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GRAPHICAL ABSTRACT
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PUBLIC SUMMARY

Frequent viral spillover (cross-species transmission) severe harm aquaculture and aquatic ecosystems.
Modelling spillover dynamics builds radial maps illustrating pathogenic aquatic-animal viral spillover.
Systematic mapping of viral spillover barriers and transmission routes can help uncover their underlying drivers.

Construct a prevention and control framework integrating multi-source data and multidisciplinary approaches.
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Viruses are ubiquitous, immensely diverse and vast biomass, forming a
pivotal engine of global biogeochemical cycles. However, the frequent
outbreak of viral pathogens in aquatic animals poses a serious threat to
aquaculture industry, aquatic ecosystems, and environment. It devastates
aquaculture industries, drives water quality deterioration through the
perturbation of viral ecological functions, and ultimately endangering security
of aquatic ecosystems. “Viral spillover in aquatic animals” denotes the
cross-species transmission of viruses that can ignite widespread disease
outbreaks and cascading ecological impacts in both farmed and wild
aquatic animals. While viral spillover involving humans and land animals
has received focus, viral spillover in aquaculture remains noticeably missing
from global discourse. Thus, the emergence and spillover of novel viruses
in aquatic animal loom as a paramount, decades challenge for the global
aquaculture sector. To address this challenge, this review focuses on eluci-
dating the diversity, complexity, and ubiquity of spillover of aquatic animal
viruses. By simulating spillover dynamics, it constructs radial maps depicting
the diffusion of aquatic animal viruses; analyzes representative cases to
decipher relevant determinants; deconstructs the viral spillover process to
reveal underlying driving mechanisms; and on risk identification and mech-
anistic analysis, builds an integrated prevention framework that synthe-
sizes multi-source data and multidisciplinary approaches, thereby support-
ing precise and forward-looking decision-making for health security of
aquatic animals and ecosystems.

INTRODUCTION

Viruses can infect all living creatures, and exist in staggering numbers.
Virology has made enormous advances in the last 50 years, especially in
preceding viral epidemics and pandemics.” The recurrent emergence of
pandemic viruses has also aroused a global scale of public vigilance and
profound concern.” From this point on, virology will enter an unprecedented
phase of discovery and exploration. Aquatic viruses are widely present in the
aquatic environment. Some of them can also cross species barriers,” infect
and kill diverse aquatic organisms, thereby triggering cascade effect in
aquatic ecosystems and biogeochemical cycles.”"

Aquaculture, also referred to as “underwater agriculture”, is the fastest
growing food-producing sector in the world."” It had already overtaken beef
and overtakes poultry in protein production
(https://sustainablog.org/articles/fish-farming-overtakes-beef/;
https://www.bluelifehub.com/2025/01/28/aquaculture-accelerates-and-
overtakes-poultry-in-protein-production/).”® At present, on the basis of
obtaining successful aquaculture paradigms,'® sublimating the traditional
aquaculture wisdom, reutilizing rice-fish integrated farming,'® and developing
new quality of productivity forces have been carried out, and numerous inno-
vative achievements have been produced in fisheries and aquaculture.”” In
addition, clean aquaculture practices and environmental management also
offered assistance to aquaculture sustainable development. Especially
several fish genetic improvements, such as key gene editing-based approach,
have been developed.'” Through these biotechnology approaches, genome-
reconstructed polyploids,'®'" and intermuscular bone-free mutants,”*”' have
been created in fish. And the genome reconstructed Carassius polyploid has
been demonstrated to possess high resistance to herpesvirus. '

In different water bodies, however, both farmed and wild aquatic animals
have been seriously threatened from various viral and pathogenic
infections.”””* Emerging epidemic diseases often originate from the spillover
transmission of viral pathogen. In aquatic environments, viruses can even

interact with hosts across vast phylogenetic distances.”” More seriously, the
emerging infectious diseases in fish have caused economic losses of up to
six billion US dollars per annum,”>*® exceeding 40% of global capacity.”’

Viral spillover (or cross-species transmission) occurs when a virus jumps
into a novel host, establishes infection, and amplifies within the new host
population, and thereby triggers a disease outbreak.” Therefore, viral spillover
is no longer a simple one-to-one host jump, but increasingly follows a one-to-
many pattern. Even existing evidence suggests that the same virus can repli-
cate in hosts of fungi, plants, and animals, highlighting its potential for cross
domain spillover and pathogenicity.***** In some highly pathogenic viruses of
aquatic animals, the emergence and spillover also exhibit significant diversity
and evolutionary complexity, pose the trend of global spread.”’ Frequent
spillover of RNA viruses further drives cross-species transmission and their
host range expansion, increasing the difficulty of disease prevention and
control.** Obviously, aquatic viruses have the ability to spillover (jump from
one host species to another) and survive in many unrelated hosts, even lead
to catastrophic consequences for the novel host.* It is believed that aguacul-
ture will become the primary source of aquatic dietary protein in the next two
decades. Therefore, only by prioritizing the research and prevention efforts on
the virus spillover among aquatic animals, can we promote sustainable
development of aquaculture and ensure the health and welfare of aquacul-
ture organisms and the environmental integrity.”* Of course, only by under-
standing the characteristics of the spillover virus can the targeted interven-
tion measures be implemented to halt the viral transmission.*** In short,
aquatic viral spillover poses critical questions: why are the viral pathogen so
diverse and so prone to outbreaks? How can monitoring and evaluation
system be established? The following will delve several deeper comprehen-
sions and discussions into this topic.

VIRUS SPILLOVER FROM AQUATIC ANIMALS

When viruses "spillover”, “jump" or “cross-species transmission” occurs
from the natural host to new host populations, the risk of epidemic viral
disease will soar, and even trigger a public health emergency.”’ Although no
consensus definition of "viral spillover” exists and the mechanisms govern-
ing aquatic animal virus spillover remain largely uncharacterized,” the risk
that spillover events originate from highly pathogenic viral pathogens is esca-
lating rapidly.”** Additionally, global trade and material flows render future
viral spillovers inevitable.**** Currently, aquatic animal virus spillover has
become one of recent research hotspots.***’

Extensive occurrence of aquatic animal virus spillover

As " a planet of viruses”, viral pathogens can coexist with their host animals
over extended periods, yet they also have the potential to spill over and
spread out on a global scale.”® And viruses are significant constraint on aqua-
culture because they directly lead to reduced fish production. Unlike terres-
trial animals, both farmed and wild aquatic animals are more susceptible to
common viral pathogens in aquatic environments. Aquatic animal viral
spillover can impact the hydrographic environment by polluting water
resources, reducing biodiversity, and triggering public health security
issues.”* Historical evidence shows that over the past few decades, spillover-
driven epidemics have increased not only in frequency but also grown in
scale.”” And the number of emerging (or spillover) aquatic viruses is also on
therise.

