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Aquatic Flaviviruses
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ABSTRACT Flaviviruses are positive-sense single-stranded RNA viruses, including some
well-known human pathogens such as Zika, dengue, and yellow fever viruses, which are
primarily associated with mosquito and tick vectors. The vast majority of flavivirus
research has focused on terrestrial environments; however, recent findings indicate that a
range of flaviviruses are also present in aquatic environments, both marine and fresh-
water. These flaviviruses are found in various hosts, including fish, crustaceans, molluscs,
and echinoderms. Although the effects of aquatic flaviviruses on the hosts they infect are
not all known, some have been detected in farmed species and may have detrimental
effects on the aquaculture industry. Exploration of the evolutionary history through the
discovery of the Wenzhou shark flavivirus in both a shark and crab host is of particular in-
terest since the potential dual-host nature of this virus may indicate that the invertebrate-
vertebrate relationship seen in other flaviviruses may have a more profound evolutionary
root than previously expected. Potential endogenous viral elements and the range of
novel aquatic flaviviruses discovered thus shed light on virus origins and evolutionary his-
tory and may indicate that, like terrestrial life, the origins of flaviviruses may lie in aquatic
environments.

KEYWORDS aquatic virology, evolutionary history, Flaviviridae, flavivirus, marine
virology

Flaviviruses are positive-sense single-stranded RNA viruses that belong to the Flaviviridae
family. Their genomes tend to be ;11 kb in length containing a single open reading

frame (ORF), and their viral particles are about 50 nm in size (1). The Flaviviridae family also
includes the genera Pestivirus, Pegivirus, and Hepacivirus, of which hepatitis C virus is a well-
known species (2).

Flaviviruses are commonly split into groups based on phylogenetic placement, host
range, and modes of transmission. The most well-known flaviviruses are horizontally
transmitted by hematophagous arthropod vectors such as mosquitoes (mosquito-
borne flaviviruses [MBFV]) and ticks (tick-borne flaviviruses [TBFV]) to vertebrate hosts
and are therefore called arthropod-borne viruses (arboviruses). They have a wide pri-
mary host range, and infection can cause effects ranging from asymptomatic to fatal.
Some well-known arboviruses significant to public health include yellow fever, dengue,
Zika, and tick-borne encephalitis viruses (3). Other members of the Flavivirus genus are
insect-specific flaviviruses (ISF) and those that are vertebrate-specific with no known
arthropod vector (4). ISF are only capable of infecting insect hosts. A novel group of ISF
is more closely grouped with MBFVs, showing that arthropod-borne flaviviruses are
paraphyletic and flaviviruses acquired the ability to infect vertebrate hosts multiple
times (5).

Since viruses evolve relatively quickly without leaving physical fossils, tracing their
deep evolutionary history is particularly difficult. However, the discovery of endogenous
viral elements (EVEs), including some related to flaviviruses, can provide much-needed indi-
cations about the viral past. EVEs are parts or complete genomes of viruses that have been
integrated into the genome of their host (6). Although retroviruses rely on this integration
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as part of their replication cycle, other nonretroviral viruses, such as flavivirus-derived EVEs,
have also been identified in various host genomes (7). EVEs result from the conjunction of
rare events, starting with the production of DNA genomic material, followed by integration
in the host’s genome in germ lines, possibly through interaction with retrotransposons (8,
9). In addition, after integration EVEs still need to overcome genetic drift and natural selec-
tion to reach fixation in the host population (8).

Because of these conditions, EVEs likely indicate long-term and intimate interactions
between viruses and their hosts. As a result, they can act as genetic “fossils” to provide insight
into host-virus interactions and their evolution (10). Flavivirus-derived EVEs have been primar-
ily detected in arthropods, including mosquitoes (11–13) and ticks (14), but a recent study has
expended this range (15).

Flaviviruses and flavi-like EVEs have been predominantly described in terrestrial environ-
ments. However, the recent rise in aquatic virus research and metagenomic studies may con-
tribute to a better understanding of flavivirus evolution and origins. An exploration and
review of known and novel flaviviruses and flavi-like EVEs in hosts found in aquatic environ-
ments, both marine and freshwater, can aid in understanding the diversity and origins of fla-
viviruses, and provide insight into the evolutionary history of dual-host flaviviruses and other
arboviruses.

