
Vol.:(0123456789)1 3

Molecular Biology Reports (2021) 48:6645–6653 
https://doi.org/10.1007/s11033-021-06632-2

MINI REVIEW ARTICLE

Genomic evolution of the human and animal coronavirus diseases

Carla Miranda1,2 · Vanessa Silva1,2,3,4 · Gilberto Igrejas2,3,4 · Patrícia Poeta1,2 

Received: 6 May 2021 / Accepted: 5 August 2021 / Published online: 12 August 2021 
© The Author(s), under exclusive licence to Springer Nature B.V. 2021

Abstract
Different coronaviruses have emerged due to their ability to infect, mutate and recombine multiple species and cell types, 
suggesting that these viruses will carry on to evolve and origin both veterinary and human diseases. So far, more than fif-
teen coronavirus-related diseases have been described in animals and seven in humans. Of which recently, a novel human 
betacoronavirus designated by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), an emerging zoonotic 
coronavirus is the causative agent of the coronavirus disease 2019. This virus emerged in China and spread rapidly world-
wide. At the end of January 2020, the WHO declared the pandemic as a public health emergency of international concern. 
In this pandemic, the SARS-CoV-2 virus has infected more than 198 million people, with 4.2 million deaths worldwide (as 
of 2 August 2021). In the past two decades, this is the third betacoronavirus that has crossed the interspecies barrier from 
animals to infect humans and other animal species. The diseases caused mainly severe respiratory infections. The aim of this 
review is to summarize and provide an overview of the coronaviruses that can affect animals and humans and the diseases 
that ensue, as well as, its genomic relationship.
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Introduction

Coronaviruses (CoVs) belong to the subfamily Orthocoro-
navirinae, part of the family Coronaviridae within the order 
Nidovirales. This subfamily is divided into the four genera 
Alpha, Beta, Delta and Gammacoronavirus, according to the 
International Committee on Taxonomy of Viruses (ICTV). 
The CoVs are enveloped positive-sense RNA viruses, with 
large surface projections shaped like clubs or petals called 
spikes. Electron microscope images of the virus are remi-
niscent of the sun’s corona, hence the name coronavirus 

[1]. All coronavirus genomes are arranged similarly and are 
the largest known RNA genomes (27–32 kb). The replicase 
locus is encoded within the 5′ region of the genome that 
included two overlapping open reading frames [ORFs 1a and 
1b with a ribosomal frameshift (RFS) site and several non-
structural proteins (nsp)] and the structural proteins within 
the 3′ region. Structural proteins comprise spike (S), enve-
lope (E), membrane (M), nucleocapsid (N) and internal pro-
teins, as well as hemagglutinin esterase glycoprotein in the 
betacoronaviruses (forming a second type of surface projec-
tion). Structural proteins with functions in virion structure 
and morphogenesis contribute significantly to viral spread 
in vivo and in antagonizing host cell responses. Conserved 
nonstructural proteins also have functions in antagonizing 
host responses and enzymatic activities in RNA metabolism 
or protein processing [1, 2].

The RNA viruses, in particular with non-segmented 
genomes and positive-strand, have demonstrated the abil-
ity to evolve quickly facing the changing host environments 
and/or ecological conditions. The RNA viruses balance the 
capacity to adapt to new situations and the need to maintain 
an intact replication-competent genome. Generally, there is 
an inverse correlation between genome size and replication 
fidelity as a larger genome is more impacted by high error 
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rates during RNA replication and high recombination fre-
quencies. Therefore, these viruses present nucleotide sub-
stitution rates higher than those observed in DNA viruses 
[2, 3].

In the last 50 years, many different coronaviruses caus-
ing a wide variety of human and veterinary diseases have 
emerged due to their ability to recombine, mutate and infect 
multiple species and cell types. It is indeed likely that these 
viruses will continue to emerge, evolve and origin both vet-
erinary and human disease outbreaks. Coronaviruses infect 
certain domestic and wild animals and humans, causing 
acute or chronic diseases (Fig. 1), some of which may be 
subclinical or asymptomatic [2, 4, 5].

