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Abstract: Livestock products supply about 13 percent of energy and 28 percent of protein in diets
consumed worldwide. Diarrhea is a leading cause of sickness and death of beef and dairy calves
in their first month of life and also affecting adult cattle, resulting in large economic losses and a
negative impact on animal welfare. Despite the usual multifactorial origin, viruses are generally
involved, being among the most important causes of diarrhea. There are several viruses that have
been confirmed as etiological agents (i.e., rotavirus and coronavirus), and some viruses that are not
yet confirmed as etiological agents. This review summarizes the viruses that have been detected in
the enteric tract of cattle and tries to deepen and gather knowledge about them.
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1. Introduction

Cattle production constitutes an important component of the agricultural economy
of many countries, a contribution that goes beyond direct food production. Furthermore,
livestock are closely linked to the social and cultural lives of several million farmers [1].
Livestock products supply about 13 percent of energy and 28 percent of protein in diets
consumed worldwide [2]. To meet the projected demand for animal products, the industry
must streamline production and advance capacity to prevent, detect, diagnose, and treat
animal diseases [2].

The cost of gastrointestinal disease per calf per year (including cost of prevention)
was estimated to be 33.46 U.S. dollars, being the cause with the highest cost in dairy calves,
while the cost of the same disease per cow per year (including cost of prevention) was
estimated to be 11.13 U.S. dollars, being the third cause with major cost in adult dairy
cattle [3].

2. Diarrhea in Cattle

Diarrhea is usually a multifactorial disease related to a combination of host, pathogen,
management, and environmental factors. The cause of an outbreak of diarrhea is rarely
known, and the most important reason for poor diagnosis is that little is known about the
large number of microorganisms that have been shown, or claimed, to be causal [4]. In-
creased mortality and morbidity are often due to the presence of more than one pathogen [5].
Intestinal pathogens produce diarrhea via several mechanisms that include: villous atrophy,
malabsorption, osmotic diarrhea, secretory diarrhea, and inflammatory diarrhea [6,7].

Prevention and control of diarrhea should be based on a good understanding of
the complexities of the disease, such as multiple pathogens, coinfection, environmental,
nutritional, and management factors. Among the non-viral pathogens, the most prevalent
worldwide are Escherichia coli, Salmonella enterica, and Cryptosporidium parvum. Although
there is no specific treatment for the latter, antibiotics can be used in the case of a bacterial
infection. The main characteristics of viral agents are described in this review, but the role
that non-viral agents play in diarrhea should not be underestimated.
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To determine the causality of viruses is sometimes difficult due to several factors that
can hinder this determination. Regarding the pathological anatomy, some viral infections
damage may not be obvious, but infected cells may carry out their functions less effectively,
and clinical signs may reflect this. The virus may cause a loss in specialized functions of cells
required not so much for their own survival but for systemic homeostasis [8]. In addition,
viruses can be detected several hours before the onset of clinical symptoms, during the
presence of diarrhea, and several weeks after the feces return to normal, and this long
shedding may interfere with the results obtained in case-control studies [9]. Depending on
various factors, viruses can also infect asymptomatically in some animals, which increases
the inaccuracies of determining the causality of viruses in the disease [10]; it is worthy
to note that asymptomatic calves can shed viruses as symptomatic calves do [10]. In the
same line, some viruses do not seem to be pathogenic, but in coinfection with other viruses,
their infectious capacity can be increased [11]. Moreover, some enteric viruses also have
extra-intestinal tropism, as occurs with bovine coronavirus [12]. Then, viruses causing
respiratory disease can be excreted in feces, interfering with the observations that can be
made regarding the virus excretion and diarrhea.

The persistence of this significant problem in the field may be attributed, in part, to
the multifactorial nature of the disease. In addition, genetic diversity, continuous evolution,
emergence, and/or environmental ubiquity of viruses are factors that hinder effective
control of the disease. Therefore, the genetic evolution of viral pathogens should be kept
in mind and monitored with regular genomic sequence updates, and emerging viruses
should be regularly monitored [13].

2.1. Virus and the Disease

As stated above, viral infection is not synonymous with disease, as many viral infec-
tions are subclinical, whereas others result in diseases of varying severity and clinical signs,
which is commonly called the iceberg concept of viral infection and diseases [14].

Among other factors, the virulence of the infecting virus and the susceptibility of the
host are the most relevant in determining the course of infection and the appearance or not
of the disease [14].

Viruses differ greatly in their virulence, but even in a population infected by a particu-
lar virus strain, there are usually striking differences in the outcome of infection between
individual animals. In addition, there is much variation among viruses of the same species.
Virus strain differences may be quantitative, involving the rate and yield of virus replica-
tion, lethal dose, infectious dose, the number of cells infected in a given organ, or they may
be qualitative, involving organ or tissue tropism, extent of host-cell damage, mode and
efficacy of spread in the body, and character of the disease they induce [14].

2.2. Neonatal Calf Diarrhea Syndrome

The health status of calves in the first days of life is essential for their survival and
subsequent development, so the diseases that affect calves in those days are an important
cause of economic losses worldwide [15-17]. Diarrhea is a leading cause of sickness
and death of beef and dairy calves in their first month of life [18-24] and has a negative
impact on animal welfare [15-17]. Overall, beef calf mortality from diarrhea should be
about 1%, and in dairy calves, diarrhea accounts for about 5% of total mortality from live
birth to weaning [6]. Economic losses are not only due to mortality but also due to the
cost of treatment and management [25]. In addition, diarrhea has long-term effects on
productive and reproductive performance, such as reduction in milk production, reduction
in the average daily gain of weight, and the requirement of more inseminations to become
pregnant [26].