DISCOVERY OF AQUATIC FLAVIVIRUSES
Flaviviruses in aquatic tetrapods. The majority of flavivirus research is focused on

terrestrial species that are in contact with the two primary flavivirus vectors (mosquitoes
and ticks). However, known flaviviruses have been found to make their way into aquatic or
aquatic-adjacent environments. This includes isolated infection events of mosquito-borne
flaviviruses, such as the West Nile virus and St. Louis encephalitis virus, in a select few ma-
rine mammals. St. Louis encephalitis infection occurred in a killer whale (Orcinus orca) at
SeaWorld in Florida in 1990 (16). West Nile virus infection occurred in a harbor seal (Phoca
vitulina) at the New Jersey Aquarium in 2006 (17) and in another killer whale at SeaWorld
in San Antonio, Texas, in 2007 (18). Although mosquitoes predominantly transmit these
from bird to bird, they can be transmitted to mammals under certain circumstances. The
infected mammals may show symptoms of infection; however, they are considered “dead-
end” hosts since mosquitoes are usually unable to get infected from these hosts (19).
While the enclosed and artificial environments where these infections occurred may not
be strictly marine, and while linked behavioral changes might enhance the risks of infec-
tion (20), these reports show that crossover can occur and that flaviviruses are not con-
strained to terrestrial species. Such transmission can happen in the wild, as suggested by
the detection of antibodies to West Nile virus in wild Atlantic bottlenose dolphins (Tursiops
truncatus) off the coast of the eastern United States (21).

West Nile virus infections have also been described in crocodilian species, such as
American alligators (Alligator mississippiensi) in Florida in 2001 and 2002 (22, 23), Nile
crocodiles (Crocodylus niloticus) in Zambia in 2017 (24), and saltwater crocodiles
(Crocodylus porosus) in Australia in 2016 (25). Exposition to the same virus, estimated
by the presence of antibodies, has been characterized in Mexico (26), Israel (27), and
Australia (28) in various species. Interestingly, West Nile virus transmission between
crocodilian hosts might be vector independent and mediated by exposition to conta-
minated water (25, 29).

Fishes. Flaviviruses have also been found in a variety of fish species. A large-scale
metatranscriptomic study discovered 214 vertebrate-associated viruses, including one
flavivirus, Wenzhou shark flavivirus, in a Pacific spadenose shark (Scoliodon macrorhyn-
chos) (30). Two metatranscriptomic studies of fish in Australia revealed fragments of a
novel flavivirus in the Eastern red scorpionfish (Scorpaena jacksoniensis) (31) and the
Western carp gudgeon (Hypseleotris klunzingeri) (32). Other flaviviruses found in fish
include Cyclopterus lumpus flavivirus (33) and a flavivirus identified in the Chinook
salmon (Oncorhynchus tshawytscha), both of which show features uncharacteristic of
typical flaviviruses, such as dual ORFs (34, 35).

Minireview Journal of Virology

September 2022 Volume 96 Issue 17 10.1128/jvi.00439-22 2

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/j

vi
 o

n 
03

 O
ct

ob
er

 2
02

2 
by

 1
29

.1
25

.1
9.

61
.

https://journals.asm.org/journal/jvi
https://doi.org/10.1128/jvi.00439-22


Several flavi-like EVEs have also been identified in marine ray-finned fish, including
tube-eyed deep-sea fish (Stylephorus chordatus), common deep-sea mora (Mora moro),
pufferfish (Takifugu), phycid hakes (Phycis), cusk (Brosme brosme), and blue-spotted
mudskipper (Boleophthalmus pectinirostris) (15).

A putative EVE sequence was also discovered in several other fish, including med-
aka/Japanese rice fish (Oryzias latipes), showing a low sequence identity to the Tamana
bat virus. However, it is not confirmed whether this is actually an EVE or an exogenous
virus sequence or sample contaminant (36). Flavi-like EVEs have also been identified in
the mangrove killifish (Austrofundulus limnaeus) and the Murray cod (Maccullochella
peelii) (15).

Aquatic arthropods. A flavivirus sequence was extracted from a marine arthropod,
the sea spider Endeis spinosa. Further analysis indicated that this flavivirus was more
closely related to insect-specific flaviviruses. It was also unclear whether the Endeis spi-
nosa NS5 flavivirus (ESNS5) discovered was from an active infection or an EVE from a
past or recent integration event (37). Another flavi-like EVE has been recently identified
in a calanoid copepod (Eurytemora affinis) (15).