The viral spillover events have extensively occurred in aquatic animals
including  Rhabdoviruses, Iridoviruses ~ (including  Ranaviruses), and
Herpesviruses etc., as shown in Figure 1, the radial schematic. The schematic
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Figure 1. Radial schematic of aquatic animal virus spillover Starting from the upper
left and moving clockwise, abbreviations are listed below:Rhabdoviridae: VHSV, Viral
hemorrhagic septicemia virus. IHNV, Infectious haematopoietic necrosis virus. SCRV,
Siniperca chuatsi rhabdovirus. SMRV, Scophthalmus maximus rhabdovirus. AlloHer-
pesviridae: CyHV, Cyprinid herpesvirus. KHV, Koi Herpesvirus. CaHV, Carassius aura-
tus herpesvirus. Malacoherpesviridae: OsHV, Ostreid herpesvirus.Iridoviridae: LCDV,
Lymphocystis  disease virus. LCDV-C, Lymphocystis disease virus-China.
Ranaviruses: FV3, Frog virus 3. RGV, Rana grylio virus. ADRV, Andrias davidianus
ranavirus. SCRaV, Mandarin fish Siniperca chuatsi ranavirus. MSRaV, Largemouth
bass Micropterus salmoides ranavirus. Circoviridae: BaCV, Barbel circovirus. CfCV,
European catfish (Silurus glanis) circovirus. Amnoonviridae: TiLV, Tilapia lake virus.
Togaviridae: SAV, Salmonid alphavirus. Nimaviridae: WSSV, White spot syndrome
virus. WSSV-Cc, freshwater crayfish Cambarus clarkii whispovirus. Parvoviridae:
IHHNV, Infectious hypodermal and hematopoietic necrosis virus. TiPV, Tilapia
Parvovirus. Nodaviridae: VNNV, Viral nervous necrosis virus. MrNV, Macrobrachium
rosenbergii nodavirus. Birnaviridae: IPNV, Infectious pancreatic necrosis virus. POBV,
Paralichthys olivaceus birnavirus.Orthomyxoviridae: ISAV, Infectious salmon anemia
virus.Aquareoviruses: GCHV, Grass carp hemorrhage virus. SMReV, Scophthalmus
maximus reovirus. MsReV, Micropterus salmoides reovirus. AHRV, Atlantic halibut
reovirus.

diagram roughly illustrates the groups of representative aquatic animal
viruses, the spillover events, and their relative abundances.

Spillover in Rhabdoviruses

Rhabdoviridae is a large family of negative-sense RNA viruses in a broad
host range of mammals, birds, reptiles, amphibians, and fishes.”' And aquatic
rhabdoviruses have the potential for alternating spillover and spillback infec-
tions between amphibians and fishes.”” Over a hundred strains of viral
hemorrhagic septicemia virus (VHSV) have been isolated from fishes.*** This
virus is also one of the pathogens that pose a continuous threat to global
food security. And the virus can cross species barriers, in which it can infect
both freshwater and marine fishes, as well as many kinds of wild marine
fishes.”** Due to wide diversity of host fish species, wide geographical distri-
bution, strong pathogenicity, rapid disease progression, and high mortality
rate, the cross species transmission of VHSV has made it one of the most
destructive fish viruses in the world.”

Researchers have explored the ecology and epidemiology of VHSV using
an ecological niche modeling approach. It exhibits high lineage diversity in
Eurasia, broad ecological niche and significant ecological plasticity. The virus
was detected in over 140 fish species in marine and freshwater
ecosystems.”" This virus can spread to various host species by contami-
nating water bodies.” From a total of 1,927 samples of 39 wild marine fish
species collected from coastal waters and fjord systems, VHSV was detected
in 12 samples by real-time reverse transcription polymerase chain reaction
(rRT-PCR).”” Another rhabdovirus, the infectious hematopoietic necrosis virus
(IHNV), was also tested, by analyzing the glycoprotein (G) gene sequences of
55 viral samples. Its long-distance transmission pathways and mechanisms
were revealed.”

Spillover in Iridoviridae

The family Iridoviridae is composed of seven genera. The viruses in
Iridovirus, Chloriridovirus Decapodiridovirus, and Daphniairidovirus infect
invertebrate hosts, and the members in Ranavirus, Megalocytivirus, and
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Lymphocystivirus infect cold-blooded vertebrates.””™ Ranavirus, Megalocy-
tivirus, Lymphocystivirus, and Decapodiridovirus primarily infect aquatic
animals including fishes, amphibians, and reptiles, as well as aquatic crus-
taceans like shrimp and crabs. Increasing evidence suggests that the emerg-
ing viral diseases are one of the primary causes of the worldwide decline in
amphibian species.”’ Members of the family Iridoviridae are nucleo-cytoplas-
mic large DNA viruses (NCLDVs) and have been considered as promiscuous
pathogens.”

Disease caused by lymphocystivirus (lymphocystis disease virus, LCDV)
was first discovered in the 19th century. Direct contact and waterborne
transmission are the routes accepted for the spreading of LCDV infections."
The morbidity rate caused by this virus can reach up to 70%. And the viral
disease has a global distribution that affects more than 125 wild and cultured
fish species from marine and freshwater environments."

Ranaviruses, which originally infected amphibians, have now been detected
in a wide range of species across the globe, including anurans (frogs and
toads etc.), urodeles (salamanders and giant salamanders etc.), and even
fishes. Ranavirus isolates have been obtained from various aquatic animals.
Not only have ranaviruses with similar genome structures been isolated and
identified from amphibians, but also strains with highly homologous
genomes have been isolated and identified from different diseased fish
species.”*”® Some ranavirus strains can cause cross-species infections
between anuran and urodele amphibians. The frog-sourced ranavirus (Rana
grylio virus, RGV) can infect the Chinese giant salamander (Andrias davidi-
anus). Conversely, the Chinese giant salamander-sourced ranavirus (Andrias
davidianus ranavirus, ADRV) can also infect frogs.”*® Based on the genomic
sequence information, it is believed that the common ancestor of ranaviruses
should be a fish virus, followed by multiple host shifts between amphibians
and reptiles. The shift in their host species may also occur from fish to frogs,
fish to salamanders, or frogs to turtles, as well as host shifts from amphib-
ians or reptiles back to fishes.”’

Ranaviruses pose major threats to biodiversity and human livelihoods.
Whether in aquatic wildlife or farmed animals, outbreaks of ranavirus disease
can lead to massive host mortality and even population collapse.”® The
discovery that viruses move between species unexpectedly is rewriting ideas
about their evolutionary history and may have troubling implications for the
threat from emerging diseases. Cross-species transmission events of
ranavirus involving aquatic animal viruses have attracted public attention.
Ranaviruses are widespread across all continents and have been detected in
105 amphibian species in 25 countries.” Recent reports have indicated that
with the increasing frequency of ranavirus spillover in the natural world, these
viruses have been detected in at least 175 species across six continents.” As
evidenced by the presence of frog virus 3 (FV3) in both wild and farmed
anuran and caudate amphibians throughout the Americas, Europe, Africa, and
Asia. FV3-like strains can cause mortality in genetically diverse and
geographically dispersed hosts.”" Even amphibian chytrid fungi can coinfect
their hosts with ranaviruses, and there is a positive correlation between these
two pathogens.” There are examples involving ranaviruses jumping from
their ancestral fish hosts to other ectothermic animal hosts and subse-
quently adapting to the new host environments, such as the ATV-like
(Ambystoma tigrinum virus) group; whereas ranaviruses with amphibian
hosts, like FV3s, have jumped from amphibians to fishes.”® Mutated (evolved)
ranavirus can spill over from its reservoir host, the frog, into giant salaman-
ders or fishes. Therefore, ranaviruses are considered important emerging
pathogens of aquatic animals. With other evidence and possible reasons
including (1) Repeated such disease outbreaks in cultured amphibians, fishes
and other aquatic animals. (2) Frequent detection of ranavirus infections in
invasive species and traded animals in Europe, Asia, and South America. (3)
Furthermore, human translocations are believed to have facilitated their range
expansion.”