2.3. Diarrhea in Adult Cattle

Epizootic diarrhea frequently occurs during the colder months in dairy and beef adult
cattle [27,28], resulting in large economic losses from marked reductions in milk production
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that may not return to normal for several months in dairy cattle [28,29], and weight loss in
beef cattle. The disease spreads rapidly among adult cattle within an affected herd leading
to very high morbidity (50-100%) but a low mortality rate (1-2%) [28-30], but it is not
usually spread among calves [29,31]. Diarrhea lasts from a few days to several weeks [27,29],
and is generally characterized by an acute onset of dark diarrhea with or without blood, and
can be accompanied by anorexia, respiratory symptoms (dyspnea, nasolacrimal discharge,
and cough), and high body temperature in most severe cases [28-30]. Young adult animals,
especially pregnant, recently calved, or lactating cows, are the most severely affected, but
bulls, steers, and beef cattle are also affected, as well as feedlot cattle [27,30]. The most
common viral etiologies of diarrhea in adult cattle are coronavirus and torovirus, and
the disease is called winter dysentery in these cases, but diarrhea can also be observed in
outbreaks caused by an orthobunyavirus.

3. An Iconic Case: Rinderpest

Rinderpest, also known as cattle plague, was discovered in 1902 and declared erad-
icated in 2011 [14,32], being the second virus that achieved this status after smallpox.
Rinderpest was one of the most or probably the most dreadful animal disease with severe
impacts on livelihoods, with high morbidity rates and mortality rates of 80% to 90% in naive
populations [32-34]. In sub-Saharan Africa, when introduced in 1889, killed more than 90%
of the cattle and oxen there, leading to devastating famines, and the events are considered
Africa’s worst natural disaster [33,34]. The economic losses and then the benefits of the
eradication have been both estimated in billions of dollars [33,35,36]. Rinderpest was
characterized by necrosis and erosions throughout the digestive tract and usually started
with fever, but was evident by severe diarrhea and dysentery, followed by dehydration
and wasting, and death 6 to 12 days after symptoms appeared [33,34,36]. Other symptoms
observed were oozing sores in the mouths and nasal and ocular discharges [33,36]. The
animals that survived became immune for life [33,36]. Rinderpest eradication is a milestone
for virologists.

4. Rotavirus

In 1969, it was confirmed for the first time that a “reo-type virus” was the cause of
diarrhea in calves [37] and years later named rotavirus because electron microscopy had a
similar appearance to a wheel (rota in Latin). Since the discovery, rotaviruses have been
considered the main causal agent of neonatal calf diarrhea [38], inflicting serious losses on
the livestock sector [39].

Some of the structural characteristics are: they are icosahedral particles of 100 nanome-
ters (nm) in diameter (including spikes), they are non-enveloped viruses with a three-layer
capsid (Table 1), and inside the capsid, they have all the enzymes necessary for the pro-
duction of messenger RNA (mRNA). Shared genomic characteristics are: they consist
of 11 segments of double-stranded RNA (dsRNA) (Table 1), these RNA segments are
non-infectious, each RNA segment encodes at least one protein, and RNA segments from
different viruses can be genetically reassorted with a high frequency during coinfection
of a cell. Finally, the replicative characteristics are: culture is facilitated by proteases such
as trypsin or pancreatin, replication occurs in the cytoplasm, they form inclusion bodies,
morphogenesis involves transient enveloped particles, and viral particles are released by
cell lysis or by non-classical vesicular transport in polarized epithelial cells [40].

Taxonomically, rotaviruses, according to the International Committee for the Taxon-
omy of Viruses (ICTV), are currently classified as: Riboviria » Orthornavirae > Duplornaviricota
> Resentoviricetes > Reovirales > Reoviridae > Sedoreovirinae > Rotavirus. Rotaviruses are sero-
logically classified into 10 different groups or species, named Rotavirus A—J. Rotavirus A,
Rotavirus B, and Rotavirus C have been detected in cattle, but the most widely dispersed and
important are the Rotavirus A (RVA); this review is focused on this species. Furthermore,
RVA is classified antigenically into serotypes (based on neutralizing epitopes of the VP4
and VP7 viral proteins) and genetically into genotypes, with certain differences between
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the classification of serotypes and genotypes in VP4 [40]. So far, there are 35 VP4 genotypes
(P1-35) and 27 VP7 genotypes (G1-27) within the RVA group [41], of which 11 P types (P1,
P3, P5, P6, P7, P11, P14, P17, P21, P29 and P33) and 12 G types (G1, G2, G3, G5, G6, G8, G10,
G11, G15, G17, G21, and G24) have been identified in cattle. However, G6, G8, and G10
genotypes associated with P1, P5, and P11 are the most commonly found in bovines [42].
Classification within RVA is commonly performed using a binary system with the different
types of VP7 and VP4, GXP[Y], where X is the G-type and Y is the P-type. VP4 and VP7
genotypes are determined by sequence analysis, while serotypes are determined by the
reactivity of individual or recombinant strains selected with polyclonal or monoclonal
antisera. For VP7, a correlation between genotype and serotype has been established. The
lack of serum or monoclonal antibodies for different types of VP4 available has hampered
the classification of VP4 into serotypes. However, a variable region, VP8*, extending from
amino acid (aa) 71 to 204 of VP4, may define specific P-type epitopes [40]. Moreover,
there is a broader classification based on the nucleotide sequence, in which for each of
the 11 segments VP7-VP4-VP6-VP1-VP2-VP3-NSP1-NSP2-NSP3-NSP4-NSP5/6, a particu-
lar genotype is assigned using the abbreviations Gx-P[x]-Ix-Rx-Cx-Mx-Ax-Nx-Tx-Ex-Hx
(where x corresponds to numbers starting from 1), respectively [43].

The disease is generally seen in young calves 2-8 weeks of age, and susceptibility
decreases as age advances. In neonates, the infection has a very short incubation period,
manifesting as profuse diarrhea and severe dehydration. Diarrhea occurs primarily due
to decreased absorption efficiency of enterocytes due to virus infection, and the severity
can range from an asymptomatic or subclinical condition to severe enteritis. Furthermore,
concurrent infection with secondary pathogens can increase the severity of the disease [39].

Transmission is generally by the fecal-oral route, and they are highly contagious; a
low infectious dose of cell culture is sufficient to cause disease in a fully susceptible host.
In addition, they are very stable in the environment and are excreted in large quantities in
the feces, further increasing the possibility of transmission [40].

