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Abstract: Sialodacryoadenitis virus (SDAV) is known to be an etiological agent, causing infections in
laboratory rats. Until now, its role has only been considered in studies on respiratory and salivary
gland infections. The scant literature data, consisting mainly of papers from the last century, do
not sufficiently address the topic of SDAV infections. The ongoing pandemic has demonstrated,
once again, the role of the Coronaviridae family as extremely dangerous etiological agents of human
zoonoses. The ability of coronaviruses to cross the species barrier and change to hosts commonly
found in close proximity to humans highlights the need to characterize SDAV infections. The main
host of the infection is the rat, as mentioned above. Rats inhabit large urban agglomerations, carrying
a vast epidemic threat. Of the 2277 existing rodent species, 217 are reservoirs for 66 zoonotic diseases
caused by viruses, bacteria, fungi, and protozoa. This review provides insight into the current state
of knowledge of SDAV characteristics and its likely zoonotic potential.
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1. Introduction

Recently, research interest has turned to animals known to be sources of zoonoses,
including primates and other companion animals [1]. The outbreak of the new coronaviral
pandemic in 2020 multiplied the quantity of research concerning animals, such as horseshoe
bats (Rhinolophus spp.), fruit bats (Rousettus aegyptiacus), bank voles (Myodes glareolus), and
raccoons, as well as cats, dogs, ferrets, mink, and other livestock such as pigs and cows.
Most of the studies were performed to evaluate if these animals are capable of ACE2
expression, the major SARS-CoV-2 human cell entry receptor [2-6].

The majority of articles have been oriented on bats, but there is a need to focus on rodents,
primarily rats. Rodents have been recognized as reservoirs or carriers for several zoonotic
viruses, causing, for example, hemorrhagic fever with renal syndrome, Omsk hemorrhagic
fever, Apoi virus disease, lymphocytic choriomeningitis virus (LCMV), Western equine
encephalitis, and hepatitis E cowpox [7,8]. Notably, Rattus spp. thrive in urban areas and are
so well-adapted to close cohabitation with people that they are rarely found in habitats devoid
of humans. Rats can be found in almost every corner of every city on Earth, and humans are
more likely to interact with them than any other wildlife species [9].

Considering this, in the present review, we will describe the current state of knowledge
on Sialodacryoadenitis virus (SDAV), its characteristics and potential zoonotic threat.

2. Rat Coronaviruses: The Origin
2.1. Discovery

The first report on the new member of the coronavirus family appeared in the 1960s,
as the laboratory rats had been experiencing destructive sialoadenitis, dacryoadenitis, and
transmission disease of the lower respiratory tract [10-13]. After an outbreak in laboratory rats,
possibly antigenically related to mouse hepatitis virus (MHYV), agents were found in rat sera
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by the team of Hartley in 1964 [14,15]. This discovery was confirmed by Jonas et al. in their
study of a pathogenic agent, then recognized as virus-like particles in an electron-microscopic
examination of the infected salivary glands of rats [10]. Further studies conducted by the team
of Parker, led to the isolation of Parker’s rat coronavirus (RCV-P) from the lungs of asymp-
tomatic rats [16]. A second newly recognized strain causing sialoadacryoadenitis (SDA) was
also antigenically related to MHV and the rat coronavirus of Parker [17]. Subsequent studies
evaluated several other strains such as Japanese isolates, causative agent of rat Sialoadenitis
(CARS) [18,19]; and U.S. isolates RCV-BCMM, RCV-W [20], and RCV-NJ [21].

2.2. Sialodacryoadenitis Virus: Transmission, Clinical Signs of Infection, and Diagnosis

Experimental studies demonstrated that RCoVs (rat coronaviruses) can remain infectious
when dried on solid surfaces [22]. Spread of the infection is relatively easy and can occur by
direct contact with infected individuals or by aerosol. There is no evidence for intrauterine
transmission. Morbidity frequently reaches 100% among conventionally housed rats [23].

Rat coronaviruses can cause two types of infection: asymptomatic or symptomatic,
with tissue tropism to salivary glands, lacrimal glands, Harderian glands, and respiratory
epithelium. Moreover, there are two models of infection. The first type develops in breeding
colonies (virus present endemically), where an epizootic develops in young non-immune
individuals who develop conjunctivitis lasting up to a week [24]. The second type is
associated with the sudden onset of episcleritis in naive rats from weaning to adulthood.
Within this clinical picture, the symptoms persist for up to 2 weeks and, as with the herpes
virus, complications may lead to keratitis and megaloglobus. Other frequently observed
signs of SDAV infection include edema of the submaxillary salivary glands, nasal, and
ocular discharge (characteristically porphyrin stained), lacrimation, photophobia, corneal
opacities, corneal ulcers, and cervical swelling due to inflammation. Moreover, ancillary
effects may include transient anorexia and weight loss and disruption of estrus [25-29].

SDAYV and other RCoVs are today detectable by immunohistochemical techniques and
serological tests, e.g., multiplex fluorescent immunoassay (MFI) with IFA confirmation, ELISA.
Prior to seroconversion, especially in the case of an outbreak, histological examination of the
Harderian glands and the submaxillary and parotid salivary glands may be necessary [30].
In addition, molecular diagnostic RT-PCR for the M gene (membrane glycoprotein gene),
N gene (nucleocapsid gene), and pol gene are performed from a fragment of infected tis-
sue, feces, or oral or cage swabs to confirm the initial diagnosis [31-33]. Individuals that
are diagnosed as positive are quarantined or eliminated. Quarantine also includes animal
rooms, which should be disconnected from use for at least 5-8 weeks. Since SDAV is highly
contagious, personnel handling quarantined animals may become an important risk factor for
transmission, because virus particles can be transmitted on protective clothing [23].

3. Characteristics
3.1. The General Classification

Coronaviruses, along with toroviruses, roniviruses, arteriviruses, and mesoniviruses,
belong to the order Nidovirales (‘nido” means ‘nest’), so named because of the nested
subgenomic RNAs generated during the replication cycle [34]. The Nidovirales order
exhibits enveloped, non-segmented positive-sense RNA viruses. The characteristic features
include a highly conserved genomic organization, expression of non-structural protein
(NSPs) genes by ribosomal frameshifting, and several unique, non-conventional enzymatic
activities encoded within the large replicase. The viruses with the largest capacity to
cause epidemics and pandemics among the eight suborders of the order Nidovirales are the
Cornidovirineae. In the Cornidovirineae suborder there is one family, Coronaviridae, divided
into two subfamilies: Letovirinae and Orthocoronavirinae [35].

The Coronaviridae family comprises the largest RNA viruses, in terms of genome
length (~30,000 nucleotides) and virion size (spherical, 80-180 nm in diameter). They
infect birds and mammals, causing numerous diseases of the respiratory system, nervous
system, internal organs, or digestive system. The Orthocoronavirinae subfamily is further
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divided into four genera: Alpha-(14 subgenera and 19 species), Beta-(5 subgenera and
14 species), Delta-(3 subgenera and 7 species), and Gamma-(3 subgenera and 5 species)
coronaviruses [36]. From a medical point of view, the most interesting are viruses of
the Alpha and Beta genera, which contain human-infecting viruses (alpha-coronaviruses:
HCoV-229E and HCoV-NL63, and beta-coronaviruses: HCoV-OC43, HCoV-HKU1, and
SARS-CoV, MERS-CoV, and SARS-CoV-2). There are currently seven known human coro-
naviruses, almost all of them are zoonotic in origin and capable of breaking the species
barrier. Of the animal coronaviruses (CoVs), alphacoronaviruses and betacoronaviruses
infect only bats and other mammals, while gammacoronaviruses and deltacoronaviruses
infect birds, and some of them can also infect marine mammals [37]. Among the most
common are PEDV, porcine epidemic diarrhea virus; TGEV, transmissible gastroenteritis
coronavirus; FCoV, feline coronavirus; MHYV, mouse hepatitis virus; FIPV, feline infectious
peritonitis virus; and IBV, infectious bronchitis virus (chicken). CoVs cause a wide variety
of diseases in animals, and their ability to be rapidly transmitted among livestock and
companion animals led to significant research on these viruses in the second half of the
20th century [38] (Figure 1).

