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Abstract
RNA viruses, in general, exhibit high mutation rates; this is mainly due to the low fidelity displayed by the RNA-dependent 
polymerases required for their replication that lack the proofreading machinery to correct misincorporated nucleotides and 
produce high mutation rates. This lack of replication fidelity, together with the fact that RNA viruses can undergo spontaneous 
mutations, results in genetic variants displaying different viral morphogenesis, as well as variation on their surface glyco-
proteins that affect viral antigenicity. This diverse viral population, routinely containing a variety of mutants, is known as a 
viral ‘quasispecies’. The mutability of their virions allows for fast evolution of RNA viruses that develop antiviral resistance 
and overcome vaccines much more rapidly than DNA viruses. This also translates into the fact that pathogenic RNA viruses, 
that cause many diseases and deaths in humans, represent the major viral group involved in zoonotic disease transmission, 
and are responsible for worldwide pandemics.
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Introduction

Animal RNA viruses, in general, exhibit high mutation rates; 
according to Combe and Sanjuán (2014), the frequency of 
new mutations in these virions ranges from  10–4 to  10–6 sub-
stitutions per nucleotide per round of copying, with tran-
sitions more common than transversions. In addition, the 
mutation process is also affected by the host cells, with VSV 
mutating at a significantly higher rate in mammalian cells 
than in insect cells. Other factors affecting the frequency of 
mutation are the viral family, the polarity of the RNA (+ or 
positive-sense, 5′-to-3′;—or negative-sense, 3′-to-5′), and 
whether the genome is single-stranded (ssRNA) or double-
stranded (dsRNA). The RNA-dependent RNA polymerases 
in these viruses lack the proofreading machinery to correct 

misincorporated nucleotides, which often results in a high 
generation of mutated phenotypes. This means that RNA 
viruses exhibit good abilities to overcome the pressure of 
either vaccines or antiviral drugs; these viruses have an 
advantage over DNA viruses in this regard, as the latter 
contain proofreading mechanisms. Even if infection is initi-
ated by a single pathogenic RNA-containing unit, after a few 
rounds of replication, the viral population routinely contains 
a variety of mutants (known as “the mutant swarm”; Novella 
et al. 1995); at least in theory, the mutants originated will 
vary in their sensitivity to both the antibodies produced by 
the host and the antivirals used in therapy. All these variants 
are known as a viral ‘quasispecies’ (Holland et al. 1992), 
they contain a substantial variety of genomes, and consti-
tute the reason why RNA viruses evolve from thousands to 
millions of times faster than DNA-based organisms. This is 
of particular relevance for vaccines and antivirals, making 
it imperative to extend the research into plant and animal 
viruses to develop new antiviral drugs, to keep abreast of 
the viruses developing resistance, as well as appropriately 
updating the relevant vaccines (Domingo et al. 1997). For-
tunately, both plants and animals exhibit an old antiviral 
system (post-transcriptional gene silencing) that, to a certain 
extent, can withstand the mutation proclivity of RNA viruses 
(Marathe et al. 2000).

Communicated by Erko stackebrandt.

 * T. G. Villa 
 tomas.gonzalez@usc.es

1 Department of Microbiology, Faculty of Pharmacy, 
University of Santiago de Compostela, 
5706 Santiago de Compostela, Spain

2 Sydney School of Veterinary Science, Faculty of Science, 
University of Sydney, Sydney, NSW 2006, Australia

http://orcid.org/0000-0002-9282-6234
http://crossmark.crossref.org/dialog/?doi=10.1007/s00203-020-02040-5&domain=pdf


444 Archives of Microbiology (2021) 203:443–464

1 3

Isaacs and Lindenmann reported in 1957 a substance 
with antiviral activity, synthesized by embryonic hen eggs 
infected with the influenza virus, that they denominated 
“interferon” (IFN). This pioneering work opened the door 
to the study of antiviral compounds produced by higher cells 
and led to the current classification of interferons as sign-
aling proteins (cytokines) capable of selectively activating 
the immune system; these defensive mechanisms include 
the activation of natural killer cells and macrophages, as 
well as an increased expression of the major histocompat-
ibility complex antigens. Interferons are organized into three 
groups, Type I, Type II and Type III. Type I INFs, previously 
known as acid-resistant IFNs, are glycosylated or phospho-
rylated proteins that include nine subtypes, IFN-α, IFN-β, 
IFN-δ, IFN-ε, IFN-ζ, IFN-κ, IFN-ν, IFN-τ, and IFN-ω (Dus-
surget et al. 2014), and are produced by leukocytes exposed 
to pathogens. Type II IFN, also known as immune interferon 
or γ interferon, is an acid-labile lipoprotein that spans 166 
amino acids in humans; while the less studied Type III IFN 
was originally described as an antiviral protein by Whee-
lock and Sibley (1965). Since interferon constitutes one of 
the main barriers against viral infections in vertebrates, it 
is essential to identify viral mutations that render viruses 
resistant to IFNs.

Figure 1 depicts the different viral families included in 
this article, while Table 1 summarizes the characteristics 
of the viruses.

Positive‑sense single‑stranded RNA viruses 
(+ ssRNA)

The positive-sense single-stranded RNA present in these 
viruses works as an mRNA when it reaches the cytoplasm 
of the cells it infects. Eukaryotic mRNAs have a methylated 
cap structure that is essential for their stability and protein 
translation (Furuichi and Shatkin 2000). During virus-
host co-evolution, viruses developed different strategies to 
modify their RNAs to mimic eukaryotic mRNAs, to escape 
detection by the innate immune system and to ensure effi-
cient protein translation. The two main approaches involve 
either covalently attach a peptide or a 7-methylguanosine 
cap to the first nucleotide at the 5′-end of their RNAs. Viral 
families, such as Picornaviridae, Caliciviridae and Astro-
viridae, covalently attach a protein known as VPg (viral 
protein genome-linked), while Coronaviridae and Toga-
viridae attach a cap, via a triphosphate bridge (Reviewed 
by Decroly et al. 2012). Coronaviruses encode their own 
capping enzymes and follow the canonical capping pathway, 
consisting of four sequential enzymatic reactions, resulting 
on a m7GpppAm-cap (Sun et al. 2014; Sola et al. 2015). 
Togaviridae can also synthesize a viral cap identical to a 
eukaryotic cap, but follows an unconventional synthesis 
pathway (Decroly et al. 2012).

Picornaviruses

These are small positive-sense single-stranded RNA 
viruses (22–32 nm in diameter) that directly replicate in the 
cytoplasm of infected cells. The picornavirus + ssRNA is 
7.2–9.0 kb long and contains a virally encoded protein (VPg) 
at the 5′ end that plays the role of a primer in transcription; 
it also possesses a poly (A) tail at its 3′end. Positive-sense 
RNA is similar to mRNA (displaying the same sense), which 
means that the nucleic acid can be directly translated by the 
host cell; this quality makes the naked + ssRNA putatively 
infectious, although to a lesser degree than the complete 
virion. RNA translation results in a single polyprotein, 
that is later cleaved to produce all the active viral proteins 
(Villa-Kumaroff et al. 1975). The icosahedral capsid of the 
virion contains 60 copies of each of four capsid proteins, 
VP1, VP2, VP3, and VP4; the first three are large proteins, 
whereas the smaller VP4 is located on the inner surface of 
the capsid, in contact with both the RNA and the amino ter-
mini of the polypeptides VP1 and VP3 (Mosser et al. 1994). 
Picornaviridae is a large family of viruses that includes the 
classic genera Enterovirus (encompassing the poliomyeli-
tis causative agent), Rhinovirus, Hepatovirus, Cardiovirus, 
and Aphtovirus; in addition, there are a number of genera 
that were recently discovered, these incorporate Kobuvirus 
(Sasaki et al. 2001), Tremovirus (Johansson et al. 2002), 
Teschovirus (King et al. 2000), Parechovirus (Joki-Korpela 
and Hyypiä 2001), and Erbovirus (Pringle 1999). The picor-
naviruses produce a variety of human diseases but, to date, 
there are only effective vaccines for poliomyelitis and hepa-
titis A. Vaccine production requires inactivated or attenuated 
viral strains and certain mutations in the viral genome can 
produce attenuated strains, hence, it is essential to identify 
these RNA mutations, as they could represent putative vac-
cines for pathogenic picornaviruses still lacking them.