Animal coronaviruses

The CoVs include a substantial number of pathogens of 
mammals and birds that cause severe disease mainly in 
livestock (pigs, cows and chickens) and companion animals 
(dogs and cats) (Fig. 1). Ducks, turkeys, horses, bats, snakes, 
mice, ferrets, minks and other wild animals are also known 

to have been infected by different CoVs. Alpha and Betac-
oronavirus species are mostly responsible for the numerous 
diseases that ensue including respiratory disease, enteritis, 
polysevositis, myocarditis, sialodacryadenitis, hepatitis, 
encephalomyelitis, nephritis, immunopathological diseases 
and various other disorders [2, 4, 5].

In brief, more than fifteen CoV-related diseases have been 
identified in animals, but with different tissue tropisms and 
consequently different clinical signs. Some examples will be 
described here. Porcine epidemic diarrhea virus (PEDV) and 
transmissible gastroenteritis virus (TGEV) both included 
in Alphacoronavirus genus, cause severe gastroenteritis in 
young piglets, leading to significant morbidity, mortality 
and economic losses. Similar to these swine enteric patho-
gens, in the last decade emerged the porcine deltacorona-
virus (PDCoV) of the Deltacoronavirus genus, affecting 
also neonatal piglets with diarrhea, vomiting and dehydra-
tion. Porcine hemagglutinating encephalomyelitis virus 
(PHEV) belonging to Betacoronavirus genus mostly leads 
to enteric infection but can also infect the nervous system 
of pigs, causing encephalitis, vomiting and wasting [4–6]. 
Feline enteric coronavirus (FCoV) is highly contagious with 

Fig. 1   List of main virus spe-
cies belong to the Coronaviri-
dae family that affect livestock, 
pets or humans, according to 
the International Committee on 
Taxonomy of Viruses
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fecal–oral transmission and this can cause mild or asymp-
tomatic infections, in opposite feline infectious peritonitis 
(FIP), a lethal disease in domestic cats. FIP occurs in wet 
and dry forms with similarities to the human disease sar-
coidosis. A canine coronavirus (CCoV) usually only pro-
duces mild gastroenteritis in infected dogs but it has been 
identified in foxes, raccoon dogs and cats [4, 5, 7].

Bovine coronavirus (BCoV) infections are associated 
with three distinct clinical syndromes in cattle: diarrhea in 
calves, winter dysentery or hemorrhagic diarrhea in adult 
cattle, and respiratory infections in cattle of various ages, 
including the bovine respiratory disease complex (or ship-
ping fever) in feedlot cattle. The BCoV infects cattle and 
wild ruminants, and are associated with a significant eco-
nomic loss to the livestock industry. Many strains of the rat 
coronavirus sialodacryoadenitis virus (SDAV) are highly 
contagious within naïve rat populations with primary tro-
pism to nasal respiratory epithelium, then to lacrimal glands, 
salivary glands and lungs [4, 5]. Infectious bronchitis virus 
(IBV) causes one of the major viral diseases of chickens 
worldwide. This virus spreads between birds by aerosol and 
ingestion of food contaminated with feces, causing gasp-
ing, coughing, tracheal rales, sneezing, nasal exudate, wet 
eyes, respiratory distress, and occasionally swollen sinuses. 
As a result of the extensive use of vaccines this disease has 
declined [5].

The most widely studied animal coronavirus is murine 
coronavirus mouse hepatitis virus (MHV), which causes a 
variety of outcomes in mice, including respiratory, enteric, 
hepatic and neurological infections. These infections often 
serve as useful models of human and animal disease. MHV 
represents a spectrum of coronaviruses with tropisms for a 
wide variety of mouse cells or tissues, such as the enteric 
epithelium, respiratory epithelium, vascular endothelium, 
lymphoid tissue, hemopoietic tissue, liver and central nerv-
ous system [4, 5, 8].