Figure 1. Taxonomy graph of the Coronaviridae family. Own work based on ICTV 2020 [36]. Abbreviations: alpha-
coronaviruses: HCoV-NL63 (human coronavirus NL63), HCoV-229E (human coronavirus 229E), TGEV (transmissible
gastroenteritis coronavirus), FIPV (feline infectious peritonitis virus), bat-CoV-HKU2 (Rhinolophus bat coronavirus HKU2),
bat-CoV-HKUS8 (Rhinolophus bat coronavirus HKUS8), PEDV (porcine epidemic diarrheal virus), PRCV (porcine respiratory
coronavirus); Betacoronaviruses: HCoV-OC43 (human coronavirus OC43), HCoV-HKU1 (human coronavirus HKU1), SARS
(severe acute respiratory syndrome coronavirus), MERS (Middle East respiratory syndrome coronavirus), SARS-CoV-2
(Severe acute respiratory syndrome coronavirus -2), MHV (mouse hepatitis virus), SDAV (sialodacryoadenitis virus),
bat-CoV- HKU4 (Tylonycteris bat coronavirus HKU4), bat-CoV-HKUS (Pipistrellus bat coronavirus HKU5), CRCoV (canine
respiratory coronaviruses), ECoVs (equine coronaviruses), BCoVs (bovine coronaviruses), PHEV (porcine haemaggluti-
nating encephalomyelitis virus); Gammacoronaviruses: IBV (infectious bronchitis virus), TuCoV (turkey coronaviruses);
Deltacoronaviruses: CoV HKU11 (bulbul CoV HKU11), CoV HKU12 (thrush CoV HKU12), CoV HKU 13 (munia CoV
HKU13), CoV HKU16 (white-eye CoV HKU16), CoV HKU19 (night heron CoV HKU19), CoV HKU20 (wigeon CoV HKU20),
CoV HKU21 (moorhen CoV HKU21).
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3.2. The Rat Coronaviruses

To date, all known rat coronaviruses belong to the Beta genus. Betacoronaviruses
contain five subgenera: Embecovirus, Hibecovirus, Merbecovirus, Nobecovirus, and Sarbecovirus.
Members of the subgenera Embecovirus include SDAV, PRCV, RCV-BCMM, RCV-W, RCV-NJ,
RCV-CARS, and novel ChRCoV (China Rattus Coronavirus) HKU24 [36,39]. The ChRCoV
isolated from Norway rats in China represents the murine origin of Betacoronavirus 1. The
significance of this discovery lies in the fact that it is a distinct species and not derived from
either an avian or bat host, forming the basis of a new lineage of A Beta-CoV (A CoVs),
of which rodents are the principal host. ChRCoV HKU24 represents the murine lineage
of Betacoronaviruses 1, with the possibility of interspecies transmission from rodents to
other mammals. This transmission occurred before the appearance of the human HCoV
coronavirus OC43 in the late 19th century [40]. It is also important to point out that
the SDAV and other species of the rat coronaviruses belong to the same genus as the
highly epidemic/pandemic and most pathogenic CoVs for humans, such as SARS-CoV,
MERS-CoV, SARS-CoV-2, and others [37] (Figure 2).
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Figure 2. The neighbor-joining tree involves 26 amino acid sequences of spike glycoprotein of betacoronaviruses. The tree
was constructed using the p-distance model and 1000 bootstraps in the MEGA X. 10.2.6. The SDAV is indicated in purple.

3.3. Virion Structure and Biological Functions of Proteins

The architecture of a SDAV virion, as in all coronaviruses, is spherical with a diameter
ranging from 80 to 180 nm, as confirmed by tomography and cryo-electron microscopy [10].
It consists of a genomic core made up of non-segmented, positive sense, ssRNA stabilized
by a nucleocapsid protein and surrounded by a viral membrane envelope. The most char-
acteristic feature of all coronaviruses is the presence of tentacle-shaped spikes, emanating
from the surface of the virion and giving it the appearance of a corona, hence the name.
CoVs have a helically symmetric nucleocapsid, which is rare among positive sense RNA
viruses and much more common in negative sense RNA viruses [41-43]. As Barker et al.
(1994) and Yoo et al. (2000) described, SDAV contains four major coronaviral structural
proteins and one present only in a few species of CoVs. These are the spike (S), membrane
(M), envelope (E), nucleocapsid (N) proteins, and hemagglutinin esterase (HE), all of which
are encoded at the 3/ end of the viral genome [42,43] (Figure 3).
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Figure 3. Schematic structure of SDAV virion. Own work based on [42—44].

The homotrimer protein S is the main molecule that binds the virus to the cell surface
and is responsible for membrane fusion and entry of the viral genome into the cell. Conse-
quently, it is responsible for SDAV infection, and its gene regions are highly variable and
heterogeneous, which determines the change of virulence and tissue tropism. The S protein
of SDAV is type I transmembrane N-linked glycosylated protein (149.6 kD), consisting of
1357 amino acids. It is cleaved by host proteases (TMPRESS2, furin) into two subunits: the
S1 and S2 [45-48]. Comparing its sequence to MHV-A59 and MHV-JHM, it has relatively
low similarity (76.6%), which comes from additional sequences in the N-terminal half of
the S-protein gene of SDAV [43]. Numerous studies have shown that changes in the genes
encoding the S protein or related factors can alter CoV virulence, tissue tropism, host range,
or host immune response [49].

The second crucial structural protein of SDAV is protein M, a monomer composed of
three hydrophobic domains strongly linked to the viral envelope [50]. The M protein of
SDAV is 228 aa and 26 kD in size [43]. It has a short N-terminal ectodomain (extracellular
domain), modified by glycosylation and C-terminal endodomain situated in the interior
of the virion or on the cytoplasmic site of the intracellular membrane [41,51]. The role of
protein M is to promote membrane curvature by adapting the membrane region for virion
assembly and the uptake of structural protein residues. However, its role in folding virus-
like-particles (VLPs), requires the participation and simultaneous expression of protein E.
In addition, the M protein participates in the interaction with RNA, by carrying the genomic
packaging signal [52].

Small membrane protein (E), made of 88 aa and 10.1 kD, is classified as a homopen-
tamer and is present in small amounts in the virion [53]. It cooperates with protein M
during morphogenesis and virion assembly. It also interacts as a viroporin in the host
membrane to form pentameric protein-lipid pores that allow ion transport [54].

The nucleocapsid protein (N), the only one present in the helical nucleocapsid, has a
size of 454 aa and 49.4 kD and is almost 97% similar to the MHV N protein [55]. Its role is to
engage in the replication process by forming homodimers and homo-oligomers, by binding
genomic RNA and packaging it, thus forming nucleocapsid. It is also responsible for
inhibiting the translation process in the host cell ribosomes. In addition, it collaborates with
proteins M and E in the folding and budding process of the newly assembled virions [56]. In
other murine coronavirus, such as MHV-JHM, the nucleocapsid protein has been confirmed
to be an important enhancer and determinant of neurovirulence [57].

The fifth major structural protein, haemagglutinin esterase (HE), anchored to the viral
membrane envelope of SDAV, can bind sialic acid residues on surface glycoproteins and
glycolipids. It has acetyl esterase activity and is a homodimer of a size of 439 aa and
49kD [43]. The HE lectin domain contributes to virion attachment and simultaneously
enhances sialate-O-acetylesterase activity toward clustered sialoglycotopes. The SDAV
HE is highly conserved compared to the MHVs. The HE protein is only present in some
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embecoviruses (MHYV and other rodent CoVs, BCoV, HCoV-OC43, HKU1) [58,59]. It has
been postulated that HE is an essential protein for viruses within the betacoronavirus-1
species, including bovine coronavirus (BCoV) and HCoV-OC43 [60-62], but for MHV-JHM,
MHV-S, and MHV-DVIM it is a non-essential protein [63-65]. Its role is more like an
additional /supporting binding molecule, an addition to spike protein [66].

3.4. Cell Infection and Virus Replication

In rats and mice, SDAV can infect a wide range of cell types, such as the epithelial cells
of respiratory airways, mononuclear cells in lymphoid organs, or CNS cells (neurons and
astroglia) [19,67,68]. Entry receptor of SDAV has not yet been conclusively confirmed [69].
Unlike closely related viruses (MHV-JHM, MHV-S), SDAV and other RCoVs do not enter
cells via CEACAM]1 (carcinoembryonic antigen-related cell adhesion molecule 1) receptor
or its isoforms [70].

What further distinguishes SDAYV, and the other embecoviruses mentioned in Table 1,
from other coronaviruses are two surface proteins that allow attachment to the host
cell [71-78]. An essential clue in the context of the mechanism of SDAV entry into the cell
and binding to the cell receptor was described by Gagneten et al. (1996) [70]. Among other
results, the paper showed that only Parker RCV (RCV-P) expresses the haemagglutinin-
esterase glycoprotein, which has acetyl-esterase activity. Therefore, SDAV, unlike RCV-P,
exhibits the ability to bind to host cell receptors via S glycoprotein. In contrast, RCV-P
can bind to the host cell via both haemagglutinin-esterase glycoprotein and spike pro-
tein [70]. However, further studies have not been carried out to determine the mechanism of
SDAV entry. SDAV probably utilizes the mechanism used by human Betacoronaviruses-1
HKU1 and OC43 and binds via a spike protein to sugar-based receptor-determinates
4-O-acetylated sialic acids (4-O-Ac-Sias) attached as terminal residues to glycan chains on
glycoproteins and lipids (forming glycoconjugates) [79]. Whereas HE, a sialate-O-esterase
with a specific lectin domain attached to 4-O-Ac-Sia, acts as a receptor-destructive en-
zyme [44,78]. The hemagglutinin esterase protein promotes virus spread and entry in vivo
by facilitating reversible virion attachment to O-acetylated sialic acids [80,81]. In the case
of another representative of the embecoviruses, bovine coronavirus, HE activity at the end
of replication results in the destruction of intracellular and surface receptors, facilitating
the release of progeny virions from the infected cell [44].

