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Ecological Drivers of Virus Evolution: Astrovirus as a Case Study
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Although RNA viruses exhibit a high frequency of host jumps, major differences exist among the different virus families. Astroviruses infect a wide range of hosts, affecting both public health systems and economic production chains. Here we delineate the
ecological and adaptive processes that drive the cross-species transmission of astroviruses. We observe that distinct transmission
zones determine the prevailing astrovirus host and virus diversity, which in turn suggests that no single host group (e.g., bats)
can be the natural reservoir, as illustrated through our phylogenetic analysis.

T

he majority of RNA virus species have a narrow host range,
producing progeny that are able to reproduce in a specific
environment (1). Though successful cross-species transmission
events are rare, replication infidelity and opportunities for ecological exposure that are enhanced through anthropogenic change
may lead to sustained infection of incidental hosts. This is often
observed for enteric viruses, such as astroviruses, calciviruses, picornaviruses, and rotaviruses, which lack an envelope and show
exceptional durability in both the harsh gastrointestinal tract (intrahost survival) and the environment (environmental durability)
(2). Astroviruses are a positive-sense, single-stranded RNA virus
primarily transmitted via the fecal-oral route by direct ingestion
or by fomite or food. There are two groups of astroviruses that
have been detected in a variety of mammals (mamastroviruses)
and birds (avastroviruses) and which represent the early evolutionary divergence in this family (Fig. 1).
Several ecological and evolutionary processes have led to the
large diversity of astroviruses that infect a myriad of hosts (3);
astroviruses have been detected from over 80 avian and mammalian host species to date (Fig. 1 and 2). Phylogenetic analysis of the
RNA-dependent RNA polymerase (RdRp) region suggests that
the long-term evolution of astroviruses is determined by crossspecies transmission events that occur among distinct ecological
scenarios. The majority of astrovirus lineages naturally infect only
one or a few closely related host species; however, more than one
lineage can consistently transmit in a single host, as observed in
humans (Fig. 1). Virus recombination has also been reported to
drive the increasing genomic diversity of this virus family (3, 4),
which may arise from infection of individuals with multiple virus
strains belonging to different lineages, although reporting of multiple infections is poor. Systematic astrovirus surveillance in swine
in the United States revealed a high proportion of pigs (13.9%)
coinfected with viruses from two or more porcine astrovirus lineages (5), signifying the potential for recombination. Furthermore, the continual circulation of strains in a population provides
the stock for infections of neighboring conspecifics, agricultural
species, and peridomestic animals (dogs, cats, and rats) or to seed
the environment. Intensification of agriculture, poor sanitation,
and continued encroachment and degradation of the environment will ensure that conditions for exposure to and the spread of
astroviruses will persist.
Here we discuss the different ecological zones in which astro-
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viruses occur and the factors that drive cross-species transmission,
and we identify directions to best monitor these viruses.
AGRICULTURAL AND COMMERCIAL TRANSMISSION

Astroviruses have been identified in numerous livestock species,
including chickens, turkeys, guinea fowl, ducks, rabbits, sheep,
pigs, and cows, and in commercial production of mice, minks, and
dogs (3), which are often globally distributed (6). Production of
these animals occurs at several different scales, from modern industrial production of isolated single species in midrange facilities
down to family farms, where animals often mingle with other
reared animals, peridomestics, pets, and wild individuals. Each
system facilitates and excludes specific contacts depending on
whether the animals are confined or free range, in addition to
other biosecurity measures. Large production facilities have mechanical barriers to exposure to other species but present a monoculture with high levels of contact that can allow the rapid spread
of astrovirus infections. High-density rearing can increase contact
frequency and astrovirus infection, as witnessed in large breeding
facilities (7). Astroviruses have been detected in a number of companion animals, including cats and dogs, though it is uncertain if
these individuals were infected as juveniles in breeding facilities.
Astrovirus infections have caused great economic losses. Although often asymptomatic or only causing mild disease, young
individuals are particularly vulnerable to disease and postinfection complications, such as stunting in broiler chickens (6) and
preweaning diarrhea syndrome in minks. Infected individuals
may shed virus for long periods of time; for example, minks have
tested positive for virus up to 7 weeks after initial detection (8).
Asymptomatic shedding has been found in pigs, and individuals
can be coinfected with multiple strains at the same time (5); this
may stymie intervention methods that are based on quarantine.
Though mammalian and avian livestock are commonly reared on
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FIG 1 Phylogenetic relationship of the RNA-dependent RNA polymerase
(RdRp) genes of 1,259 astroviruses. Tree branches are colored based on host
ecology to highlight cross-species transmission between and among ecological
niches (key), determined by using FigTree (http://tree.bio.ed.ac.uk/software
/figtree/). The scale bar indicates nucleotide substitutions per site. The tree was
generated based on an alignment of 540 nucleotides of the most conserved
region of the RdRp region, which is routinely used for the PCR diagnostics of
RNA viruses. This final data set was curated from a preliminary analysis of all
publicly available sequence data (⬃4,300 sequences deposited in NCBI GenBank) and by picking the most conserved region with the highest numbers of
sequences available. The capsid gene had greater representation than the selected RdRp region but was not considered because the genes had greater
family-level variation and, hence, could not be unambiguously aligned.

the same farm, cross-transmission between the groups has rarely
been observed and there is no evidence of recombination between
these two groups, although few whole-genome sequences are
available for this analysis.
TERRESTRIAL TRANSMISSION