Human coronaviruses

Coronaviruses are among the spectrum of viruses that 
cause the common cold or mild respiratory tract infections 
in humans. Four human coronaviruses (HCoVs), namely 
HKU1, NL63, 229E and OC43, have been circulating in 
the population, generally causing mild respiratory disease 
(Fig. 1). In severe cases, these viruses can also cause pneu-
monia and bronchiolitis in children, the elderly, or immune-
compromised individuals [9, 10]. The HCoV-229E (genus 
Alphacoronavirus) and HCoV-OC43 (genus Betacoronavi-
rus) were identified in 1967 and are responsible for 10–30% 
of all common colds and infections occurring mainly during 
the winter and early spring [11]. In winter 2002–2003 in the 
Netherlands, HCoV-NL63 (genus Alphacoronavirus) was 

isolated from a child with bronchiolitis and conjunctivitis 
[12]. In winter 2003–2004 in China, HCoV-HKU1 (genus 
Betacoronavirus) was discovered in two patients with pneu-
monia [12]. The natural hosts of all HCoVs are animals, 
such as bats for Alphacoronavirus and rodents for Betacoro-
navirus, and intermediate hosts are known to be camelids for 
HCoV-229E and bovine for HCoV-OC43 [9, 13].

In 2002, before HCoV-NL63 and HCoV-HKU1 were 
identified, a new betacoronavirus called severe acute respira-
tory syndrome-related coronavirus (SARS-CoV) emerged in 
the human population in China as an atypical pneumonia, 
causing a worldwide epidemic with severe morbidity and 
high mortality rates, particularly in older individuals. The 
concept that the human coronaviruses only cause common 
colds completely changed with the emergence of this highly 
pathogenic zoonotic disease, severe acute respiratory syn-
drome (SARS). The causal agent, SARS-CoV, had its origin 
in bats but crossed over to humans via an intermediate host, 
the masked palm civet sold in a market of live animals, the 
possible source of human infections. Closely related viruses 
were since isolated from several exotic animals includ-
ing Himalayan palm civets and raccoon dogs [4, 14, 15]. 
Although cats and ferrets can be infected with SARS-CoV, 
the infection does not induce severe disease in either species 
[16]. During the 2002–2003 outbreak, SARS-CoV affected 
approximately 8500 people and led to 900 deaths, resulting 
in an overall mortality rate of 9–11% but approaching 50% 
mortality in individuals over 60 years of age. The outbreak 
began in a hotel in Hong Kong and spread to 29 countries/
regions [14, 17]. However, the virus has not returned since 
this outbreak [4].

In 2012, a new betacoronavirus was transmitted from ani-
mals to humans causing the lethal Middle East respiratory 
syndrome (MERS). The MERS-related coronavirus (MERS-
CoV) emerged in Saudi Arabia through contact with drom-
edary camels as the intermediate host although it originated 
from bats. MERS-CoV went on to affect around 2500 people 
and caused 858 deaths, with a mortality rate of 35%. This 
respiratory disease is particularly severe and, unlike SARS-
CoV, sporadic MERS outbreaks have been reported in the 
interim [18, 19].

At the end of December 2019, a new outbreak of a res-
piratory disease infecting humans in Wuhan City in the 
Hubei province of China was reported. Clinically, patients 
had symptoms and signs similar to SARS and MERS, such 
as fever, coughing and difficulty breathing, with evolution 
to severe pneumonia in the most severe cases, which needed 
ventilator support [13, 15, 20]. A few days after the outbreak 
was announced, scientists identified a novel betacoronavirus 
by molecular analysis, provisionally called 2019-nCoV [20, 
21]. According to the Coronaviridae Study Group (CSG) of 
the ICTV, based on phylogeny, taxonomy and established 
practice, the virus was designated SARS-CoV-2, since this 
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created a sister clade to the prototype bat and human SARS-
CoVs. The ongoing outbreak caused by coronavirus-associ-
ated acute respiratory disease was called coronavirus disease 
19 (COVID-19) [22].

