a microbe. It is now called
Acanthamoeba polyphaga mimivirus. Ten years later, two
other amoeba pathogens were discovered: one was isolated
from marine sediments off the coast of central Chile,
and the other from a freshwater pond near Melbourne.
These new giant viral particles bore no morphological
or genomic resemblance to any previously known virus
families. They were suggested to be the first members
of the new genus Pandoravirus. A fourth giant virus was
discovered in 2014 in a sample from permafrost in Siberia,
and it was more than 30 000 years old. Amazingly, this
virus could still infect cultivated amoebas. This ancient
virus was somewhat similar to pandoraviruses; however,
the replication cycle and genomic features were similar to
those of icosahedral DNA viruses. The genomes of these
viruses contained a large proportion (21.2%) of multiple,
regularly interspersed copies of two nucleotide bases (n.o.)
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in tandem arrays of the conserved palindrome. These giant
Pithovirus sibericum viruses of amoebae and protists are
now widely distributed [26, 27].

Despite the unknown original evolution of viruses,
analysis of NK sequences has revealed many evolutionary
relationships between modern viruses, their precursors, and
their hosts. Nevertheless, many additional ecological niches
have yet to be explored to clarify or adjust evolutionary
branches. In addition, future searches for the sources of
life on Earth will likely stimulate new or refined hypotheses
about the origin of viruses and their place in the biosphere.

Coevolution with the host is characteristic of small
eukaryote DNA viruses, parvoviruses, polyomaviruses, and
papillomaviruses. Evidence for coevolution comes from
the discovery of a close association of viral DNA sequences
with a particular host group. This relationship was
particularly striking in the comparison of the distributions of
human papillomaviruses of types 16 and 18. Variants of each
type were associated with a specific racial and geographic
distribution in the human population. Another example
is human polyomavirus JC, which causes severe brain
oligodendrocyte damage, often with a fatal outcome. Five
genotypes have been identified in this virus, which have been
identified in the USA, Africa, some European countries, and
Asia. Sequence analysis of the NC subtypes of JC viruses
shows that they not only evolved with humans but also in
specific human subgroups [28].

The question of how can the evolution of viruses be
related to specific human populations arises The unusual
pathogenesis of human papillomaviruses partially answers
this question. Infection of basal adult skin keratinocytes
leads to viral multiplication that coordinated with cell
differentiation, and the assembly of viral particles occurs
only when the cells undergo terminal differentiation
in the superficial skin layers. In this case, reactivation
and persistence of the virus in pregnancy contribute
to a very high probability of vertical transmission. This
mode of transmission is the predominant mechanism for
papillomaviruses [29].

The three main subfamilies, namely, Alphahesvirinae,
Betaherpesvirinae, and Gammaherpesvirinae, of viruses
in the family Herpesviridae are now easily distinguished
by their genome sequence features. However, the original
taxonomic division of these families was based on common,
often quite, arbitrary biological characteristics. Studies have
revealed an evolutionary scale of changes in the genome of
herpesviruses comparable to that of the hosts. Therefore,
the earliest herpesvirus entered the body of the progenitor
of modern humans. Subsequent viruses evolved by
coevolution with their hosts. This conclusion is confirmed by
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the sequencing of the genomes of all members of the three
main subfamilies. Their genomes contained a basic block of
genes, often organized into similar clusters in the genome.
The three main groups of herpesviruses are believed to
have originated between 180 and 220 million years ago.
That is, these three subfamilies must have existed long
before mammals, which appeared on Earth approximately
60-80 million years ago. The herpesviruses of fish, oysters,
and amphibians have nearly identical architecture but little or
no homology to the genome sequences of the herpesviruses
of the major subfamilies. They most likely represent a very
early branch of this ancient family [30].