A survey conducted in certain European regions, such as Russia and
Portugal indicate that the virus is widely distributed across various host
species and altitudinal ranges. The predominant strain is the common
midwife toad virus-like (CMTV-like) ranavirus, which is responsible for large-
scale mortality in their host events each year.”*" Additionally, recombination
has been identified between CMTV-like ranaviruses and FV3-like viruses
isolated from the wild,”” and the recombined virus has caused massive
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mortality among amphibians across continents. FV3 has been identified in
turtles in Canada, and the genome sequencing shows that it is a ranavirus
similar to the wild-type FV3 DNA sequences.’

Ranaviruses exhibit complex interactions with their hosts. The ranavirus
replication and transcription machinery was identified as a complicated
apparatus containing at least 30 viral and 6 host proteins.”® Host proteins
play a crucial role in the transcription and replication of viruses, while viruses
can also influence the metabolic processes of host cells through various
pathways,” and even caused some amphibian species to become extinct.**?!
The ranavirus pathogens of cold-blooded vertebrates have the capacity to
cross numerous poikilothermic species barriers and the potential to cause
devastating disease in their new hosts. They lead to host population decline,
alter the composition and structure of host communities, and pose a severe
threat to nearly all amphibian populations. Therefore, the amphibian-infected
and fish-infected ranaviruses have been listed in the notifiable agents by the
World Organization for Animal Health (WOAH).*

Ranaviruses infecting reptiles are genetically similar or identical to the
viruses that infect amphibians and fishes.®” Several cases indicate that the
ranaviral infections in native / endemic host species can also cross the barri-
ers of cultured species.” It is now known that heparan sulfate proteoglycan
(HSPG) is a highly sulfated glycosaminoglycan anchored to the cytoplasmic
membrane of eukaryotic cells, which can widely mediate virus attachment to
cell surfaces.*® It has been confirmed that the ranaviruses ADRV and RGV,
via HSPG, can infect their natural hosts and cells, and also perform cross-
species infection.” This is also one of the critical factors why ranaviruses are
prone to cross-species transmission or spillover.

Ranaviruses possess complex replication and transcription machinery, and
can also collaborate to complete genome replication, modification, and tran-
scription during cross species spillover. Therefore, it facilitates the
ranaviruses crossing the species barrier (species jumping), and infecting
different aquatic animals.” Briefly, due to the frequent spillover that crosses
the species barrier of poikilotherms to infect and replicate, the ranaviruses
have become promiscuous pathogens.®* Figure 2 shows the schematic
diagram of ranavirus spillover among different aquatic animals.

Spillover of Tilapia lake virus

Tilapia Lake virus (TiLV) belongs to the family Amnoonviridae within the
order Articulavirales, genus Tilapinevirus. It is a single-stranded RNA virus
with 10 genomic segments, but is highly diverged from more familiar
Orthomyxoviruses, such as influenza.®* The family includes a single genus
with one species for one virus. TiLV was first reported from lIsrael.” Its
genome size is about 10.3 kb.”"** Its principal hosts, tilapias of the family
Cichlidae, are biologically diverse and exhibit complex social behaviors.

Nile tilapia (Oreochromis niloticus) is the predominant cultured species. It
has been farmed in over 100 countries with an estimated global production of
over 6.5 million tons annually.” TiLV is a globally emerging fish virus respon-
sible for episodes of mass mortality in cultured and/or feral tilapia
(Oreochromis spp. and hybrids).” The virus is becoming an epidemic
pathogen that can spread widely through diverse pathways in many coun-
tries.” It can cause severe anemia and systemic disease in tilapia,”” and also
establish a persistent infection in the brain of host fishes. As the persistent
infection may pose a risk for viral reinfection and ongoing tissue damage and
neuroinflammatory processes, therapeutic intervention and disease manage-
ment become more challenging.” Vacuolation and necrosis in brain, inclu-
sion body and necrosis in heart, megalocytes and necrosis in intestine have
been observed in experimentally infected tilapia.”® These viruses are
commonly found in both farmed and wild tilapia populations worldwide,
causing mass mortality events in cultured and/or wild tilapia (Oreochromis
spp. and their hybrids). More than 45 countries are believed to be at high risk
of TiLV,'"™"°" which have threatened the livelihoods and food security of
numerous tilapia farmers.'*'*

A laboratory controlled TiLV infection was investigated in 10 warm water
fish species. The results revealed that red hybrid tilapia and giant gourami
developed clinical signs of infection with a cumulative mortality rate of
60—100% . The presence of TiLV in the brain and liver of infected giant
gourami was also confirmed using in situ hybridization. Reports of TiLV
infections in different fish species are on the increase. Nowadays, these

Ranaviruses

Reptileg
STIV, EBTV

Figure 2. Schematic of ranavirus  spillover from different  aquatic
animals Ranaviruses can jump between frogs, fish, turtles and other aquatic animals,
spillover and transmission among different species (arrow-indicated). ADRV, Andrias
davidianus ranavirus. RGV, Rana grylio virus. SCRaV, mandarin fish Siniperca chuatsi
ranavirus. MSRaV, largemouth bass Micropterus salmoides ranavirus. STIV, Soft-
shelled turtle iridovirus. EBTV, Eastern box turtles (Terrapene carolina carolina)
ranavirus. The arrows are mainly based on phylogenetic inferences and partly experi-
mental infection.

viruses are not only commonly found in farmed or wild tilapia populations
worldwide, but also infect other fish species.'*'® They have also been found
in sampled cichlid fish and scaled reptiles (bay tree species) in Africa, Asia,
and North America.”’ In addition to tilapia and their hybrids (Oreochromis
spp., Tilapia spp.), this virus can also infect other fish species such as wild
cichlids (Sarotherodon galilaeus, Tristramella spp.) and cause disease.'” It
even infect other species such as river barb (Barbonymus schwanenfeldii),
infoil barbs (Barbonymus schwanenfeldi.'""'*

The horizontal transmission of TiLV has been demonstrated through the
cohabitation of infected fish with susceptible fish, and was also found that
the non-fish lake virus may be transmitted vertically.'” Like the recently
reported Covert Mortality Nodavirus (CMNV), which has been listed by WOAH
as an important emerging virus in aquaculture. It also spreads through verti-
cally and/or horizontally pathways."” TiLV can be transmitted between red
hybrid tilapia and giant gourami through cohabitation.'" TiLV seems a
greater tendency to spillover in cultured cells than in fish."'” This may be
because cultured cells serving as viral hosts in the dishes lose the physical
signals, immune systems, and natural environments that are crucial for their
function, resulting in significantly different performance from natural condi-
tions.'"