The current strategy to control the disease in cattle is based on the vaccination of
cows during the last third of gestation to protect calves by transferring passive maternal
antibodies through the ingestion of colostrum [44]. Although vaccines seem not to be
effective in preventing RVA infection, they significantly reduce morbidity, the severity of
diarrhea, and mortality related to RVA [44,45].

Phylogenetic studies of circulating RVAs in cattle contribute to a better understanding
of the epidemiology of this pathogen, which translates into important information to evalu-
ate the need to update vaccine strains and add complete data to elucidate the mechanisms
of evolution of the virus [46].

Table 1. Main characteristics of the viruses reviewed.

Virus Genus Genome Envelope Virion Diameter (nm)
Rotavirus dsRNA segmented No 100
Coronavirus ssRNA (+) Yes 65-210
Norovirus ssRNA (+) No 27-35
Torovirus ssRNA (+) Yes 120-140
Astrovirus ssRNA (+) No 28
Nebovirus ssRNA (+) No 33
Pestivirus ssRNA (+) Yes 40-60
Kobuvirus ssRNA (+) No 30
Bocaparvovirus ssDNA No 30
Enterovirus ssRNA (+) No 30-32
Orthobunyavirus ssRNA (—) segmented Yes 100

5. Coronavirus

The first report of bovine coronavirus (BCoV) was in 1971, during a trial of an oral
rotavirus vaccine; coronavirus-like particles were found in the feces of a rotavirus-negative
calf [47,48].
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BCoVs are pleomorphic enveloped viruses with a diameter between 65 and 210 nm
(Table 1). They are covered by a double layer of short (hemagglutinin esterase, HE) and
long (spike, S) surface projections, which are involved in binding to cell receptors and are
therefore important for immunity and vaccines [12]. The other two important structural
proteins are the nucleocapsid protein (N) and the integral membrane glycoprotein (M). The
genome consists of a positive-polarity single-stranded RNA of 27-30 kilobases (kb) in size
and is organized into seven regions that contain one or more open reading frames (ORF)
(Table 1). These regions are separated by sites that contain the signal for the transcription
of subgenomic mRNAs. Toward the 5" end of the genome, non-structural proteins are
encoded, including viral RNA polymerase, while toward the 3’ end, the order of structural
proteins is 5'-HE-S-M-N-3' [28]. Like cellular mRNAs, it has a cap at the 5’ end and a
poly-A tail at the 3’ end [49].

Currently, the taxonomic classification for BCoV, according to the ICTV is: Riboviria
Orthornavirae > Pisuviricota » Pisoniviricetes > Nidovirales > Cornidovirineae > Coronaviridae >
Orthocoronavirinae > Betacoronavirus > Embecovirus > Betacoronavirus 1. The Betacoronavirus
1 species contains viruses that affect different hosts (animals and human) species; some
members of this species are the human coronavirus OC43, the equine coronavirus, the
porcine hemagglutinating encephalomyelitis virus, and BCoV itself. In addition, other
important members of the Betacoronavirus genus are the coronavirus associated with severe
acute respiratory syndrome (SARS)-CoV, the Middle East respiratory syndrome (MERS)-
CoV, and the recently described and causing the COVID-19 pandemic, SARS-CoV-2. Until
now, all isolates of BCoV belong to the same serotype with minor antigenic variations [28].

Currently, BCoV is widely recognized as one of the main causative agents of neonatal
diarrhea in calves. In addition, it is considered the second-largest pathogen that causes
deaths in calves, demonstrating the great severity of the disease caused [5]. In addition
to neonatal diarrhea, it can cause respiratory infections and winter dysentery in adult
cattle [5,12]. The virus multiplies in the cells of the intestinal crypts, decreasing the
digestive and absorption capacity leading to diarrhea, with loss of water and electrolytes.
In severe infections, diarrhea can cause dehydration, acidosis, and hypoglycemia, and
death can occur due to acute shock and heart failure. The severity of enteritis varies both
with the age and immune status of the calf as well as the infectious dose and strain of virus,
developing more rapidly and more severe diarrhea in calves less than three months old,
typically affecting calves between one and two weeks of age [28].

Transmission can be through both fecal-oral and respiratory routes and occurs mainly
in the winter months. Furthermore, coronaviruses have been described as being capable
of being stable and infectious for weeks in different types of environmental matrices,
including water [50,51].

The current strategy to control the disease in cattle is based on vaccinating pregnant
cows to protect calves by transferring passive maternal antibodies through ingestion of
colostrum [52] and seems to be effective in preventing BCoV infection [53].

6. Norovirus

Bovine noroviruses (BoNoV) were first described in 1978 together with bovine astro-
virus (BoAstV) and bovine nebovirus (BoNeV) in stool samples from diarrheic calves [54].
Although they are studied to a lesser extent than rotavirus and coronavirus, several studies
confirmed that BoNoVs are widely present in cases of diarrhea in cattle from different
countries, ranging from 3% to more than 60% [55-60]. In some countries, BoNoV can be the
most prevalent enteric pathogen detected in cattle [60,61]. Furthermore, serological studies
indicate that circulation and exposure to this virus are very high, detecting antibodies
against BoNoV in almost 100% of the samples studied [56].

BoNoVs are non-enveloped viruses of 27 to 35 nm in diameter (Table 1), with a capsid
of icosahedral symmetry with 180 molecules of the capsid protein organized into 90 dimers
and whose surface shows 32 cup-shaped depressions and protruding arches (calici derived
from the Latin word calyx, meaning chalice or cup) [62,63]. The genome is a single-stranded
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RNA of the positive polarity of approximately 7.5 kb and contains 3 ORFs [63] (Table 1). The
5’ end is linked to a viral protein called VPg, it does not have a ribosome entry site or cap,
and it is assumed that VPg interacts with the components of the translational machinery,
initiating the translation of viral RNA [64,65]. The 3’ end contains a poly-A tail. ORF1
(located toward the 5’ end of the RNA) codes for at least six non-structural proteins (p48,
NTPase, p22, VPg, 3CLPro, and RdRp), ORF2 for VP1 and ORF3 for VP2 [63].