Notable examples of  picornavirus Polioviruses contain 
3 antigenically distinct serotypes, type 1, 2 and 3, and all 
three are required for a vaccine to protect humans against 
the disease; correspondingly, study of their mutation rates 
as well as their genetic drift is essential to design effective 
vaccines. The article published by Richard I. Carp in 1963 
represents (Carp, 1963), to the best of our knowledge, one of 
the earliest studies on the variation of the mutational rate in 
picornavirus. Carp studied two particular characteristics in 
several poliovirus strains, the reproductive temperature/40+ 
 (rct40+) and guanidine dependent  (g+) characters, and con-
cluded that the mutation rates varied between the differ-
ent poliovirus strains studied. In addition, the variations in 
mutation rates encountered in different strains did not corre-
late with the number of steps required to attain the mutated 
character and, more significantly, did not correspond to the 
stability of the strain during passage in the human intestine.
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Fig. 1  Graphic representa-
tion of the 10 human viruses 
described in the text (creative 
common licence figures from 
VIPERdb https ://viper db.scrip 
ps.edu (Carrillo-Tripp et al. 
2009) and Reddy et al. 2015). 
The virus families included 
here are: a Picornaviridae, b 
Coronaviridae, c Caliciviridae, 
d Astroviridae, e Togaviridae, f 
Bunyaviridae, g Rhadoviridae, 
h Filoviridae, i Orthomyxoviri-
dae, and j Paramyxoviridae

https://viperdb.scripps.edu
https://viperdb.scripps.edu
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The poliovirus type 1 genome was completely sequenced 
by Kitamura and co-workers in 1981, demonstrating that 
the positive-sense RNA encodes a polyprotein of 247 kDa. 
Until 1982, little was known about the effect of mutations 
on the life cycle of polioviruses and, at that point, the only 
mutations characterized corresponded to the viral coat 
protein and produced defective-interfering particles. In 
1982, Hewlett and colleagues were able to isolate six tem-
perature sensitive mutants of poliovirus type 1, containing 
high number of hydroxylamine-generated mutations; these 
virions, despite the deleterious effects caused by the muta-
tions, could still inhibit protein synthesis in the host, and 
this inhibition was just slightly lower than that produced 
by the wild-type poliovirus. However, Parvin and cowork-
ers discovered in 1986 that the poliovirus genome is quite 
stable, at least if compared to that of the influenza virus; 
the authors reported that the mutation rate for the VP1 gene 
is less than 2.1 × 10–6 mutations per nucleotide per infec-
tious cycle. Despite this relatively low mutation rate, Racan-
iello and Meriam described in 1986 the existence of point 
mutations that can substantially alter the viral production 
cycle; these authors demonstrated that, a single mutation 
in the 5-noncoding region, resulted in at least a 100-fold 
reduction in viral progeny, as compared to the wild-type 
virus. The strategy of artificially generating mutations at 
the 5′terminus was also successfully exploited by Izuka and 
co-workers in 1989, originating stable polioviruses that are 
less neurovirulent.

Dunn et al. (1990) studied poliovirus excretion by infants 
undergoing their first vaccination with live oral polio vac-
cine, and noted that the mutations in the 5′-noncoding region 
mentioned above, typical of attenuated phenotypes, reverted 
rapidly for type 3, and at a slower rate for type 1 viruses. 
Apart from induced mutations, polioviruses also exhibit 
spontaneous mutations that, according to Drake in (1993), 
are actually 300-fold higher than those previously reported 
for viral particles containing DNA genomes. Evidently, this 
fact must be taken into account when selecting poliovirus 
strains to use in vaccine preparation. In addition, Chumakov 
and colleagues, working with a Sabin-derived poliovirus 
type 3 strain, produced an interesting publication in 1994 
demonstrating that virus revertants, originating from virions 
containing a point mutation at nucleotide 472, appeared at 
different rates depending on the strains used; astonishingly, 
the results suggested that host factors may be involved in the 
selection of the revertants.

The replication of RNA viruses usually depends on an 
RNA polymerase that copies the nucleic acid with low 
fidelity, resulting in a high frequency (ranging from  10–3 to 
 10–4) of misincorporated nucleotides per round of replica-
tion. Polioviruses appear to have particularly high mutation 
rates, up to a million times higher than the organisms they 
infect. Mutations play an important role in viral adaptation 

but, if too high, they are deleterious, hence the mutation 
rates of these enzymes could be expected to be optimized by 
natural selection. This appears not to be the case for polio-
viruses, described to have a selection for faster replicating 
enzymes, hence responsible for increased error rates (Duffy 
2018). The poliovirus polymerase (3Dpol) is one of the 
best studied viral enzymes, it spans a GDD motif, as well 
as two regions denominated A and B. The GDD motif, also 
known as the C motif, contains two aspartic acid residues 
and is well conserved in viral RNA-dependent RNA poly-
merases; the A and B motifs are also well conserved. Of the 
two aspartic residues in GDD, the first one is essential for 
enzymatic activity; while substitution of the second amino 
acid by asparagine produces an enzyme that displays some 
activity under certain conditions (Jablonski and Morrow 
1995). This fact could be relevant when analyzing reversions 
in poliovirus strains used for vaccine production, as is the 
case for Sabin 2 isolates (Taffs et al. 1995). Several studies 
have focused on the creation of variants for the “D motif”, 
as it was suggested as a relevant target to obtain a variety of 
viral strains that could represent good vaccine candidates 
(Liu et al. 2013).

The error-prone nature of the RNA-dependent RNA 
polymerase could be also responsible for the generation of 
viral strains resistant to antivirals. Accordingly, Meng and 
Kwan reported in (2014) that the enterovirus 71, containing 
a L123F mutation in its RNA-dependent RNA polymerase, 
is an attenuated antiviral-resistant strain that could be used 
as an effective vaccine against this virus; this adds another 
layer on the subject of creating novel vaccines by utilizing 
and controlling the mutational strategy of the virus. In some 
picornavirus, such as foot and mouth disease virus (FMDV), 
Zeng and colleagues (2014) reported that higher replica-
tion fidelity is associated with attenuated viral strains; these 
candidates could represent good vaccine alternatives to the, 
currently used, chemically-inactivated strains.

Gitlin et al. (2002) identified short interfering RNAs 
(siRNA) as a new type of antivirals against polioviruses; 
these siRNA confer intracellular antiviral immunity in 
human cells, thus creating a new strategy to control poliovi-
rus. Obviously, mutations in viral RNA can render these siR-
NAs obsolete, hence, no longer capable of controlling viral 
replication. In accordance, Schott et al. reported in 2005 that 
multiple RNA interference (RNAi) are required for cells to 
resist infection by vesicular stomatitis virus (VSV), suggest-
ing that the cellular RNAi machinery plays a role in the fight 
against viruses in nature.

Coronaviridae

The Coronaviridae family (subfamily Coronavirinae) is 
included in the Nidovirales order (de Groot et al. 2011) and 
encompasses the genera Alphacoronavius, Betacoronavirus, 
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Gammacoronavirus, and Deltacoronavirus. These viruses 
contain positive-sense single-stranded RNA, with a virally 
encoded protein at the 5′end and a poly (A) tail at its 3′end. 
This is another viral family in which the positive-stranded 
nucleic acid works as an mRNA when it reaches the host 
cytoplasm, and the first protein translated is the RNA-
dependent RNA polymerase. This replicase is assisted by 
a non-structural protein that has proofreading activity; this 
enzyme is different from those present in other positive-
stranded RNA viruses, as it carries a mutation that enables 
it to resist a variety of mutagenic agents (Sexton et al. 2016; 
early work by Xu et al. 2003). As a result, both positive- and 
negative-stranded RNA populations generated by the virus 
in the successive replicative cycles are quite homogeneous; 
this implies that the genetic drift of these viruses is low, 
which facilitates vaccine design.

Coronavirus exhibit helical symmetry and contain the 
largest genome among RNA viruses. This group was discov-
ered in the 1960s and named ‘corona’ (Latin name meaning 
crown) because of its microscopic appearance. The Corona-
viridae display an S peplomer on the viral surface, this is a 
glycoprotein spike on the viral envelope that recognizes and 
reacts with the host receptor; the receptor contains N-acetyl-
neuraminic acid and plays a major role in viral tropism. The 
virus replicates in the cytoplasm of the human respiratory 
tract cells, causing symptoms similar to those of the com-
mon cold. A variety of coronaviruses have been described, 
they are classified into four genera: Alphacoronavirus, Beta-
coronavirus, Gammacoronavirus, and Deltacoronavirus. 
The Alphacoronavirus include HCoV-229E, HCoV-NL63, 
Miniopterus bat coronavirus 1, Miniopterus bat coronavirus 
HKU8, porcine epidemic diarrhea virus, Rhinolophus bat 
coronavirus HKU2, and Scotophilus bat coronavirus 512. 
Some examples of Betacoronavirus are betacoronavirus 1, 
human coronavirus HKU1, murine coronavirus, Pipistrellus 
bat coronavirus HKU5, Rousettus bat coronavirus HKU9, 
severe acute respiratory syndrome coronavirus (SARS-
CoV), Tylonycteris bat coronavirus HKU4, Middle East res-
piratory syndrome coronavirus (MERS-CoV), human coro-
navirus OC43 (HCoV-OC43), and hedgehog coronavirus 1 
(EriCoV). Beluga whale coronavirus SW1 and infectious 
bronchitis virus IBV belong to the genus Gammacorona-
virus, while the Deltacoronavirus genus includes HKU11 
and HKU15.