After viral S and HE protrusions bind to glycan glycoconjugate receptors on the
host cell membrane, fusion with the membrane of endocytic vesicles and virus entry
into host cells occurs [49,79]. Most CoVs’ spike proteins are cleaved; however, there
are coronaviruses (FIPV, BCoV, MHV-Y, MHV-2) that fuse with cells without cleavage of
S protein. In the case of SDAYV, S protein undergoes proteolytic cleavage to two subunits:
S1 and S2. The interesting fact is that the cleavage recognition sequence (HRARR) is
identical to that of MHV-Y, which is not cleaved [43,82]. In fact, the cleavage of the spike
(S) protein occurs at two different points of the infection cycle in CoVs. The first, usually
induced by furin, results in the separation of the receptor-binding domain (RBD) from the
fusion protein S. Following binding of the virion to the receptor, a second proteolytic cut
by TMPRRS?2 protease, cathepsin, or another occurs. This allows the S2’ fusion peptide
to be exposed, thus, it fuses the viral envelope with the cellular membrane, ultimately
introducing RNA into the cytoplasm [83]. This process occurs directly on the plasma
membrane or via endosomal vesicles and is always triggered by receptor binding [84].
However, this mechanism differs between coronaviruses species and strains and also
depends on cell type. The MHV-JHM strain is capable of fusion at neutral pH but was also
found in endosomal vesicles (by endosomal pathway) [85]. Recent studies have shown
that MHV-JHM uses either the endosomal or the non-endosomal pathway, depending
on the cell type. After fusion of the viral envelope with the endosome membrane, the
viral genome is released into the cytoplasm. It has been shown that for MHV-4, the fusion
is dependent on low pH, which is necessary to mature vesicles to late endosomes and
subsequently set up an infection [85,86].
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The next step of viral replication is translation of the replicase gene from virion
genomic RNA. In the case of SDAV, the complete replicase gene sequence is thought to
be as yet undiscovered [43]. However, the region of the replicase gene was described by
Stephensen et al., 1999, while developing a consensus PCR assay for coronaviruses [87].
Two overlapping open reading frames (ORF) encode replicase genes: replla and replb,
which express large polyproteins: ppla and pplab. For these two polyproteins to be
expressed, the virus uses a slippery sequence (5'-UUUAAAC-3') and a pseudoknot RNA,
which causes a ribosomal frameshift from repla to rep1b ORF (-1 frameshift). This process
lasts until the unwinding of the RNA pseudoknot and the encountering of the repla stop
codon, or pseudoknot blocks the ribosome from further elongation resulting in a stop at
the slippery sequence, causing a -1 frameshift before extended translation into rep1b, which
produced pplab polyprotein [88]. These polyproteins ppla and pplab are co-translationally
and post-translationally processed into the individual non-structural proteins (nsps). Ppla
and pplab contain the nsp 1-11 and 1-16, respectively, forming the viral replication
and transcription complex. Proteolytic cleavage of these polyproteins into sixteen nsps
is possible by two cysteine papain-like protease (PLP1, PLP2) and chymotrypsin-like
protease. These non-structural proteins are then assembled into replicase-transcriptase
complex (RTC) and dedicated to viral RNA synthesis [§9-91]. With the formation of RTC
and an environment suitable for RNA synthesis, the process of viral RNA replication and
transcription of subgenomic mRNAs begins. The created microenvironment consists of
viral replication organelles of characteristic perinuclear double-membrane vesicles (DMVs),
convoluted membranes (CMs), and small open double-membrane spherules (DMSs) [69].
The whole replication process is initiated by synthesizing a full-length negative-sense
genomic RNA, the template for producing a new positive-sense genomic RNA. Therefore,
the generated fragments are then used for translation to produce more nsps and RTCs or
packaged into new progeny virions. Notably, the transcription process of coronaviruses
is a discontinuous viral transcription that involves the production of a set of nested 3'-
and 5'-terminal subgenomic RNAs (sgRNAs) [92]. During negative-strand RNA synthesis,
the RTC interrupts transcription against a transcriptional regulatory sequence (TRS) at
the 3’ end and restarts upon encountering a TRS-L leader sequence at the 5’ end. The
initiated re-synthesis of RNA in the TRS-L region results in the final negative-strand sgRNA
formation, by attaching a copy of the negative-strand leader sequence to the nascent RNA
strand. These strands are used as templates for the production of the characteristic nested
subgenomic positive sense mRNA. The sgmRNA positive sense is successively used for
the translation of structural and accessory proteins (spike protein (S), envelope protein (E),
membrane protein (M), nucleocapsid protein (N), and hemagglutinin esterase (HE)) [93-95].
These proteins are transported to the endoplasmic reticulum and then to the ERGIC
compartment (endoplasmic reticulum-Golgi intermediate compartment), where after the
entry of viral RNA, the formation of mature virions occurs. The virions are transported
in secretory vesicles to the vicinity of the cell membrane, where their exocytosis occurs,
as with most coronaviruses (Figure 4). For SDAV, the mechanism of egress has not been
clearly described, but for MHY, it is known to utilize the lysosomal trafficking pathway
with antigen presentation. Intriguingly, some of the produced and unused S-proteins
are transported to the surface of the cell membrane, allowing the connection of several
neighboring cells, and thus easier propagation of the infection without going into the
extracellular space and alarming the immune system [96-98].
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interactions with abundant host cell surface sialates, keeping the virus concentrated on cells before connecting S protein
with the still unknown cell receptor. (2) S-glycoproteins then bind to protein receptors and are proteolytically activated (by
cutting with specific proteases: TMPRESS2 or furin) into two subunits, S1 and S2, to conformations that induce membrane
fusion. (3) Virus—cell fusion involves S binding to sialic acids. The likely route of entry into the cell is cell-virus fusion
associated with S-protein connections to sialic acids. Connections to host cell receptors may not be required for this process,
thus allowing distribution, beginning with the binding of viral protein S (RBD/S1) on the host cell receptor, driving a
conformational change in the S2 subunit and facilitating its fusion with the plasma membrane and ultimately the release of
viral genome (+ ssRNA) into the cytoplasm. However, the route by which SDAV enters the cell is still unknown and also
can be mediated by acidified endosomes. (4) Promptly, the translation produces nonstructural ppla and pplab co-terminal
polyproteins (ppla and pplab) that are proteolytically cleaved and assembled into a functional replicase-transcriptase
complex: RTC. (5) Viral RNA synthesis produces copies of gRNA, as well as a nested set of sgRNA. This is possible by
discontinuous transcription of a negative-sense RNA intermediate. (6) Following replication and sgRNA synthesis, various
structural and accessory proteins are translated into the endoplasmic reticulum (ER) and (6a) then assembled as virion in
the endoplasmic reticulum-Golgi intermediate component (ERGIC), along with viral genomes encapsulated by N protein
budded into membranes of the ERGIC. (7) Then, virions are transported in vesicles and exit cells via exocytosis.

Table 1. Examples of viruses expressing the O-acetylesterases. Based on [44,99].

Family Genus Species Substrate *

Human coronavirus OC43
Bovine coronavirus Neu5,9A¢,

Hemagglutinating
Coronavirus encephalomyelitis virus

Coronaviridae Mouse hepatitis virus Neu4,5Ac,
Puffinosis coronavirus Neu4,5Ac,
Sialodacryoadenitis virus Neu4,5Ac;

Porcine torovirus

. . n.d.
Bovine torovirus d

Torovirus
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Table 1. Cont.

Family Genus Species Substrate *
Isavirus Infectious salmon anemia virus Neu4,5Ac,
Orthomyxoviridae Influenza C virus Influenza C virus Neu5,9Ac,

(2-8-linked, GL)

Influenza D virus Influenza D virus Neu5,9A¢,

* Abbrevations: Neu5,9Ac2 (5-N-acetyl-9-O-acetyl neuraminic acid); Neu4,5Ac2 (N-Acetyl-4-O-acetylneuraminic
acid); GL (glycolipids).

3.5. Genomic Structure and Gene Functions

Until the 2000s, little was known about SDAYV structural proteins. The only knowledge
available was based on serological tests, without a concrete distinction between specific
proteins. However, the first trial was attempted in 1993 by Kunita et al., on obtaining the
complete nucleotide sequence of the N gene of SDAV-681 and establishing its similarity
to other coronaviruses [55]. Additionally, it was known that antibodies specific for the
structural proteins (spike protein, nucleocapsid protein, and membrane protein) of MHYV,
could recognize SDAV and PRCV using the immunoblot technique [42]. The next attempt
was made in 2000 to characterize the remaining structural proteins and genome structure
of SDAV by the team of Yoo et al. [43]. They sequenced the 3’ terminal 9.8 kb of the SDAV
genomic RNA. During the research, using specially designed primers based on several
coronaviral sequences, it was possible to generate seven cDNA fragments by RT-PCR
cDNA cloning, which represented the 3’ terminal of the genome [43]. By amplifying
various fragments, they confirmed the coding sequences for S, M, and N structural proteins
and non-structural proteins, NS2 and HE gene in nine major open reading frames (ORFs),
as is shown in the Figure 5. The coding sequence for 12.6k (ORF5a, non-structural protein),
M (membrane-associated protein), and 7b (ORF7b, small internal ORF) is present in the +1
frame. The encoding sequence for polymerase 1b is present in the +2 frame, as well as genes
for 15k (15k nonstructural protein), S (spike protein), and sM (small membrane protein).
The other sequence for NS2 (nonstructural protein NS2), HE (hemagglutinin-esterase) and
N (nucleocapsid protein) is placed in +3 frame. The NS2 gene absent in the MHV-JHM Wbl
variant is present in SDAV. In contrast to the HE gene region of MHV-JHM; MHV-4; MHV-
DIVM, the SDAV HE nucleotides are highly conserved and exhibit low (58%) homology
with other coronaviruses (BCV or OC43) but maintain a relatively high MHV amino acid
identity (91%). In contrast to a previous statement in research by Gangneten et al., 1990,
the HE protein is expressed by SDAV and maintained as in BCV, HCoV OC43, MHV-
JHM, MHV-4, MHV-DVIM, and human Influenza type C [70]. Moreover, in small internal
ORF (ORF7b) and the untranslated 3’ region (UTR), 298 encoding amino acids with a
polyadenylated tail have been recognized. Additionally, each protein gene identified a
short intergenic consensus sequence [43].