Variants of the Wenzhou shark flavivirus have been identified in multiple Gazami crab
(Portunus trituberculatus) populations (34, 38). This flavivirus’ dual-host and horizontally
transmitted nature is supported by genetic similarity, proof of replication within Portunus
trituberculatus through RNAi (RNA interference) immune responses, and both shark and
crab populations living in overlapping locations (34). The discovery of this new vertebrate-
invertebrate host association can be important in understanding the evolutionary history
and origins of vector-borne viruses; past research has only identified these associated with
terrestrial arthropod vectors such as mosquitoes and ticks.

Multiple flavi-like viruses have been found in the brown shrimp (Crangon crangon) (34,
39). The Crangon crangon flavi-like virus 1 (CcFLV1) genome was significantly shorter and
clustered with the previously discovered Crangon crangon flavivirus and the two amphipod
viruses. On the other hand, the Crangon crangon flavi-like virus 2 (CcFLV2) genome was
larger than CcFLV1 and other viruses within the Flaviviridae family (39), similar to other
flavi-like viruses found in other organisms (40).

Interestingly, flaviviruses have also been found in freshwater crustaceans such
as two amphipod species, Gammarus pulex and Gammarus chevreuxi (34), as well as
the planktonic crustacean Daphnia magna (30, 34), the tadpole shrimp (Lepidurus
arcticus) (34), and the Amano shrimp (Caridina multidentata) (38). These sequences
seem closely related to insect-infecting viruses, and their presence within crusta-
cean genomes suggests an overall long coevolutionary history between flaviviruses
and arthropods (34).

A novel Flaviviridae-associated infectious precocity virus was also discovered in giant fresh-
water prawns (Macrobrachium rosenbergii). Although this virus was similar in genomic structure
and organization to known flaviviruses, it was only phylogenetically distantly related to other fla-
viviruses, showing only 30% amino acid sequence identity to the closest flavivirus (41).

Molluscs, echinoderms, and cnidarians. Additional flaviviruses were found in ceph-
alopod species, the Firefly squid (Watasenia scintillans) and the Southern pygmy squid
(Idiosepius notoides). These cephalopod flaviviruses seem more closely related to previ-
ously discovered marine flaviviruses, such as the Wenzhou shark flavivirus, than to
crustacean flaviviruses (34).

A flavivirus-like genome fragment has also been discovered in the California sea cucum-
ber (Apostichopus californicus). It was found in a metagenomic study of holothurian samples
from various locations. The structure of this flavivirus-like fragment was similar to insect-spe-
cific flaviviruses and seemed closely related to the Wenzhou shark flavivirus (42). The virus
sequence was extended during an examination of the RNA virome of echinoderms, complet-
ing a second ORF (43). Finally, flavi-like EVEs have also been identified in the freshwater jelly-
fish (Craspedacusta sowerbii) (15).

Untargeted metagenomics in aquatic environments. Two recent studies also iden-
tified viral sequences associated with flaviviruses in aquatic environments. The first one
leverages the impressive Tara Oceans RNA sequence data and found multiple flavi-like
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sequences in samples. These correspond with eukaryotic size fragment metatranscriptomes
in various sampling sites across the Arctic, Atlantic, Pacific, and Indian Oceans, as well as in
the Mediterranean Sea (44). The second study identifies flavi-like sequences in metatran-
scriptomes of samples collected in sediments from freshwater aquatic environments in mul-
tiple regions of China (45). These reports, however, do not indicate the nature of these
sequences, making it unclear whether they derive from EVEs or exogenous viruses. In addi-
tion, they provide limited insights about the original hosts.

Phylogenetic relationships. Aquatic flaviviruses are diverse and do not form a mono-
phyletic clade (Fig. 1). The diversity is important and expanding, limiting the fine resolution
of the evolutionary relationship as inferred by phylogenetic trees. Interestingly, however,
viruses or virus-derived sequences found in freshwater or marine hosts are mixed, and
there is no evidence for phylogenetic clustering based on host ecology.

