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Abstract

:

The outbreak of Coronavirus Disease 2019 (COVID-19), a severe respiratory disease caused by betacoronavirus SARS-CoV-2, in 2019 that further developed into a pandemic has received an unprecedented response from the scientific community and sparked a general research interest into the biology and ecology of Coronaviridae, a family of positive-sense single-stranded RNA viruses. Aquatic environments, lakes, rivers and ponds, are important habitats for bats and birds, which are hosts for various coronavirus species and strains and which shed viral particles in their feces. It is therefore of high interest to fully explore the role that aquatic environments may play in coronavirus spread, including cross-species transmissions. Besides the respiratory tract, coronaviruses pathogenic to humans can also infect the digestive system and be subsequently defecated. Considering this, it is pivotal to understand whether wastewater can play a role in their dissemination, particularly in areas with poor sanitation. This review provides an overview of the taxonomy, molecular biology, natural reservoirs and pathogenicity of coronaviruses; outlines their potential to survive in aquatic environments and wastewater; and demonstrates their association with aquatic biota, mainly waterfowl. It also calls for further, interdisciplinary research in the field of aquatic virology to explore the potential hotspots of coronaviruses in the aquatic environment and the routes through which they may enter it.
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1. Introduction


The outbreak of severe acute respiratory syndrome caused by betacoronavirus SARS-CoV-2 (provisionally known as 2019nCoV) began at the end of 2019 in China and further spread to other countries [1] and across different continents, forcing the World Health Organization (WHO) to first declare a Public Health Emergency of International Concern at the end of January 2020 [2] and to later announce a pandemic of COVID-19 in March 2020 [3]. This is the first time that any coronavirus has sparked such an epidemiological situation, although some other coronaviruses were already known to reveal pathogenicity to humans. SARS-CoV-2 and COVID-19 have received unprecedented research interest encompassing fields of molecular biology [4], mechanism of cell entry [5], diagnostics [6], epidemiological modeling [7], immunology [8], experimental therapies and vaccine development [9,10], clinical medicine [11,12], prejudice and xenophobia [13] and the psychological effects of the pandemic [14,15]. It has also renewed a general interest in coronavirus biology and ecology.



The aquatic environment can be a source of an uncountable number of microorganisms pathogenic to different aquatic and terrestrial animals, as well as humans [16,17,18]. Lakes and rivers are an important habitat for bats and birds (including waterfowl), which represent one of the main reservoirs for various coronaviruses [19,20]. It is established that these animals can shed coronaviral RNA through feces, although it remains to be explored whether this is related to the presence of infectious viral particles [21,22]. Nevertheless, it is of high interest to investigate the association between aquatic environments and this viral group. It would add to the understanding of the role that these ecosystems may potentially play in infections within species as well as in cross-species transmission.



Understanding the role of aquatic ecosystems in this context is also essential from a human health perspective, since untreated water, a well-established source of various pathogens, is used in various areas, particularly those with poor sanitation. It would also help to understand whether aquatic biota could play a potential role as an intermediate host from which humans could contract the coronavirus. Such a process would, however, require the spike glycoprotein that mediates coronavirus entry into cells [23,24] to be first optimized in such a host for binding to human-like angiotensin-converting enzyme 2 (ACE2), alanyl aminopeptidase (CD13), dipeptidyl peptidase 4 (CD26) or other entry receptors through natural selection [5,25].



It has been demonstrated that the discharge of inadequately treated sewage effluents is a significant source of enteric viral pathogens in lakes and rivers, including those which are the leading causes of recreational waterborne illnesses [26,27,28]. All seven coronaviruses pathogenic to humans (SARS-CoV, SARS-CoV-2, MERS-CoV, HCoV-229E, HCoV-NL63, HCoV-OC43 and HCoV-HKU1) can infect the respiratory tract and digestive system, and their RNA material can be present in stool [29]. One should note that the detection of the genetic material in fecal material does not necessarily indicate that infectious virions are defecated. However, the presence of cultivable SARS-CoV in stool was already reported, and some preliminary observations, based on a small number of patients [30], suggest that this may also be a case for SARS-CoV-2 [31,32]. How frequently the infectious virus can be present in the human stool and what viral loads can be expected are yet to be explored. Such data would enable understanding whether wastewater, particularly untreated, may serve as a route of their dissemination to the aquatic environment. The understanding of the scale of this process first requires an exploration of the survival of coronaviruses in sewage and its treatment with various methods as well as a monitoring of human pathogenic coronaviruses in untreated and treated wastewater.



In the present review, we provide a brief overview of coronaviruses, their taxonomy, molecular biology, natural reservoirs and pathogenicity; outline their potential to survive in aquatic environments and wastewater; and demonstrate their association with aquatic biota, mainly waterfowl, and other animal species related to aquatic ecosystems. Future research prospects regarding the association between selected coronaviruses and water-related issues are put forward with a call for interdisciplinary research in the field of aquatic virology.




2. General Characteristics of the Coronaviridae Family


The subsequent sections give a brief overview of the taxonomy of coronaviruses, their general molecular features, main natural reservoirs and, finally, the pathogenicity of selected strains to humans.



2.1. Taxonomy of Coronaviruses


The Coronaviridae family is classified into the realm Riboviria, which includes all RNA viruses and viroids that replicate by means of RNA-dependent RNA polymerases. The Coronaviridae belongs to the order Nidovirales and suborder Coronavirineae (Figure 1). It is further divided into two subfamilies—Orthocoronavirinae and Letovirinae [33,34]. The latter was recently proposed and currently consists of a single Alphaletovirus genus with a single subgenus of Milecovirus and one representative species known so far—Microhyla letovirus 1 (MLeV), isolated from the ornamented pygmy frog Microhyla fissipes Boulenger [35].



The Orthocoronavirinae subfamily, whose members are typically referred to as coronaviruses, is currently divided into four genera: Alphacoronavirus (alphacoronaviruses (α-CoVs)), Betacoronavirus (betacoronaviruses (β-CoVs)), Deltacoronavirus (deltacoronaviruses (δ-CoVs)) and Gammacoronavirus (gammacoronaviruses (γ-CoVs)) (Figure 1). The members of this subfamily are currently classified by means of a threshold level of sequence identity of replicase regions: the ORF1ab gene and the pp1ab polyprotein [36]. Members that belong to a similar species display over 90% amino acid uniqueness in the seven conserved domains of the 1ab protein [37]. The genus Alphacoronavirus is the most taxonomically diversified and is represented by seventeen identified species across twelve genera: Colacovirus, Decacovirus, Duvinacovirus, Luchacovirus, Minacovirus, Minunacovirus, Myotacovirus, Nyctacovirus, Pedacovirus, Rhinacovirus, Setracovirus and Tegacovirus. The β-CoVs are divided into five subgenera—Embecovirus, Hibecovirus, Merbecovirus, Nobecovirus and Sarbecovirus—with a total of twelve species known so far. The δ-CoVs and γ-CoVs are taxonomically divided into a respective four (Andecovirus, Buldecovirus, Herdecovirus and Moordecovirus) and two (Cegacovirus and Igacovirus) subgenera and contain a total of seven and two species, respectively [33].