The representative human coronaviruses include HCoV-
229E, HCoV-OC43, SARS-CoV, HCoV-NL63, HKU1, 
and MERS-CoV. The latest identified human coronavirus 
is SARS-CoV-2 (severe acute respiratory syndrome coro-
navirus 2), also known as 2019-nCoV, "novel coronavirus 
2019" and COVID-19 (Liu et al. 2017; Corman et al. 2018). 
SARS-CoV-2 is the causative agent of the current global 
pandemic, that started in December of 2109 in Wuhan, the 
capital of Hubei province, China. The pandemic resulted 

from an animal virus that successfully infected and spread 
among humans; the virus has an estimated incubation time 
of 14–20 days, and produces a syndrome characterized by 
shortness of breath, sore throat and fever. This can be fol-
lowed by a second stage characterized by pneumonia, that 
can be fatal in older people and others with either comor-
bidities or a genetic predisposition; however, the case fatal-
ity rate produced by this virus is not too high (at the time 
this manuscript was written, the World Health Organization 
estimated a mortality rate of 3.4%). In addition, the virus 
appears to have a low genetic drift, suggesting that vaccine 
development should provide an efficient means of epidemic 
control.

A number of compounds have already been used to treat 
coronavirus infection; in 2004, Chang-Jer et al. described 
that niclosamide (used as an antihelminthic drug) readily 
inhibited the replication of coronaviruses such as SARS-
CoV  (Chang-Jer et  al. 2004). The similarities between 
SARS-CoV and SARS-CoV-2 suggest that this compound 
could represent a promising drug to combat the COVID-19 
pandemic strain; if the treatment is successful, niclosamine 
could be used clinically in the near future, since the stud-
ies on its secondary effects in humans were already con-
ducted when the drug was classified as a pharmaceutical 
active principle (Fig. 2). Additional small molecules, such as 
tetra-O-galloyl-β-d-glucose (Fig. 3) and luteolin, have also 
been described to inhibit the virus from adhering to human 
cells (Ling et al. 2004). In 1983, Higgins and coworkers 
successfully used intranasal treatment with interferon α to 
prevent experimental respiratory coronavirus infection in 
volunteers; interferon β was also described to inhibit SARS 
coronavirus infection in vitro (Tan et al. 2004). Even amino-
glycoside antibiotics, such as hygromycin B, were reported 
to effectively control murine coronavirus infections (Mac-
intyre et al. 1991); while the cysteine proteinase inhibitor 
(2S,3S)-transepoxysuccinyl-l-leucylamido-3-methylbutane 
ethyl ester was described to inhibit SARS-CoV Urbani 
strain (Yount et al. 2003). Vincent and colleagues reported 
in 2005 that the drug chloroquine, used since the 1940s for 

Fig.2  Chemical structure of niclosamide (2′, 5-dichloro-4′-
nitrosalicylanilide)
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prevention and treatment of malaria, strongly inhibits SARS-
CoV (Fig. 4).  

In addition, Veiga and coworkers proposed in 2003 an 
interesting way of controlling enteric coronavirus infec-
tions, the method involves Escherichia coli bacterial cells 
expressing fusions of single-chain antibodies (scFvs) to the 
autotransporter ß domain of the IgA protease of Neisseria 
gonorrhoeae. E. coli was the bacteria of choice because 
this organism is a common enteric commensal in healthy 
humans, hence the bacterium and virus share the same 
ecosystem.

Talbot and colleagues reported in 1988 that vaccination 
with a synthetic decapeptide, corresponding to a domain 
in the viral peplomer stalk, protected mice from a lethal 
encephalitis-causing coronavirus. Furthermore, Jiang et al. 
reported in (2005) that, vaccines based on the capsid spike 
(S) protein of SARS-CoV, induce strong neutralizing anti-
bodies and protect animals from the coronavirus; in 2005, 

Keng and colleagues identified amino acids 1055 to 1192, in 
the S2 Region of the capsid S protein, as essential to induce 
neutralizing antibodies against SARS-CoV.

Caliciviridae

Caliciviridae is a viral family similar to picornavirus, that 
exhibit a non-enveloped nucleocapsid with a diameter of 
40 nm; this nucleocapsid is an icosahedral structure with a 
triangulation number of either 1 or 3. Caliciviruses have a 
non-segmented, positive-sense single-stranded RNA genome 
of approximately 7.5 kb; these viruses infect vertebrates, 
including humans, and display a novel mechanism for the 
initiation of protein synthesis. The capsid protein (VPg) is 
covalently linked to the 5′ area of the RNA and can directly 
interact with eukaryotic initiation factors eIF4E and eIF3; 
although Chaudhry et al. reported in 2006 that calicivirus 
RNAs appear to differ in their requirements for the proteins 
that integrate the translation initiation complex. The family 
includes 5 genera, Lagovirus, Norovirus, Sapovirus, Nebo-
virus and Versivirus. The genus Versivirus infects felines 
and is a typical calicivirus with an RNA genome around 
7.7-kb, that is polyadenylated at the 3′ end and contains the 
VPg protein covalently linked to the 5′ end, as mentioned 
above and as is the case for picornaviruses. VPg is encoded 
by the open reading frame (ORF)1; the virion also contains 
the major capsid protein (VP1), encoded by ORF2, and VP2, 
a protein unique to caliciviruses that is encoded by ORF3. 
These proteins, that constitute important antigens for vac-
cine preparation, are subjected to rapid mutational rates dur-
ing viral passages, and these mutations can generate strains 
unable to propagate. In particular, as described by Mitra 
et al. (2004), mutagenesis of tyrosine 24 in the VPg protein 
is lethal for feline calicivirus, suggesting that the tyrosine 
residue is essential for the formation of a covalent bond with 
the RNA. In addition, Sosnovtsev et al. (2005) described 
that, while deletion of ORF3 is lethal for the virus, smaller 
deletions and early terminations that preserve parts of the 
unique VP2 protein produce noninfectious viral particles.

The genus Norovirus includes the Norwalk strain, that 
caused an outbreak in Norwalk, Ohio, in 1968, and the 
Carlow variant strain, named after Carlow county, Ireland 
(Kearney et al. 2007). This viral genus is the most common 
cause of gastroenteritis and produces more than 200,000 
deaths per year worldwide. Noroviruses are transmitted 
from person to person, mostly through contaminated waters 
and foodstuffs, they produce nausea, vomiting and watery 
diarrhea, accompanied by strong abdominal pain. In other 
respects, Norovirus is a typical calicivirus that undergoes 
frequent RNA mutations, with a mean evolutionary rate 
ranging from 1.2 × 10−2 to 1.4 × 10−2 nucleotide substitu-
tions per site per year (Victoria et al. 2009). This ability to 
mutate is of great concern, as it substantially affects vaccine 

Fig. 3  Chemical structure of tetra-O-galloyl-β-d-glucose

Fig. 4  Chemical structure of chloroquine
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effectivity; Lochridge et al. (2007) described, in murine nor-
oviruses, that a single amino acid substitution in a crucial 
domain of the VP1 capsid protein is enough to evade anti-
body neutralization.