From the evolution of an animal betacoronavirus to 
humans, COVID-19 is the third documented spillover that 
has resulted in a pandemic in the last 20 years [23]. SARS-
CoV-2 also originated in bats and was transmitted to humans 
through yet unknown animals in Wuhan, although pango-
lins and snakes are possible intermediary hosts [10, 20, 21]. 
Since a bat coronavirus (Bat-CoV-RaTG13) that has been 
isolated from Yunnan, China shares 96% whole genome 
identity with SARS-CoV-2 and another coronavirus was 
recently isolated from Malayan pangolins, demonstrating 
that the whole genomic sequence of the pangolin coronavi-
rus (pangolin-CoV) is 91.02% and 90.55% identical to that 
of SARS-CoV-2 and bat-CoV-RaTG13, respectively [21, 
24]. Human outbreaks are driven by person-to-person con-
tact. The animal susceptibility with humans in close contact 
was searched, demonstrating that SARS-CoV-2 replicates 
weakly in dogs, ducks, chickens and pigs. However, cats and 
ferrets are permissive to infection and cats are susceptible to 
airborne infection [23]. Currently, there is no evidence that 
infected pets are a source of infection for people or other 
pets, suggesting infection was only caused by human-to-
animal transmission [25]. Several dogs and felines (domes-
tic cats and a tiger) have tested positive for SARS-CoV-2 
after close contact with infected humans, as reported by the 
World Organization for Animal Health (OIE) [26]. How-
ever, pets are unlikely to be SARS-CoV-2 carriers, since 
companion animals including pet dogs (including one dog 
a SARS-CoV-2 patient kept and two dogs which had close 
contact with it) and cats, street dogs and cats were serologi-
cally negative for the SARS-CoV-2 virus [27].

COVID-19 is a respiratory disease that affects people of 
all ages, most of whom will develop mild to moderate symp-
toms and recover without requiring special treatment. Peo-
ple who have underlying medical conditions and those over 
60 years old have a higher risk of developing severe disease 
and death [28]. Many people are asymptomatic. The disease 
is transmitted by inhalation or contact with infected droplets 
and the incubation period ranges from 2 to 14 days [10]. The 
disease is rapidly progressing worldwide and the mortality 
rates are high. At the end of January 2020, the World Health 
Organization (WHO) declared a Public Health Emergency 
of International Concern. Since the identification of the out-
break the infection quickly spread, resulting in more than 
198 million confirmed cases and 4.2 million deaths from 
216 countries, areas or territories with cases as of 02 August 
2021 [28]. These numbers possibly underestimate the total 
number of infected and dead, as many people are likely to be 
asymptomatic carriers, while testing is limited and surveil-
lance is variable. Owing to the lack of effective therapeutics 

to date, the best measures to control human coronaviruses 
remain a strong public health surveillance system coupled 
with rapid diagnostic testing and quarantine when neces-
sary [4]. However, a year after the pandemic began, several 
vaccines were developed and marketed, leading to a mass 
and rapid human vaccination program starting in December 
2020 [28]. Diagnosis of SARS-CoV-2 is based mainly on 
respiratory secretions on detection of the virus by molecular 
tests like nucleic acid amplification testing [10] and viral 
proteins by antigenic tests called direct immunoassay detec-
tion of viral protein antigens. Although this last allows a 
rapid antigen-detecting, it demonstrates a lower sensitivity 
than molecular tests [29]. The infection spreads so fast and 
the level of morbidity is so high that to control outbreaks 
public health organizations need to rapidly identify cases 
and strictly implement appropriate control measures [30]. 
The measures to prevent transmission entail home isolation 
of suspected cases and those with mild illnesses, standard 
precautions including hand hygiene and strict infection con-
trol measures at hospitals that include contact and droplet 
precautions with the use of personal protective equipment 
[10, 31].