2.2. Molecular Biology of Coronaviruses


The coronaviruses have a characteristic spiky or crown-like (corona) appearance. Their virions are spherical and usually range between 50 and 200 nm in diameter [38,39]. The Coronaviridae are enveloped, positive single-stranded RNA (+ssRNA) viruses; the size of their genomes, coiled inside a helical nucleocapsid of 9–11 nm diameter, ranges between 26.2 and 31.7 kb, making them the largest enveloped RNA viruses [40]. The RNA strand is capped at the 5′ end and contains a 3′ poly(A) tail, therefore being very similar to mRNA during translation [41]. Nevertheless, the translation of coronaviruses varies from the canonic one. It includes intricate mechanisms such as leaky scanning, ribosomal frameshifting, in-build internal ribosome entry and non-AUG initiation events [42]. The only protein identified to be encoded by genome is replicase-transcriptase, while the rest appear in the form of subgenomic mRNAs [43]. At the 5′ end, two-thirds of the coronavirus genome consists of the replicase gene, which has two open reading frames, ORF1a and ORF1b, within. The frameshifting during translation allows for the production of polyprotein 1a/1ab that further enables sixteen nonstructural proteins in the host cell to be obtained [44]. Inversely, the 3′ third part of the genome consists of ORFs encoding structural and accessory proteins [45].



The order of the essential structural proteins in the genome is as follows: spike (S), envelope (E), membrane (M) and nucleocapsid (N) [46]. Contrary to this, the accessory genes are placed in between: two between S and E (3a, 3b); five between the M and N (6, 7a, 7b, 8a, 8b); and one included in the N gene (9b) [47]. Although the accessory proteins are not necessary for replication in vitro, they may take part in the pathogenesis of coronaviruses [41]



The N protein is a phosphoprotein that forms a helical nucleocapsid for the genomic RNA. Moreover, it plays a significant role in the virus assembly, transcription and replication [48]. The structure of the protein is composed of two detached domains, the N-terminal and C-terminal, both of which are required for optimum RNA binding [49]. The nucleocapsid is surrounded by a lipid bilayer. This envelope is acquired by budding at membranes of endoplasmic reticulum, intermediate compartment and/or Golgi complex. The S, M and E proteins are embedded in this envelope [50,51].



The spike (S) glycoprotein, which has a rod-like shape and length of approximately 10–20 nm, is essential in facilitating viral entry to the host cell [52,53,54]. It consists of a trimer of two proteins—S1 and S2. The S1 protein is an ectodomain, with a signal peptide for an endoplasmic reticulum at its N-terminal, while the S2 protein comprises heptad repeat regions, putative fusion peptide, transmembrane domain and endodomain at the C-terminus [55]



The envelope (E) protein is a small protein with a size of 8–12 kDa, and its amount is limited in viruses. This protein may be necessary for assembly and to generate an accurate virion [41,55]. It consists of a hydrophilic N-terminus, a hydrophobic transmembrane domain and the hydrophilic C-terminus. It is suggested that the secondary envelope structure is a motif that operates as a transport signal to the Golgi complex [51].



The M glycoprotein, whose preglycosylated form has a size between 25 and 30 kDa, is the most abundant envelope component. In general, this protein has three transmembrane regions. The tiny part of the amino-terminal domain is localized outside of the virion, whereas the carboxyterminal is situated inside [55]. The glycosylation of the M protein may be responsible for the induction of interferon in host cells [48,56]. Along with the N protein, the M protein contributes to the packing of the genomic RNA along with assembling and interacting with virions [57].




2.3. Pathogenicity in Humans


Overall, seven coronaviruses are currently known to be pathogenic to humans, and all of them have a zoonotic origin [58]. The α-CoVs NL63 and HCoV-229E, as well as the β-CoVs HCoV-O43 and HCoV-HKU1, are known to be cause mild upper respiratory tract disease in otherwise healthy subjects [59]. However, more severe cases, characterized by pneumonia and bronchiolitis, can occur in elderly and immunocompromised subjects as well as children and immunocompromised patients [60,61,62,63,64]. Neuroinvasion and gastrointestinal infections were also reported for these coronaviruses [65,66].



Severe respiratory infections in humans can be induced by three β-CoVs: SARS-CoV, MERS-CoV and, most recently, SARS-CoV-2. The SARS-CoV and SARS-CoV-2, two strains of the same species (Sarbecovirus subgenus), are the causative factors for severe acute respiratory syndrome (SARS) and COVID-19, respectively. In turn, MERS-CoV (Merbecovirus subgenus) is a cause of the Middle East respiratory syndrome (MERS). All of these strains have emerged from natural hosts and later spread through human–human transmission, predominantly by droplet and contact routes. The fecal–oral route is also plausible since, in the case of some patients, the viral RNA was detected in fecal samples. Although it appears that this route of transmission did not generally play a significant role during reported outbreaks, it may have greater implications in areas with poor sanitation [67,68,69,70]. However, it remains unanswered whether the infection of SARS-CoV-2 could occur via ingestion and whether the virus can survive passage through the stomach [71]. Typical clinical manifestations commonly include fever, cough and breathing difficulties with pneumonia, although they are not obligatorily present. Gastrointestinal signs such as nausea, abdominal pain, diarrhea and vomiting can also occur [72,73,74]. Additionally, prevalent olfactory and gustatory dysfunctions were observed over the course of SARS-CoV-2 infection [75].



SARS-CoV, MERS-CoV and SARS-CoV-2 are responsible for three major coronavirus-related outbreaks in humans within the past two decades. The SARS-CoV was responsible for the epidemic of SARS that originated in Guangdong Province in China in November 2002 [76]. Although the majority of cases were reported in China, the virus spread to 29 countries across Asia, North America, Europe and Oceania [77]. Most of the cases were confirmed in 2003, and strict control measures were implemented to contain the outbreak [78]. The last cases were reported in May 2004, and all were instances of infection at a microbiological laboratory where research on SARS-CoV was also conducted [79]. A total of 8096 confirmed cases were reported, with a mortality rate of 9.6% [77]. The first human cases of MERS-CoV infection, known as the Middle East respiratory syndrome, emerged in September 2012 in Saudi Arabia, and the vast majority of the nearly 2500 confirmed cases have been associated with the Arabian Peninsula [80]. However, as a result of travel, MERS-CoV was exported across the Middle East, Europe, North Africa and Asia and reported by 27 countries to date. As of late 2019, the mortality rate was 34.4% [81,82]. The most recent coronavirus-associated outbreak in humans emerged in late 2019 in the city of Wuhan, China, and was caused by SARS-CoV-2 [39,83]. The COVID-19 outbreak quickly evolved into the first pandemic caused by any human coronavirus [3]; the total confirmed cases amounted to 3,299,603 at the end of April 2020, with a 7.1% mortality rate. The total number of worldwide cases exceeded 4,700,000 on 18 May 2020, according to an online interactive dashboard developed by the Johns Hopkins University [84].