The emergence of some novel viral pathogens is the result of long-term
evolution. Reconstructing the deep phylogenetic history of viruses will help to
identify their major evolutionary transitions. The research on the rich biodi-
versity, continuous evolutionary changes, and extensive geographic distribu-
tion of aquatic animal viruses, including rhabdovirus,ranavirus and TiLV,
provides evidence for broad spillover potential of aquatic animal viruses.
There is evidence to suggest that in the long-term process of evolution,
viruses interact and select with their hosts, with genetic variation and
changes in transmission modes, viruses break through narrow host ranges
and various natural barriers during the infection process, expanding the host
range. This resulted new viruses can not only cross species barriers, but also
cross kingdoms to infect new hosts.” It has been revealed that the evolution
of the articulaviruses is likely shaped by multiple aquatic-terrestrial transi-
tions and substantial host jumps.''* Biophysical and structural characterisa-
tion of RNA-bound oligomers of NP from TiLV have been elucidated. It offers
valuable insights into mechanisms of transcription, replication, and genome
packaging within the Articulavirales orde.'"®
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Spillover of herpesviruses

The order Herpesvirales is composed of three viral families, namely the
families Herpesviridae (hosts are reptiles, birds and mammals), Alloher-
pesviridae (hosts are fish and amphibians) and Malacoherpesviridae (hosts
are molluscs). The family Alloherpesviridae contains four genera, Batra-
chovirus, Cyprinivirus, Ictalurivirus, and Salmonivirus (https://ictv.global/
report/chapter/alloherpesviridae/alloherpesviridae, Posted: November 2024).
Herpesviruses are exceptional cases among viral pathogens, exerting pan-
species impact via exquisitely orchestrated host—pathogen interactions that
span receptor engagement, immune evasion, latency establishment, and
reactivation.''®

Herpesviruses are common agents in animals of the aquatic environment.
The viruses impact a diverse array of aquatic animal species via intricate
interactions with host biological systems.''”''® They are also important
pathogens in fishes which infect a wide range of different species and fish
cells.""" It is now known, at least more than ten herpesviruses cause
significant economic losses in aquaculture. They include /ctalurid herpesvirus
(IcHV) infecting catfish, Cyprinid herpesvirus (CyHV) and Carassius auratus
herpesvirus (CaHV) infecting common carp, crucian carp, and goldfish,
Anguillid herpesvirus (AngHV) infecting eels, Acipenserid herpesvirus (AciHV)
infecting sturgeon, and Salmonid herpesvirus (SalHV) infecting salmon and
trout.'”*'* In different regions of the world, these viruses can also infect koi,
tilapia, grass carp, and other fish species, and lead to host illness and
death.'"” For example, in the late-90s, a devastating outbreak of Koi
herpesvirus rapidly spreads to 90% of Israeli carp farms in only a few years,
and results in an annual estimated loss of three million USD to the aquacul-
ture industry.'” Emerging diseases are usually caused by pathogen spillover
and cross-species transmission. Fish herpesviruses can affect other aquatic
animal species through complex interactions with host biological systems.'*

Both symptomatic infections and asymptomatic carriers among fishes can
both spillover or transmit herpesviruses to other species, potentially causing
disease outbreaks in those populations. Moreover, the genomic sequences of
different viral strains can exhibit a high degree of similarity. The CaHV is a
representative strain of the cyprinid herpesvirus isolated from diseased
crucian carp.'? Its genomic sequence has been analyzed and compared with
those of koi herpesvirus (KHV), common carp herpesvirus (Cyprinid
herpesvirus), goldfish herpesvirus (GHV), and Anguillid herpesvirus (AngHV).
Despite the detection of various mutations, including nucleotide mutations,
deletions, insertions, as well as gene duplications, rearrangements, and hori-
zontal transfers in these carp herpesvirus strains, their genomic sequence
similarities still reach and even exceed 99%.'”*'**'** During a long history of
coevolution, the genes of herpesviruses can be integrated into the host
genome, and herpesviruses have reached a fine-tuned balance with their
hosts, allowing them to successfully persist and spread to new hosts.'”*'*"%

Combining evolutionary approaches with bioinformatics were used to non-
viral genome data for viruses by adapting methods from paleovirology. As a
result, sequences related to the alloherpesviruses and other large dsDNA
viruses were identified in the open access genome data of fifteen species of
teleost fishes.'”” These results from interactions of a great variety of viral and
cellular factors together shape the tropism for a particular host, tissue, or
cell."™ As there are the abilities to establish lifelong relationships with their
hosts and trigger recurrent outbreaks, herpesviruses have emerged as
formidable players in humans and animals of infectious diseases.'® These
studies provide valuable insights into the interactions between fish
herpesviruses and their hosts, as well as the mechanisms of viral spillover.

Research on fish herpesvirus has made significant progress in various
aspects, including its pathogenic characteristics, biological features, and host
transmission.*"*" In recent years, new advances have also been made in the
researches on functional genes of fish herpesviruses and interactions
between the virus and the host. Among the proteins encoded by the genome
of CaHV, five ring finger proteins have been identified to have diverse struc-
tures and functions.'*® For example, the protein encoded by CaHV-138L can
target to mitochondrial protein FoF1 ATPase.'* In addition, the resistance to
CaHV has been identified deriving from a genomic hotspot region on the
chromosome 12B of a novel polyploid.'” These researches will enhance
further understanding of the interactions between viruses and hosts, as well
as the mechanisms of fish herpesvirus spillover.

Aquatic Biology @AY}

Metagenomic and metatranscriptomic sequencing analyses have revealed
extensive risks of cross-species transmission of viruses and other microbial
pathogens among non-traditional farmed and wild animals.'*’ Herpesviruses
are one of the largest and most complex pathogenic viruses and cause a
spectrum of diseases, ranging from mild, self-limiting conditions, severe
ilinesses, to fatal disease. The life cycle of herpesviruses includes two distinct
stages: latent infection (reactivation) and Iytic replication.'”' This increases
the probability and complexity of cross-species infections. In short,
herpesviruses, through complex interactions with host biological systems, are
closely associated with disease progression and impact viral spillover and
cross-species transmission.'*

Spillover of white spot syndrome virus

White spot syndrome virus (WSSV) belongs to the family Nimaviridae
genus Whispovirus. It is an enveloped double-stranded DNA virus and known
as one of the largest viruses infecting aquatic animals. It is also the primary
pathogen responsible for causing white spot syndrome in crustaceans (such
as shrimp, crabs, etc.).

A literature evaluation of WSSV hosts and vectors shows an increase from
33 to 50 families, including 11 families of non-crustacean hosts, which
reveals the virus spread across aquatic animals and is causing increasing
spillover events.'” WSSV can also infect crayfish, other freshwater decapods,
and cause their diseases."” WSSV has vertical and horizontal routes of
transmission, both of which contribute to the rapid disease spread in differ-
ent shrimp farms and even in nature. Waterborne transmission poses a
significant threat, as the infected shrimps continuously release viral particles
into the water through gill shedding, secretions, or carcass decomposition,
and cause aquatic environmental contamination. Even water with a low level
of viral contamination can mediate WSSV spread, and viral shedding can be
detected within hours of infection onset.'**'*® And, the circular stacked capsid
structure, the structural transitions during genome release, and the pressure-
driven DNA ejection mechanism have been elucidated during WSSV
infection."*” All of the above provide new insights for a better understanding
of the WSSV infection process.