12.6k

NS2

f na) (7 )

15k sM 3UTR
poly-A tail

3 2 1

0
I I I I

Figure 5. Genome structure and ORFs in the 3’ end 9.8 kb of SDAV viral genome. Own work based on [43].

In 2002, the method of detecting rodent coronaviruses, including SDAV, was improved
by fluorogenic RT-PCR, known as Real-Time PCR/TagMan PCR. Besselsen and colleagues
designed a novel reverse transcriptase PCR procedure using an internal fluorogenic hy-
bridization probe to detect MHV and RCVs. The reaction utilized selected fragments from a
genome segment of M protein highly conserved among all coronaviruses [33]. This method
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improved detection and in vitro quantitative analysis assays for SDAV research; previously
invented by Yoo et al., 2000 [43].

3.6. SDAV Propagation and Role of In Vitro Studies

Until recently, SDAV had been mainly used in the evaluation of alveolar epithelial cell
response to infection. The team of Miura et al. (2007) detected the ability of uninfected
alveolar type I epithelial cells to produce chemokines as a response to IL-1 produced
by SDAV /RCoV-P-infected cells and leading to pulmonary inflammation [100]. Further
research by Funk et al. (2009) provided insight into SDAV-infection induced chemokine
expression in alveolar type I, type II, and airway epithelial cells. They confirmed the im-
portance of SDAV as a model for the early events of innate immune response to respiratory
CoVs infections of natural hosts, and they also detected that type I epithelial cells stand
as a primary target of SDAV infection and the crucial role of CXC chemokine expression
following infection and innate immune response cell influx [68].

As currently known, SDAV in vitro propagation is possible in established cell lines,
such as murine fibroblasts L-2(Percy) cells, subclone L2P-41.a, LBC cells, RCV-9, and in
primary rat kidney cell cultures (RKCC). In other frequently used cell lines (VERO, Hep-2,
NTCT 1469, BHK-21), infection is not possible [15,28,70,101-104]. For purification and
plaque assay, L-2cells, L2P-41.a, and LBC are often used [100,101]. The virus samples can
be stored at —60 °C for 7 years, but according to research by Jacoby et al. (1975), they can
become less infectious when stored at —20 °C [11,105].

4. Conclusions

Despite many commonalities with zoonotic coronaviruses of the genus Betacoron-
aviruses, there is a notable lack of interest in rat coronavirus SDAV. When considering
SDAV in the context of a potential zoonosis, and not just an enzootic laboratory threat, the
insufficient knowledge of the entire replication cycle after entry into the organism must be
taken into consideration. Information on the entry receptor and the surface interaction with
the host cell is still unclear. Indeed, on the basis of the information presented in this review,
it is tempting to speculate that most of the processes are identical or very similar to other
representatives of embecoronaviruses and betacoronaviruses. However, the high capacity
of this family for transient mutations in the hypervariable region of the main structural
glycoprotein, the S-spike protein, may lead to another crossing of the inter-species bar-
rier, as happened in 2019 in Wuhan with Sars-CoV-2 [38]. Information about the possible
SDAV infection of mice was confirmed in the 1970s by the teams of Parker (1970) and
Bhatt (1972) [16,17]. The growing number of new coronaviruses recently is worrying, due
to the close relationship between coronaviruses and distantly related animals. Such inter-
species jumps can cause uncontrolled outbreaks of zoonoses. Examples include: (i) FCoV
and CCoV in the alphacoronaviruses group; (ii) MHV and the aforementioned SDAV; other
RCoVs or HCoV -OC43, BCoV and PHEV; SARS -CoV-1, SARS-COV-2, and MERS-CoV in
the betacoronaviruses group; (iii) IBV, TCoV, Asian leopard cat coronavirus and new avian
coronaviruses in the gammacoronaviruses group [38,106,107].

Symptomatic SDAV infection is currently relatively easy to control under laboratory
conditions [108]. When infection occurs and it is confirmed by PCR tests, infected animals
can be eliminated. However, mild or asymptomatic infections can become a problem,
providing ideal conditions for the virus to mutate. Poorly maintained hygienic conditions
in mouse or rat cages and inadequate management of potentially infectious waste could
contribute significantly to undesired SDAV transmission. This problem was highlighted in
a work of de Bruin et al. (2016). A systematic review revealed that through the transfer
of soiled bedding (mainly spread by the oral and fecal route), infection is effectively
transmitted in cases of mouse hepatitis virus (MHV), mouse parvovirus (MPV), and
Theiler’s mouse encephalomyelitis virus (TMEV). Unfortunately, in the context of SDAV
infection or other infectious agents (minute virus of mice (MVM), Sendai virus (SeV),
murine rotavirus (EDIM)), insufficient data are available for evaluation [108].
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At this time, only studies on respiratory infections caused by SDAV have been de-
scribed. More studies should be conducted to identify the mechanism of virus—cell interac-
tion on different cell models. In vitro CNS-SDAV model studies are still lacking, and based
on recent studies concerning SARS-CoV-2, it appears that this virus (SDAV) may cause
significant changes in the central nervous system, as in other CoVs [18,67,109].

Based on actual knowledge and general properties of coronaviruses a main question
can be asked. If SDAV a possible threat to humans? Considering the algorithm and risk
of zoonotic potential designed by Palmer et al. in 2005, there are three crucial stages in
the transmission of a pathogen, which comprise the levels of potential risk [110]. The
risk of cross species transmission and exposure of humans to an infected host is relatively
substantial. The high capacity of coronaviruses to mutate within the genome, especially
the S-protein subunit (spike), leads to rapid adaptation and transmission among multiple
hosts. The facts of the facilitated potential of coronaviruses to cross the inter-species barrier
and being a host commonly found near humans highlights the need for further research
into the characterization of SDAYV infections.

Author Contributions: M.B. conceptualized the review, prepared the original draft, table, and figures;
A.S. and M.W.B. revised the manuscript; ].C. conceptualized the review, revised, and edited the
manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Mallapaty, S. The search for animals harbouring coronavirus-and why it matters. Nature 2021, 591, 26-28. [CrossRef]

2. Shi,J.; Wen, Z,; Zhong, G.; Yang, H.; Wang, C.; Huang, B.; Liu, R.; He, X.; Shuai, L.; Sun, Z.; et al. Susceptibility of ferrets, cats,
dogs, and other domesticated animals to SARS-coronavirus 2. Science 2020, 368, 1016-1020. [CrossRef]

3. Schlottau, K.; Rissmann, M.; Graaf, A.; Schon, J.; Sehl, J.; Wylezich, C.; Hoper, D.; Mettenleiter, T.C.; Balkema-Buschmann, A.; Harder,
T.; et al. SARS-CoV-2 in fruit bats, ferrets, pigs, and chickens: An experimental transmission study. Lancet Microbe 2020, 1, 218-225.
[CrossRef]

4. Seyran, M.; Takayama, K.; Uversky, V.N.; Lundstrom, K.; Palt, G.; Sherchan, S.P,; Attrish, D.; Rezaei, N.; Aljabali, A.; Ghosh, S.;
et al. The structural basis of accelerated host cell entry by SARS-CoV-2t. FEBS . 2020, 288, 5010-5020. [CrossRef] [PubMed]

5. Abdel-Moneim, A.S.; Abdelwhab, E.M. Evidence for SARS-CoV-2 Infection of Animal Hosts. Pathogens 2020, 9, 529. [CrossRef]
[PubMed]

6.  Yan, H; Jiao, H.; Liu, Q.; Zhang, Z.; Xiong, Q.; Wang, B.].; Wang, X.; Guo, M.; Wang, L.F; Lan, K ; et al. ACE2 receptor usage
reveals variation in susceptibility to SARS-CoV and SARS-CoV-2 infection among bat species. Nat. Ecol. Evol. 2021, 5, 600—-608.
[CrossRef]

7. Meerburg, G.B,; Singleton, R.G,; Kijlstra, A. Rodent-borne diseases and their risks for public health. Crit. Rev. Micro. 2009, 35, 221-270.
[CrossRef]

8.  Alvarez-Munoz, S.; Upegui-Porras, N.; Gomez, A.P,; Ramirez-Nieto, G. Key Factors That Enable the Pandemic Potential of RNA
Viruses and Inter-Species Transmission: A Systematic Review. Viruses 2021, 13, 537. [CrossRef]

9. Han, B.A.; Schmidt, J.P.; Bowden, S.E.; Drake, ].M. Rodent reservoirs of future zoonotic diseases. Proc. Natl. Acad. Sci. USA 2015,
112,7039-7044. [CrossRef]

10. Jonas, A.M.; Craft, J.; Black, L.; Bhatt, PN.; Hilding, D. Sialodacryoadenitis in the rat. A light and electron microscopic study.
Arch. Pathol. 1969, 88, 613-622.