However, most people with COVID-19 (84%) develop a 
mild or uncomplicated illness no requiring hospital interven-
tions. Some develop severe disease requiring hospitaliza-
tion and oxygen support (14%) with 5% requiring admission 
to an intensive care unit (ICU), in which most of critically 
ill patients require mechanical ventilation [32]. In severe 
cases, it might be necessary to proactively prevent compli-
cations, secondary infections, treat underlying diseases and 
provide organ function support, such as acute respiratory 
disease syndrome (ARDS), severe acute respiratory infec-
tion (SARI), sepsis and septic shock and multi-organ failure, 
including acute kidney injury, liver dysfunction and cardiac 
injury [33, 34]. The median duration of viral RNA detection 
was 20 days in survivors and the longest duration of viral 
shedding in survivors was 37 days. Additionally, SARS-
CoV-2 virus was detectable until death in non-survivors 
[31, 35, 36].

According to the WHO guidelines for clinical manage-
ment of patients with COVID-19, the treatment is essen-
tially supportive and symptomatic [31]. Supportive treat-
ment includes bedrest, adequate nutrition, monitoring vital 
signs and oxygen saturation, prevention of dehydration 
and maintaining water, electrolyte and acid–base balance 
[33]. There is no current evidence to recommend any spe-
cific anti-COVID-19 treatment for patients with confirmed 
COVID-19. While a variety of antimicrobials agents, includ-
ing antiviral peptides and corticosteroids, antibiotics (mac-
rolides and tetracycline) and antifungals have been used 
in COVID-19 patients, their role and mode of action have 
yet to be established. For example, based on some positive 
experiences with SARS and MERS, antiviral drugs such as 
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ribavirin and lopinavir–ritonavir have been used [11, 37, 38]. 
There are many ongoing clinical trials testing various poten-
tial antivirals (registered on https://​clini​caltr​ials.​gov/) [39].

Genomic relationship among the different 
coronaviruses

The scientific community has searched in diverse areas to 
understand the viral–host interactions to work in treatment 
alternatives and stop the disease progression mainly since 
the COVID-19 pandemic began, although there are non-
genetic and genetic factors associated with these interac-
tions. From the epigenetic studies is possible to evaluate the 
mechanisms as the virus interferes with the host immune 
response and quickly spread infection [40]. Saksena et al. 
[40] highlighted the importance of host-virus interactions 
through the SARS-CoV-2 epigenetics, however, coronavirus 
pathogenesis results from the complex epigenetic mecha-
nisms and depends on the virus ability to enter, replicate 
and affect the host immune system. These mechanisms that 
modulate and regulate host gene expression include histone 
modifications chromatin remodeling, non-coding RNAs, and 
DNA methylation.

For many years, the CoVs have been known in both ani-
mal and human medicine. CoVs posse large genomes and 
show an exceptional genetic plasticity with rapid genetic 
evolution and a change of the antigenic profile, demonstrat-
ing adaption to a variety of new hosts or reservoirs and tissue 
tropism. These characteristics result of the viral replicase 
mechanism, such as RNA dependent-RNA polymerase (pol) 
and helicase (Hel), due to the inclusion of error nucleotides 
at each replication cycle, accumulating changes or muta-
tions in the viral genome or the recombination mechanism 
allowing the CoVs acquire new biological properties [41]. 
In coronaviruses, the selection of CpG suppressed clones 
and cytosine deamination are the main biological factors 
responsible by codon usage bias. Recombination was fre-
quently observed between different strains of the same CoV 
or other CoVs [42].