BoNoVs are classified within the genus Norovirus of the Caliciviridae family. The
complete ICTV classification is: Riboviria > Orthornavirae » Pisuviricota > Pisoniviricetes
> Picornavirales » Caliciviridae > Norovirus. BoNoVs are classified within genogroup III
(GIII). There have been recognized three genotypes within GIII, namely GIII.1, GIII.2, and
GIIL3, being GIII.1 and GIII.2 associated with BoNoV, and GIII.3 to ovine norovirus. In
addition, several studies have demonstrated the circulation of recombinant strains, with the
recombination breakpoint within the ORF1-ORF2 junction genomic region [66]. Recently,
the emergence of a new genotype was described [60,67].

The genotypes GIII.1 and GIII.2, formerly referred to as Jena virus and Newbury-2
virus, respectively, have been deeply studied, and both genotypes showed to be diar-
rheagenic when inoculated experimentally into calves [9,54,68,69]. Under such circum-
stances, BoNoV GIIIL.1 induced lesions in the small intestine, including villus atrophy
with loss and attenuation of the villus epithelium, and expression of viral capsid antigen
was demonstrated by immunohistochemistry in the enterocytes [68]. Calves inoculated
with BoNoV GIII.2 showed lesions in the small intestine, including hemorrhagic foci and
shortening and thickening of the villi, although viral particles were not observed in cells
by electron microscopy and viral antigen was not observed by immunofluorescence in the
small intestine of infected calves [54]; in a recent study, no significant intestinal lesions in
the infected calves were observed [69].

Transmission of BoNoV is not well understood, but for human noroviruses, trans-
mission is mainly the fecal-oral route, and it is also suggested that another natural route
of infection could be the respiratory tract through aerosol particles in vomit [63,70]. Cali-
civiruses are characterized by their high stability in the environment and resistance to
inactivation [71-73]. In addition, low infectious doses, as well as its great diversity of
strains, increase the risk of infection [63].

7. Torovirus

Bovine toroviruses (BToV) were detected for the first time in 1979 [74] in an establish-
ment near the city of Breda in the state of Iowa, United States; hence, they were initially
called Breda virus. The name torovirus comes from the Latin torus because the shape of
the nucleocapsid is elongated tubular with helical symmetry and can bend, giving it the
shape of a biconcave or kidney-shaped disk; viral particles have a peplomeric envelope
that contains this nucleocapsid [75].

The genome is composed of a single-stranded RNA molecule of positive polarity
and is 28,475 nucleotides long [76] (Table 1). It contains two overlapping ORFs, ORFla,
and ORF1b, that encode the proteins involved in replication, such as a serine protease,
a cysteine protease, an adenosine diphosphate-ribose 1”-phosphatase (ADRP) domain,
several hydrophobic domains that are typical of the replicase of nidoviruses, polymerase
and helicase domains (in ORF1b), as well as sequences involved in a ribosomal frameshift,
including the conserved slippery sequence UUUAAAC [76]. The structural proteins S
(peplomers), M (envelope), HE (hemagglutinin esterase), and N (nucleocapsid) are encoded
toward the 3’ end [76,77]. At both ends (5’ and 3’), flanking the coding region, the genome
contains two non-coding regions [76].

Initially, they were called the Breda virus and were grouped into a new family called
Toroviridae according to the morphology and structure of the virion [75]. In 1992, toroviruses
were reclassified as a new genus within the Coronaviridae family [78], but then in 2003,
this family was divided into two subfamilies: Coronavirinae and Torovirinae [79]. Then,
the BToVs were reclassified again, becoming part of the Torovirus genus of the Torovirinae
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subfamily, within the Coronaviridae family. However, the current classification by ICTV
is: Riboviria > Orthornavirae > Pisuviricota > Pisoniviricetes > Nidovirales > Tornidovirineae >
Tobaniviridae > Torovirinae > Torovirus » Renitovirus » Bovine torovirus.

Regarding the disease, BToVs have been described as enteric pathogens that cause mild
to profuse diarrhea in calves in their first months of life [80], generating life risk in these
animals [75]. In addition, they can affect adult cattle with clinical signs similar to winter
dysentery caused by BCoV; these signs are watery diarrhea and anorexia (which lead to
weight loss), and in the case of dairy cows, there is a decrease in milk production [29]. Due
to the clinical signs are similar to those caused by BCoV infections, it has been suggested
that BToV may have been misdiagnosed as BCoV infection by clinical investigations [29].
The pathogenicity is mainly due to enteritis, but like coronaviruses, BToV can also affect
the respiratory tract causing significant losses [29,81]. At the macroscopic level, thinness in
the intestinal wall can be observed, while histologically, fusion and atrophy of the villi and
epithelial desquamation are observed from the middle jejunum to the lower small intestine,
in addition to areas of necrosis in the large intestine [82]. There is infection and necrosis of
the villi and crypt enterocytes in the small intestine [11,74] that appears to be unique to
BToV; other viruses infect villus cells but not crypt cells, or vice versa [83]. Virions are most
often observed in multiple, large autophagolysosomes [84].

BToV can be detected in fecal samples from a few hours before the onset of clinical
symptoms, during the presence of diarrhea, and up to several days after the feces return to
normal, and can also be detected in nasal swabs at the same time that the enteric shedding
occurs [81]. This long shedding, together with the asymptomatic infection in some animals,
may interfere with the results obtained in case-control studies. The transmission is mainly
through the fecal-oral route, although they can also be transmitted through the respiratory
route [85].

8. Astrovirus

As previously mentioned, BoAstV was first described in 1978 together with BoNoV
and BoNeV in stool samples from diarrheic calves [54]. The BoAstV outer edges have
28 nm of diameter, and their surface structure shows some particles with a six-pointed
star pattern [54] (Table 1), so the name astrovirus was bestowed (from the Greek astron,
meaning star).