In contrast to the large genomes of DNA viruses, RNA
virus genomes are small and contain few genes that share
characteristics with the host cell genome and that can be
used in correlating virus and host evolutionary processes.
However, by comparing the nucleotide sequences of many
(+) and (-) chains of viral RNA genomes, blocks of genes
encoding proteins with similar functions can be identified.
Thus, common coding strategies are deduced, also
suggesting a common pedigree. A feature of the sequences
of the genomes of many () strand RNA viruses is a limited
number of genes encoding 4-13 proteins. Most of these
proteins can be classified into three functional classes, i.e.,
core proteins that interact with the RNA genome, envelope
glycoproteins that are required for adhesion and penetration
of viral particles, and polymerases that are required for
replication and mRNA synthesis (Fig. 3) [31].

Figure 3 shows that the gene maps of Rhabdoviridae,
Paramyxoviridae, Bunyaviridae, Arenaviridae, and
Orthomyxoviridae illustrate the similarity of gene products.
The individual gene segments of Orthomyxoviridae are
arranged according to functional similarity with the other
two groups of segmented viruses. Within a given genome,
the genes must be scaled. For segmented genomes, genes
with blue outlines are those that encode multiple proteins
from different open-reading frames. Genes with red outlines
are ambisens (arrow).

Studies of the ecological and biological characteristics of
influenza viruses have shown that the same virus population
can infect many different host species. In each new host,
influenza viruses undergo selection processes necessary for
their reproduction and spread. Thus, the gene pool of this
(-) chain RNA virus is enormous, with powerful changes in
genetic information. Large-scale genome sequencing has
provided information on the state of the viral gene pool
of influenza viruses during its transmission from humans
to animals, from animals to humans, and from humans to
humans. Hemann et al. [32] sequenced genomes from over
200 influenza virus isolates and studied nearly three million
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nucleotide sequences. The most important conclusion was
that this population of influenza viruses contains several
lineages at any given time. In addition, alternate minor
lineages exchange information with the dominant lineage. As
conditions change, the number of immune mutants can either
increase or decrease. The number of mutants tropic to host
cell receptors also changes. Important clues to understanding
the epidemiological features of influenza viruses were
obtained by sequencing and analyzing the genomes of over
1 300 isolates from various locations. The viral genome
changed as a result of frequent recombination of genes with
the appearance of subtypes with other antigens and different
dynamics. However, all of them obeyed the classical viral
model of distribution of influenza viruses.

The largest group of viruses form the (+) chain RNA
viruses (except for retroviruses). Just like (=) chain RNA
viruses, they encode 3-12 proteins. Most proteins can be
also subdivided into three functional groups, although
the organization of their genomes is not necessarily identical.
Genomes of (+) chain RNA viruses contain several genes
that provide replicative functions. Over time, the genes have
been mixed and matched in selected combinations. Helicase,
genome-associated proteins, chymotrypsin-like proteases,
polymerases, papain-like protease I, and methyltransferases
provided replicative functions. Differences in the polymerase
gene distinguished three supergroups. Each of these
supergroups contained viruses infecting various animals
and plants. These viruses could infect hosts in all branches
of evolutionary periods (Fig. 4) [5].

Figure 4 shows that the genomes of (+) strand RNA
viruses contain several genes of replicative functions that
are mixed and matched in selected combinations over
time. These functions include helicase (Hel), genome-
associated protein (VPg), chymotrypsin-like protease (C- or
S-pro), polymerase (Pol), papain-like protease | (P-pro),
methyltransferase (Mtr), and region of unknown function (X).
Differences in the polymerase gene define the three
supergroups. In the figure, the genes are not scaled, and
the structural proteins are omitted.

Host genes associated with antiviral defense were also
selected. Individuals encoding ineffective alleles died from
viral infections and were eliminated from the population.
As a result, viruses with compensatory mutations
emerged. Constitutively expressed host cell genes encode
antiviral proteins with cell-autonomous functions. These
proteins contribute to internal cellular defense by inhibiting
the multiplication of infecting viruses at various stages.
These include the APOBEC3 family of cytidine deaminases,
which induce mutations in viral DNA, the tripartite
motif proteins that interact with the capsids of infecting
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retroviruses, and the membrane protein tetterin. Points
of interaction between host antiviral proteins and viral
proteins can be identified by studying orthologous genes
in related host species whose codons exhibit a higher
proportion of nucleotide substitutions (dN substitution).
Unchanged codons are called synonymous codons (dS).
A dN/dS ratio of > 1 at a particular site indicates a high
probability of positive selection. A study of numerous
cellular proteins interacting with viruses showed that
> 30% of codon changes in human and mammalian genes
occur [33].