Astroviridae

Astroviruses were first described in 1975 as causative agents 
of human diarrheas, infecting both young and elderly people 
(Madeley and Cosgrove 1975); these viruses do not usu-
ally cause severe disease, although recent reports indicate 
that they can produce a neuroinvasive disease, with some 
infected infants developing severe encephalitis (Lum et al. 
2016). The members of the Astroviridae family are non-
enveloped viruses, with a monopartite positive-sense sin-
gle-stranded RNA genome of around 7.0 kb. Their name is 
due to their star-like morphology, the Greek name ‘astron’ 
means star, and they have a diameter of 30 nm. The viral 
genomic RNA is polyadenylated at the 3´end, and contains 
three ORFs, known as ORF1a, ORF1b, and ORF2. ORF1 
encodes the polyprotein 1ab, while ORF2 encodes the viral 
structural polyprotein (Chu et al. 2008); amino acid Thr227, 
in the capsid protein, plays an essential role in the assembly 
of infectious progeny viruses (Matsui et al. 2001). As is the 
case for other RNA viruses, astroviruses display a high evo-
lutionary rate, estimated by Babkin and colleagues in 2012 
as 3.7 × 10–3 nucleotide substitutions per site per year (Bab-
kin et al. 2012). These viruses use a clathrin-dependent path-
way to enter the host cells (Méndez et al. 2014) and, as the 
capsid protein is responsible for viral entry, a mutation in 
this viral polypeptide could result in slowing, or even fully 
arresting virus entry; this would render the mutant strain 
non-pathogenic, converting it into a good candidate for 
vaccine development. In (2017), Bogdanoff et al. reported 
that serine to proline mutations in the PL-2 epitope, located 
within the spike domain of the capsid protein, makes the 
mutated strain resistant to neutralization by a monoclonal 
antibody; the authors concluded that, due to the minimal 
changes required for an astrovirus to escape antibody neu-
tralization, efficient vaccines must be designed to elicit a 
variety of antibody responses, as they would provide more 
extensive safeguards against viral infection.

Togaviridae

The family Togaviridae contains enveloped, icosahedral 
(with a triangulation number of 4) viruses, with monopar-
tite positive-sense single-stranded RNA, that have arthro-
pods, such as mosquitoes, as their natural hosts. The RNA 
has a methylguanosine cap at its 5´ end, which spans a 
non-translated 14-nucleotide long sequence, and a poly-
adenylated tail at its 3´end; as is the case for picornavirus, 
the togavirus RNA is translated into a single polyprotein 

of 200  kDa, that is later processed into polypeptides 
p150 (structural protein) and p90 (RNA-dependent RNA 
polymerase).

The family includes two genera, Alphavirus and Rubi-
virus, that cause human diseases such as German measles 
(aka rubella); some examples are Sindbis virus, that pro-
duces arthritic disease, and Chikungunya virus, that causes 
joint pain (arthralgia) (Chen et al. 2018). The study of the 
mutational rate of these viruses is important, as it affects 
the effectivity of human vaccines. The vaccine currently 
used against German measles is a live attenuated version 
of the virus; this inoculation is particularly important in 
women of childbearing age, as viral infection during early 
pregnancy can produce serious consequences, such as mis-
carriages, still births and severe birth defects in the child, 
denominated congenital rubella syndrome. Alterations in the 
rubella virus genome can result in point mutations, but they 
can also generate defective-interfering RNAs, containing a 
reduced number of nucleotides, hence, considerably decreas-
ing the virus titer; some of these RNAs can span 7000 nt, 
although they are usually shorter than 300 nt (Derdeyn and 
Frey 1995). Where attenuated vaccines are used, as is the 
case for rubella, new mutations can either prevent reversion 
or facilitate it. In addition, the mutated vaccine can display 
adverse reactions, either when used as part of a multi-virus 
vaccine or when applied alone; one such example, reported 
by Domegan and Atkins in (2002), involved cellular apopto-
sis in rat glial cell cultures. The La polypeptide is a 47 kDa 
protein that can act as an autoantigen in human autoimmune 
diseases, such as systemic lupus erythematosus and Sjögren 
syndrome. This protein was found to interact with the 5′stem 
loop RNA of the rubella virus; in some cases, this interac-
tion can affect rubella pathology, as well as produce adverse 
reactions when vaccinated against this virus, although the 
benefits of rubella vaccination clearly outweigh the risks. 
Mutations in the 5′ stem loop result in a significant reduc-
tion in the production of viral non-structural proteins (Pug-
achev and Frey 1998). As togaviruses are enveloped viruses, 
mutations in their glycosylated membrane proteins, E1 and 
E2 that form a heterodimer, could prevent the viral mem-
brane fusing with the cell membrane; Yang and co-workers 
reported in 1998 that amino acid substitutions, at positions 
81 and 109 in the E1 protein, disrupted heterodimer for-
mation between E1 and E2, resulting in the virus lacking 
membrane fusion activity. Additional mutations in the E1 
protein, such as the substitution of a single tyrosine residue 
in the glycoprotein reported by Yao and Gillam (2000), was 
sufficient to block virus release. In an interesting publication 
in 2001, Kakizawa et al. discovered 21 different mutations 
present in an attenuated strain of rubella virus, as compared 
to the wild-type strain; 13 of them were in the non-struc-
tural protein, while 5 affected the structural protein and 
three occurred in the untranslated region. A critical finding 
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reported by the authors is that, the mutations that cause viral 
attenuation, appear to be different in each vaccine strain.

Furthermore, the GDD motif present in the p90 protein is 
important for RNA replication, since alteration of either of 
the aspartate residues stops virus replication; but point muta-
tions could also fully restore the attenuated virus, resulting 
in the production of infectious virions, rendering the vac-
cines unsafe. Attenuation of rubella strains often results in 
temperature sensitive mutants, with mutation of histidine at 
position 1042 in the p150 region, essential for generation of 
the phenotype (Sakata et al. 2009). Additional side effects 
produced by the rubella vaccine could relate to the ability of 
the capsid protein to interact with mitochondria, inhibiting 
protein import into the organelle; this matter needs to be 
addressed to eliminate this unwanted effect when designing 
vaccines (Ilkow et al. 2010).

Viruses containing negative‑sense ssRNA

Bunyaviruses

Bunyaviruses have been recently reclassified as an order, 
containing the families Hantaviridae, Feraviridae, Fimov-
iridae, Jonviridae, Nairoviridae, Peribunyaviridae, Phas-
maviridae, Phenuiviridae, and Tospoviridae. They are 
enveloped negative-sense ssRNA viruses, filiform in shape, 
that commonly infect in arthropods, although some spe-
cies are human pathogens; the latter include viruses such 
as the Crimean-Congo hemorrhagic fever, Rift Valley fever 
(with a fatality rate ranging from 0.5 to 2%) and hantavi-
rus hemorrhagic fever (with a mortality rate that can reach 
55%). Their genomic RNA is tripartite, formed by an L seg-
ment that encodes an RNA-dependent RNA polymerase, an 
M segment that codes for the viral glycoproteins, and a S 
segment that encodes the nucleocapsid protein. There are 
currently no licensed vaccines for bunyaviruses, although 
vaccine strain MP-12, as well as non-spreading replicon 
particles from the Rift Valley fever virus, remain as vaccine 
candidates; this means that, at this stage, it is not possible to 
evaluate the effect of mutations on the attenuated viruses, 
that could revert the vaccine strain into fully pathogenic 
virions. However, some authors have described reverse 
genetic approaches, that involve selectively disrupting the 
viral deubiquitinase and deISGylase enzymes, to generate 
viral strains with putative use both in therapy and as vac-
cines (Scholte et al. 2017). However, treatment of bunya-
virus diseases mainly relies on antivirals, such as ribavirin, 
with good in vitro activity, but less in vivo efficacy; other 
antivirals include favipiravir, that protects from hepatitis but 
not from encephalitis, and the nucleoside analog BCX4430 
that, at least in mice, increases survival (Atkins and Freiberg 
2017). Future treatments could take advantage of the ability 
of endosymbiont bacteria, such as Wolbachia, to inhibit the 

replication cycle of bunyaviruses, and this microorganism 
might even eliminate the virions (Schnettler et al. 2016). 
Naturally, if Wolbachia is used as antiviral treatment, muta-
tions affecting the bacterium could affect the efficacy of the 
treatment.

Rhabdoviruses and filoviruses

Rhabdoviruses and filoviruses belong to the Mononegavi-
rales, an order that contains a large number of viruses with 
non-segmented negative-sense ssRNA. In addition to the 
rabies and Ebola viruses, this group includes the human 
respiratory syncytial virus, measles, and mumps viruses, all 
of which cause significant disease and suffering in humans. 
Vesicular Stomatitis Virus (VSV) is the rhabdovirus arche-
type, and Wang et al. (2015) used this virus to develop a 
recombinant attenuated strain that could represent a good 
antigen delivery platform to vaccinate humans against other 
Mononegavirales.