11.  Jacoby, R.O.; Bhatt, PN.; Jonas, A.M. Pathogenesis of sialodacryoadenitis in gnotobiotic rats. Vet. Pathol. 1975, 12, 196-209.
[CrossRef] [PubMed]

12.  Percy, D.H.; Hanna, PE.; Paturzo, E; Bhatt, PN. Comparison of strain susceptibility to experimental sialodacryoadenitis in rats.
Lab. Anim. Sci. 1984, 34, 255-260. [PubMed]

13.  Wojcinski, Z.W.; Percy, D.H. Sialodacryoadenitis virus-associated lesions in the lower respiratory tract of rats. Vet. Pathol. 1986,
23, 278-286. [CrossRef] [PubMed]

14. Hartley, ].W.; Rowe, W.P.; Bloom, ].J.; Turner, H.C. Antibodies to mouse hepatitis virus in human sera. Proc. Soc. Exp. Biol. Med.
1964, 115, 414-418. [CrossRef] [PubMed]

15.  Anonymous. Coronaviruses; Nature: London, UK, 1968; pp. 220-650.

16. Parker, J.C.; Cross, S.S.; Rowe, W.P. Rat coronavirus (RCV): A prevalent, naturally occurring pneumotropic virus of rats.
Arch. Gesamte Virusforsch. 1970, 31, 293-302. [CrossRef]

17.  Bhatt, PN.; Percy, D.H.; Jonas, A.M. Characterization of the virus of sialodacryoadenitis of rats: A member of the coronvarivus

group. J. Infect. Dis. 1972, 126, 123-130. [CrossRef]


http://doi.org/10.1038/d41586-021-00531-z
http://doi.org/10.1126/science.abb7015
http://doi.org/10.1016/S2666-5247(20)30089-6
http://doi.org/10.1111/febs.15651
http://www.ncbi.nlm.nih.gov/pubmed/33264497
http://doi.org/10.3390/pathogens9070529
http://www.ncbi.nlm.nih.gov/pubmed/32629960
http://doi.org/10.1038/s41559-021-01407-1
http://doi.org/10.1080/10408410902989837
http://doi.org/10.3390/v13040537
http://doi.org/10.1073/pnas.1501598112
http://doi.org/10.1177/030098587501200305
http://www.ncbi.nlm.nih.gov/pubmed/1198873
http://www.ncbi.nlm.nih.gov/pubmed/6205217
http://doi.org/10.1177/030098588602300308
http://www.ncbi.nlm.nih.gov/pubmed/3014706
http://doi.org/10.3181/00379727-115-28928
http://www.ncbi.nlm.nih.gov/pubmed/14121625
http://doi.org/10.1007/BF01253764
http://doi.org/10.1093/infdis/126.2.123

Viruses 2021, 13, 1995 12 of 15

18.

19.

20.

21.

22.
23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.
39.

40.

41.

42.

43.

44.

45.

46.

Kojima, A.; Fujimani, F; Doi, K.; Yasoshima, A.; Okaniwa, A. Isolation and properties of sialodacryoadenitis virus of rats.
Exp. Anim. 1980, 29, 409-418. [CrossRef] [PubMed]

Maru, M.; Sato, K. Characterization of a coronavirus isolated from rats with sialodacryoadenitis. Arch. Virol. 1982, 73, 33—43.
[CrossRef]

Compton, S.R.; Smith, A.L.; Gaertner, D.]. Comparison of the pathogenicity in rats of rat coronaviruses of different neutralization
groups. Lab. Anim. Sci. 1999, 49, 514-518.

Compton, S.R.; Vivas-Gonzales, B.E.; Macy, ].D. Reverse transcriptase chain reaction-based diagnosis and molecular characteriza-
tion of a new rat coronavirus strain. Lab. Anim. Sci. 1999, 49, 506-513.

Gaertner, D.J.; Compton, S.R.; Winograd, D.F. Environmental stability of rat coronaviruses (RCVs). Lab. Anim. Sci. 1993, 43, 403—404.
La Regina, M.; Woods, L.; Klender, P.; Gaertner, D.].; Paturzo, F.X. Transmission of sialodacryoadenitis virus (SDAV) from infected
rats to rats and mice through handling, close contact, and soiled bedding. Lab. Anim. Sci. 1992, 42, 344-346.

Bhatt, P.N.; Jacoby, R.O. Epizootiological observations of natural and experimental infection with sialodacryoadenitis virus in
rats. Lab. Anim. Sci. 1985, 35, 129-134.

Percy, D.H.; Bond, S.J.; Paturzo, EX.; Bhatt, PN. Duration of protection from reinfection following exposure to sialodacryoadenitis
virus in Wistar rats. Lab. Anim. Sci. 1990, 40, 144-149. [PubMed]

Weir, E.C.; Jacoby, R.O.; Paturzo, E.X.; Johnson, E.A. Infection of SDAV-immune rats with SDAV and rat coronavirus. Lab. Anim.
Sci. 1990, 40, 363-366. [PubMed]

Percy, D.H.; Williams, K.L.; Croy, B.A. Experimental sialodacryoadenitis virus infection in severe combined immunodeficient
mice. Can. J. Vet. Res. 1991, 55, 89-90. [PubMed]

Percy, D.H.; Scott, R.A. Coronavirus infection in the laboratory rat: Immunization trials using attenuated virus replicated in L-2
cells. Can. J. Vet. Res. 1991, 55, 60—-66. [PubMed]

Sato, T.; Meguid, M.M.; Quinn, R.H.; Zhang, L.; Chen, C. Feeding behavior during sialodacryoadenitis viral infection in rats.
Physiol. Behav. 2001, 72, 721-726. [CrossRef]

Barthold, S.W.; Griffey, S.M.; Percy, D.H. Rat, Pathology of Laboratory Rodents and Rabbits, 4th ed.; John Wiley & Sons, Inc: Hoboken,
NJ, USA, 2016; pp. 119-172.

Smith, A.L.; Winograd, D.F. Two enzyme immunoassays for the detection of antibody to rodent coronaviruses. J. Virol. Methods
1986, 14, 335-343. [CrossRef]

Homberger, ER.; Smith, A.L.; Barthold, S.W. Detection of rodent coronaviruses in tissues and cell cultures by using polymerase
chain reaction. J. Clin. Microbiol. 1991, 29, 2789-2793. [CrossRef]

Besselsen, D.G.; Wagner, A.M.; Loganbill, ].K. Detection of rodent coronaviruses by use of fluorogenic reverse transcriptase-
polymerase chain reaction analysis. Comp. Med. 2002, 52, 111-116.

Gorbalenya, A.E.; Enjuanes, L.; Ziebubhr, J.; Snijder, E.J. Nidovirales: Evolving the largest RNA virus genome. Virol. Res. 2006,
117,17-37. [CrossRef] [PubMed]

Bukhari, K.; Mulley, G.; Gulyaeva, A.A.; Zhao, L.Y.; Shu, G.C,; Jiang, ].P.; Neuman, B.W. Description and initial characterization
of metatranscriptomic nidovirus-like genomes from the proposed new family Abyssoviridae, and from a sister group to the
Coronavirinae, the proposed genus Alphaletovirus. Virol. J. 2018, 524, 160-171. [CrossRef] [PubMed]

Walker, PJ.; Siddell, S.G.; Lefkowitz, E.J.; Mushegian, A.R.; Adriaenssens, EM.; Dempsey, D.M.; Dutilh, B.E.; Harrach, B.;
Harrison, R.L.; Hendrickson, R.C.; et al. Changes to virus taxonomy and the Statutes ratified by the International Committee on
Taxonomy of Viruses (2020). Arch. Virol. 2020, 165, 2737-2748. [CrossRef] [PubMed]

Zhou, Z.; Qiu, Y.; Ge, X. The taxonomy, host range and pathogenicity of coronaviruses and other viruses in the Nidovirales order.
Anim. Dis. 2021, 1, 1-28. [CrossRef]

Cui, J.; Li, F; Shi, Z.L. Origin and evolution of pathogenic coronaviruses. Nat. Revs. Microbiol. 2019, 17, 181-192. [CrossRef]
Wu, Z,; Lu, L.;; Du, J; Yang, L.; Ren, X; Liu, B.; Jiang, J.; Yang, J.; Dong, J.; Sun, L.; et al. Comparative analysis of rodent and small
mammal viromes to better understand the wildlife origin of emerging infectious diseases. Microbiome 2018, 6, 178. [CrossRef]
Lau, SK.P; Woo, P.C.Y,; Li, KSM.; Tsang, A.K.L.; Fan, R.Y.Y.; Luk, HK.H.; Cai, J.-P; Chan, K.-H.; Zheng, B.-].; Wang, M.;
et al. Discovery of a novel coronavirus, China Rattus coronavirus HKU24, from Norway rats supports the murine origin of
Betacoronavirus 1 and has implications for the ancestor of Betacoronavirus lineage A. J. Virol. 2015, 89, 3076-3092. [CrossRef]
Wang, Y.; Grunewald, M.; Perlman, S. Coronaviruses: An Updated Overview of Their Replication and Pathogenesis. Methods Mol.
Biol. 2020, 2203, 1-29. [CrossRef]

Barker, M.G.; Percy, D.H.; Hovland, D.J.; Maclnnes, ] I. Preliminary characterization of the structural proteins of the coronaviruses,
sialodacryoadenitis virus and Parker’s rat coronavirus. Can. J. Vet. Res. 1994, 58, 99-103.