The dimeric transferrin receptor protein (TFR1) located
on the cell surface controls various functions of living
cells. This protein is also a receptor for various viruses.
The opposing functions of this protein, namely, avoidance
of infection and maintenance of iron uptake function, were
apparently balanced during the evolution of the TFRT gene.
Analysis of this gene in several evolutionarily related rodent
species showed that although most of the amino acids in
the encoded proteins were conserved, several residues were
quite variable, with dN/dS of > 1, indicating a high probability
of positive selection. Structures of the human ectodomain
TFR1 are included in the binding sites of arenavirus and
mouse breast tumor virus but separated from the transferrin-
binding site. An experiment revealed natural substitutions of
these residues to block virus entry while preserving TFR1
iron uptake in both rodents and humans [34].

Modern paleovirusology has made it possible to establish
traces of virus sequences that are relics of ancient viral
infections in many animal species. Endogenous retroviral
sequences are detected in 6%-14% of vertebrate genomes.
In humans, these endogenous sequences account for up
to 8% of genomic DNA. Endogenous retroviral sequences
are a consequence of the integration of proviral DNA into
the genomes of host germline cells, which are passed on
to subsequent generations. Consequently, a comparison
of orthologous endogenous retroviral sequences of
modern vertebrate species and knowledge of species
evolution may allow an assessment of when common viral
sequences were inserted into the ancestral host germline.
For example, most endogenous human proviruses were
between 10 and 50 million years old and were derived from
retroviruses circulating on Earth long before Homo sapiens
appeared. The Spumaretrovirinae subfamily is approximately
460-550 million years old, i.e., they belong to the Paleozoic
era. In 2012, phylogenetic analysis of the coelacanth
endogenous foamy-like virus (CoeEFV) element in
the genome of Latimeria chalumnae was presented, which
suggested the ancient oceanic origin of foamy viruses.
Apparently, these viruses accompanied their vertebrate hosts
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in the evolutionary transition from water to land more than
400 million years ago. Using CoeEFV reverse transcriptase
as a probe, additional foamy virus-like sequences were
identified in the genomes of amphibians, fish, salamanders,
frogs, rayfish, spiny finfish, and sharks in 2017. Sequence
differences in LTRs suggested that the mutation rate
corresponds to the rate of mutational changes in the host
genome. As a result, retroviruses appeared together
with their vertebrate hosts in the ocean approximately
460-550 million years ago, at the beginning of the Paleozoic
era, if not earlier [28, 31].

Most endogenous retroviruses are defective. However,
some retain functional genes, and if their transcription is
not suppressed, they can reappear as infectious agents. For
example, the high incidence of spontaneous leukogenesis
in AKR mice was associated with the formation of
replication-competent leukemic viruses resulting from
recombination between the genomes of three different
endogenous mouse retroviruses. Such endogenous
sequences can also serve as genetic reservoirs for
recombination with exogenously infecting viruses.
Endogenous retroviral sequences can have pronounced
effects on the evolution and function of their host
genome. For example, recombination between sequences
integrated at different loci can explain several large-
scale deletions, duplications, and other chromosomal
rearrangements that occurred during genome evolution in
primates. In humans, such recombination has contributed
to the extensive duplication of gene blocks that make
up the major locus of major histocompatibility complex
class . The diversity that has arisen in such duplications
and the heterozygosity of the locus give a strong selective
advantage against circulating pathogens in humans [35].

Transcription processes lead to the fact that host cell
genes repurpose endogenous proviruses to perform their
new functions. Thus, resistance to retroviral infection in some
mouse strains is ensured by the expression of endogenous
sequences linked to the Fv-T retroviral capsid gene.
Another Ty3/gypsy capsid gene, the ancient transmissible
retrotransposon LTR, is the progenitor of the mammalian
gene Arc, which is expressed in the brain and required for
information storage [171.