Rhabdoviruses are bullet-shaped enveloped viruses, that 
are approximately 75 nm wide and 180 nm long, with a 
helical capsid and unipartite negative-sense ssRNA, they 
belong to the genus Lyssavirus. The mature virions contain 
5 proteins, two of these (L and P) constitute the polymer-
ase complex, the glycoprotein (G) makes the peplomers, the 
nucleoprotein (N) is the major nucleocapsid component, and 
the matrix protein (M) surrounds the nucleocapsid. The G 
glycoprotein, that makes trimers and projects, like spikes, 
from the nucleocapsid, is responsible for binding to recep-
tors on the host cells, and is the protein that induces neu-
tralizing antibodies (Wiktor et al. 1973). Although some 
rhabdoviruses, such as vesicular stomatitis virus, can induce 
interferon production, a cytokine shown to offer animals 
protection against viral progression (Youngner and Wertz 
1968), defense against viruses like rabies is best achieved 
by vaccination with attenuated viral strains. The complete 
nucleotide sequence of the attenuated rabies virus SAD 
B19 was reported by Conzelmann et al. (1990); but it was 
not until 2008 that Szanto and colleagues published the 
complete sequence of the raccoon rabies virus, the second 
North American wildlife rabies virus strain that was fully 
characterized.

Rhabdoviruses exhibit an exponential increase in fitness 
during large populations transmission (fitness is a param-
eter that measures the virus capability to replicate) and this 
increase can reach 5000% after 50 passages; in the case of 
bacteria, such as E. coli, fitness increases are hyperbolic 
and only reach a maximum of 37% after 2000 generations 
(Lenski and Travisano 1994; Novella et al. 1995). Single 
nucleotide mutations are sufficient to affect the degree of 
fitness in RNA virions (Sanjuán et al. 2004a) and even silent 
mutations can significantly contribute to adaptation in these 
viruses (Novella et al. 2004, 2005). Novella et al. described 
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in (2010) that, at a given number of viral passages, con-
trol populations underwent bigger fitness gains than mutant 
populations. In addition, the A-to-I deaminase enzymes 
(ADARs), that perform RNA editing on viral negative-sense 
double-stranded RNA, change adenosines to inosines (that 
are read as guanosines) adding to the mutation rate; Car-
penter et al. (2009) described hypermutations in the sigma 
virus, a rhabdovirus that infects Drosophila melanogaster, 
generating protein diversity in the central nervous system 
of the insect.

It is difficult to ascertain the mutations occurring in rabies 
virus, as much of our knowledge comes from VSV stud-
ies; relevant mutations for the latter include those reported 
by Pringle in 1970, caused by 5-fluorouracil, 5-azacytidine 
and ethyl methane sulfonate, and the spontaneous thermo-
sensitive mutants discovered by Flamand, also in (1970). 
The pioneering work of Clark and Koprowski (1971) iden-
tified generation of “fixed” rabies virus mutants by treat-
ment with  HNO2, 5-fluorouracil, or 5-azacytidine. Some of 
these mutants originated are thermosensitive (with a non-
permissive temperature of 40.5 °C) and exhibit a remarkably 
low incidence of either reversion or leakiness, making them 
good candidates for putative vaccines. The characterization 
of low-reversion rabies virus mutants is indeed important, as 
Clark (1980) reported that, serial propagation of attenuated 
rabies strains at a low multiplicity of infection, resulted in 
the appearance of virulent revertants, probably due to selec-
tive replication enhancement of these variants during virus 
culture.

The first stage of infection for all enveloped viruses 
involves fusion between the virus envelope and the mem-
brane of the target cell; this process is mediated by the trans-
membrane protein G in rhabdoviruses, as mentioned above. 
The mature G protein associates in trimers (Whitt et al. 
1991; Gaudin et al. 1992) and acquires this configuration 
in the endoplasmic reticulum; the putative fusion peptide 
for rabies virus is located between amino acids 102 and 179 
(Durrer et al. 1995). Other roles for this glycoprotein are its 
involvement in humoral and cellular immune responses, and 
its role as the first determinant for neurotropism (Badrane 
et al. 2001).

Seif and collaborators demonstrated in 1985 that muta-
tions in the capsid glycoprotein G were essential to obtain 
either attenuated or nonpathogenic strains of rabies virus; in 
particular, a point mutation at position 333, in which argi-
nine was replaced by either glutamine or glycine, proved 
crucial to generate a phenotype that is avirulent in mice. 
Four years later, Tuffereau et al. (1989) confirmed that 
Arginine 333 is absolutely essential for pathogenicity in the 
“fixed” rhabdoviruses CVS and ERA strains, although the 
viruses could revert to full pathogenicity by mutations that 
restore arginine at position 333 (Takayama et al. 2006). For-
tunately, it appears that the nonpathogenic glycoprotein gene 

is dominant over the pathogenic gene (Faber et al. 2007). 
Furthermore, Ito et al. had already described in 1994 a non-
pathogenic mutant of rabies virus, in which the arginine at 
position 333 was preserved, but contained other mutations, 
such as D instead of G at position 255, that rendered the 
strain nonpathogenic. However, after substitutions such as 
333H, 333 N, or 333Q, in rabies virus street strains iso-
lated from non-hematophagous bats in Brazil, the virions 
remained pathogenic for adult mice (Sato et al. 2009); these 
results confirm the crucial role played by the amino acid at 
this position in viral pathogenicity. It was originally thought 
that virus strains lacking the G protein would not be able to 
be released, by budding, from infected cells; Mebatsion et al. 
reported in (1996) that, although G protein is not absolutely 
essential for budding, this polypeptide produced a sixfold 
increase in virus productivity. In addition, Faber et al. dis-
covered in (2005) that, a single amino acid change (Asn to 
Lys at position 194) in rabies virus glycoprotein G, increases 
virus spread and significantly enhances virus pathogenicity.

Mutations in the G protein gene, particularly those induc-
ing changes between amino acids 118 and 139, are impor-
tant for the membrane fusion activity of the protein and, 
therefore, interfere with the viral replication cycle; this is 
an important consideration for vaccine design (Fredericksen 
and Whitt 1995). Indeed, and according to Shokralla et al. 
(1998), mutations that alter the carboxy-terminal region of 
the G glycoprotein, affect membrane fusion activity; in par-
ticular, substitutions of Gly 395, Gly 404, Gly 406, Asp 409, 
and Asp 411 with Glu, Ala, Ala, Asn, and Asn, respectively, 
decrease virion-cell fusion efficiency. Furthermore, substitu-
tion of a single glycine residue in the transmembrane domain 
of G protein is enough to abolish the fusion activity of the 
virus (Cleverley and Lenard 1998). Shokralla et al. (1999) 
used site-directed mutagenesis to generate double-site muta-
tions in the G protein of VSV; these mutants could repre-
sent appropriate attenuated strains for vaccine development, 
although, even dual mutants could revert to full infectivity, 
albeit at a very low rate. In 2002, Langevin and Tuffereau 
discovered novel mutations in rabies virus that mapped out-
side the areas thus far identified as antigenic, they included 
a serine or a valine residue replacing a phenylalanine at 
position 318, and a tyrosine or an arginine replacing a his-
tidine residue at position 352; in both cases, the mutations 
conferred resistance to neutralization by the neurotrophin 
receptor p75NTR. Alto et al. (2013) studied the evolution 
of VSV genomic RNA, in environments either under con-
stant or fluctuating temperatures, and reported that, under 
any of the environmental conditions tested, the majority of 
genome substitutions occurred in the G glycoprotein gene, 
suggesting the importance of this polypeptide in rhabdovirus 
adaptation to changing thermal conditions.

Mutations in the L– polymerase complex and the leader-
N gene junction are also important in vaccine design, since 
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attenuated vaccines containing mutations in these genes 
can revert to a quasi-wild-type, or even to a wild-type, and 
undergo a productive pathologic cycle. Accordingly, Chuang 
et al. (1997) studied the switch from transcription to genome 
replication in VSV polR mutants, that are defective in RNA 
replication, and concluded that the L protein contains sec-
ond-site suppressors for polR, hence switching the RNA 
polymerase into replication mode to generate virions.

The matrix protein (M) is involved in the suppression 
of β interferon gene expression, this is achieved through a 
general inhibition of both RNA and protein synthesis in the 
infected cell (Ahmed et al. 2003). Accordingly, any mutation 
in M that abolishes this ability would, at least in principle, 
facilitate virus neutralization by the host interferon system.

The matrix protein gene represents a good target for 
mutational studies, since this polypeptide targets neural 
mitochondria inducing cellular apoptosis (Gholami et al. 
2008); hence, a mutated M unable to suppress β interferon 
gene expression or induce cellular apoptosis, would be a 
good candidate to incorporate into the design of attenu-
ated rhabdovirus vaccines. The M proteins of these viruses 
also control intracellular virus accumulation, which is a 
crucial factor in disease development; Finke et al. (2010) 
constructed chimeric rabies viruses, with their M proteins 
replaced by lyssavirus M protein, and confirmed the role 
of M proteins in intracellular virus accumulation. More 
recently, Ke et al. (2017) reported that the M protein of the 
hemorrhagic septicemia virus plays a role in the suppression 
of host transcription, this includes suppression of the inter-
feron response and the antiviral gene expression.