Yoo, D.; Pei, Y.; Christie, N.; Cooper, M. Primary structure of the sialodacryoadenitis virus genome: Sequence of the structural-
protein region and its application for differential diagnosis. Clin. Diag. Lab. Immunol. 2000, 7, 568-573. [CrossRef]

Strasser, P.; Unger, U.; Strobl, B.; Vilas, U.; Vlasak, R. Recombinant viral sialate-O-acetylesterases. Glyc. J. 2004, 20, 551-561.
[CrossRef]

Compton, S.R.; Kunita, S. Characterization of the S protein of enterotropic murine coronavirus strain-Y. Adv. Exp. Med. Biol. 1995,
380, 23-28. [CrossRef]

Raamsman, M.].; Locker, ] K.; de Hooge, A.; de Vries, A.A.; Griffiths, G.; Vennema, H.; Rottier, PJ. Characterization of the
coronavirus mouse hepatitis virus strain A59 small membrane protein E. . Virol. 2000, 74, 2333-2342. [CrossRef]


http://doi.org/10.1538/expanim1978.29.4_409
http://www.ncbi.nlm.nih.gov/pubmed/7202529
http://doi.org/10.1007/BF01341725
http://www.ncbi.nlm.nih.gov/pubmed/2157092
http://www.ncbi.nlm.nih.gov/pubmed/2166861
http://www.ncbi.nlm.nih.gov/pubmed/1653101
http://www.ncbi.nlm.nih.gov/pubmed/1653100
http://doi.org/10.1016/S0031-9384(01)00420-6
http://doi.org/10.1016/0166-0934(86)90035-2
http://doi.org/10.1128/jcm.29.12.2789-2793.1991
http://doi.org/10.1016/j.virusres.2006.01.017
http://www.ncbi.nlm.nih.gov/pubmed/16503362
http://doi.org/10.1016/j.virol.2018.08.010
http://www.ncbi.nlm.nih.gov/pubmed/30199753
http://doi.org/10.1007/s00705-020-04752-x
http://www.ncbi.nlm.nih.gov/pubmed/32816125
http://doi.org/10.1186/s44149-021-00005-9
http://doi.org/10.1038/s41579-018-0118-9
http://doi.org/10.1186/s40168-018-0554-9
http://doi.org/10.1128/JVI.02420-14
http://doi.org/10.1007/978-1-0716-0900-2_1.PMID:32833200;PMCID:PMC7682345
http://doi.org/10.1128/CDLI.7.4.568-573.2000
http://doi.org/10.1023/B:GLYC.0000043292.64358.f1
http://doi.org/10.1007/978-1-4615-1899-0
http://doi.org/10.1128/JVI.74.5.2333-2342.2000

Viruses 2021, 13, 1995 13 of 15

47.

48.

49.

50.

51.

52.

53.
54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.
72.

73.

74.

Yadav, R.; Chaudhary, ] K ; Jain, N.; Chaudhary, PK.; Khanra, S.; Dhamija, P.; Sharma, A.; Kumar, A.; Handu, S. Role of Structural
and Non-Structural Proteins and Therapeutic Targets of SARS-CoV-2 for COVID-19. Cells 2021, 10, 821. [CrossRef] [PubMed]
Fung, T.S.; Liu, X.D. Similarities and Dissimilarities of COVID-19 and Other Coronavirus Diseases. Annu. Rev. Microbiol. 2021,
75,1-29. [CrossRef] [PubMed]

V’kovski, P.; Kratzel, A.; Steiner, S.; Stalder, H.; Thiel, V. Coronavirus biology and replication: Implications for SARS-CoV-2.
Nat. Rev. Microbiol. 2021, 19, 155-170. [CrossRef] [PubMed]

Hogue, B.G.; Machamer, C.E. Coronavirus structural proteins and virus assembly. In Nidoviruses; Perlman, S., Ed.; ASM Press:
Washington, DC, USA, 2007; pp. 179-200.

Neuman, B.W,; Kiss, G.; Kunding, A.H.; Bhella, D.M.; Baksh, EM.; Connelly, S.; Droese, B.; Klaus, ].P.; Makino, S.; Sawicki, S.G.;
et al. A structural analysis of M protein in coronavirus assembly and morphology. J. Struct. Biol. 2011, 174, 11-22. [CrossRef]
[PubMed]

Narayanan, K.; Chen, C.J.; Maeda, J.; Makino, S. Nucleocapsid-independent specific viral RNA packaging via viral envelope
protein and viral RNA signal. J. Virol. 2003, 77, 2922-2927. [CrossRef]

Masters, P.S. The molecular biology of coronaviruses. Adv. Virus Res. 2006, 66, 193-292.

Wilson, L.; McKinlay, C.; Gage, P.; Ewart, G. SARS coronavirus E protein forms cation- selective ion channels. Virology 2004,
330, 322-331. [CrossRef]

Kunita, S.; Mori, M.; Terada, E. Sequence analysis of the nucleocapsid protein gene of rat coronavirus SDAV-681. Virology 1993,
193, 520-523. [CrossRef] [PubMed]

Payne, S. In Viruses: From Understanding to Investigation, 1st ed.; Payne, S., Ed.; Academic Press: New York, NY, USA, 2017;
Volume 1, pp. 149-158. [CrossRef]

Cowley, T.J.; Long, S.Y.; Weiss, S.R. The murine coronavirus nucleocapsid gene is a determinant of virulence. J. Virol. 2010,
84,1752-1763. [CrossRef] [PubMed]

Lang, Y,; Li, W,; Li, Z.; Koerhuis, D.; van den Burg, A.; Rozemuller, E.; Bosch, B.J.; van Kuppeveld, E; Boons, G.J.; Huizinga,
E.G; et al. Coronavirus hemagglutinin-esterase and spike proteins coevolve for functional balance and optimal virion avidity.
Proc. Nat. Acad. Sci. USA 2020, 117, 25759-25770. [CrossRef] [PubMed]

Klausegger, A.; Strobl, B.; Regl, G.; Kaser, A.; Luytjes, W.; Vlasak, R. Identification of a coronavirus hemagglutinin-esterase with a
substrate specificity different from those of influenza C virus and bovine coronavirus. J. Virol. 1999, 73, 3737-3743. [CrossRef]
Kienzle, T.E.; Abraham, S.; Hogue, B.G.; Brian, D.A. Structure and orientation of expressed bovine coronavirus hemagglutinin-
esterase protein. . Virol. 1990, 64, 1834-1838. [CrossRef]

Vlasak, R.; Luytjes, W.; Spaan, W.; Palese, P. Human and bovine coronaviruses recognize sialic acid-containing receptors similar
to those of influenza C viruses. Proc. Natl. Acad. Sci. USA 1988, 85, 4526-4529. [CrossRef]

Vlasak, R.; Luytjes, W.; Leider, J.; Spaan, W.; Palese, P. The E3 protein of bovine coronavirus is a receptor-destroying enzyme with
acetylesterase activity. J. Virol. 1988, 62, 4686-4690. [CrossRef]

Yokomori, K.; Banner, L.R.; Lai, M.M. Heterogeneity of gene expression of the hemagglutinin-esterase (HE) protein of murine
coronaviruses. Virology 1991, 183, 647-657. [CrossRef]

Yokomori, K.; Baker, S.C.; Stohlman, S.A.; Lai, M.M. Hemagglutinin-esterase-specific monoclonal antibodies alter the neu-
ropathogenicity of mouse hepatitis virus. . Virol. 1992, 66, 2865-2874. [CrossRef]

Yokomori, K.; Asanaka, M.; Stohlman, S.A.; Makino, S.; Shubin, R.A.; Gilmore, W.; Weiner, L.P.; Wang, EI.; Lai, M.M. Neu-
ropathogenicity of mouse hepatitis virus JHM isolates differing in hemagglutinin-esterase protein expression. J. Neurovirol. 1995,
1, 330-339. [CrossRef]

Weiss, S.R.; Leibowitz, ].L. Coronavirus pathogenesis. Adv. Virus Res. 2011, 81, 85-164. [CrossRef]

Percy, D.H.; Lynch, ].A.; Descoteaux, J.P. Central nervous system lesions in suckling mice and rats inoculated intranasally with
sialodacryoadenitis virus. Vet. Pathol. 1986, 23, 42—49. [CrossRef]

Funk, CJ.; Manzer, R.; Miura, T.A.; Groshong, S.D.; Ito, Y.; Travanty, E.A.; Leete, J.; Holmes, K.V.; Mason, R.J. Rat respiratory
coronavirus infection: Replication in airway and alveolar epithelial cells and the innate immune response. J. Gen. Virol. 2009,
90, 2956-2964. [CrossRef]

Perlman, S.; Netland, J. Coronaviruses post-SARS: Update on replication and pathogenesis. Nat. Rev. Microbiol. 2009, 7, 439-450.
[CrossRef] [PubMed]

Gagneten, S.; Scanga, C.A.; Dveksler, G.S.; Beauchemin, N.; Percy, D.; Holmes, K.V. Attachment glycoproteins and receptor
specificity of rat coronaviruses. Lab. Anim. Sci. 1996, 46, 159-166.