PROCESS AND MECHANISM OF VIRUS SPILLOVER

In view of the accelerating trend of viral spillover, it is an urgent need to
unravel its complex mechanisms and to develop high-performance, sustain-
able, and implementable systemic solutions. The core involves structure of
viral pathogens, and the dynamic process of viral infection. Detailed research
contents should include the variation and evolution of pathogens, their inter-
actions with hosts and environment and the underlying mechanism of virus
spillover and driving factors. The top priority at present should construct big
and comprehensive datasets, and establish an intelligent monitoring and
early warning system. On the whole, existing knowledge of viral spillover is
instructive yet far from comprehensive.'*®

To achieve cross species spillover, viruses need to break through multiple
barriers. In order to complete spillover and transmission, usually, the virus
must cross three typical barriers such as accumulation in the natural host,
exposure to a new host, and overcoming natural barriers to invade the new
host. This multifactorial process hinges on different interlocking dimensions:
viral genetic diversity within the reservoir host, biological barriers that
constrain cross-species transmission, and ecological or evolutionary drivers
that enable the virus to adapt and spread in the novel host species.' ' It is
also closely associated with geographical, environmental, and climatic
factors, as well as human activities etc.”*'?"'%

Basic process of viral spillover

Viral spillover hinges on the pathogen's capacity not only to infect its natu-
ral host, but also to replicate successfully and sustain transmission within the
new host population.'™ The spillover of viruses from natural hosts to novel
hosts (including reservoir host or susceptible hosts), which may subse-
quently trigger epidemics, is a complex process regulated by multiple factors
and accomplished through multiple steps. For example, host range is a viral
property that reflects natural hosts that are infected either as part of a princi-
pal transmission cycle or as "spillover” infections into alternative hosts.'**
When the genes related to virulence or pathogenicity of a virus undergo
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Figure 3. Schematic diagram of viral spillover process The layered barriers (indi-
cated by trapezoidal frames) serve as obstacles to prevent the viral spillover from
natural hosts to novel hosts. As each layer of the barrier is breached, the risk of viral
spillover progressively increases. The viral spillover process follows a bottom-up path-
way (indicated by arrow direction).

genetic drift, there is a possibility of virus spillover and the emergence of
epidemics in new hosts.'* The main steps of virus spillover are illustrated in
the trapezoidal diagram of Figure 3. They include (1) Virus accumulation in its
natural host. (2) Exposure to new host species. (3) Viruses overcome the
natural barriers of new hosts. (4) Viruses disseminate and spillover. The basic
process of viral spillover will be described in detail below.

Virus accumulation and genetic drift

Emerging and re-emerging infectious diseases in aquatic animals are
frequently caused by viral spillover from natural hosts. The prerequisites for
spillover include virus gaining the ability to infect cells of a new host species,
adapting to the host, and acquiring the capacity for sustaining transmission
within the host population.”® The first stage in viral spillover is extensive
accumulation of the virus in its natural or reservoir host, accompanied by
genetic drift. These viral pathogens typically undergo amplification and accu-
mulation in their natural hosts (or reservoir hosts), and then they can spread
among the new host population. However, the heterogeneity between viruses
and hosts, including viral entry into target cells, genome replication and inher-
itance, viral particle assembly, release, and transmission, can more or less
affect the viral life cycle.”™ Viral entry is only the step that a virus must
complete to productively infect a cell, produce progeny virions and spread at
the intra-host and population levels."’ Binding susceptible host cells is also
one of the key factors responsible for determining host range,'™ and other
factors of the host should also be considered,”®’ such as receptors are major
determinants of host susceptibility to viruses. Animal species sharing host
cell receptors that support the binding of multiple viruses can play a key role
in virus spillover and the emergence of novel viruses.'*

For spillover to occur, the virus must mutate and develop adequate fitness
within the reservoir species before it can be transmitted to a new host. And
spillover is part of a continuous evolutionary process. RNA viruses, in particu-
lar, are prone to spillover due to their high mutation rates. And recombination,
especially of DNA viruses, is a key driving force for the emergence of new
variants.” The genetic drift and evolutionary changes of aquatic viruses play
a crucial role in viral spillover, viral diversity, and the biogeochemistry of
aquatic ecosystems.'®'*” Genetic drift refers to the random gene changes
between generations within a population. Some small changes in viral genes
can lead to changes in surface proteins of the virus (e.g. antigenic drift). For a

virus to infect a new host, it needs to undergo genetic changes. These
changes can occur within the natural host, the new host, or both. Persistent
replication and amplification of the virus in its natural reservoir host may
generate high genetic diversity, and thereby maximize the probability of cross-
species transmission.

Meanwhile, host population heterogeneity creates multiple distinct path-
ways that facilitate viral spillover across new recipient species. The same
basic evolutionary forces and principles operate at each level, such as muta-
tion and recombination, selection, genetic drift, migration, and adaptive trade-
offs.'® Some hosts are both the source and the sink for viral spillover.'®
Thus, the virus may form a “reservoir” with high titers following infection in its
natural reservoir host.'”

Viral exposure and adaptation to novel hosts

The second stage in a virus's successful spillover lies in acquiring the abil-
ity to enter and adapt to a new host. The host range of a virus is governed by
multiple molecular interactions. Usually, a virus cannot initiate infection
unless it binds to specific receptor molecules on the host cell surface.'*® The
capacity for host-switching and cross-species infection stems chiefly from
the vast viral genetic diversity and the multifaceted interactions between virus
and host."®” When the virus accumulates heterogeneity, immune escape/
suppression ability, genetic diversity, and acquires adaptability in natural host
replication and evolution, once it comes into contact with a novel host
species, then spillover enters on to the next step. When novel aquatic animal
hosts such as fish encounter the virus through direct contact with the natural
host or exposure to contaminated water, the risk of spillover rises accord-
ingly.

A host-virus network framework has been proposed to map and forecast
viral susceptibility in both animals and humans, which reveals fundamental
biological rules that govern cross-species transmission and shapes the
global virome.'® Once healthy aquaculture population coexist in the same
aquatic environment with wild aquatic animals infected by viruses, the risk of
spillover immediately increases.'®'"” Under appropriate ecological and evolu-
tionary conditions, viruses may switch to new hosts than coevolve with their
native host.'"!

Virus breaches host defenses, infects a new host and spreads

Viral spillover and onward spread are also restricted by various natural
barriers, including receptor compatibility and environmental factors.'” The
third stage in spillover is for the virus to break through natural barriers and
enter a new host. The virus must overcome natural barriers such as species
incompatibility, immune response in the new host and multiple evolutionary
mechanisms for virus-host adaptation, which ultimately determine host
susceptibility to a virus.

Viruses do not have a shared universal gene and have multiple origins. The
evolution of viruses is closely related to the evolution of their hosts, leading to
accelerated evolution of host defense and virus antidefense systems on both
sides. Another important complementary feature of this coevolution is exoge-
nous adaptation, where the host acquires viral genes for antiviral defense and
other functions. Conversely, viruses hijack host genes for various functions in
viral replication, virion morphogenesis, and virus-host interactions, thereby
breaking through natural barriers.'” For example, the hypermethylated
genome of vertebrate iridoviruses is unique among animal viruses. There is
no correlation between hypermethylation and viral gene expression, but
hypermethylation may help the virus evade the immune system by increas-
ing its genome methylation level.'™ This not only accelerates the emergence
of new viruses but also increases the spillover and the pandemic potential.'”®
Briefly, for successful cross-species transmission, viruses must progres-
sively overcome molecular, cellular, and ecological barriers. And viral recep-
tor recognition, protease activation, immune evasion, and genomic plasticity
are the core drivers of host range expansion.'®

Viruses dominate biosphere and constitute main reservoir of genetic diver-
sity on Earth. In recent years, large-scale mining of metagenomes and meta-
transcriptomes has dramatically expanded the world of viruses (virosphere),
revealing unprecedented diversity. From covert infiltrators to crude disruptors,
viruses break through layer-by-layer barriers of infecting new hosts by
controlling host gene expression, suppressing immune responses, and redi-
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recting cellular resources towards self-replication. Viruses have developed
various strategies to ensure their survival and transmission, and they could
also trigger new host behavioral alterations.'”’