Mutations in the rhabdovirus N protein are also valua-
ble; Masatani et al. described in (2011) that the amino acids 
located at positions 273 and 394, in rabies virus N protein, 
are important not only for pathogenicity, but also for evad-
ing retinoic acid-inducible gene I (RIG-I)-mediated innate 
immunity.

Another major consideration is the fact that, an increase 
in the rate of N-glycosylation in the G protein (the com-
mon N-glycosylation sites are Asn-37 and Asn-319, with 
an additional site at A-247), can occasionally result in the 
generation of attenuated rhabdovirus strains (Yamada et al. 
2012). The authors reported that serial passage of a street 
rabies virus in mouse neuroblastoma cells produced strains 
with lower pathogenicity, due to the increased glycosylation 
described above, making them effective attenuated strains. 
Yamada et al. reported in (2014) that efficient N-glyco-
sylation at position 37, but not at position 146, in the street 
rabies virus glycoprotein, resulted in reduced viral patho-
genicity. Nevertheless, to avoid the risk posed by mutation 
reversion, it is preferable to use vaccine strains containing 
multiple mutations, in the genes coding for proteins G, N 
and M, as opposed to single mutations (Nakagawa et al. 
2012); although there is always the danger of accumulating 

multiple mutations, for instance by serial passages in BHK 
cells, that could render the attenuated rabies viruses hyper-
virulent (Virojanapirom et al. 2012).

Mutations in the L protein of rhabdoviruses appear to also 
be important; Tian et al. (2015) reported that, amino acids 
K1685 and K1829 in the L protein, are involved in patho-
genicity and viral immune evasion, indicating a potential 
use for mutans in these residues in both therapeutics and 
as a tool to produce avirulent rabies vaccines. Additionally, 
mutations in the highly conserved region of the protein, cor-
responding to position 1914–1933 (NPYNE), have pleio-
tropic effects on the virus biology, according to Nakagawa 
et al. (2017); the authors suggested that these mutants could 
be useful in the design of attenuated vaccines.

Epistasis, the interaction between genes, is also a crucial 
topic that plays a major role in how different mutations affect 
rhabdovirus fitness. This subject was addressed by Sanjuán 
et al. in their (2004b) publication; the authors generated 47 
mutated VSV genotypes and compared the compensatory 
adaptation for virions with either one or two deleterious 
mutations. They reported that several pairs of mutations 
exhibited significant interactions that affected viral fitness; 
these include antagonistic (a pair of mutations that together 
create a smaller effect than the sum of the two individual 
effects) and synergistic epistasis (when the effect on fit-
ness of the two mutations together is bigger than the sum 
of the two individual mutations). In a later publication San-
juán and Elena (2006) concluded that, while simpler RNA 
genomes usually exhibit antagonistic epistasis, more com-
plex genomes tend to display synergism.

A number of antivirals against rhabdovirus have been 
described, these include highly sulfated K5 E. coli poly-
saccharide derivatives (Cagno et al. 2014), that effectively 
inhibit human infection by respiratory syncytial virus (Villa 
et al. 2017); Chattopadhyay described in (2006) that a small 
cationic protein, from the egg white of the turtle Caretta 
caretta, is an efficient antiviral compound against rhabdovi-
ruses (Chattopadhyay et al. 2006). Naturally, the antiviral 
effectiveness of these molecules is affected by viral muta-
tions that could render these viruses resistant to them.

Ebolavirus is probably the best-known member of the 
Filoviridae family, other members include Marburg virus 
and Cuevavirus; the latter, recently labeled as Lloviu virus, 
was named after a cave in Asturias, Spain, by Negredo et al. 
(2011). Filovirus cause severe, mainly fatal, hemorrhagic 
fever in humans. The Filoviridae family includes two classic 
genera, Marburgvirus, with several strains, and Ebolavirus, 
that encompasses six species, Sudan, Zaire, Ivory Coast, 
Reston (first Ebolavirus in mammals other than primates), 
Bundibugyo (Towner et al. 2008), with the above men-
tioned Cuevavirus as the most recent addition (Negredo 
et al. 2011). It is conceivable that new genera will be added 
to the filovirus group in the near future, as new animals 
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and ecosystems are studied, due to the genetic drift of these 
viruses. As it is widely known, Marburgvirus was described 
in 1967, in Marburg, Germany, during an accidental labo-
ratory outbreak; while Ebolavirus was detected in 1976 in 
Yambuku, Zaire, and displays a mortality rate that can reach 
90%.

These viruses contain long cylindrical/tubular nucleocap-
sids (up to 1000 nm long), that appear to display knots on 
their surfaces, an appearance typical of these viruses when 
examined under the electron microscope. The genome is 
monopartite, with negative-sense single-stranded RNA of 
approximately 19,000 nucleotides; the genome encodes 
seven structural proteins and is organized: 3′–leader–NP 
(nucleoprotein)–VP35 (component of the viral RNA poly-
merase complex, it constitutes a viral assembly factor that 
also inhibits host interferon production)–VP40 (matrix pro-
tein that penetrates the plasma membrane)–GP/sGP (gly-
coprotein that forms 7–10 nm long spikes)–VP30 (RNA 
binding protein, acts as a transcription activator)–VP24 
(multifunctional secondary matrix protein)–L (RNA poly-
merase)–trailer–5′. In contrast to rabies vaccine, that has 
been available from the time of Louis Pasteur, in the nine-
teenth century, the vaccine for Ebolavirus only became avail-
able in December 2016; this is a recombinant vesicular sto-
matitis virus-Ebola vaccine, approved for medical use in the 
European Union and United States in 2019. Earlier vaccines 
proved successful in non-human primates; they contained 
either adenovirus vectors encoding modified Ebola GP pol-
ypeptides (Sullivan et al. 2006), or Ebola strains lacking 
VP30 (Halfmann et al. 2009). Lázaro-Frías and colleagues 
reported in 2018 a new strategy for vaccines against Ebola-
virus, the authors proposed the use of poxviruses expressing 
GP and VP40 antigens.

Ebola viruses display high mutation rates, in the order 
of 2.0 × 10−3 substitutions per site per year (Jenkins et al. 
2002); of particular interest are those mutations that affect 
surface glycoproteins, which interact with the two viral 
receptors, Niemann–Pick Type C1 (Carette et al. 2011) 
and TIM-1 receptors (Kondratowicz et  al. 2011; Yuan 
et al. 2015). Matassov et al. (2015) highlighted the impor-
tance of these glycoproteins in immunization; they used a 
recombinant vesicular stomatitis virus with its glycoprotein 
removed and replaced by the Ebola GP polypeptides. In 
addition, Lennemann and coworkers, also in 2015, studied 
the role of mutations on the glycoprotein GP2, and found 
that some of the mutations arrested virus fusion to the host 
membrane. Once the virus is internalized, glycoprotein GP 
is processed by the proprotein convertase furin, originating 
the proteolytic products GP1 and GP2 essential for Ebola 
virus pathogenicity (Volchkov et al. 1998). Watanabe and 
colleagues demonstrated, in 2000, that the coiled-coil motif 
present in GP2 plays an important role in facilitating the 
entry of Ebola virus into the host cells. The GP glycoprotein 

contains a highly conserved hydrophobic region (encom-
passing residues 524–539) and mutations in that region, 
involving amino acid substitutions such as I532R, F535R, 
G536A, and P537R, almost completely abolish infectivity 
(Ito et al. 1999). In addition, mutations of the two pheny-
lalanine residues, found in two linear domains of GP1, are 
critical for viral cell entry; this, in turn, provides a novel 
target for vaccines and antiviral therapies (Mpanju et al. 
2006). The phenylalanine at position 88 appears to be most 
important for host cell entry, while the residue at position 
159 plays a less relevant role, as it is only indirectly involved 
(Ou et al. 2010). It is important to consider, however, that 
mutations in the envelope glycoproteins of Ebola viruses 
occasionally only restrict viral entry in a host species-spe-
cific manner, as reported by Martínez and colleagues in 
2013. Furthermore, a single alanine-to-valine amino acid 
substitution in the surface glycoprotein, A82V mutation, can 
render viral strains more pathogenic to humans; the Ebola 
epidemic of 2013–2016, caused by one such strain, infected 
more than 28,000 people, more than the combination of all 
previous outbreaks, and resulted in 11,000 casualties (Diehl 
et al. 2016, Bedford and Malik 2016). Additional mutations 
in GP, such as amino acid substitutions R29V, T206M and 
T230A, reported by Urbanowicz et al. (2016), revealed that 
those mutations provided additional increases in primate-
specific infectivity.