King, B.; Potts, B.J.; Brian, D.A. Bovine coronavirus hemagglutinin protein. Virus Res. 1985, 2, 53-59. [CrossRef]

Williams, R.K; Jiang, G.S.; Holmes, K.V. Receptor for mouse hepatitis virus is a member of the carcinoembryonic antigen family
of glycoproteins. Proc. Nat. Acad. Sci. USA 1991, 88, 5533-5536. [CrossRef] [PubMed]

Regl, G; Kaser, A.; Iwersen, M.; Schmid, H.; Kohla, G.; Strobl, B.; Vilas, U.; Schauer, R.; Vlasak, R. The hemagglutinin-esterase of
mouse hepatitis virus strain S is a sialate-4-O-acetylesterase. J. Virol. 1999, 73, 4721-4727. [CrossRef] [PubMed]

Wurzer, W.J.; Obojes, K.; Vlasak, R. The sialate-4-O-acetylesterases of coronaviruses related to mouse hepatitis virus: A proposal
to reorganize group 2 Coronaviridae. J. Gen. Virol. 2002, 83, 395-402. [CrossRef] [PubMed]


http://doi.org/10.3390/cells10040821
http://www.ncbi.nlm.nih.gov/pubmed/33917481
http://doi.org/10.1146/annurev-micro-110520-023212
http://www.ncbi.nlm.nih.gov/pubmed/33492978
http://doi.org/10.1038/s41579-020-00468-6
http://www.ncbi.nlm.nih.gov/pubmed/33116300
http://doi.org/10.1016/j.jsb.2010.11.021
http://www.ncbi.nlm.nih.gov/pubmed/21130884
http://doi.org/10.1128/JVI.77.5.2922-2927.2003
http://doi.org/10.1016/j.virol.2004.09.033
http://doi.org/10.1006/viro.1993.1158
http://www.ncbi.nlm.nih.gov/pubmed/8438589
http://doi.org/10.1016/B978-0-12-803109-4.00017-9
http://doi.org/10.1128/JVI.01758-09
http://www.ncbi.nlm.nih.gov/pubmed/20007284
http://doi.org/10.1073/pnas.2006299117
http://www.ncbi.nlm.nih.gov/pubmed/32994342
http://doi.org/10.1128/JVI.73.5.3737-3743.1999
http://doi.org/10.1128/jvi.64.4.1834-1838.1990
http://doi.org/10.1073/pnas.85.12.4526
http://doi.org/10.1128/jvi.62.12.4686-4690.1988
http://doi.org/10.1016/0042-6822(91)90994-M
http://doi.org/10.1128/jvi.66.5.2865-2874.1992
http://doi.org/10.3109/13550289509111022
http://doi.org/10.1016/B978-0-12-385885-6.00009-2
http://doi.org/10.1177/030098588602300107
http://doi.org/10.1099/vir.0.014282-0
http://doi.org/10.1038/nrmicro2147
http://www.ncbi.nlm.nih.gov/pubmed/19430490
http://doi.org/10.1016/0168-1702(85)90059-0
http://doi.org/10.1073/pnas.88.13.5533
http://www.ncbi.nlm.nih.gov/pubmed/1648219
http://doi.org/10.1128/JVI.73.6.4721-4727.1999
http://www.ncbi.nlm.nih.gov/pubmed/10233932
http://doi.org/10.1099/0022-1317-83-2-395
http://www.ncbi.nlm.nih.gov/pubmed/11807232

Viruses 2021, 13, 1995 14 of 15

75.

76.

77.

78.

79.

80.

81.

82.

83.
84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.
98.

99.

100.

101.

Smits, S.L.; Gerwig, G.J.; van Vliet, A.L; Lissenberg, A.; Briza, P.; Kamerling, ].P.; Vlask, R.; de Groot, R.J. Nidovirus sialate-O-
acetylesterases: Evolution and substrate specificity of corona- and toroviral receptor-destroying enzymes. J. Biol. Chem. 2005,
280, 6933-6941. [CrossRef] [PubMed]

Langereis, M.A.; van Vliet, A.L.; Boot, W.; de Groot, R.J. Attachment of mouse hepatitis virus to O-acetylated sialic acid is
mediated by hemagglutinin-esterase and not by the spike protein. J. Virol. 2010, 84, 8970-8974. [CrossRef]

Langereis, M.A.; Zeng, Q.; Heesters, B.A.; Huizinga, E.G.; de Groot, R.J. The murine coronavirus hemagglutinin-esterase
receptor-binding site: A major shift in ligand specificity through modest changes in architecture. PLoS Pathog. 2012, 8, 1002492.
[CrossRef]

Bakkers, M.].; Zeng, Q.; Feitsma, L.J.; Hulswit, R.].; Li, Z.; Westerbeke, A.; van Kuppeveld, E]J.; Boons, G.J.; Langereis, M.A.;
Huizinga, E.G.; et al. Coronavirus receptor switch explained from the stereochemistry of protein-carbohydrate interactions and a
single mutation. Proc. Natl. Acad. Sci. USA 2016, 113, 3111-3119. [CrossRef] [PubMed]

Hulswit, R].G.; Lang, Y.; Bakkers, M.].G.; Li, W,; Li, Z.; Schouten, A.; Ophorst, B.; van Kuppeveld, E].M.; Boons, G.J.; Bosch, B.J.;
et al. Human coronaviruses OC43 and HKU1 bind to 9-O-acetylated sialic acids via a conserved receptor-binding site in spike
protein domain A. Proc. Natl. Acad. Sci. USA 2019, 116, 2681-2690. [CrossRef] [PubMed]

Lissenberg, A.; Vrolijk, M.M.; van Vliet, A.L.; Langereis, M.A.; de Groot-Mijnes, ].D.; Rottier, PJ.; de Groot, R.J. Luxury at a cost?
Recombinant mouse hepatitis viruses expressing the accessory hemagglutinin esterase protein display reduced fitness in vitro. J.
Virol. 2005, 79, 15054-15063. [CrossRef] [PubMed]

Olofsson, S.; Bergstrom, T. Glycoconjugate glycans as viral receptors. Ann. Med. 2005, 37, 154-172. [CrossRef] [PubMed]
Hingley, S.T.; Leparc-Goffart, I.; Weiss, S.R. The spike protein of murine coronavirus mouse hepatitis virus strain A59 is not
cleaved in primary glial cells and primary hepatocytes. J. Virol. 1998, 72, 1606-1609. [CrossRef]

White, ].M.; Whittaker, G.R. Fusion of Enveloped Viruses in Endosomes. Traffic 2016, 7, 593-614. [CrossRef]

Matsuyama, S.; Taguchi, F. Receptor-induced conformational changes of murine coronavirus spike protein. J. Virol. 2002,
76,11819-11826. [CrossRef]

Nash, T.C.; Buchmeier, M.]. Entry of mouse hepatitis virus into cells by endosomal and nonendosomal pathways. Virology 1997,
233, 1-8. [CrossRef] [PubMed]

Burkard, C.; Verheije, M.H.; Wicht, O.; van Kasteren, S.I.; van Kuppeveld, E].; Haagmans, B.L.; Pelkmans, L.; Rottier, PJ.; Bosch,
B.J.; de Haan, C.A. Coronavirus cell entry occurs through the endo-/lysosomal pathway in a proteolysis-dependent manner.
PLoS Pathog. 2014, 10, 1004502. [CrossRef] [PubMed]

Stephensen, C.B.; Casebolt, D.B.; Gangopadhyay, N.N. Phylogenetic analysis of a highly conserved region of the polymerase gene
from 11 coronaviruses and development of a consensus polymerase chain reaction assay. Virus Res. 1999, 60, 181-189. [CrossRef]
Denison, M.R.; Perlman, S. Translation and processing of mouse hepatitis virus virion RNA in a cell-free system. J. Virol. 1986,
60, 12-18. [CrossRef]

Kanjanahaluethai, A.; Chen, Z.; Jukneliene, D.; Baker, S.C. Membrane topology of murine coronavirus replicase nonstructural
protein 3. Virology 2007, 361, 391-401. [CrossRef]

Oostra, M.; Hagemeijer, M.C.; van Gent, M.; Bekker, C.P,; te Lintelo, E.G.; Rottier, PJ.; de Haan, C.A. Topology and membrane
anchoring of the coronavirus replication complex: Not all hydrophobic domains of nsp3 and nsp6 are membrane spanning. J.
Virol. 2008, 82, 12392-12405. [CrossRef]

Neuman, B.W.; Chamberlain, P.; Bowden, F,; Joseph, J. Atlas of coronavirus replicase structure. Virus Res. 2014, 194, 49-66.
[CrossRef]

Sawicki, S.G.; Sawicki, D.L. Coronaviruses use discontinuous extension for synthesis of subgenome-length negative strands. Adv.
Exp. Med. Biol. 1995, 380, 499-506.