The foremost factor for entering the host cell is S glycoprotein, which is responsible for receptor-recognition and fusion with a membrane and which likewise allows for cross-species transmission [85]. The α-CoV HCoV-NL63 and SARS-associated coronaviruses, SARS-CoV and SARS-CoV-2, employ an ACE2 receptor for cell entry [5,86,87,88]), although its action is complemented by heparin sulfate proteoglycans which are involved in the adhesion of virions to the cell surface [89,90]. The MERS-CoV uses DPP4 for cellular entry (Figure 2) [91]. In the case of α-CoV HCoV-229E, the CD13/aminopeptidase N is bound by S protein [92], while β-CoVs HCoV-OC43 and HCoV-HKU1 can utilize human leukocyte antigen class I (HLA-I) or O-acetylated sialic acids [93,94,95,96]. Moreover, in the case of all coronaviruses pathogenic to humans, cellular entry can be mediated via type II transmembrane serine protease TMPRSS2 serine protease, which acts as an activator for S glycoprotein [5,97,98,99,100,101]. The respiratory and enteric tracts are the main sites of infection due to the expression of molecules involved in coronaviruses adhesion, activation and entry on the apical membranes of epithelial cells, although other types of cells and organs can also be a potential target, as experimentally demonstrated for selected strains [102,103,104,105].




2.4. Natural Reservoirs of Coronaviruses


In general, avian and mammalian species, along with humans, serve as hosts for viruses belonging to the Orthocoronavirinae subfamily [106]. In cases of the Letovirinae subfamily, the only host for the single species (MLeV) known so far is the ornamented pygmy frog Microhyla fissipes [35]. It is highly plausible that there are other hosts, at least amphibian, for MLeV, although this issue requires further studies. Most generally, selected species of α-CoVs and β-CoVs are causative factors of human and domestic animal infections. Otherwise, γ-CoVs and δ-CoVs are more associated with avian hosts, but selected species have also been discovered in marine mammals [20,107].



Bats are known as the largest group of natural reservoirs for coronaviruses, not only in Asia but also in Europe, Africa and South and North America [19,108], and may reveal a relatively high prevalence of viral RNA shedding in their feces [21]. A survey in China has reported that over 6% of bats, distributed throughout the region, can harbor coronaviruses, with α-CoV strains BtCoV/701/05 (Myotis ricketti Peters), BtCoV/512/05, BtCoV/527/05 and BtCoV/515/05 (Scotophilus kuhlii Leach), and β-CoVs strains BtCoV/273/04 (Rhinolophus ferrumequinum Schreber), BtCoV/279/04 (Rhinolophus macrotis Blyth), BtCoV/133/05 (Tylonycteris pachypus Temminck), BtCoV/434/05 (Pipistrellus pipistrellus Schreber) and BtCoV/355/05 (Pipistrellus abramus Temminck) having been identified [109]. Therefore, bats are most likely to contribute to cross-species transmissions, including transmission to humans, highlighting the continuous need to explore coronaviruses in bats of different geographical origin, identify the potential hotspots and take safety measures, particularly in regions where bats are hunted for food, ornate decorations or alleged medicinal properties, as well as areas where their guano is mined [110,111]. Importantly, bats are also the primary hosts of human infectious coronaviruses. The MERS-CoV most likely originated from Taphozous perforatus Geoffroy, Rhinopoma hardwickii Gray and Pipistrellus kuhlii Kuhl [112,113]. In turn, the SARS-CoV was suggested to have evolved from horseshoe bats, Rhinolophus spp. [114], and SARS-CoV-2 is also most likely to be originally linked with a bat host, with one study demonstrating 96% identity at the whole-genome level to β-CoV BatCoV RaTG13 detected in Rhinolophus affinis Horsfield [115]. In the case of these three coronaviruses, the role of an intermediate host for human transmission has been suggested. The dromedary camel Camelus dromedarius L. was suggested to serve as such a host for MERS-CoV, as individuals in Egypt were found to harbor MERS-CoV-like NRCE-HKU205 and NRCE-HKU270 [116]. One study has also identified novel β-CoV Erinaceus coronavirus strains in the European hedgehog Erinaceus europaeus L., namely EriCoV/2012-68/GER/2012, EriCoV/2012-216/GER/2012, EriCoV/2012-174/GER/2012 and EriCoV/2012-51/GER/2012, all of which were demonstrated to be phylogenetically related to MERS-CoV [117]. In the case of SARS-CoV, the Himalayan palm civet Paguma larvata Hamilton-Smith or raccoon dog Nyctereutes procyonoides Gray were likely to have been involved in transmission after SARS-CoV-like isolates SZ3 and SZ16 were detected in these animals [118]. The transmission of SARS-CoV-2 to humans may also involve an intermediate host. Although no specific species is yet known, it is suggested that this strain may evolve in pangolins [119]. The other hypothesis assumes that, following the initial zoonotic event, an adaptive process involving the acquisition of the polybasic cleavage site was occurring during unrecognized transmission between humans [4]. In turn, α-CoVs HCoV-229E and HCoV-NL63 probably have a common ancestor and may be associated with HCoV-NL63-like viruses circulating in Triaenops sp. bats and HCoV-229E-like particles identified in Hipposideros sp. bats [120]. Two studies suggest that D. dromedarius may play a potential role as an intermediate host in the case of HCoV-229E [121,122].



On the other hand, both α-CoVs HCoV-OC43 and HCoV-HKU1 are unlikely to have direct ancestral links with bats, and it appears that rodents represent their primordial hosts, while human transmissions may occur via domestic animals such as pigs or cattle [123]. For a long time, rodents, which constitute approximately 40% of mammalian species (compared to the 20% share of bats), were not considered to be an important reservoir of coronaviruses, since only murine coronavirus M-CoV species had been identified in these animals [124]. However, a rodent survey conducted in China identified novel coronaviruses species in Apodemus agrarius Pallas, Niviventer confucianus Milne-Edwards, Rattus norvegicus Berkenhout, R. losea Swinhoe and R. tanezumi Temminck: an α-CoV, Lucheng Rn rat coronavirus, and two β-CoVs, Longquan Aa mouse coronavirus (LAMV) and Longquan R1 rat coronavirus (LRLV) [125]. Moreover, R. norvegicus has also been shown to be a reservoir for a novel China Rattus coronavirus HKU24 (ChrCoV HKU24), a representative of lineage A of β-CoVs [123]. More recently, an Asian house shrew Suncus murinus L. has been shown to naturally harbor α-CoV denoted as Wénchéng shrew virus (WESV) [126]. All in all, rodents appear to represent an important group of mammalian reservoirs for α-CoVs and β-CoVs and require further exploration in this respect.



Birds are the hosts for γ-CoVs and δ-CoVs. Within the former, the avian coronavirus is the only species recognized and includes infectious bronchitis viruses (IBVs) which are responsible for an acute and highly contagious respiratory disease in chickens [127] as well as a number of analogous viruses which can infect domestic birds: guinea fowls, quails, peafowls, teals and turkeys [128,129,130,131]. However, IBVs have also been identified in wild birds, and their infections are rather asymptomatic [132,133]. According to the International Committee on Taxonomy of Viruses, seven species associated with birds are classified within the Deltacoronavirus genus: bulbul coronavirus HKU11, common moorhen coronavirus HKU21, munia coronavirus HKU13, night heron coronavirus HKU19, thrush coronavirus HKU12, white-eye coronavirus HKU16 and wigeon coronavirus HKU20 [33]. However, thrush coronavirus HKU12 and magpie-robin coronavirus HKU18 were also suggested as a separate species [20,134]. The γ-CoVs and δ-CoVs associated with aquatic birds are discussed in detail in Section 3.2.