Viral spillover occurs upon crossing tipping point

The fourth stage of viral spillover and spread is to cross the tipping point
(overshooting tipping points or breaching the critical threshold), a critical link
in the chain. It is also the tipping point for crossing into sustaining commu-
nity transmission.'®'" The progression of viral diseases is a typically
dynamic process. Pathological changes accumulate silently in the early
stage; once the viral tipping point is breached, the epidemic spreads rapidly,
ultimately evolving into a pandemic. The critical transitions are referred to as
tipping points. Leveraging dynamic network biomarkers, sample-specific
networks, information entropy theories and statistical modeling approach etc.
can detect tipping points of spreading viruses in diverse data types.'®'*

Persistent occurrence of viral epidemics and cross-species transmission
of aquatic animal viruses are usually driven by the combined effects of
changes in aquatic ecological environments and other multiple factors.'® For
instance, beyond temperature, rapid climate change further affects the preva-
lence and severity of aquatic animal epidemics.'®* Viral genetics, host and
receptor polymorphisms, as well as ecological, environmental, and popula-
tion dynamics are all critical parameters to influence viral spillover.'®'%’
Aquatic animal viruses can be transmitted horizontally via vectors, contami-
nated feed, and water sources etc, or transmitted vertically from parent to
offspring. Thus, spillover of aquatic animal viruses may increase the risk of
disease outbreaks, and sets off a chain reaction of mass die-offs in cultured
and wild populations, water pollution, and beyond.

Infectious diseases caused by spillover viruses not only lead to massive
mortality in farmed fish and endanger the entire industry,® but also pose a
significant threat to the economy, human health, and even the global ecosys-
tem."® " It is estimated that aquatic diseases, including herpesvirus-associ-
ated diseases, cause global economic losses of up to 6 billion US dollars
annually.'” We are on the verge of a potential era of infectious diseases,
characterized by rapid spread of emerging and re-emerging of endemic
pathogens. This trend is influenced by global connectivity, global travel and
trade more affordable and convenient, and shifts in geographic ranges due to
climate change.'”' Constraint and opportunities coexist in viral spillover.
Spillover-derived viruses must either possess or evolve the capacity for cross-
species transmission, then establish and sustain transmission chains to
successfully emerge.'™ Reassortant viruses have been shown to exhibit
distinct tropisms for fish species, differing from those affected by the
parental virus strains. This poses an emerging threat not only to aquaculture
but also to wild populations.'® Viral diseases also exacerbate environmental
degradation.”” High genetic diversity of wildlife animals can also promote the
emergence of novel viral strains, as pathogens evolve and adapt within the
varied host populations.”"'* The binding of viruses to cellular receptors is a
key determinant of replication initiation and tissue tropism. There is evidence
that initial step in viral infection is cellular internalization mediated by viral
receptor-binding proteins (RBPs), yet the virus still has interspecies barriers in
the early stages of infection.””” Meanwhile, the various factors that lead to
virus emergence and spillover often act simultaneously or in parallel. These
factors provide more opportunities for viral spillover.

Viral spillover effect frequently occurs and has widespread spatio-tempo-
ral influences.'* Host specificity and environmental factors can shape diver-
sity of the virome.”*'® For example, among the 19 recently identified fish
viromes, as many as 16 are likely to be new viral species, and extend across
multiple families such as Coronaviridae, Hantaviridae, Poxviridae, and
Totiviridae."""" This broadens the window of opportunity for viral spillover.
Moreover, predators in wild fish populations remove diseased individuals,
whereas farmed fish, by contrast, are reared in high-density environments,
accelerate viral transmission between individuals, providing ideal conditions
for disease outbreaks.

FRONTIER TECHNOLOGIES FOR VIRAL SPILLOVER RISK SURVEIL-

LANCE AND EARLY WARNING
Long-term monitoring and tracing of aquatic animal viruses can help
quantify the risk of viral spillover, quickly assess the potential threats, and
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provide the targeted control strategies. **'** Detection and analytical method-
ologies are pivotal for elucidating pathogen properties, monitoring viral
spillover, and facilitating early pandemic early warning and containment.”**"'

Multiple approaches have been developed to assess the risk of viral
spillover. Predictive early warning is foundational to biosecurity management
in aquaculture, providing critical information support for viral disease control
and prevention. Advances in diagnostic technologies have significantly
enhanced the sensitivity and accuracy of aquatic animal disease detection.
Furthermore, the application of cutting-edge tools such as drones, sensors,
and artificial intelligence has made water quality monitoring, aquatic animal
health assessment, and farm behavior observation more cost-effective, effi-
and continuously develop and apply novel analytical and evaluation tech-
niques. The following will delve into the strategies for effectively predicting,
warning, preventing, and mitigating potential viral disease outbreaks caused
by viral spillover

Acquisition and curation of viral datasets

Effective surveillance of viral spillover hinges on constructing a technical
framework, for which dataset acquisition and curation, as the cornerstone,
should be the first step. Data can be obtained either by direct sampling,
preparation, and sequencing, and by collecting raw data from diverse
sources, including omics (e.g. viromics) datasets, using open-source tools,
and subsequent format conversion and transfer are necessary to resolve
multi-source heterogeneity to achieve integrated datasets.”” Host-virus
association databases are increasingly used to explore deep questions in
disease ecology, including spillover potential.”™* This can provide practical
recommendations for database users and managers, and highlights how
these tools can serve as starting points in spillover research. The dataset is
characterized by its high structure and scalability, which supports online
access to a vast collection of analysis templates.”” The rapid growth in
number of newly identified viral sequences underscores the need for an
accurate and comprehensive classification system for all viral realms at
different taxonomic levels.”® Below is a brief overview of several viral
datasets.

The Viral Taxonomic Assignment Pipeline (VITAP), is designed to address
classification challenges by integrating alignment-based techniques with
graphs, offering high precision sequences of both DNA and RNA viruses and
providing confidence level for each taxonomic unit. Leveraging virome analy-
ses, it can capture a panoramic view of deep-sea viral diversity.””" Several
data warehouses and data platforms of viruses have been built, and a variety
of open-source tools purpose-built for virology have also been successively
released in recent years.

Global Catalogue of gcMeta (Metagenome) (https://gcmeta.wdcm.org/),
developed by Chinese scholars, was officially published in 2025. This ground-
breaking resource integrates over 2.7 million MAGs (metagenome-assem-
bled genomes), encompassing more than 104k samples across 50 specific
biomes. It not only fills the gap in cross-ecosystem microbial comparative
analysis but also establishes an efficient transformation pipeline from micro-
bial 'sequence discovery' to ‘functional utilization’, providing standardized
microbial functional data resources directly applicable for artificial intelli-
gence (Al) research to the global scientific community.””

gcVirus (global catalogue of viruses platform, https://nmdc.cn/gevirus/) is
aimed at empowering rapid identification, precise tracing, and transmission-
trend prediction of emerging viruses, along with online discovery and charac-
terization of novel viruses.