Several endogenous viral elements in aquatic invertebrates are related to mosquito-
borne flaviviruses (Fig. 1,A). Some crustacean flaviviruses (Fig. 1, Crustacean) form a group
related to insect-specific flaviviruses, supporting the existence of a broader “arthropod-spe-
cific” flavivirus group. This could extend to a pan-invertebrate group (Fig. 1,B), including
sequences from jellyfish and metatranscriptomes data from marine and freshwater environ-
ments. The “Finoptera” (fins and wings) clade (35), related to the Tamana bat virus, contains
viruses infecting fish and invertebrates (crustaceans and echinoderms) (Fig. 1, “Finoptera”).
Another clade, probably outside the Flavivirus genus, is associated with fish, crustaceans,
and sequences from metatranscriptomes of both marine and freshwater environments (Fig.
1,C). This clade is also associated with recently discovered viruses (Dendroflavili, Candiflavili,
and Fluviflavili viruses) in parasitic flatworms (46). Interestingly, a few sequences identified in
the Tara Ocean sequence data are also related to the jingmenviruses; a new, segmented
group of viruses initially identified in ticks (47). This might suggest a much broader host
range of jingmenviruses than previously discovered.

While there is some indication of clustering by host group (e.g., vertebrates/inverte-
brates), most clades present a mix of host species. Similar mixing can be observed in
other RNA virus families, such as the Nodaviridae, where viruses were found in fish and
diverse marine arthropods such as copepods, barnacles, horseshoe crabs, and decap-
ods (38). Similarly, a caligrhavirus (Rhabdoviridae) found in fish parasites (sea lice) was
found to be related to fish-infecting viruses (38).

IMPACT ON HOST HEALTH

Not all symptoms and effects of flaviviruses found in aquatic species are known; how-
ever, it is thought that some cause disease and can be harmful to the host they infect. An
example of this is the previously mentioned Cyclopterus lumpus flavivirus, which is thought
to be associated with a disease in lumpfish (Cyclopterus lumpus) primarily affecting the liver
and kidney (33). Similarly, the detection of the salmon flavivirus (SFV) came as a result of
unexplained death and uncharacteristic behavior in Chinook salmon in California, although
clinical signs could not be clearly linked to infection by SFV (35).

Another example is the infectious precocity virus affecting giant freshwater prawns
(Macrobrachium rosenbergii), which is thought to be associated with iron prawn syndrome
(IPS), which reduces their growth by up to 50% compared to noninfected prawns (48).
When considering the diseases with which these flaviviruses are associated, it may be im-
portant to note that IPS occurs in farmed prawns and has been the cause of substantial
losses in production.

Aquaculture has become one of the leading sectors of animal-derived food pro-
duction (49). However, farming activity can provide an ideal environment for the
emergence and spread of viruses and other infectious diseases. This can be attrib-
uted to a combination of factors such as the cointroduction of these infectious dis-
eases into the farmed environment, increased susceptibility due to the low genetic
diversity of farmed populations, and higher stock densities than found in natural
environments (50). While infectious diseases in aquaculture can have a detrimental
impact on aquaculture production, the transmission of these viruses is not always
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constrained to farmed environments. Interactions facilitated by environmental fac-
tors and movement between farming sites may impact wild populations (51, 52).
Salmon species, for example, have experienced declining populations due to a range
of environmental factors and human impacts (53), and pathogen emergence may
also play a role in this decline. The presence of infectious diseases in general, includ-
ing flaviviruses, highlights the importance of further research in both farmed and
wild species to understand the emergence and history of these viruses, as well as to
assess the ecological and commercial impacts.

FIG 1 Maximum-likelihood phylogenetic tree of the NS5 (RNA-dependent RNA polymerase) amino acid sequences of flaviviruses, trimmed with BMGE v1.2 (66),
under an LG1F1R8 protein substitution model in IQ-TREE v1.6.12 (67). Aquatic host-linked flaviviruses are highlighted in blue—light blue for freshwater hosts or
dark blue for marine hosts. A, B, and C refer to clades that have not yet been tentatively named. The Tree file, alignment, and table containing accession numbers
of used sequences are available on GitHub (https://doi.org/10.5281/zenodo.6980038).
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MODES OF TRANSMISSION

The Wenzhou shark flavivirus presenting itself in both an invertebrate and verte-
brate host calls for revisiting the evolutionary history of arthropod-borne flaviviruses.
These dual-host invertebrate-vertebrate viruses may have a more profound evolution-
ary history than initially thought (34). Well-known dual-host flaviviruses are often asso-
ciated with arthropod vectors such as mosquitoes and ticks; however, these findings
may indicate that this relationship extends beyond hematophagous vectors to arthro-
pods in general, including crustaceans. With more supporting evidence and further
research, this may be important in understanding the emergence of terrestrial vector-
borne viruses and horizontal transfer between unrelated, drastically different species.