Apart from the above-mentioned IBV-associated viruses in chickens, guinea fowls, quails, peafowls, teals and turkeys, coronaviruses have also been found to infect other domesticated animals. Pigs can be infected with β-CoVs, namely porcine epidemic diarrhea virus (PEDV) and transmissible gastroenteritis coronavirus (TGEV) [135,136,137], as well as δ-CoV HKU15 [134,138]. All of these viruses can cause vomiting and diarrhea. The α-CoV feline coronavirus has been identified in cats, and some strains can replicate in domestic cats [139]. The α-CoV ferret coronavirus (FECV) in known to cause epizootic catarrhal enteritis in domestic ferrets [140]. The β-CoV canine coronavirus can cause gastroenteritis symptoms, such as diarrhea, vomiting and anorexia [141]. In turn, β-CoV RbCoV HKU14 has been recognized in domestic rabbits [142].



β-CoVs associated with dromedary camels [116], hedgehogs [117] and raccoon dogs [118] have also been identified. There is a limited number of reports on α-CoVs and γ-CoVs in marine mammals, as further elaborated in Section 3.2.





3. Association of Coronaviruses with the Aquatic Environment and Wastewater


3.1. Survival in Water and Wastewater


The survival of selected coronaviruses outside the host has been subject to a number of experimental investigations [143,144,145]. Although such studies have certain limitations in mimicking the realistic settings (e.g., the environmental parameters, such as temperature and humidity, are stable and the surfaces with the virus particles are immobilized), they provide an overview of extracellular virus viability which is often essential in understanding the dynamics of infection spread and routes of transmission. Unfortunately, the existing data are limited only to human coronaviruses, namely SARS-CoV, SARS-CoV-2, MERS-CoV, HCoV-229E and HCoV-OC43, and selected strains associated with domestic animals, namely MHV and TGEV [143]. Considering that all coronaviruses are enveloped and share similar structural features, it is highly plausible that available information can be extrapolated from all representatives of the Coronaviridae family, although we encourage research on species not associated with humans and domestic animals to fully explore this issue. Considering that active infection of the digestive system has been demonstrated for selected species and strains, including human pathogens, and that the infectious viral particles can be present in bat, avian and human feces, their survivability in water can potentially contribute to viral spread and cross-species transmission. It would, therefore, be of particular interest to focus on γ-CoVs and δ-CoVs associated with waterfowls and present in their feces to understand whether the aquatic environment may play a role in transmission of these viruses. The presence of coronaviruses in wastewater can result in the discharge of viral material to aquatic ecosystems, particularly in areas with poor sanitation. This may potentially increase the risk of infection for individuals involved in sewage management. Moreover, if water and wastewater can contain viable coronavirus, their aerosolization may pose a significant risk of infection of a potentially high number of people. One should, however, note that so far this has not been evidenced to play any role in human infections with coronaviruses.



In general, the survival of coronaviruses in natural water resources is likely to depend on four key conditions: (i) water temperature; (ii) light availability; (iii) level of organic matter; and (iv) predation. Higher temperature decreases the survivability of enveloped RNA viruses [146,147]. Therefore, the extracellular survival of coronaviruses in lakes and rivers will differ depending on geographical location, with potentially higher persistence in temperate areas as compared to subtropical and tropical zones [148]. Depth should also have an impact on survival, since shallow aquatic ecosystems tend to have higher mean water temperatures and weak or no stratification [149].



Exposure to UV light can also decrease the viral titer. However, this could likely be attributed only to UV-B, since UV-A was shown experimentally to be ineffective in coronavirus inactivation, at least in the case of SARS-CoV [150]. It is plausible that particular species vary in susceptibility to UV light. For example, UV-C was shown to cause a significant and rapid decrease in infectious SARS-CoV, while it had no such effect on canine coronavirus, the other representative of β-CoVs, despite exposition for 3 days [151]. Similarly to UV-C, pyrimidine dimers can be induced by UV-B, although at much lower rate [152]. The effectiveness of UV-B in the inactivation of different coronaviruses is yet to be explored. However, if such a phenomenon occurs, one should take into account seasonal and geographical variations in UV-B availability [153,154], which may differentiate the effect of UV light on coronaviruses in the aquatic environment.



Adsorption of viral particles to the suspended organic matter may, in turn, provide shielding from light and affect settling behavior. It may also influence the viral diffusion coefficient [155] and potentially result in clusters of viruses, particularly in waters with high levels of suspended solids. Eventually, the presence of antagonistic microorganisms that inactivate the virus may also modify the survival of coronavirus in water. It is known that some protozoans graze on viruses, and antiviral factors can be released by algae and actinomycetes, while extracellular bacterial enzymes can effectively inactivate selected viruses [156]. One should, however, note that the potential interactions between aquatic microorganisms and coronaviruses remain yet to be explored and at this point any extrapolations should be performed with appropriate caution.



Experiments on coronavirus survival, which may at least partially mimic the conditions of the natural environment, have so far considered only the effect of water temperature. For example, at 25 °C, the α-CoV transmissible gastroenteritis virus (TGEV), which infects pigs and reveals high mortality in piglets, required 13 and 22 days for a 99% reduction of infectious titer in lake water and reagent-grade water, respectively. Similarly, the infectious mouse hepatitis virus (MHV) decreased by 99% during 10 and 17 days in lake water and reagent-grade water, respectively. However, at 4 °C, no significant decrease of infectious titers was observed at the experimental endpoint (maximum 49 days). It was predicted that, at 4 °C, a 99% reduction of infectious titer of TGEV and MHV would require 220 days and more than one year, respectively [157]. It has been shown that HCoV-229E and feline infectious peritonitis virus (FIPV) are far less stable in either filtered or unfiltered tap water at 23 °C compared to poliovirus-1. A 99.9% decrease in coronavirus titer was observed after 10–12 days, whereas poliovirus-1 was demonstrated to survive 43–47 days. However, at 4 °C, both HCoV-229E and FIPV revealed a significantly extended persistence—the predicted time required for a 99% decrease in the virus titer for HCoV-229E and FIPV was 392 and 87 days, respectively [158]. SARS-CoV persisted only two days in dechlorinated tap water at 20 °C but persisted at least 14 days (the study endpoint) at 4 °C [159]. One should note that the only experimental study so far on the survival of coronaviruses in lake water used samples taken from an impoundment that serves as the drinking water source [157]. It may, therefore, not fully reflect the survival in surface freshwaters that present significantly different chemical and biological features. Further studies on survival under realistic conditions are required to fully understand the dynamics of coronavirus survival in aquatic ecosystems characterized by differing conditions as regards temperature, organic matter availability, pH and trophic state.