Unfortunately, the age of other RNA viruses remains
under-investigated. However, sequences associated with
other RNA viruses have been found in host genomes. These
sequences were found to be associated with flaviviruses
and picornaviruses and were included in plant and insect
genomes. Sequences of the genomes of known RNA
viruses, when compared with the library of vertebrate
genomes, were found to be between 30 and 40 million
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years old. Among them were viruses causing severe
hemorrhagic fevers [16].

The study of evolutionary changes in DNA viruses has also
revealed ancient associations of circoviruses, parvoviruses
with vertebrate genomes. Some insertions are more than 50
million years old; however, others occurred more recently.
These viruses have tiny genomes that encode only two
reading frames: rep and cap. Host enzymes recruit proteins
encoded by the rep gene (Rep 78/68) to the hairpin region
of the viral genomes, where their synthesis is initiated.
Sequences of parvoviruses and adeno-associated virus DNA
were inserted into the host genome, which are recognized
by the viral protein Rep. In the absence of a helper virus,
integrated parvovirus genomes can go into a latent state,
which is activated when the host cell is subsequently infected
by the helper virus. Therefore, germline insertions likely lead
to the formation of endogenous sequences at different times
during their host evolution and are the result of random
copying of circovirus and parvovirus DNA in the loci of their
host genomes that resemble the hairpin regions of viral
replication [13].

Another mechanism explains the presence of endogenous
hepadnavirus genome sequences in some bird species. Modern
hepadnavirus genomes can reside as minichromosomes
in the nuclei of host cells and can sometimes be inserted
into the host DNA through nonhomologous recombination
at random sites. These viruses infect birds and are found
to have endogenous sequences associated with the viral
dsDNA genome. Phylogenetic analysis of endogenous avian
viral sequences shows that birds were ancestral hosts of
viruses in the Hepadnaviridae family, and this family of
viruses is more than 82 million years old. Since endogenous
avian hepadnavirus sequences are not found in mammalian
genomes, mammalian hepadnaviruses were suggested to
appear much later, after an interspecies exchange between
birds and mammals [36].

Unfortunately, it is still unclear why viral NCs integrated
into the eukaryotic host DNA millions of years ago are not
very different from modern NCs. Genome replication error
rates of currently circulating RNA viruses and some small
octDNA viruses are quite high (10-? to 107 mutations per
site/replication round) compared with host DNA (10-7-10"7
nucleotide substitutions). When comparing viral sequences,
measuring the rate of change over several years in a
particular host, these rates of some viral genomes were
consistent with the original estimates. Therefore, many of
these viral lines originated relatively recently in evolutionary
time, on the order of hundreds or thousands of years ago.
However, ancient endogenous sequences associated with
some octDNA and RNA viruses other than retroviruses were
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found to have circulated in various hosts many millions
of years ago. For example, two independent phylogenetic
analyses of currently circulating filoviruses (including Ebola
and Marburg viruses) have shown that this family was
10 000-150 000 years old, whereas paleovirus analyses
were over 40 million years old. The discrepancy between
such estimates is even greater for circoviruses, ranging from
< 500 years to over 40 million years since the identification
and analysis of related endogenous viral sequences. Thanks
to paleovirus analysis, viral genomes have been established
to change much more slowly [27].

CONCLUSION

The relationship between viruses and their hosts
is constantly changing. Therefore, combined efforts of
evolutionary biologists, ecologists, and virologists are
needed to better understand the dynamics of evolutionary
viral change. Unfortunately, despite great advances in
the study of evolutionary mechanisms, the interaction
between virus populations and their hosts remains largely
unknown. Clearly, the rapid reproduction of viruses with
the formation of numerous offspring, adaptation to changes
in host populations, and ability for enormous genetic diversity
ensure their survival. However, the state of the host,
including its survival, depends on the state of the evolutionary
mechanisms of innate and adaptive immunity, which can
recognize and then block the reproduction or destroy
the invading viruses. Modern hosts represent the offspring
of survivors of ancient infections. The review presented
herein considered the evolution of viruses and hosts mainly
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