MAG (metagenome-assembled genomes), referred to genomes assem-
bled from metagenomic sequencing data, include metagenome-assembled
genomes (MAGS) or draft genomes of individual species. Various computa-
tional tools have been developed for constructing and annotating these
genomes from metagenomic sequencing data.”””

MAGs (Metagenome-assembled genomes) were taxonomically annotated
using the Genome Taxonomy Database Toolkit (GTDB-TK, https://gtdb.
ecogenomic.org/) and validated through maximum likelihood-based
phylogenomic tree reconstruction. Through integration of metagenomic and
metatranscriptomic data from 191 sediment samples collected across 17
deep-sea cold seep sites globally, 13,336 viral genomes and corresponding
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microbial MAGs were obtained. Among the 26,389 defense systems identi-
fied, over 60% represent previously unreported candidate defense systems,
thereby revealing the coexistence of diverse microbial defense and viral anti-
defense systems in extreme environments.”'"”

MVIP (Multi-omics Portal of Viral Infection, https://mvip.whu.edu.cn/)
provides a large number of curated resources on high-throughput sequenc-
ing datasets under various virus infections.

OpenVirus is a comprehensive, large-scale data set of viral sequences
used to train the LucaVirus model. This repository is dedicated to demon-
strate the basic functionality of viruses information. LucaVirus is a 1-billion-
parameter virology foundation model that unifies the processing of
nucleotide and protein sequences. It is capable of identifying hidden viruses
in the genomic "dark matter’, annotating the enzymatic activities of unchar-
acterized proteins, predicting viral evolutionary potential, and identifying anti-
body candidates for emerging viruses.”"

Vclust (cluster virus genome sequences) is an ultrafast and rigorously
clustering engine for viral genomes. Through engineering to absorb the data
deluge from viromics and other high-throughput sequencing platforms, it
delivers species- to genus-level classification that fully satisfies both Interna-
tional Committee on Taxonomy of Viruses (ICTV) and Minimum Information
about an Uncultivated Virus Genome (MIUVIG) standards.”"”

VIBRANT (Virus Identification By iteRative AnnoTation) is a tool for auto-
mated recovery and annotation of bacterial and archaeal viruses, determina-
tion of genome completeness, and characterization of viral community func-
tion from metagenomic assemblies. Accurately recovering viruses and inves-
tigating their impacts on microbial community metabolism will rapidly
advance our understanding of microbiomes, host—microbe interactions, and
ecosystem relationships.”"”

ViOTUcluster (a high-speed, All-in-One Pipeline for Viromic Analysis from
Metagenomic Data), is an integrated, lightning-fast, and user-friendly
viromics pipeline that delivers one-click processing from raw sequencing
reads to viral operational taxonomic unit (VOTU) tables and all downstream
essentials, from raw reads to the generation of viral operational taxonomic
units (vOTUs) tables, which include abundance, taxonomy, and quality infor-
mation, as well as assembled viral genomes, AMG prediction, and host
prediction. Open-source and available now on GitHub.”"

VIPR (Virus Pathogen Resource) is a virus pathogen database developed
with funding from the U.S. National Institutes of Health (NIH) and a global
data platform to better understand viruses. The publicly released data
encompass about 20 viral families and nearly 730,000 strains, including both
single-stranded RNA and double-stranded DNA genomes.”'®

VIRE (Viral Integrated Resource across Ecosystems), is an integrated
comprehensive resource of 1.7 million viral genomes drawn from host-asso-
ciated, aquatic, terrestrial, and engineered ecosystems. The viral genomes
were systematically assembled via a unified and scalable pipeline, and
provided detailed information on genome completeness, taxonomic classifi-
cation, predicted lifestyle, and host assignment based on CRISPR spacer
matches.”"®

VirusDIP (Virus Data Integration Platform) serves as a one-stop service
platform that integrates viral sequence data from various sources,” " includ-
ing the National GeneBank Database (CNGBdb), GISAID, and the National
Center for Biotechnology Information (NCBI), helps researchers quickly
discover, retrieve, and analyze viruses.

Several new auxiliary tools are also available. For instance, to systemati-
cally evaluate agentic viral data retrieval capabilities, VirBench, a manually
curated benchmark comprising 120 queries spanning diverse pathogens,
taxonomic levels, and combinatorial metadata filters, authentically reflects
real-world virology workflows.”'®

In addition, various methods have been used to study marine viruses, such
as planktonic DNA viruses in the eastern continental shelf of China (ECSSC),
revealing the diversity and spatiotemporal variation patterns of shallow
seawater DNA viruses and so on, evaluating their potential impact on biogeo-
chemical cycles, meanwhile yielding a dedicated DNA-virus genome dataset
for continental-shelf seas.'®*"

Multimodal data integration and application software
Multimodal data integration and cutting-edge artificial intelligence tech-

nologies, have been widely applied in prediction of viral cross-species trans-
mission (viral spillover) and intelligent image annotation.”””**> Multimodal
data integration refers to the integration and analysis of data from multiple
sources or types, encompassing a combination of various data forms. Multi-
omics, biological imaging and other datasets are ballooning, yet single
modalities can no longer capture the multidimensional heterogeneity of viral
phenotype, genotype, and environment. Meanwhile, multimodal fusion tech-
nologies have emerged as a promising solution for intelligent aquaculture due
to their strong environmental adaptability, information complementarity, and
high generalization ability.”” Embedding multimodal fusion algorithms and
scenario-specific system solutions into surveillance networks will open a new
frontier for precision early-warning and proactive containment of viral
spillovers.

A new batch of multimodal software and frameworks are emerging in the
fields of virus-host interaction and aquatic virology research. AguaMonitor
dataset is a multimodal and multi perspective image sequence dataset of
aquatic invertebrates. Multimodal datasets for aquatic organisms and aqua-
culture have also been developed and applied. This dataset contains speci-
men images and their DNA sequences, dry weight, and size data, making it
one of the largest multimodal biological datasets to date.”**

CellWhisperer is a chat-style gene-expression search engine. It co-embeds
Al-curated RNA-seq atlases and their textual annotations into a unified latent
space, giving transcriptomes a “voice". Powered by this space, a large
language model can instantly answer cell- or gene-level questions in natural-
language conversation, ushering in a new paradigm of interactive single-cell
data analysis.””

DeepHVI, is a multimodal deep-learning framework that fuses protein-
sequence embeddings with complementary virus-host features to predict HV-
PPIs and pinpoint potential interaction partners for uncharacterized viral
proteins.””" Integrating multimodal and multisource heterogeneous viral data,
predictive models quantify spatiotemporal transmission dynamics and
reconstruct evolutionary trajectories, enabling forward-looking epidemic early
warning (https://nmdc.cn/gevirus/).

Emu3 (evolutionary multimodal understanding third generation) is a family
of multimodal models trained solely with next-token prediction. Emu3 equals
the performance of well-established task-specific models across both
perception and generation, matching flagship systems while removing the

"predicting next-token”, the model can simultaneously achieve top-tier
understanding and generation capabilities.

Multimodal data fusion can be examined from multiple views with high-
dimensional, multiscale biomedical data to classify clinical phenotypes and
predict outcomes.”” Integrating multidimensional viral information and build-
ing a database for virus mutation spectrum and mutation prediction models
are expected to achieve real-time monitoring and intelligent warning of virus
mutation.””