In general, the described ideal host for Alpha- and Betac-
oronaviruses are mammals, bats, and rodents, including sev-
eral zoonotic and human CoVs, and the Gamma- and Delta-
coronaviruses are mainly detected in birds, demonstrating 
some genomic differences among these genera. Although all 
CoVs present a similar organization of the genome, some 
conserved genes present additional ORFs [42–44]. For 
example, the CSG analyzes only five essential domains like 
3CLpro, NiRAN, RdRp, ZBD and HEL, the only ones con-
served in all viruses of the order Nidovirales, to classify the 
CoVs including the SAR-CoV-2 [22]. Based on phylogenetic 
analysis and bioinformatic methods, is allowed to distinguish 
the Alphacoronaviruses of other CoV genera (Figs. 2 and 3). 

This group shows a transcription regulatory sequence (TRS) 
that occurs by the polymerase jumping with the sequence 
5′-CUA​AAC​-3′. The TRS can be found in the genome at 
the 5′ end of each gene and 3′ end of the leader sequence. 
In addition, all strains contain one or two nonstructural pro-
teins (NS7a and b) downstream to N and two papain-like 
proteases (PL1pro and PL2pro) in nsp3 of ORF1ab [42, 45]. 
A major of AlphaCoV members possess one ORF3 between 
the S and E genes, while FCoVs and CCoVs contain three 
(ORF3a, 3b and 3c) and TGEV two (ORF3a and 3b) with 
unknown functions [7].

All members of Betacoronaviruses possess two papain-
like proteases (PL1pro and PL2pro), haemagglutinin esterase 
(HE) genes and the S proteins are cleaved into the S1 and 
S2 domains, except for SARS-CoV and bat-CoVs that only 
contain one PLpro, no encode HE, unique S domain and the 
sequence for the TRS is ACG​AAC​ in the E gene instead 
of CUA​AAC​. From the CoV genomes, the proteins that 
demonstrate more variability is the S proteins, and when 
there are two domains from these, the S1 domain is the most 
variable. Additionally, the sequenced SARS-CoV genome 
isolated from humans and civet showed > 95% amino acid 
similarity of the pol (nsp12), helicase (nsp13) and N genes 
relative to bat SARS-CoV. However, the S protein only 
shared approximately 80% of similarity, suggesting that this 
variability in SARS-CoV protein S has allowed interspe-
cies transmission [42, 46]. The SARS-CoV-2 genome shows 
similarity to SARS-CoVs, containing the SARS-CoV-2 eight 
accessory proteins in the 3′-terminus, 3a, 3b, p6, 7a, 7b, 
8b, 9b and orf14; however, in SARS-CoV the 8a protein 
is present and the 3b is longer. Additionally, the observed 
amino acid substitutions occurred in nsp2 and nsp3, and S 
gene [47].

The Gammacoronaviruses genus includes IBV and 
recently turkey coronavirus (TCoV) that has been identi-
fied in several birds species; both sequenced genomes were 
similar relative to G + C contents, organization and size, 
suggesting that both have diverged from the same ancestor. 
In all members also present two domains of the S proteins 
[46]. Gamma- and Deltacoronaviruses lack nsp1 in the 
ORF1a polyprotein, in which the gene 1 only encodes 15 
nsps. However, the nsp1 in the other two genera show dif-
ferent functions and characteristics, suggesting an impor-
tant role in the adaptation of CoVs to different host species 
and in evolutionary relatedness [42, 48]. In 2012, seven 
novel Deltacoronaviruses were identified in pigs and birds, 
comprises porcine coronavirus HKU15, wigeon corona-
virus HKU20, magpie robin coronavirus HKU18, white-
eye coronavirus HKU16, sparrow coronavirus HKU17, 
night heron coronavirus HKU19, and common moorhen 
coronavirus HKU21. This discovery occurred three years 
after the description of the following three novel avian 
CoVs, munia coronavirus HKU13, thrush coronavirus 