On the other hand, analysis of coronavirus survival in untreated and treated wastewater is important to understand whether they may play a role in the dissemination of human-associated strains to the aquatic environment as well as to elucidate if wastewater leakage and discharge may represent a potential role in human infections during outbreaks. One should note that a number of physicochemical parameters of wastewater could possibly influence the survival of coronaviruses, e.g., temperature, pH, organic matter content and composition. However, in this case, temperature is likely to be a crucial factor due to the sensitivity of coronaviruses to its increased levels. The temperature of wastewater ranges from 10 °C in the winter to over 20 °C in the summer. Therefore, the potentially higher survival of coronaviruses in sewage coincides with a period of increased coronavirus infections in the human population [160]. On the other hand, it has been shown that the addition of 20% fetal calf serum (FCS) decreased the effect of high temperature (56 °C) on reducing the SARS-CoV titer [161]. Authors associated this phenomenon with the presence of proteins in FCS [161], which typically are in the 3.8–4.4 g/dL range [162]. Wastewater usually also contains an increased protein content [163], and it can be hypothesized that a protective effect on virus survival could be seen under such conditions. One should, however, note that FCS is a chemically rich matrix [162]. Therefore, the protective effect of other factors present in FCS on the survival at higher temperatures cannot be entirely excluded at this moment.



Nevertheless, the experimentally observed survival of studied coronaviruses in wastewater was much lower than in the case of water. One should note that untreated wastewater is a source of microorganisms, e.g., bacteria, the presence of which may, at least to some extent, decrease the presence of viable viruses [156]. In unfiltered and filtered primary effluent, the time taken for the virus titer to decrease by 99% was 1.6 and 2.3 days for HCoV-229E, respectively, and 1.7 and 1.6 days for FIPV, respectively. In the case of secondary effluent, the 99% reduction occurred after 1.8 days for HCoV-229E and 1.6 days for FIPV [158]. The effect of wastewater temperature was clearly stated in studies investigating the survival of SARS-CoV—at 20 °C the virus could persist in domestic and hospital sewage only for 2–3 days, while at 4 °C it remained detectable at least for 14 days, the endpoint of the study [159,164]. The detection of viral RNA does not equate to infectibility, as clearly shown in another study in which genomic SARS-CoV material was detected in untreated hospital wastewater, although it was evidenced not to be viable in an in vitro cell line model [165]. At this moment, there are no data on the survival of SARS-CoV-2 in wastewater, although it is likely that it will be similar to SARS-CoV. In other words, one can expect that wastewater, including domestic and hospital sewage, may not represent a route of transport of viable viral material to an aquatic environment. However, the observations for selected coronaviruses should be used cautiously to predict the survival of species not tested in this respect. As demonstrated, TGEV and MHV required 9 and 7 days, respectively, until their infectivity in pasteurized settled sewage was reduced by 99% [157]. In the case of outbreaks, the disinfection of wastewater can be considered as a precautionary measure. The addition of chlorine or chlorine dioxide (SARS-CoV) and hydrogen peroxide (TGEV) were demonstrated to be useful in this regard [159,166]. One should, however, note that chlorine disinfectants are a threat to aquatic plants and wildlife; as recently highlighted, their widespread use during the COVID-19 pandemic may pose a significant ecological risk [167].



It is yet to be studied how long coronaviruses can survive in animal and human feces to elucidate whether the deposition of feces may play an essential role in viral dissemination to the environment, including aquatic ecosystems. Observations for SARS-CoV demonstrated that the virus was capable of surviving in human feces for at least 96 h at room temperature [168], but no studies have addressed this issue for wildlife.




3.2. Association of Coronaviruses with Aquatic Biota


Aquatic ecosystems such as lakes, rivers and ponds, are an important habitat for bats, the largest group of the mammalian reservoirs for coronaviruses, as they provide insect food and support diverse bat communities and bat activity during the night and throughout an active season [169,170]. Many bat species are mostly nocturnal and forage and defecate at night; thus, they may potentially make a relevant contribution in the direct deposition of fecal matter in water. Furthermore, various avian species that harbor coronaviruses are more or less associated with the aquatic environment and can also deposit their feces in the water. This may potentially contribute to viral spread and cross-species transmission—a hypothesis yet to be verified. Further research focusing on the surveillance of coronaviruses in water birds, monitoring levels of viral particles in deposited feces and considering the survival and infectivity of coronaviruses associated with bat and avian hosts under realistic conditions of the aquatic ecosystem would be necessary to address this issue.



The sum of aquatic animals, represented mostly by waterfowls that can harbor coronaviruses, is presented in Table 1. Most of identified coronaviruses belonged to Delta- or Gammacoronavirus, with only one representative of Alphacoronavirus and no Betacoronavirus identified so far.



The presence of the viral material was confirmed in different types of biological samples: feces; cloacal, tracheal, oropharyngeal swabs; and tissue material from the liver and kidneys. This clearly indicates that the coronaviruses associated with aquatic birds can infect both respiratory and digestive systems and can be potentially defecated. The excretion of the virus and further deposition in the terrestrial and aquatic environment may represent a potential route of intra- and interspecies transmission. However, no studies have addressed the viability of coronaviruses in fecal material from birds and their infectivity.



It is known that a variety of bird species can serve as hosts for δ-CoVs and γ-CoVs [20]. Limited and more extensive surveillance of water birds was conducted in Australia [171], Beringia area [172], Brazil [173], Cambodia [22], Chile [174], Hong Kong [22], England [132], Korea [175], Sweden [176], Finland [177], Norway [178] and the USA [179,180,181], and the following species were identified as hosts: Anas crecca L., A. gracilis Buller, A. platyrhynchos L., A. superciliosa Gmelin, A. acuta L., Anser albifrons Scopoli, Anser anser L., Anser canagicus Sevastianov, Anser caerulescens L. Anser cygnoides L., Ardea cinerea L., Ardeola bacchus Bonaparte, Ardeola speciosa Horsfield, Arenaria interpres L., Aythya fuligula L., Aythya marila L., Branta bernicla L., Calidris alba Pallas, C. alpina L., C. canutus L., C. ferruginea Pontoppidan, C. mauri Cabanis, C. pusilla L., C. pygmaea L., C. ruficollis Pallas, Cepphus columba Pallas, Chroicocephalus ridibundus L., Clangula hyemalis L., Cygnus cygnus L., Dendrocygna javanica Horsfield, Egretta picata Gmelin, Haematopus ostralegus L., Larus argentatus Pontoppidan, Larus fuscus L., L. glaucescens Naumann, L. hyperboreus Gunnerus, L. vegae Palmen Mareca americana Gmelis, Mareca penelope L., Phalacrocorax carbo L., Phalacrocorax brasilianus Gmelin, Phalaropus fulicarius L., Phalaropus lobatus L., Platalea minor Temminck & Schlegel, Radjah radjah Lesson, Rynchops niger L., Somateria mollissima L., Spatula clypeata L. and Tadorna tadorna L. [22,132,171,172,175,176,177,178,179,180,181]. In a larger survey, the prevalence of coronaviruses in studied bird species varied from very low in Brazil up to 12% in Asia, 15% in Australia and 19% Scandinavia [173].