Astroviruses (AstV) have a single-stranded positive-sense RNA genome (Table 1).
Regarding the organization of the genome, its length varies between 6253 and 6317 nu-
cleotides, similar to other AstV with three overlapping ORFs that code for non-structural
and capsid proteins [86]. ORFla encodes a protease, nspla, and has a conserved “slippery
heptameric” sequence near the 3’ end (5'-AAAAAAC-3'), which is responsible for inducing
a shift of ribosomal frameworks during translation to generate nsplab polyprotein [86].
ORFla and ORF1b overlap in a region between 102 and 147 nucleotides in length. ORF1b
has a —1 reading frame relative to ORFla and encodes an RNA-dependent RNA poly-
merase. When taken together, ORFla and ORF1b encode an nsplab polyprotein then
cleaved by the viral protease to become active non-structural proteins. Finally, ORF2 is
between 2280 and 2319 nucleotides in length and encodes structural proteins in the same
reading frame as ORF1a [86].

The current classification of BoAstVs by the ICTV is: Riboviria > Orthornavirae > Pisu-
viricota > Stelpaviricetes > Stellavirales > Astroviridae > Mamastrovirus. Within the genus Ma-
mastrovirus (MAstV), there are 19 species confirmed by the ICTV, and BoAstV has not
been officially assigned to any of them, although it has been proposed that the BoAstV
associated with encephalitis belong to MAstV-13 [87]. In addition, it has been proposed
that BoAstVs belong to other species not yet recognized by the ICTV: MAstV-24, MAstV-28,
MAstV-29, MAstV-30, and MAstV-33 [87], and recently, a novel species widely dispersed
was described [88]. Up to now, two different serotypes have been described [89], but
current phylogenetic evidence indicates that the diversity of BoAstVs circulating in cattle
is probably greater [87].
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The role of BoAstV in cases of diarrhea remains controversial, but there is some
evidence of their association in some outbreaks of neonatal calf diarrhea [90-92]. BoAstV
infects ileum dome epithelial cells on Peyer’s patches, whereas infection in the small or large
intestine has not been observed. It has been described that BoAstV infection is more severe
in those cases of coinfection with other viruses such as torovirus and rotavirus [11]. On the
other hand, calves infected with astrovirus alone did not develop the clinical disease [11].
Whether BoAstV is clinically relevant or plays a synergistic role in the development of
diarrhea is still unclear [88]. It would not be striking that, as with other viruses, some
strains are more virulent than others.

The role of astroviruses beyond enteritis has recently emerged as an object of study.
Their role as the causal agent of encephalitis has been confirmed in cattle, as well as in other
species, including humans. In recent years, and due to the discovery of these neurotropic
BoAstVs, the number of studies on BoAstVs has greatly increased [93-99]. Furthermore,
BoAstV was detected in calves with bovine respiratory disease (BRD) and was absent in
asymptomatic calves in a case-control study [100]. There is increasing evidence of detection
of AstV in respiratory samples from humans and other animals with acute respiratory
disease [101-105]. The MAstV-28 species has been reported in respiratory samples of
animals with respiratory disease [100,105]. In addition, this species was detected in the
feces of a calf that died of pneumonia [88]. It was also documented the detection of AstV
in a patient suffering respiratory disease and diarrhea, both in nasopharyngeal and stool
samples [104]. Despite being highly probable, the role of BoAstV in respiratory disease still
needs to be further studied to confirm or rule it out.

9. Nebovirus

The discovery of BoNeV dates back to 1978, jointly with BoNoV and BoAstV, in feces of
diarrheic calves [54]. Neboviruses are non-enveloped of approximately 33 nm in diameter
(Table 1), they have dark hollows on the surface of the particles (without a clear pattern),
and some virions display a 10-spiked sphere morphology [106].

The BoNeV has a single-stranded positive-polarity RNA genome and 7453 nucleotides
of length (Table 1). Similar to other members of Caliciviridae (but not Norovirus), BoNeV
presents two ORFs flanked by two untranslated regions (UTR) [107,108]. The ORF-1
contains 6633 nucleotides and codifies for the non-structural and the major capsid proteins,
while the ORF-2 consists of 678 nucleotides and encodes the minor capsid protein [107,108].
The 5" UTR consists of 75 nucleotides and presents a conserved motif upstream the initiation
codon, and the 3’ UTR consists of 67 nucleotides and contains a poly-A [107,108].

Classified by ICTV as: Riboviria > Orthornavirae > Pisuviricota > Pisoniviricetes » Picor-
navirales > Caliciviridae > Nebovirus. The BoNeV are then members of a different genus
to Norovirus within the Caliciviridae family. Within the genus, there is not a consensus
classification, but three RNA-dependent RNA polymerase (RdRp) genotypes and three
VP1 genotypes have been described [109]. Genotype 1 of VP1 can be further subdivided
into four lineages that showed both temporal and geographical distribution [109,110]. In
addition, recombinant events have been described both in the polymerase and in the capsid
regions [111-114].

With regard to the disease, all the gnotobiotic calves challenged with BoNeV have
shown clinical signs, mainly diarrhea [106,107]. The incubation period is 1 to 5 days, and
preceding diarrhea, the calves usually develop anorexia. The feces change from brown-
green to yellow with variable consistency [106,107,115], and blood can be observed in
the most severely affected calves [106]. Histopathologic lesions are limited to the small
intestine following a general pattern with more severe pathological changes in the anterior
small intestine than milder distally. Other observations include villus atrophy and D-xylose
malabsorption [106,115]. Viral antigen was observed in the cytoplasm of enterocytes [115].
Interestingly, no major differences were observed between orally and i.v.-exposed calves
in virus shedding or histopathologic lesions [107], intriguing about the transmission routes
beyond the fecal-oral. On the other hand, no lesions were observed in tissues of other (non-
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small intestine) major organs. BoNeV shedding can be observed before the onset of symptoms,
and detection of virus particles remains for several days post-infection [106-108].

10. Pestivirus

The bovine viral diarrhea virus (BVDV) is a pestivirus with highly diverse clinical
signs and complicated pathogenicity [116,117]. The disease was described for the first
time in 1946 [118,119], with evidence from 1941 [120] and was initially called X disease,
although the cause remained undetermined until 1959 when a virus named Oregon C24V
was isolated [121].