There are a large number of terrestrial species from which astroviruses have been detected, including humans, doves and pigeons,
domestic dogs and cats, rabbits, pikas, wild boars, red deer and roe
deer, a cheetah, shrews, rodents, and bats, demonstrating the wide
host range of astroviruses (3). As with commercial and agricultural rearing, animal density appears to be an important factor for
transmission in non-livestock animal infections.
The majority of nonhuman astrovirus detections have been
in the two most species-rich mammalian groups, rodents and
bats. This may be a function of either the sheer numbers of
species where diversifying selection has taken place after introductions or the surveillance intensity of these two groups of
animals. The genetic diversity of astroviruses in both small
mammals and bats demonstrates that individual species can
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FIG 2 Phylogenetic relationship of mamastroviruses. The mamastrovirus lineage shown in Fig. 1 is enlarged, and tree branches are colored based on host
species and group (key) to highlight the relationships between astroviruses
isolated from various mammals. Numbers of sequences for severely undersampled hosts (⬍4 sequences) are shown in parentheses. The scale bar indicates nucleotide substitutions per site.

host a wide range of strains (Fig. 2) (9). However, it is not
known whether these were the result of a recent cross-species
transmission, persistent infection, or an exceptional diversity
of unsampled astroviruses. The primary question with these
infected terrestrial animals is the source of primary infection.
Two possibilities are that infection originates from familial
contacts or from chance contact events. Feces are often inspected by conspecifics, predators, and prey to determine the
presence of animals, and this may create the opportunity for
inhalation or ingestion of virus. Additionally, certain animals,
such as pigs, are coprophagous and will readily consume feces.
Bat roosts can have millions of individuals in close contact,
with physical communication between neighbors and social
grooming. Similarly, outbreaks have been observed in social
birds that congregate, such as pigeons and doves.
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larly those that confer cross-species transmission capability. Efforts are being made to quantify transmission rates in agricultural
or production animals (summarized in reference 17), although
data from wild hosts are not available.
One striking need in astrovirus research is to determine what
host cell receptors it uses for entry. Clathrin-dependent pathways
appear to be used in Caco-2 cells (18). Crystal structure analysis of
the capsid spike domain (the primary binding site) demonstrates
drastic differences in the morphology of avastroviruses and mamastroviruses, suggesting a potential host limitation, yet the presence of human seroconversion against turkey astroviruses reveals
their immunogenicity when incidental hosts are exposed (15, 19).
The disparity of astrovirus growth rates in different mammalian
cell lines indicates these viruses may use multiple receptors or
binding sites, making it difficult to discern the susceptible individuals in an environment if there is a mixture of species. Additionally, there is an abundance of RdRp gene sequences available but
relatively few structural sequences and only 27 whole-genome sequences, the majority belonging to human astroviruses (whole
genomes are available for 10 human, 5 bovine, and 4 swine astroviruses and for 8 astroviruses from miscellaneous hosts) (http:
//www.ncbi.nlm.nih.gov/genome/?term⫽astrovirus; accessed 20
April 2015). The lack of genome-level data inhibits determination
of the risk for cross-species transmission potential due to prevailing capsid construct diversity.
The defining arenas where transmission can occur are well established and influenced by animal density and food security measures. Determining the breadth of the host range by identifying
key receptors and capsid entry dynamics will demonstrate the potential risk for cross-species transmission. Understanding these
factors and the ecological drivers that facilitate the evolution, perpetuation, amplification, and dampening of astroviruses across
interfaces will assist in mitigating future outbreaks.

ECOTONES
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ecology of the host.
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FUTURE DIRECTIONS

It is inevitable that many more astroviruses are likely to be discovered, given the enormous advances in virus surveillance and nextgeneration sequencing technology. Little is known, however,
about the actual transmission efficiency of these viruses, particu-
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Astroviruses are transmitted fecal-orally and persist in water,
making the aquatic environment ideal for cross-species transmission (2). Astroviruses have been detected in wild ducks, wading
birds, and shore birds. When defecation and foraging occur in the
same aquatic habitat, susceptible individuals are exposed to shed
virus. During bird migration, the commingling and density of
birds from different geographic areas at collective resting or
breeding sites may allow multiple strains to infect an individual,
providing an opportunity for virus recombination. Avastroviruses
have been detected in several aquatic bird species, including
four species of wild ducks (9). A recent study found evidence of
astrovirus infections in several species of sea-dwelling mammals, including a bottlenose dolphin, an orca, a Minke whale, a
Stellar’s sea lion, and California sea lions (10). A new strain of
astrovirus discovered in sea lions is thought to have emerged
from a recombination event between a California sea lion astrovirus and a human astrovirus (10), highlighting the potential for reverse zoonosis to a marine environment and successful perpetuation.
Aquatic environments are a rich source of potential infection
due to their durability and the fecal route of transmission. Untreated or poorly treated sewage from human domiciles or from
agricultural areas can flow into water bodies, such as lakes and
oceans. Untreated wastewater can expose incidental hosts to numerous viruses from very different hosts, often with devastating
consequences (11). Astroviruses can also bioaccumulate in shellfish (12). The aquatic milieu is also a prime example of where
agricultural and terrestrial habitats can contribute astrovirus diversity into water bodies, highlighting the importance of this interface. Multiple clades with astroviruses both from aquatic avian
species and poultry suggest previous cross-species transmission
events (Fig. 1).

AQUATIC TRANSMISSION
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