The above-mentioned findings clearly indicate that different species of waterfowl from various geographical locations represent important hosts for δ-CoVs and γ-CoVs. The presence of the virus in cloaca and feces highlights that defecation is a shedding route and can contribute to the deposition of coronaviruses in the aquatic environment. This may particularly concern the species that form large nesting and breeding colonies on inshore islands, river forks and in areas nearby lakes, along with waterfowl that flock in large numbers. For example, Phalacrocorax carbo can excrete approximately 25–50 g of fecal matter per day per individual, some of which is deposited directly to the water column, whereas loads deposited in colonized areas can be partially mobilized and transferred to aquatic ecosystems via surface runoff [16]. The cormorant colonies can significantly contribute to microbial pollution of aquatic ecosystems, although this has been shown so far only for enteric bacteria, protozoa and parasitic fungi [182,183,184]. Moreover, the terrestrial deposition of feces of birds that colonize areas nearby aquatic ecosystems, such as cormorants, may potentially lead to their aerosolization, and this may represent a route of infection for other birds. However, such a phenomenon has never been subject to any study. On the other hand, waterfowl such as ducks and geese are known to flock in large concentrations and defecate an even larger amount of fecal matter compared to cormorants [185]. The feces of these birds are documented to affect water quality and increase microbial pollution, particularly with enteric bacteria [186,187]. Considering that some studies have shown a high rate of prevalence (in some cases exceeding even 50%) of coronaviruses in ducks and geese (e.g., Anser canagica, Anas gracilis, Aythya marila, Anas platyrhynchos) [176], the water reservoirs on which they can form large flocks may represent significant hotspots of these viruses.



The pathogenicity of coronaviruses in birds, including waterfowls, is not clear and has been subject to only a limited number of studies. However, it is plausible that, depending on bird species, individual characteristics and virus strain, an infection can have an asymptomatic, mild or severe course. For example, the γ-CoV denoted as Canada goose coronavirus has been implicated in the massive die-off of Branta canadensis L. and Anser caerulescens in Canada [188]. On the other hand, a report on coronaviruses associated with Phalacrocorax brasilianus suggested asymptomatic infections [174].



Genomic sequence analyses confirmed that coronaviruses associated with birds share a common avian ancestor [134]. None of the identified avian coronaviruses are known to be pathogenic to humans. The risk of cross-species transmission, including birds to humans, cannot be fully ruled out. One should note that selected avian coronaviruses appear to be very closely related to coronaviruses identified in mammals [189]. Moreover, some studies have already suggested a recent bird-swine transmission of δ-CoV. Recombination is frequent in coronaviruses, and within avian δ-CoVs such recombination has frequently concerned the spike region, involved in receptor binding. Such recombination may, therefore, lead to the emergence of coronaviruses in novel hosts [190].
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Table 1. Summary of confirmed associations of coronaviruses with aquatic biota.
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Host Species

	
Detected Coronavirus

	
Coronavirus

Genus

	
Material of Detection

	
Reference






	
Aquatic birds




	
Anas acuta

	
Anas/UK/p71/2005, p33/2005, p71/2005; AcoV12WB180;

J1404,J1407,J1435,J1451/Anas acuta/091230; J1616/Anas acuta/100112;

J1375/Anas acuta/100123;

Northern Pintail CoV-PBA124, PBA37,PBA16, PBA25, PBA15, PBA10

	
γ-CoV

	
Fecal,

cloacal and oropharyngeal swab

	
[22,132,172,175]




	
Anas clypeata

	
J1300,K589,K547,K554,K561/Anas clypeata/091223;

J0590,J0554,JO807/Anas clypeata/091217;

J1491/Anas clypeata/100112;

J0901/Anas clypeata/09121;

	
γ-CoV,

δ-CoV

	
Cloacal and oropharyngeal swab

	
[22]




	
Anas crecca

	
Anas/UK/p20/2005;

Avian Coronavirus/Anas crecca/Finland strains;

J0126/Anas crecca/091106;

J055/Anas crecca/091127;

J0579/Anas crecca/091127;

J1420/Anas crecca/091230

	
γ-CoV,

δ-CoV

	
Feces, cloacal and oropharyngeal swab

	
[22,132,177]




	
Anas gracilis

	
Grey Teal CoV-10214-2016/6/13-CR/VIC;

Grey Teal CoV-10230-2016/10/28-MM/NSW;

Grey Teal CoV-10228-2016/10/28-MM/NSW

	
γ-CoV

	
Oropharyngeal and cloacal swabs

	
[171]




	
Anas penelope

	
J0588/Anas penelope/091127;

K596/Anas penelope/091223;

J1561/Anas penelope/100112;

AvCoV_Mallard Sweden strains

	
γ-CoV

	
Feces, cloacal and oropharyngeal swab

	
[22,176]




	
Anas platyrhynchos

	
Duck CoV D03/1094;

Anas/UK/p20/2005, p33/2005;

Avian Coronavirus/Anas platyrhynchos/Finland strains;

Mallard CoV/Ottenby strains

	
γ-CoV

	
Cloacal swab,

tracheal swab, oropharyngeal swab, or tissue

(not specified)

	
[132,176,177,178]




	
Anas poecilorhyncha

	
AcoV12WB14, 16,18, 19, 49,52, 53, 55, 62, 63, 69, 70, 71;

IBV-Snu8067;IBV-KM91

	
γ-CoV

	
Oropharyngeal swab

	
[175]




	
Anas superciliosa

	
Pacific Black Duck CoV-10196-2016/6/13-CR/VIC;

Pacific Black Duck CoV-9710-2016/12/21-LC/VIC;

Pacific Black Duck DeltaCoV-G0001-2016/12

/21-LC/VIC

	
δ-CoV,

γ-CoV

	
Oropharyngeal and cloacal swabs

	
[171]




	
Anser albifrons

	
Avian-CoV(ns)

	
γ-CoV

	
Pharyngeal swabs

	
[172]




	
Anser anser

	
G03/586-50, G03/586-77

	
γ-CoV

	
Liver, kidney, fecal,

cloacal swab

	
[178]




	
Anser caerulescens

	
Snow Goose CoV/Arkansas/0009/2015, 0012/2015, 0014/2015, 0017/2015;

Canada Goose CoV;

Snow Goose CoV WIR159

	
δ-CoV,

γ-CoV

	
Feces,

Cloacal,

pharyngeal

swabs

	
[172,181,188]




	
Anser canagica

	
Avian-CoV(ns)

	
γ-CoV

	
Pharyngeal swabs

	
[172]




	
Anser cygnoides

	
DPV_5, DPV_16, DPV_10/

Anser_cygnoides/coronavirus/Brazil/

2013

	
δ-CoV,

γ-CoV

	
Oropharyngeal and cloacal swabs

	
[173]




	
Ardea cinerea

	
K513, K581/Ardea cinerea/091223

	
δ-CoV,

	
Cloacal and oropharyngeal swab

	
[22]




	
Ardea picata

	
Pied Heron DeltaCoV-9522-2016/5/1-HD/NT;