The pestiviruses possess a single-stranded positive-polarity RNA genome of approxi-
mately 12,300 nucleotides in length (Table 1). A single ORF encodes a single polyprotein
that is cleaved into 11-12 structural and non-structural proteins, which is flanked at both
ends by UTRs [122]. Pestiviruses possess an envelope (Table 1).

Pestiviruses were recently renamed using a host-independent scheme (King et al.,
2018). The classification by ICTV is currently: Riboviria > Orthornavirae > Kitrinoviricota
Flasuviricetes > Amarillovirales > Flaviviridae > Pestivirus. The species within the Pestivirus
genus that affect cattle are Pestivirus A (formerly BVDV-1), Pestivirus B (formerly BVDV-2),
Pestivirus D (formerly border disease virus, BDV), and Pestivirus H (formerly Hobi-like or
BVDV-3) [123].

Initially, the disease was described as an acute enteric disease of cattle, characterized
by outbreaks of diarrhea and erosive lesions of the digestive tract, and for this reason, it
was named bovine viral diarrhea and the causal agent BVDV [124]. Based on the current
understanding of the pathogenesis and the multiple clinical manifestations of BVDV, the
names Pestivirus A, Pestivirus B, and Pestivirus H seem to be more adequate. As stated, the
clinical manifestations of the pestiviruses in cattle are multiple and diverse: subclinical,
diarrhea, respiratory, reproductive, and mucosal disease [124]. Within each manifestation,
there are several ranges of severity and clinical signs.

Regarding diarrhea, outbreaks in animals ranging from 6 months to 1 year of age may
occur and are characterized by high morbidity and low or nonexistent fatality. There is
evidence that in coinfections with other infectious agents, the pestiviruses can increase the
severity of neonatal diarrhea. In addition, persistently infected calves may also develop
diarrhea. On the other hand, in adult cattle, the disease is characterized by thrombocytope-
nia, which results in bloody diarrhea [124]. In the acute disease, the incubation period is
approximately 5 to 7 days and is followed by a transient fever and leukopenia. Viremia
occurs 4 to 5 days after infection and may persist for up to 15 days. Clinical findings
include depression, anorexia, oculonasal discharge, occasionally oral lesions, diarrhea, and
a decrease in milk production [124]. In some cases, a severe acute noncytopathic infection
is observed. Clinical signs include the acute onset of diarrhea, pyrexia, decreased milk
production, and oral ulcerations that were sometimes observed [124]. The most severe
presentation of the disease is the mucosal disease, which is a sporadic form of infection,
usually involving cattle ranging from 6 months to 2 years of age. In this clinical manifes-
tation, the fatality rate is almost 100%. Although the clinical signs are diverse, profuse,
watery diarrhea generally develops 2 to 3 days after the onset of clinical signs. The feces
are foul-smelling and may contain blood. In the chronic manifestation of the mucosal
disease, among other symptoms, diarrhea (that can be continual or intermittent) may be
observed [124].

11. Kobuvirus

The discovery of the bovine kobuvirus (BKV) was serendipitous; a cytopathogenic
agent, named U-1 strain, was isolated from the culture medium of HeLa cells on Vero cells.
In the same study, using RT-PCR, the virus was detected in fecal samples from cattle, and
in addition, neutralizing antibodies were detected in serum samples also from cattle [125].
The name kobuvirus comes from the Japanese word “kobu”, which means bump, as these
viruses show a characteristic bumpy morphology under an electron microscope [126].
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The BKYV is non-enveloped and possesses a single-stranded, positive-sense RNA
genome of approximately 8300 nucleotides of length (Table 1). The genome consists of
a single ORF flanked by two UTRs (5’ and 3'). The polyprotein precursor consists of
three distinct functional protein-encoded regions termed P1 (3 structural proteins), P2
(3 non-structural proteins), and P3 (4 non-structural proteins) [126].

The taxonomic classification by the ICTV is: Riboviria » Orthornavirae > Pisuviricota
» Pisoniviricetes > Picornavirales > Picornaviridae > Kobuvirus > Aichivirus B. The Aichivirus B
species consist of BKV (Aichivirus B1), ferret kobuvirus (Aichivirus B2), and ovine kobuvirus
(Aichivirus B3) [126]. Currently, by phylogenetic analysis based on VP1, BKV can be divided
into eight lineages [127], although there is not a consensus criterion for classification.

The role of BKV related to diarrhea is not clear at all. With the exception of isolation
when discovered, it has not been possible to isolate the virus again, so the study has
been limited. Histopathologic observation of small intestines of 4 BKV-positive calves
revealed that two cases with diarrhea had necrotizing enteritis with villus atrophy and
fusion, but two other calves without clinically evident diarrhea were positive for BKV [128];
it is not clear if the lesions observed were caused by BKV. Some studies have revealed
higher detection rates in diarrheic than non-diarrheic calves [127,129], and some others
studied /detected BKV in diarrheic calves [130-136], which may indicate a possible role
in the disease. Recently, it was described a case of identification of Aichivirus B in a calf
with enterocolitis and neurologic signs, but the possible role beyond enteritis was not
confirmed [137]. The role of BKV in the disease remains unclear.

12. Bocaparvovirus

Bovine parvovirus (BPV) was discovered in the feces of five calves sampled in 1959
and was initially named HADEN (hemadsorbing enteric) virus [138]. The HADEN virus
was proposed to belong to the enterovirus group [139], but a decade after the discovery, it
was confirmed to be a parvovirus [140].

Unlike the ones mentioned above, the genome of BPV is a single-stranded DNA with
a length of 5,491 nucleotides [141] (Table 1). This genome contains three ORFs that encode
for four different proteins, flanked by non-identical palindromic terminal hairpins. ORF 1
encodes the non-structural NS1 protein, the ORF2 encodes the non-structural NP1 protein,
while the ORF3 encodes two structural proteins VP1 and VP2 [142]. The non-structural
protein NP1 is a unique feature of the bocaviruses [141,142]. Like the other members of the
family, BPV is a non-enveloped virus (Table 1).