Sola, I.; Almazan, F.; Zudiga, S.; Enjuanes, L. Continuous and discontinuous RNA synthesis in coronaviruses. Annu. Rev. Virol.
2015, 2, 265-288. [CrossRef]

Di, H.; McIntyre, A.A.; Brinton, M.A. New insights about the regulation of Nidovirus subgenomic mRNA synthesis. Virology
2008, 517, 38-43. [CrossRef] [PubMed]

Viehweger, A.; Krautwurst, S.; Lamkiewicz, K.; Madhugiri, R.; Ziebuhr, J.; Holzer, M.; Marz, M. Direct RNA nanopore sequencing
of full-length coronavirus genomes provides novel insights into structural variants and enables modification analysis. Gen. Res.
2019, 29, 1545-1554. [CrossRef] [PubMed]

Stertz, S.; Reichelt, M.; Spiegel, M.; Kuri, T.; Martinez-Sobrido, L.; Garcia-Sastre, A.; Weber, F.; Kochs, G. The intracellular sites of
early replication and budding of SARS-coronavirus. Virology 2007, 361, 304-315. [CrossRef] [PubMed]

De Haan, C.A,; Rottier, PJ. Molecular interactions in the assembly of coronaviruses. Adv. Vir. Res. 2005, 64, 165-230. [CrossRef]
Fehr, A.R.; Perlman, S. Coronaviruses: An overview of their replication and pathogenesis. Meth. Mol. Biol. 2015, 1282, 1-23.
[CrossRef]

Visser, E.A.; Moons, S.J.; Timmermans, S.; de Jong, H.; Boltje, T.J.; Biill, C. Sialic acid O-acetylation: From biosynthesis to roles in
health and disease. J. Biol. Chem. 2021, 297, 100906. [CrossRef]

Miura, T.A.; Wang, J.; Holmes, K.V.; Mason, R.]. Rat coronaviruses infect rat alveolar type I epithelial cells and induce expression
of CXC chemokines. Virology 2007, 369, 288-298. [CrossRef]

Gaertner, D.J.; Compton, S.R.; Winograd, D.E; Smith, A.L. Growth characteristics and protein profiles of prototype and wild-type
rat coronavirus isolates grown in a cloned subline of mouse fibroblasts (L2p.176 cells). Virus Res. 1996, 41, 55-68. [CrossRef]


http://doi.org/10.1074/jbc.M409683200
http://www.ncbi.nlm.nih.gov/pubmed/15507445
http://doi.org/10.1128/JVI.00566-10
http://doi.org/10.1371/annotation/a1e2a2e4-df03-40db-b10b-fd0cfcf78d3c
http://doi.org/10.1073/pnas.1519881113
http://www.ncbi.nlm.nih.gov/pubmed/27185912
http://doi.org/10.1073/pnas.1809667116
http://www.ncbi.nlm.nih.gov/pubmed/30679277
http://doi.org/10.1128/JVI.79.24.15054-15063.2005
http://www.ncbi.nlm.nih.gov/pubmed/16306576
http://doi.org/10.1080/07853890510007340
http://www.ncbi.nlm.nih.gov/pubmed/16019714
http://doi.org/10.1128/JVI.72.2.1606-1609.1998
http://doi.org/10.1111/tra.12389
http://doi.org/10.1128/JVI.76.23.11819-11826.2002
http://doi.org/10.1006/viro.1997.8609
http://www.ncbi.nlm.nih.gov/pubmed/9201212
http://doi.org/10.1371/journal.ppat.1004502
http://www.ncbi.nlm.nih.gov/pubmed/25375324
http://doi.org/10.1016/S0168-1702(99)00017-9
http://doi.org/10.1128/jvi.60.1.12-18.1986
http://doi.org/10.1016/j.virol.2006.12.009
http://doi.org/10.1128/JVI.01219-08
http://doi.org/10.1016/j.virusres.2013.12.004
http://doi.org/10.1146/annurev-virology-100114-055218
http://doi.org/10.1016/j.virol.2018.01.026
http://www.ncbi.nlm.nih.gov/pubmed/29475599
http://doi.org/10.1101/gr.247064.118
http://www.ncbi.nlm.nih.gov/pubmed/31439691
http://doi.org/10.1016/j.virol.2006.11.027
http://www.ncbi.nlm.nih.gov/pubmed/17210170
http://doi.org/10.1016/S0065-3527(05)64006-7
http://doi.org/10.1007/978-1-4939-2438-7
http://doi.org/10.1016/j.jbc.2021.100906
http://doi.org/10.1016/j.virol.2007.07.030
http://doi.org/10.1016/0168-1702(95)01274-5

Viruses 2021, 13, 1995 15 of 15

102.

103.

104.

105.

106.

107.

108.

109.

110.

Percy, D.; Bond, S.; Maclnnes, J. Replication of sialodacryoadenitis virus in mouse L-2 cells. Arch. Virol. 1989, 104, 323-333.
[CrossRef]

Hirano, N.; Suzuki, Y.; Ono, K.; Murakami, T.; Fujiwara, K. Growth of rat sialodacryoadenitis viruses in LBC cell culture. Jap. |.
Vet. Sci. 1986, 48, 193-195. [CrossRef]

Ohsawa, K.; Watanabe, Y.; Takakura, A.; Itoh, T.; Sato, H. Replication of rat coronaviruses in intestinal cell line, RCN-9, derived
from F344 rats. |. Exp. Anim. 1996, 45, 389-393. [CrossRef] [PubMed]

Macy, J.D.; Compton, S.R. Viral diseases. In Laboratory Rat, 3rd ed.; Suckow, M.A., Hankenson, F.C., Wilson, R.P,, Foley, P.L., Eds.;
Academic Press: Washington, DC, USA, 2020; Chapter 131; pp. 541-568. ISBN 9780128143384. [CrossRef]

Woo, P.C.Y,; Lau, SK.P; Huang, Y.; Yuen, K.-Y. Coronavirus Diversity, Phylogeny and Interspecies Jumping. Exp. Biol. Med. 2009,
234,1117-1127. [CrossRef] [PubMed]

Dhama, K.; Patel, S.K.; Sharun, K.; Pathak, M.; Tiwari, R.; Yatoo, M.1,; Malik, Y.S.; Sah, R.; Rabaan, A.A.; Panwar, P.K.; et al.
SARS-CoV-2 jumping the species barrier: Zoonotic lessons from SARS, MERS and recent advances to combat this pandemic virus.
Travel Med. Infect. Dis. 2020, 37, 101830. [CrossRef] [PubMed]

de Bruin, W.C.; van de Ven, EIM.; Hooijmans, C.R. Efficacy of Soiled Bedding Transfer for Transmission of Mouse and Rat
Infections to Sentinels: A Systematic Review. PLoS ONE 2016, 11, e0158410. [CrossRef]

Mishra, R.; Banerjea, A.C. Neurological Damage by Coronaviruses: A Catastrophe in the Queue! Front. Immunol. 2020, 11, 565521.
[CrossRef] [PubMed]

Palmer, S.; Brown, D.; Morgan, D. Early qualitative risk assessment of the emerging zoonotic potential of animal diseases. BM]
2005, 331, 1256-1260. [CrossRef] [PubMed]


http://doi.org/10.1007/BF01315553
http://doi.org/10.1292/jvms1939.48.193
http://doi.org/10.1538/expanim.45.389
http://www.ncbi.nlm.nih.gov/pubmed/8902504
http://doi.org/10.1016/B978-0-12-814338-4.00013-1
http://doi.org/10.3181/0903-MR-94
http://www.ncbi.nlm.nih.gov/pubmed/19546349
http://doi.org/10.1016/j.tmaid.2020.101830
http://www.ncbi.nlm.nih.gov/pubmed/32755673
http://doi.org/10.1371/journal.pone.0158410
http://doi.org/10.3389/fimmu.2020.565521
http://www.ncbi.nlm.nih.gov/pubmed/33013930
http://doi.org/10.1136/bmj.331.7527.1256
http://www.ncbi.nlm.nih.gov/pubmed/16308389

	Introduction 
	Rat Coronaviruses: The Origin 
	Discovery 
	Sialodacryoadenitis Virus: Transmission, Clinical Signs of Infection, and Diagnosis 

	Characteristics 
	The General Classification 
	The Rat Coronaviruses 
	Virion Structure and Biological Functions of Proteins 
	Cell Infection and Virus Replication 
	Genomic Structure and Gene Functions 
	SDAV Propagation and Role of In Vitro Studies 

	Conclusions 
	References