Pied Heron DeltaCoV-9523-2016/5/1-HD/NT; Pied Heron DeltaCoV-9524-2016/5/1-HD/NT; Pied Heron DeltaCoV-9518-2016/4/30-HD/NT;

Pied Heron DeltaCoV-9s21-2016/4/30-HD/NT

	
δ-CoV

	
Oropharyngeal and cloacal swabs

	
[171]




	
Ardeola bacchus/

speciosa

	
KH08-1475, KH08-1474/Ardeola sp/081107

	
δ-CoV

	
Cloacal and oropharyngeal swab

	
[22]




	
Arenaria interpres

	
Ruddy Turnstone Duck CoV DK/CH/HN/ZZ2004-like;

Ruddy Turnstone CoV Australia strains;

Ruddy Turnstone CoV (JX548304)

	
δ-CoV,

γ-CoV

	
Feces,

cloacal and

oropharyngeal swabs

	
[171,179,180]




	
Aythya fuligula

	
J1482/Aythya fuligula/100112;

Avian-CoV (ns)

	
γ-CoV

	
Feces, cloacal and oropharyngeal swabs

	
[22,176]




	
Aythya marila,

	
Scaup CoV Sweden strains

	
γ-CoV

	
Feces, cloacal, oropharyngeal swabs

	
[176]




	
Branta bernicla

	
Avian CoV (ns);

Brent Goose CoV-KR70, KR88, KR69

	
γ-CoV

	
Feces, pharyngeal and cloacal swabs

	
[172,176]




	
Branta canadensis

	
Canada Goose CoV

	
γ-CoV

	
Cloacal and pharyngeal swabs, lungs

	
[188]




	
Caladris ferrugine

	
Curlew Sandpiper CoV-9776-2016/12/28-WS/VIC;

Curlew Sandpiper CoV-9819-2016/12/30-WS/VIC;

Curlew Sandpiper CoV-9822-2016/12/30-WS/VIC;

Curlew Sandpiper DeltaCoV-9825-2016/12/30-WS/VIC

	
δ-CoV,

γ-CoV

	
Oropharyngeal and cloacal swabs

	
[171]




	
Caladris ruficolis

	
Red-Necked Stint CoV/Australia strains

	
δ-CoV,

γ-CoV

	
Oropharyngeal and cloacal swabs

	
[171]




	
Calidris

fuscicollis

	
PNLP159/Calidris_fuscicollis/coronavirus

Brazil/2009

	
γ-CoV

	
Oropharyngeal and cloacal swabs

	
[173]




	
Calidris alba

	
PNLP100/Calidris_alba/coronavirus/

Brazil/2009

	
γ-CoV

	
Oropharyngeal and cloacal swabs

	
[173]




	
Calidris alpina

	
Avian CoV (ns)

	
γ-CoV

	
Pharyngeal swabs

	
[172]




	
Calidris mauri

	
Western Sandpiper CoV-KR28

	
γ-CoV

	
Pharyngeal swabs

	
[172]




	
Calidris ruficollis

	
Avian CoV (ns)

	
γ-CoV

	
Pharyngeal swabs

	
[172]




	
Calidris pusilla

	
Avian CoV (ns)

	
γ-CoV

	
Pharyngeal swabs

	
[172]




	
Calitris canutus

	
Red Knot/UK/p60/2006

	
γ-CoV

	
Feces, oropharyngeal swabs

	
[132]




	
Cepphus columba

	
Avian CoV (ns)

	
γ-CoV

	
Pharyngeal swabs

	
[172]




	
Chroicocephalus ridibundus

	
Avian Coronavirus/

Chroicocephalus ridibundus/

Finland/10083/

2013

	
δ-CoV,

	
Cloacal swab, tracheal swab, oropharyngeal swab, or tissue (ns)

	
[177]




	
Clangula hyemalis

	
Avian Coronavirus/

Clangula hyemalis/Finland strains

	
γ-CoV

	
Cloacal swab, tracheal swab, oropharyngeal swab, tissue (ns)

	
[177]




	
Columba sp.

	
Avian Coronavirus/Columba sp./Finland/6709/2012;

Avian Coronavirus/Columba sp./Finland/11782/2013

	
γ-CoV

	
Cloacal swab, tracheal swab, oropharyngeal swab, or tissue (ns)

	
[177]




	
Columbia livia

	
Pigeon CoV P03/653

	
γ-CoV

	
Liver, lungs, spleen, tracheal swab

	
[178]




	
Cygnus cygnus

	
Whooper Swan/UK/p3/2005;

Avian Coronavirus/Cygnus cygnus/Finland/4983/2013

	
γ-CoV

	
Feces, cloacal swab, tracheal swab, oropharyngeal swab, tissue (ns)

	
[132,177]




	
Dendrocygna javanica

	
KH08-0852/Dendrocygna javanica/080506

	
γ-CoV

	
Cloacal and oropharyngeal swab

	
[22]




	
Duck (ns)

	
DK/CH/ZJ2012; DK/CH/HN/ZZ2004

	
γ-CoV

	
Feces

	
[191]




	
Eurynorhynchus pygmeus

	
Avian CoV (ns)

	
γ-CoV

	
Pharyngeal swabs

	
[172]




	
Haematohpeus spp.

	
Oystercatcher/UK/p17/2006

	
γ-CoV

	
Feces oropharyngeal swab

	
[132]




	
Larus argentatus

	
Avian Coronavirus/Larus argentatus/Finland/9211/2010;

Avian Coronavirus/Larus argentatus/Finland/9211/2010;

Avian Coronavirus/Larus argentatus/Finland/10877/2013;

Avian Coronavirus/Larus argentatus/Finland/10879/2013;

Avian Coronavirus/Larus argentatus/Finland/13125/2013;

Avian Coronavirus/Larus argentatus/Finland/12822/2012

	
γ-CoV

	
Cloacal swab, tracheal swab, oropharyngeal swab, tissue (ns)

	
[177]




	
Larus fuscus

	
Avian Coronavirus/Larus fuscus/Finland/10059/2013

	
δ-CoV

	
Cloacal swab, tracheal swab, oropharyngeal swab, or tissue (ns)

	
[177]




	
Larus glaucescens

	
Glaucous-Winged Gull CoV-CIR66002

	
γ-CoV

	
Pharyngeal swabs

	
[172]




	
Larus hyperboreus

	
Glaucous Gull CoV-PBA173

	
γ-CoV

	
Pharyngeal swabs

	
[172]




	
Larus ridibundus

	
Black-Headed Gull CoV-CIRS6162, CIRS6187, CIR66185, CIRS6183, CIRS6146,

CIR66144

	
γ-CoV

	
Pharyngeal swabs

	
[172]




	
Larus vegae

	
Avian CoV(ns)

	
γ-CoV

	
Pharyngeal swabs

	
[172]




	
Mareca americana

	
Anas/UK/p20/2005,/p71/2005,/p42/2005,/p42/2005

	
γ-CoV

	
Fecal, oropharyngeal swab

	
[132]




	
Phalacrocorax brasilianus

	
16087/NeotropicCormorant, 16090/NeotropicCormorant, 16094/NeotropicCormorant, 16095/NeotropicCormorant, 16099/NeotropicCormorant, 16100/NeotropicCormorant

	
γ-CoV

	
Cloacal swabs

	
[174]




	
Phalacrocorax carbo

	
J1517/Phalacrocorax carbo/100112;

J0982/Phalacrocorax carbo/091217

	
δ-CoV

	
Cloacal and oropharyngeal swab

	
[22]




	
Phalacrocorax spp.