The classification of the BPV1 by the ICTV is: Monodnaviria » Shotokuvirae > Cossaviricota
» Quintoviricetes > Piccovirales > Parvoviridae > Parvovirinae > Bocaparvovirus > Ungulate boca-
parvovirus 1. Recently, a new species of bovine bocaparvovirus was characterized, Ungulate
bocaparvovirus 6, but it was detected in respiratory samples [143]. In 2001, two other species
of BPV were detected in serum samples [144], now classified as Ungulate erythroparvovirus
1 (genus: Erythroparvovirus) and Ungulate copiparvovirus 1 (genus: Copiparvovirus). Within
BPV1, two serotypes have been recognized [145]. Unfortunately, the genetic diversity of
these viruses has not been well explored.

Bocaparvoviruses cause gastroenteric, respiratory, and reproductive diseases [141].
BPV 1 (Ungulate bocaparvovirus 1) has been described as an enteric pathogen. Interestingly,
nasally inoculated calves developed respiratory disease and diarrhea, while orally inocu-
lated calves only developed diarrhea [146], which suggests that the route of entry may be a
determining factor in terms of the disease developed. Regarding the enteric disease, after
oral challenge with BPV, calves developed mild to moderate diarrhea 2 to 3 days after inoc-
ulation, with feces changing from formed pellets to fairly fluid, returning to normal feces
after 5-7 days [147]. Other symptoms include mild fever, leucopenia, and lymphopenia on
days 2 and 3, followed by leucocytosis and lymphocytosis on days 4 and 5 [147]. Regarding
the gross pathology, the small intestine appears mildly congested and the contents watery,
and the contents of the large intestine appear pasty and unformed. Small intestine (jejunum
and ileum) villus atrophy and fusion due to crypt damage can be observed [147]. The virus
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can be isolated from rectal swabs as long as 12 days post-infection, increasing the risk of
transmission [146]. Coinfection with other pathogens can exacerbate the disease caused by
BPV 1 [146,147].

13. Enterovirus

Bovine enteroviruses (BEV) were first isolated in the late 1950s [148] and were initially
named enteric cytopathic bovine orphan virus. The name enterovirus comes from the Greek
enteron, which means intestine. They have been isolated from cattle suffering respiratory,
enteric, and reproductive diseases, but the respiratory and enteric diseases could not
be reproduced experimentally using viral isolates from affected calves [149]. However,
occasionally BEV could lead to fatal cases of enteric disease [150].

The genome of BEV is a single-stranded positive-sense RNA [151] (Table 1). Similar to
other picornaviruses, BEVs are non-enveloped (Table 1). The genome is linked to a small
polypeptide, VPg. Excluding the poly(A), the genome is 7414 nucleotides long and contains
a5’ UTR (longer than that of most picornaviruses), a single ORF, and a 3'UTR [152-154].
The single ORF encodes a polyprotein ranging from 2166 to 2176 amino acids [155] and is
divided into three regions: P1, P2, and P3. The P1 region comprises the structural proteins
VP1, VP2, VP3, and VP4, the P2 region comprises the non-structural proteins 2A, 2B, and
2C, whereas the P3 region comprises the non-structural proteins 3A, 3B (VPg), 3C (protease)
and 3D (polymerase) [152,153].

The complete classification of the enteroviruses by the ICTV is: Riboviria » Orthornavirae
» Pisuviricota » Pisoniviricetes > Picornavirales > Picornaviridae > Enterovirus. Within the genus
Enterovirus, the BEV are members of the Enterovirus E and Enterovirus F species. Recently,
a possible novel species was described [154]. Currently, there are two different serotypes
that have been confirmed [156].

BEV infects mainly the colon and not the small intestine [157]. Through PCR and
in situ hybridization (ISH), BEV was detected in the terminal ileum, cecum, and colon
(near the cecocolonic junction). The hybridization signal was detected in the cytoplasm
of enterocytes and cells within lamina propria (probably macrophages), in neurons of the
submucosal and myenteric ganglia, vascular endothelium, submucosal lymphoid tissues,
and ileocecal lymph nodes. In addition, the ISH signal was positive in the brain of a calf
with encephalitis and in the coronary artery of another calf with mild multifocal coronary
arteritis, suggesting that enteric infection could also be a route of entry for systemic
infections [157]. Infected calves did not have signs of clinical disease, and very few gross
lesions were observed at necropsy. However, all these results should be taken with caution
since some control also became infected [157]. The role of BEV related to diarrhea is fairly
to be clear but does not seem to be an important pathogen. However, they could probably
be more important in extra-intestinal diseases that can be originated from enteric infections.

14. Orthobunyavirus

In 2011, outbreaks of a previously unidentified disease in dairy cattle characterized by
a short period of clear clinical signs, including fever, decreased milk production, and diar-
rhea, were observed. The etiological agent was determined to be a novel orthobunyavirus
named Schmallenberg virus (SBV) [158]. However, SBV-associated disease is of interest
when immunologically naive ruminants are infected during a critical period of gestation
because SBV can cause abortion, stillbirth, or severe fetal malformations [159].

Orthobunyaviruses are enveloped and possess a single-stranded negative-sense RNA
genome composed of three segments (Table 1).

The taxonomic classification of SBV is: Riboviria > Orthornavirae > Negarnaviricota >
Polyploviricotina > Ellioviricetes > Bunyavirales > Peribunyaviridae > Orthobunyavirus > Schmallen-
berg orthobunyavirus.

The SBV is transmitted by Culicoides midges. Regarding diarrhea, in the first animal
challenge, the calf inoculated with SBV isolated with Culicoides variipennis larvae cells (KC
cells) developed mucous diarrhea for several days [158]. In addition, a calf from a group
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of four that received culture-grown virus initially isolated in KC cells developed mild
diarrhea for two days [160]. Interestingly, in these challenges, only calves inoculated with
SBV isolated in KC cells developed diarrhea, while no calf inoculated with SBV but that
were not isolated with Culicoides cells showed symptoms of diarrhea. In another study,
diarrhea was observed in 83.2% of 350 clinically affected animals [161]. Despite all this, the
role of SBV in cattle diarrhea appears to be secondary.