Prins et al. (2010) studied the effect of mutation in VP35, 
they introduced two amino acid substitutions, K319A and 
R322A, in the protein that completely abrogated the VP35 
dsRNA binding activity; this changes prevented the Ebola 
virus from infecting guinea pigs, highlighting the impor-
tance of these type of strains in vaccine development.

Nevertheless, it is important to remember the statement 
by Olabode et al. (2015) indicating that “Ebola virus is 
evolving but not changing”, as no functional changes have 
been identified in the different outbreaks of the disease, from 
1976 to 2014.

Orthomyxovirus

The Orthomyxoviridae family contains ssRNA of negative 
polarity, usually composed of six to eight polyadenylated 
segments, enclosed in a helical capsid; they are surrounded 
by a membrane from which two polypeptides protrude, one 
of the proteins displays enzymatic activity, while the other 
interacts with red cells (neuraminidase, and hemagglutinin 
respectively). Both hemagglutinin and neuraminidase are 
immunologically independent components of the viral sur-
face (Seto and Rott 1966), and serological tests indicated 
that the surface antigens in group A influenza virus display a 
wide antigenic variation (Pereira 1967; Tůmová and Pereira 
1968; Pereira 1969; Schild and Newman 1969). It soon 
became apparent that the neuraminidase of certain avian 
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influenza A strains was closely related to the enzyme present 
in human influenza virusesSchild and Newman described 
in 1969 that the neuraminidase of particular avian influenza 
strains, including A/Turkey/Massachusetts/65, was antigeni-
cally similar to the enzyme present in human strains; these 
results were confirmed by Easterday et al. (1969), that car-
ried out inhibition and immunoprecipitation tests. Webster 
and Pereira had already described in (1968) that influenza 
viruses from human and avian sources shared a common 
surface antigen. This close relationship between the neu-
raminidase enzyme in human and avian viruses suggests a 
genetic interaction, in nature, between influenza strains from 
different hosts, resulting in the antigen radiation observed in 
the strains circulating around the world.

The Orthomyxoviridae family includes four genera, 
Thogotovirus, Isavirus, Quaranjavirus and Influenzavirus; 
the latter is the best known, due to its relevance to human 
health, and is classified into four groups, A, B, C, and D. 
Thogotovirus was originally classified as part of the old 
Arboviridae family, with hosts among both vertebrates and 
invertebrates (Albanese et al. 1972). Isavirus (Hellebø et al. 
2004) infects mainly euryhaline fishes belonging to the 
genus Salmo (i.e. S. salar); while Quaranjavirus, with Quar-
anfil virus as the type species, belongs to a family branch 
highly divergent from the rest of orthomyxovirus, and was 
isolated from Rhipicephalus ticks (Choletti et al. 2018). The 
prominent genus, Influenza, produces regular pandemics in 
humans, that involve groups B and C, but mainly group 
A; the latter undergoes frequent antigenic shifts, requiring 
annual vaccination against the seasonal strain, making this 
group the most likely to produce a world pandemic (Gas-
parini et al. 2014). Group D is the most recently discov-
ered, and was isolated from pigs and cattle with respiratory 
syndromes (Hause et al. 2014; Collin et al. 2015; Barberis 
et al. 2016).

No one currently questions the fact that influenza is 
caused by a virus, but this was not the case at the end of 
the nineteenth century, or even during the first two decades 
of the twentieth century, when it was erroneously assumed 
that the illness was caused by a bacterium, named Bacillus 
influenzae (Twort and Twort 1921). Additional misconcep-
tions about the etiological agents of other viral diseases are 
described in the review by Villa et al. (2018).

The incorrectly named, infamous “Spanish flu” (January 
1918–December 1920) was caused by the Influenza A pan-
demic strain N1H1, an orthomyxovirus containing genes of 
avian origin, that infected over 500 million people a caused 
an estimated 50 to 100 million casualties (3–6% of the 
human population at the time). This was the second known 
flu pandemic to spread over the world (Villa et al. 2018); 
the first well documented worldwide occurred in 1580, it 
started in Asia and spread to Europe, via Asia Minor, and 
North–West Africa, eventually reaching the Americas 

(Potter 2001). More recent pandemic waves include the 
“Asian influenza”, this was originated by an avian H2N2 
virus that started in China in 1957 and caused an estimated 
two million deaths worldwide; the “Hong Kong” influenza 
of 1968, produced by a H3N2 influenza A virus that resulted 
in one million deaths; while a new strain of N1H1 emerged 
in the 2009 pandemic with the ability to infect, not only 
humans, but also several animal species, such as pigs, horses 
and birds. Barberis and co-workers published in (2016) an 
interesting review on the history of influenza. Although the 
influenza virus displays a tendency to create pandemics, this 
is not the case for other members of the Orthomyxoviridae 
family.

Pandemic waves are not only produced by viruses, but can 
also result from bacterial infections; this is the case for the 
“black death”, caused by the bacterium Yersinia pestis and 
known as bubonic plague, that produced several infection 
waves and resulted in the most lethal pandemic in the history 
of humanity. There are a number of pandemics, caused by 
this bacterium, recorded in human history, these include the 
Justinian plague in the sixth century, that killed an estimated 
20–50 million people; the middle ages plague in the four-
teenth century, that ravaged Europe and caused an estimated 
75–200 million deaths, representing more than a third of the 
European population of the time. The last bubonic pandemic 
originated in China, in the middle of the nineteenth century, 
and rapidly spread to the American continent, due to ship-
ping harbor traffic; the World Health Organization did not 
declare that this pandemic had ended until 1959, although 
there was a further outbreak in India, in 1994, that caused 
50 deaths.

Virologists identified a continuous genetic variation in 
Influenza viruses, not present in other viral families such as 
Rhabdovirus or Coronavirus, that causes an antigenic drift 
resulting in the variation in the viral surface antigens; this 
antigenic variation is responsible for the flu virus evading 
the immunity caused by vaccination with the previous year 
pathogenic strain, hence requiring an effective vaccine to 
be updated annually. Although scientist have renewed their 
efforts to attain an “universal influenza vaccine”, this mat-
ter still remains a challenge (Wiersma et al. 2015; Barberis 
et al. 2016). According to Barberis and colleagues “current 
research priorities include the development of a universal 
influenza vaccine that could offer protection against all influ-
enza virus strains, thereby overcoming the challenges faced 
due to antigenic drift and shift or of co-circulation of dif-
ferent viral strains”. Already in (1973), Kendal and Kiley 
published an article on the antigenic divergence between 
the neuraminidases of Asian and Hong Kong influenza 
viruses, and associated this divergence to short changes in 
the primary structure of the neuraminidase; but the full com-
plexity of this matter did not become apparent until it was 
discovered that influenza viruses of different origin could 



457Archives of Microbiology (2021) 203:443–464 

1 3

recombinate to either originate completely new viral strains 
(Desselberger et al. 1978), or at least increase their genetic 
variation (Young and Palese 1979).

Paramyxoviruses

The best-known members of the Paramyxoviridae family are 
the causative agents of measles and mumps; they are highly 
contagious, enveloped viruses containing negative-sense sin-
gle-stranded RNA, that belong to the genus Morbilivirus and 
Rubulavirus, respectively. The natural hosts of these viruses 
are humans, and no other animal reservoir has been thus far 
described. The measles virus was originally isolated in 1954, 
and the World Health Organization currently recognizes 
24 different strains of this virus, belonging to eight clades 
named A, B, C, D, E, F, G, and H. The first effective measles 
vaccine was developed by Maurice Hilleman, licensed in 
1963 and estimated to prevent over one million deaths per 
year; although recent data indicates that measles virus is still 
responsible for over 100,000 fatalities every year. Measles 
is considered eradicated in some developed countries, but 
still infects many people in non-developed nations (Shi et al. 
2011). As is the case for other pathogenic viruses, it is essen-
tial to identify the mutation rate of the viral strains, not only 
for vaccine development, but also to estimate the probability 
of antiviral-resistant populations arising. The measles virion 
displays mutation rates similar to other ssRNA viruses in 
the laboratory, with an estimated mutation rate of 1.43 per 
replication (Schrag et al. 1999), while the virus exhibits high 
genetic stability in nature (Rima et al. 1997); this different 
viral behavior in the two environments remains unexplained.