	
Avian CoV (ns)

	
γ-CoV

	
Pharyngeal swabs

	
[172]




	
Phalaropus fulicarius

	
Avian CoV (ns)

	
γ-CoV

	
Pharyngeal swabs

	
[172]




	
Phalaropus labatus

	
Avian CoV (ns)

	
γ-CoV

	
Pharyngeal swabs

	
[172]




	
Platalea minor

	
J0569/Platalea minor/091127

	
δ-CoV

	
Cloacal and oropharyngeal swab

	
[22]




	
Rynchops

niger

	
PNLP115/Rynchops_niger/coronavirus/Brasil

	
δ-CoV,

	
Oropharyngeal and cloacal swabs

	
[173]




	
Somateria

mollissima

	
Avian CoV (ns)

	
ns

	
Feces,

cloacal swab

	
[176]




	
Tadorna radjah

	
Radjah Shelduck CoV-9515-2016/11/19-BB/TAS;

Radjah Shelduck CoV -9515-2016/4/28-HD/NT

	
γ-CoV

	
Oropharyngeal and cloacal swabs

	
[171]




	
Tadorna tadorna

	
Avian CoV (ns)

	
ns

	
Feces,

cloacal swab

	
[176]




	
Marine mammals




	
Delphinapterus leucas

	
Beluga Whale CoV SW1

	
γ-CoV

	
Liver

	
[192]




	
Phoca vitulina

	
Harbor Seal CoV

	
α-CoV

	
Lungs, spleen

	
[193]




	
Tursiops aduncus

	
Bottlenose Dolphin CoV HKU22

	
γ-CoV

	
Feces

	
[107]








α-CoV, alphacoronavirus; δ-CoV, deltacoronavirus; γ-CoV, gammacoronavirus; ns, not specified.











One should note that little is known about the mechanism of cell entry of γ-CoVs and δ-CoVs. If these viruses were to use ACE-2, similarly to SARS-CoV, SARS-CoV-2 and HCoV-NL63, the optimization to a human version of this receptor would be a rather improbable event or would require an intermediate host(s). This is because the comparison of human and bird (shown with the example of chickens) versions of ACE-2 reveals only 66% identity, although hydrophilicity plots are highly similar [194]. However, the exact cellular receptors employed by avian coronaviruses are yet to be elucidated. Some studies have demonstrated that spike protein M41 S1 of the infectious bronchitis virus (IBV) displays a high affinity to α2,3-linked sialic acid, especially Neu5Acα2,3Galβ1,3(Neu5Acα2,3Galβ1,4)-GlcNAc [195,196], while its endocytosis requires low pH [197]. However, other information on viral mechanisms remains scare, and therefore it is presently challenging to estimate the risk of transmission of coronaviruses associated with birds to other animal groups, including aquatic biota, e.g., fish. To the best of our knowledge, there has been no surveillance on coronaviruses in fish. We encourage such study, particularly in combination with virus monitoring in waterfowl feces.



Additionally, coronaviruses have also been detected in marine mammals. Single studies have identified them in fecal swabs collected from Indo-Pacific bottlenose dolphins Tursiops aduncus Ehrenberg kept in an aquatic park [107], a dead beluga whale Delphinapterus leucas Pallas kept in captivity in an aquatic park [192] and a dead harbor seal Phoca vitulina L. found on the California coast [193]. One of these studies also investigated respiratory and fecal swabs collected from California sea lions Zalophus californianus Lesson, but all samples were negative [107]. The strain identified in T. aduncus was shown to be associated with the one found in D. leucas, and both were classified in the Gammacoronavirus genus [107,192]. On the contrary, the stain identified in P. vitulina was found to belong to α-CoVs. This is an important finding if one considers that α-CoVs are pathogenic to domestic animals and that select ones, namely HCoV229E and HCoV-NL63, frequently infect humans. The mechanisms of cell entry of the coronaviruses identified in marine mammals remain entirely unknown. It is highly plausible that these animals harbor a diverse, hitherto unknown, range of coronaviruses and frequently serve as hosts. Further surveillance, in dead marine mammals and those in aquatic parks, is required to explore this issue.



One should also note that recently identified Pacific salmon nidovirus (PsNV), a currently unclassified representative of the Nidovirales order, is most closely related to MLeV isolated from the pygmy frog Microhyla fissipes, so far the only representative of the Letovirinae subfamily [35,198]. PsNV was found in wild and aquacultured specimens of Oncorhynchus tshawytscha. In the hatchery fish, it was primarily located in the gills and was suggested to be a causative factor for branchial proliferation [198]. The exact mechanisms of cellular infection of MLeV and PsNV remain unknown and require further studies. However, their phylogenetic relationship puts forward a question for cross-species potential. The distribution of PsNV in fish species other than O. tshawytscha and the potential effect of this virus on fish also require further research attention.





4. Conclusions


Considering that seven strains of coronaviruses are already known to infect humans, some of which can cause severe respiratory disease, and in light of the SARS-CoV-2-caused pandemic with global economic consequences, it is of high interest to further explore all possible routes and intermediate hosts via which further strains pathogenic to humans may emerge. Although the body of work on coronaviruses is extensive, there are numerous knowledge gaps that require further studies. This paper gives an overview of coronaviruses, their survival in the aquatic environment, their association with aquatic biota and their potential to enter aquatic ecosystems via wastewater. Further research is required to explore γ-CoVs and δ-CoVs associated with aquatic birds inhabiting different geographical locations. Considering that waterfowls, as well as bats, can deposit a large mass of droppings directly into the water, it is of high interest to investigate the survival and infectivity of various coronavirus strains related to these animals under realistic conditions of aquatic ecosystems. This is pivotal to understanding whether aquatic environments inhabited by large populations of flock-forming or colony-forming waterfowls, and frequently visited by bats, can represent hotspots of coronaviruses with potential for cross-species transmission. Moreover, there is a need to further explore the understudied Letovirinae subfamily, which is currently represented by only one known species (associated with an amphibian species). It is plausible that marine mammalian species can constitute a significant reservoir for coronaviruses of different genera, but this requires surveillance in wild animals found dead and/or individuals kept in captivity in aquatic parks. Finally, not much is known on the mechanisms of infection of coronaviruses associated with aquatic birds and marine mammals. Any studies identifying potential receptors employed in this process would be valuable to estimate the risks of interspecies transmissions, including those to humans.
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Figure 1. Taxonomy of Coronaviridae family with an indication of species known to be pathogenic to humans and cause respiratory diseases [33]. 
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Figure 2. A general scheme of cellular entry of coronaviruses that pose the highest human health risks, namely SARS-CoV, SARS-CoV-2 (entering via ACE2) and MERS-CoV (facilitated by DPP4), and further virus propagation. 
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