15. General Characteristics
15.1. Prevention and Treatment of Viral Enteritis

For most of the viruses reviewed, there are neither prevention nor control strategies
nor specific treatment, which undoubtedly complicate the control of diarrhea, remaining
as an endemic problem in many herds despite taking measures against some pathogens.
However, reduction in the burden of the disease can be achieved through different strategies
aimed at combating some of the most studied pathogens. These viral pathogens, for which
there are prevention and/or treatment, are rotavirus, coronavirus, and pestivirus.

15.1.1. Vaccines

Despite adult cattle can be affected by diarrhea, strategies for preventing the disease
are mainly focused on the first weeks of age when the disease (neonatal calf diarrhea) is
generally more severe. In this sense, and considering the early susceptibility of calves
to viruses’ infection, the presence of passive antibodies (Abs, IgG1, and IgA) in the gut
lumen plays an important role in protection against both viruses” infection and disease. In
addition, high titers of passive circulating Abs possess a complementary role in protection
against diarrhea due to the transfer of serum IgGl1 into the intestine of neonatal calves [44].
To achieve this, vaccination has proven to be an effective method, either to prevent infection,
or, in any case, to reduce the severity of the disease. The most widely used strategy is the
vaccination of the dam weeks before calving, although oral administration to newborn
calves has also been described.

There are several vaccines available worldwide. Most of them include both RVA and
BCoV and can include other pathogens such as Escherichia coli. The coronavirus strain most
widely used in the vaccines formulation is Mebus and has been demonstrated to be effective
against coronavirus infection since, so far, a single serotype has been described [53]. In
the case of rotavirus, vaccines usually include one or two strains of different G and/or
P genotypes, but protection has been described to be genotype-dependent, with several
reports of vaccine breakthrough events associated with heterotypic rotavirus [162-164].
On the other hand, an alternative strategy has been described, using recombinant VP6 to
immunize cows, showing a reduction in both diarrhea and virus shedding (in terms of
viral titer and excretion period) in comparison with colostrum-deprived calves [165].

As already mentioned, pestiviruses are not major viruses causing diarrhea, but we
briefly review the prevention strategies available. The prevention of pestiviruses includes
control programs, which can be classified as systematic (across a regional or national level)
or non-systematic (at herd level) [123]. Furthermore, vaccination is a cost-effective measure
for disease control. There are conventional modified live virus or inactivated virus vaccines,
formulated as either pestivirus A and/or B preparations or multivalent vaccines, including
other pathogens [123].

15.1.2. Treatment

Usually, no specific treatment against viruses is available. The treatment is based
only on treating the symptoms, such as rehydration of the animals. Interestingly, IgY
antibodies production against rotavirus and coronavirus in egg yolk has been developed
as an effective treatment virus-specific. This strategy has been demonstrated to be effective
in protecting both coronavirus- and rotavirus-induced diarrhea [166,167], and recently has
been developed the first biological product available in the market for the prevention of
virus-associated neonatal calf diarrhea [168].
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15.2. Geographic Distribution

In general, these viruses are dispersed worldwide, some have been detected through-
out the world, and others are not yet described, but probably they are present. In particular,
some of these viruses have been detected in cattle worldwide, with reports from America,
Europe, Asia, Africa, and Oceania, i.e., rotavirus, coronavirus, norovirus, pestivirus, and
enterovirus. Others have been detected in America, Europe, Asia, and Africa, i.e., torovirus,
astrovirus, nebovirus, kobuvirus. On the other hand, the bocaparvovirus have been de-
tected in America, Europe, and Asia. Lastly, the SBV (orthobunyavirus) has been detected
mainly in Europe and suggested to be also present in Africa and Asia.

15.3. Interspecies Transmission

The interspecies transmission has been documented for rotavirus [45], coronavirus [169],
astrovirus [88,92], kobuvirus [131,170], pestivirus [171], and enterovirus [172,173]. No-
tably, the zoonotic potential has been discussed for rotavirus [45], coronavirus [174],
nebovirus [175], and enterovirus [172,173].

15.4. Viral Evolution

The evolution of viruses with RNA genome is so fast that it can be studied in real
time. In this sense, viruses with RNA genomes have been great examples to study evolu-
tionary processes. Viruses evolve by using multiple genetic mechanismes, i.e., mutation,
recombination, reassortment and/or interspecies transmission. The latter has been briefly
described above.

In the case of mutations, it is the main process used by all the viruses, being the
mutation rate very high, mainly in viruses with an RNA genome. The nucleotide sub-
stitution rates estimated for some of the viruses included in this review are: 1.39 x 1073
substitution per site per year (s/s/y) for BCoV [53], 1.58 x 102 s/s/y for BKV [131],
427 x 107*s/s/ y for bovine astrovirus (associated with encephalitis) [99], 2.78 x 1073
s/s/y-3.81 x 1073 for BoNoV [176,177], 1.40 x 1072 s/s/y for BEV [178], 1.14 x 1072
s/s/y for SBV [179], 3 x 103 s/s/y for BToV [180], and 5.90 x 10%-9.3 x 102 for bovine
pestivirus [122,181,182].

Genetic recombination is another process that has been described for some of these
viruses, i.e., BCoV [183-185], BoNoV [60,66], BoAstV [86], BoNeV [111-113], BEV [155],
BToV [180], BPV [186], and for pestivirus [187]. For RVA, recombination has been described,
but until now, no RVA recombinants have been reported in cattle.

Regarding gene reassortment, it has been reported in RVA detected in cattle [45].
Interestingly, the emergence of the SBV has been suggested to be a Shamonda/Sathuperi
virus reassortant [188].

16. Conclusions

Viral enteritis is an important cause of economic losses and has a negative impact on
cattle welfare. The knowledge about the viruses that infect the intestinal tract is fundamen-
tal to direct strategies to control the disease and reduce the negative impact that it has on
cattle production. Epidemiological and molecular surveillance is crucial to detect possible
emergent viruses and/or viral variants with their potential pathogenicity for cattle.
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