This idea may also extend to other viral families. For example, a study identified a
putative RNA virus phylogenetically associated with the arthropod-infecting Negevirus
genus in both an invertebrate parasite and the spleen and pancreas of a wild Chinook
salmon (Oncorhynchus tshawytscha), indicating that dual-host transmission between
two unrelated organisms may be occurring (54). This reflects and supports that some
viruses can be transmitted horizontally between vertebrates and invertebrates in
aquatic environments. Although neither study gives an explicit and fully confirmed
example of dual-host viruses in an aquatic environment, they allude to their existence
across various viral families.

Modes of transmission of these novel viruses discovered in aquatic environments
are also still predominantly unknown. It seems uncertain whether infections are trans-
mitted vertically or horizontally between individuals of the same or different species.
Ecological niches and habitats may play a role in virus transmission between different
species. It has been suggested that some of these viruses could be transmitted hori-
zontally via parasites or down the natural food chain (35). Alternatively, the detection
of SFV in the ovarian fluids of salmon might suggest vertical transmission from parent
to offspring. Other flaviviruses are capable of vertical transmission, both in vertebrates
such as Zika virus in humans (55) and in invertebrates such as mosquitoes (56).
Because modes of transmission are yet to be characterized for most newly discovered
aquatic flaviviruses, it is challenging to determine the exact nature of their interaction
with their hosts.

The infective nature of the majority of these viruses is also unknown. It is also possi-
ble that crustaceans are a vector similar to known terrestrial vector-borne flaviviruses
that have an arthropod vector and infect vertebrates. A select few aquatic flaviviruses
had similar nucleotide composition to mosquito-borne flaviviruses (MBFV), suggesting
that they may circulate between invertebrates and vertebrates similarly to MBFV (57).
These findings have led to speculation about the possible evolutionary history of flavi-
viruses, including the idea that terrestrial vector-borne viruses may have evolved from
marine ancestors (34). However, proposed hypotheses concerning the evolutionary
history of flaviviruses can only be resolved with more research and context.

CONCLUSIONS

Flavivirus divergence has previously been estimated to have occurred relatively
recently between 64,000 and 159,000 years ago; a time period that aligns virus evolu-
tion with biogeographical migration events (58). However, the abundance of novel
aquatic flaviviruses which may have emerged before other known flaviviruses may al-
ter this even more drastically, potentially pushing the origins of flaviviruses closer to
the emergence of metazoans some 750 to 800 million years ago (MYA) (59). The previ-
ously mentioned discovery of flavivirus EVEs in freshwater jellyfish also suggests that
flaviviruses may have existed 500 to 800 MYA (15).

Tracing the deep evolutionary history of viruses can be difficult. However, it is
thought that horizontal virus transfer between diverse hosts lies at its core and that
viruses have evolved alongside these hosts. A hypothetical evolutionary history of flavi-
viruses describes a continuous line of descent from RNA phages to picorna-like viruses
to the late emergence of flavi-like viruses (60). The context provided by novel aquatic
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flaviviruses and putative EVEs supports this hypothesis; however, more virome sam-
pling of aquatic species across a range of marine and freshwater environments is nec-
essary for further support and understanding Flavivirus evolution and virus evolution
as a whole. Although virus origins are not explicitly known, new findings reviewed
here indicate that, like terrestrial life, the answers may lie in aquatic environments. The
discovery of endogenous retroviruses in ray-finned fish has already suggested that the
origin of retroviruses may lie in marine settings (61).

Recent meta-transcriptomic studies (44, 45) or mining of publicly available data sets
(see, for example, reference 62) provide an unprecedented expansion of the known
genomic diversity of eukaryotic viral families, including Flaviviridae. However, they pres-
ent limited insights into the nature of these sequences (EVEs or exogenous viruses) and,
for meta-transcriptomic studies, the identification of the natural host. Moreover, they
cannot provide crucial information about the ecology of these viruses, including trans-
mission mechanisms, pathogenic potential, and ways through which they can impact
their ecosystem (63–65). The high abundance of existing and newly discovered viruses
and how little is known about their presence and ecology within aquatic environments
as a whole provides a large area for potential research. The intersection of virology and
marine sciences may be important in forming a better understanding of both disciplines.
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