Nichols (1963) and Nichols et al. (1965) reported in their 
publications that growth of the measles virus caused in vitro 
chromosome damage (mainly breakages); these chromo-
somal abnormalities were also reported as a result of measles 
vaccination (Levenshtam et al. 1969). The Edmonston strain 
of measles virus was described to cause polyokaryocytosis, 
in which the polykaryocyte nuclei tend to fuse (Heneen et al. 
1970); while in (1971), Parker et al. reported that vaccina-
tion with an attenuated measles virus strain could produce 
an infection in the human central nervous system. Despite 
these serious side effects described above for the vaccine, 
Mina et al. (2019) reported that it remains crucial to con-
tinue widespread vaccination against measles because, in 
addition to the deaths directly caused by the virus, measles 
infection results in major detrimental effects in the individu-
als that survive. These authors concluded that infection by 
this virus induces a progressive loss of preexisting humoral 
antibodies in the patient, hence eliminating the protection 
the immune memory exerted against a variety of diseases, 
including influenza. This results, taken together with recent 
data indicating that measles infections cause prolonged 
immunosuppression in unvaccinated children (Petrova et al. 

2019), in addition to the described ability of the measles 
vaccine to enhance immunological resistance to a variety 
of bacterial and virus pathogens, highlight the importance 
of maintaining worldwide measles vaccination programs.

It has been proposed that the measles virus is a paradigm 
of viral stability in the field, as the antigenic composition of 
the vaccine used to prevent it has remained efficient since it 
was developed, in the 1960s, and confers protection against 
the 24 circulating genotypes (Muñoz-Alía et  al. 2017). 
These authors also reported a new D4 subgenotype (D4.2) 
of the measles virus, suggesting that, although genomic drift 
occurs, it appears to happen at a much lower rate in measles 
than in members of the Orthomyxoviridae family. The new 
subgenotype represents a distant evolutionary relative in the 
D4 genotype and, as opposed to other measles strains, is dis-
tinguishable by neutralization with antibodies raised against 
the viral epitope NE. Some virus variants of the H clade in 
China appear to be undergoing similar developments (Shi 
et al. 2011). In conclusion and, despite the genetic stability 
of the measles virions, it is likely that in the future there will 
be a need to update the vaccines currently used around the 
world to combat this disease.

The mumps virus, as indicated above, is the second 
classic example of a paramyxovirus; the disease it causes 
has long been known to mainly affect children, although 
it can cause severe symptoms in adults, including orchitis 
that can lead to male infertility. The name “mumps” is the 
common name given to the disease in places like England, 
but it is known as “brank” in Scotland, although medical 
practitioners prefer the denomination “angina maxillaris”, 
in particular after Hamilton’s publication in 1790. The dis-
ease is characterized by the painful swelling of one or both 
parotid salivary glands and, although the mortality rate is 
low for this disease, patients can develop side effects such 
as benign torticollis (McGavin 1913), meningitis (Wollstein 
1921), including fatal meningitis (Griebel and Schnee 1950), 
pancreatitis, inflammation of the heart (Rosenberg, 1945), 
permanent deafness (Barr 1889), grave diabetes mellitus 
and pulmonary tuberculosis (Gilhespy and Holden 1917), 
as well as the orchitis mentioned above (Burne 1851; Hviid 
et al. 2008). The disease is currently prevented, in developed 
countries, by a vaccine, either on its own or in combination 
with rubella and measles; Maurice Hilleman is responsible 
for the development of over 40 vaccines, including measles 
and mumps (Buynak et al. 1969). The current vaccine has 
been described to only fully protect around 80% of the vac-
cinated population (Schlegel et al. 1999), with the remaining 
20% only partially protected.

The mumps virus genomic RNA is negative-sense and 
single-stranded, it contains 15,384 bases that encode nine 
proteins, and displays low genetic drift; the latter is sup-
ported by the fact that the vaccine against this virus has been 
efficient for so many years. The World Health Organization 
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recognized in 2015 twelve genotypes for the mumps virus 
(from A to N, excluding E and M), based on the nucleo-
tide sequences of two genes, a small hydrophobic (SH) and 
the hemagglutinin-neuraminidase (Jin et al. 2015). After 
sequencing a variety of disease-causing mumps viruses, it 
was discovered that the degree of genetic divergence (het-
erogeneity) for the small hydrophobic gene is 20%, while it 
is only 9% for the hemagglutinin-neuraminidase gene. This 
genomic drift is consistent with the field data on the effec-
tiveness of the currently used vaccines. However, routine 
monitoring of the viral genetic variation, in both measles and 
mumps, is essential to improve the molecular diagnostics 
of the viruses; this can be easily and rapidly achieved by 
next-generation sequencing (Dilcher et al. 2018). Using this 
technique, Willocks et al. (2017) demonstrated in Scotland 
that, an outbreak of mumps in the student population with 
high vaccination rates, was caused by a viral strain contain-
ing a genetic variation; this again highlights the need for 
vigilance in the health authorities, to update and maintain 
the effectiveness of vaccines. A classic example of this is 
the Urabe AM9 mumps vaccine, consisting of a mixture 
of viruses with different amino acids at position 335 in the 
hemagglutinin-neuraminidase (Brown et al. 1996), that dis-
played differences in attenuation rates when tested in the 
rat neurovirulence model (Shah et al. 2009; Schinkel et al. 
2017).

Concluding remarks

RNA viruses exhibit higher mutation rates that DNA 
viruses, this allows for fast evolution and, accordingly, these 
viruses can develop antiviral resistance and overcome vac-
cines much more rapidly than the DNA viruses. This also 
translates into the fact that pathogenic RNA viruses, that 
cause many diseases and deaths in humans, represent the 
major viral group involved in zoonotic disease transmission, 
and are responsible for worldwide pandemics. In general, 
the fact that RNA viruses display greater substitution rates 
than their DNA counterparts is mainly due the low fidelity 
of the RNA polymerases, which usually lack a proofreading 
mechanism and have high mutation rates. This lack of rep-
lication fidelity, together with the fact that RNA viruses can 
undergo spontaneous mutations, results in genetic variants 
displaying different viral morphogenesis and variation on 
their surface glycoproteins, that affect the viral antigenicity 
and can result in the production of viral quasispecies (Man-
dary et al. 2019).

The above mentioned low replicative fidelity and 
population diversity directly affects fitness and viru-
lence in RNA viruses. Viral RNA-dependent RNA pol-
ymerases display a high frequency of ribonucleotide 

misincorporation, that contributes to genetic diversity; 
the speed at which RNA viruses create genetic variants, 
allows the viral population to quickly adapt to changing 
environments, even during host infection. Fitzsimmons 
and coworkers suggested that speed is more important 
than accuracy, adding that RNA viruses prioritize speed 
over fidelity, hence resulting in high mutation rates, as 
it is hard to concomitantly achieve both speed and accu-
racy (Fitzsimmons et al. 2018). Mathematical models for 
population genetics identified what they term as “extent 
of genetic diversity”, this is a theoretical calculation of 
the maximum number of mutations a haploid genome 
can withstand when the yield of offspring (fecundity) is 
fixed. These studies led researchers to believe that RNA 
viruses display the highest bearable mutation frequency, 
but this matter has only been tested in vitro with chemical 
mutagenesis (Korboukh et al. 2014). Lauring et al. (2012) 
studied the effect of mutagenesis on virus evolvability 
and pathogenesis, by comparing the poliovirus wild-type 
strain to two synthetic viruses engineered to contain large-
scale synonymous mutations on their capsids. Remarkably, 
the authors discovered that, although the two engineered 
viruses encoded a nucleocapsid identical to that of the 
wild-type virus, the mutations caused a reduction in the 
robustness of the virion, with one of the mutants behav-
ing as an attenuated virus. It also appears that the location 
of the mutated nucleotide affects the capability of viral 
mutation. These two facts, taken together, could represent 
a new era in the design of novel live attenuated vaccines, 
with the candidate strains arising by molecular engineer-
ing, and including a restricted evolutionary capacity in 
their design. Lauring et al. (2012) also reported that the 
lack of replication fidelity favors RNA viruses, because 
it creates a population that contains individual variants, 
hence, facilitating adaptation to changes within the host 
it infects. This quasispecies quality of RNA viruses also 
promotes the appearance for zoonotic virus, that regularly 
cause human pandemics with considerable fatality rates.

The quasispecies phenomenon could also be responsi-
ble for the differences in virulence, as well as plaque size 
and morphology, found in RNA viruses, and these studies 
are important to determine if severe infections are caused 
by a single strain or are the result of the cooperative effect 
of viral quasispecies, displaying different mutations. This 
information would give an important insight into virus 
evolution and adaptation, as well as positively contributing 
to the design of more effective, and longer-lasting, vac-
cines against RNA viruses (Mandary et al. 2019).
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