https://clinicaltrials.gov/
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HKU12 and bulbul coronavirus HKU11 [44]. The genome 
sequencing showed that all these CoVs are very identity 
with the smallest genome compared with other CoVs, and 
have an accessory gene like nonstructural protein 6 (NS6), 
as well as other accessory genes between the M and N 
genes; a stem-loop II motif (s2m) and the same putative 
TRS with the ACA​CCA​ sequence [6, 44, 46]. In addi-
tion, the genetic analyses of the whole genome based on 
PDCoV (Deltacoronaviruses genus) ORF1ab, S, M and N 
genes demonstrated high nucleotide identity, however, the 
comparison between these genes, S gene suggested more 
genetic diversity. In addition, all Chinese strains showed 
the same 3-nt (AAT, 19,473–19,477 nucleotide) deletion 
in the S gene confirming an evolutionary rate of S gene 
higher than PDCoV whole genome [6].

With the increasing of the CoV novel numbers that have 
recently been reported and the number of sequenced CoV 
genomes of each genus member after the emerged SARS, 
indicating a high diversity of CoVs based on phylogenetic 
and evolutionary rate, and their capacity of interspecies 
jumping [46]. Therefore, new outbreaks are expected and 
more often of zoonotic diseases such as the COVID-19 
pandemic. This understanding of the structural and func-
tional characteristics of the CoVs genome is essential to 
combat novel CoV infections in animals and humans [45].

Conclusions and future perspectives

Nowadays, more than fifteen coronavirus-related dis-
eases have been described in animals. The animal cor-
onavirus infections have emerged in various species of 
mammals and birds and are generally associated with 
a wide spectrum of respiratory, intestinal and systemic 
infections. Furthermore, seven human coronaviruses have 
been described, of which four circulate seasonally and 
cause common colds, two other coronaviruses, SARS and 
MERS, have crossed from animal sources into humans but 
have not become endemic and recently SARS-CoV-2 is 
the causal agent of COVID-19 pandemic. The high muta-
tion rate and recombination probability of CoVs allow the 
adaptation of them a wide variety of animals taking to new 
RNA viruses emerging in a short period time.

The coronavirus infections have highlighted the politi-
cal concern, due to the serious social, economic, human 
health and animal health repercussions. Moreover, there 
are no measures to prevent and control a majority of these 
coronavirus infections. More economic investments by 
organizations and governments can also accelerate the 
implementation of measures like programs, policies, leg-
islation and research in One Health perspective and the 

Fig. 2   Main genome regions of the four CoV genera belong to the 
subfamily Orthocoronavirinae in the family Coronaviridae. The 5′ 
untranslated region (UTR), open reading frames (ORFs) 1a/b encod-
ing replicase polyproteins such as papain-like protease (PLpro), chy-
motrypsin-like protease (3CL), RNA-dependent RNA polymerase 
(Pol), helicase (Hel), haemagglutinin esterase (HE) and functional 

nonstructural protein (nsp); and spike (S), envelope (E), membrane 
(M), nonstructural protein 6/7 (NS6/7), nucleocapsid (N), and 3’ 
UTR are shown. Transcription-regulatory sequence (TRS). The 
ribosomal frameshift (RFS) site was indicated. One member of each 
genus is shown as a representative example. The figure is not drawn 
to scale
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development of new strategies to control of diversity of 
the coronavirus diseases, such as vaccines and new drugs 
to their treatment.
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Fig. 3   Phylogenetic tree based on nucleotide sequences of complete 
genomes of CoV genera. This was constructed by the maximum like-
lihood method using the MEGA10 software package [49]. Bootstrap 
values were calculated based on 1000 replicates. The CoVs sequences 

are deposited on GenBank database. The branch lengths are drawn to 
scale (number of substitutions per site). The coronavirus of the genus 
AlphaCoVs, BetaCoVs, DeltaCoVs and GammaCoVs are indicated 
filled circle, open square, filled square and open triangle, respectively
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