A committee on prevention of viral spillover has been established, and
interdisciplinary coordination will be used to strengthen the monitoring and
response system for viral spillover risks.”’ Thus, the risk of viral pandemics
can be significantly reduced.

Mathematical modeling and machine learning for viral spillover risk
prediction

Mathematical modeling and machine learning can decode the genomic
sequences to identify potential cross hosts and quantify spillover risks.””' By
constructing algorithmic systems for analyzing virus-host interactions and
cross-species transmission potential, and deeply integrating them with
machine learning, massive data can be rapidly ingested and transmission
risks can be predicted in advance. Increasing evidence indicates that high-
performance mathematical modeling and machine learning will play an
important role in cross-species infection early warning.”*

Innovations in mathematical modeling have been developed and applied
recently. For example, by defining and calculating virus sequencing distances,
virus evolution can be combined with epidemiological processes.
Researchers have proposed an indicator of "virus sequencing distance”, and
emphasize that genetic variations in newly emerging viruses can rapidly
reshape their transmission ability. Based on millions of publicly available
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sequences worldwide, a mathematical modeling method for quantifying the
evolution rate of viral strains has been constructed by embedding real-time
evolutionary dynamics into epidemiological transmission models.”” This
method not only facilitates operational ease but also effectively quantifies the
evolutionary rate of viral pathogens, significantly enhancing the timeliness
and accuracy of virus transmission dynamics predictions.

Based on the construction of the Iridovirus Comprehensive Database and
Analysis Platform (IVCDB, https://www.iridovirus.com/), the concept of
"Pathogenicity Spectrum” for fish viruses was proposed. Research indicates
that single-amino-acid polymorphisms in host proteins are key determinants
of the cross-species pathogenic spectrum of fish viruses.”

Utilization of machine learning for metagenomic data analysis has not only
become a primary approach for studying diverse virus ecosystems, but also
demonstrated enormous potential in novel virus detection.”” On the basis of
high-quality datasets and genomic models, a universal evolutionary predic-
tion framework across virus types and strains has been constructed, which
can accurately distinguish viruses from other organisms solely based on
genomic features.””” In using machine learning models to assess the virus
spillover risk, researchers have employed two key strategies, expanding the
dataset and developing specialized models (e.g. BERT-Infect model, Bidirec-
tional Encoder Representations from Transformers model). Consequently, the
essential strategies can be utilized when using machine learning models to
evaluate spillover risk.”*®

The extensive epidemiological database had been utilized to analyze
specific subset of high-consequence spillover events for trends.”” Currently,
there is significant interest in understanding the evolutionary drivers and
mechanisms underlying viral jumps between hosts.'** A global disease risk
distribution map has been constructed, and an infectious disease risk index
has been released, by which each country can integrate and evaluate the
specific threats with their comprehensive ability to respond to virus
spillover.”’

Monitoring diversity distribution of aquatic animal viruses and key viral
spillover drivers is critical for epidemic prevention and control. Incorporating
the key drivers such as viral diversity distribution maps, host population
density, and spatial distribution of multi-species abundance into models, and
analyzing transmission dynamics, an effective approach for predicting
spillover risk can be provided.”* By integrating the population dynamic char-
acteristics of reservoir hosts and novel receptor hosts, a modeling frame-
work with stochastic duration has been constructed to characterize the
process of cross-species disease transmission.”*

Spillover (https://spillover.global/methods) is an open-source tool for
predicting viral risk. It can be used to explore and compare a variety of viral,
host, and environmental risk factors to screen the highest viral spillover
risk.”’ It is also the first open-source risk assessment tool that evaluates
wildlife viruses to estimate their zoonotic spillover and pandemic potential.
And it effectively creates a watchlist of newly-discovered viruses to help poli-
cymakers and health scientists prioritize them for further characterization,
surveillance, and risk-reducing interventions. However, machine learning
driven virus cross species transmission prediction models still face chal-
lenges such as lack of training data, drift in evolutionary paths, phenotype
genotype fragmentation, and spatiotemporal dynamic decoupling. Machine
learning needs to be made more powerful, such as through the integration of
large models and multimodal data, capture complex information and cross
many biological environments.”'** Moreover, more and more cutting-edge
technologies are emerging and are used for auxiliary detection of
pathogens.”* Actual applications of the above databases, open-source tools,
and predictive models in risk surveillance and prevention of aquatic virus
spillover still need critical evaluation.

Technological path of monitoring and forecasting of aquatic animal
viruses

Viral disease surveillance and early warning serve as the first line of
defense in effectively preventing and mitigating risks associated with aquatic
animal diseases. Environmental pressures drive continuous evolution of
viruses, generate variants with diverse transmissibility and immune evasion
capabilities, highlighting the necessity of sustained surveillance and dynamic
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adjustment of prevention and control strategies. Understanding the emer-
gence, evolution, spillover, and transmission dynamics of viral pathogens is
critical to advancing global health.”** Accurate and efficient viral pathogen
detection and control is also a key link in improving the health standards of
aquaculture.”® Pathogen spillover risk can be predicted based on host range
or genomic composition, while the availability of input data determines
whether early warning can be achieved prior to outbreak onset.”*

Multiple methods have been adopted for the detection and analysis of viral
pathogens in aquatic animals, covering a wide range of fields from traditional
techniques to innovative methods. Conventional methods, include cell culture,
immunological detection, electron microscopy, and nucleic acid testing.”’
Sensitive molecular diagnostic and quantitative analysis technologies have
been used to detect and analyze CaHV.” And innovative methods involve a
tremendous diversity of available data analysis (big data analytics, BDA),
plague—mass spectrometry imaging (PMSI), nanoparticle tracking analysis
(NTA), and viral biorthogonal non-canonical amino acid tagging (vBONCAT),
and other cutting-edge technologies.®”* Some examples are as follows:

High-throughput sequencing and multi-omics analytical methods

Iterative advancement of sequencing technologies has facilitated estab-
lishment and maturation of multi-omics integrative analytical methods.”*”
The advent of high-throughput sequencing technologies has revealed novel
and intriguing features of genomes, allowing for comprehensive identifica-
tion and analysis of whole genomes in a short period of time, with remark-
able throughput, accuracy, and scalability.””’ Multi-omics methods are also
providing increasingly rich clues.””” From evolutionary experiments of viruses
and other microbial populations to ancient DNA evidence for documenting
past pathogen host relationships, multi omics techniques can help trace the
evolutionary dynamics of viruses.” These data provide a blueprint for vari-
ous microorganisms, which helps to comprehensively analyze the structure
and function of microbial communities in various ecosystems,” and more
and more have been used for diagnosis and monitoring of emerging viral
pathogens.” These comprehensive studies have revealed extensive
geographic distribution of global viral communities and vast genetic and
functional diversity.”” Furthermore, using long-read sequencing technology,
researchers have analyzed and compared genetic materials of extracellular
vesicles (EVs) and virus like-particles (VLPs) in North Pacific and thereby
elucidated the potential for horizontal gene transfer (HGT) in aquatic ecosys-
tems, and their evolutionary trajectories.””

Biorecognition and emerging molecular diagnostic technologies
Bionanosensors, recombinase-aided amplification lateral flow dipstick
(RAA-LFD), and microfluidic platforms, have been applied to detection of fish
viruses and other viral pathogens.””"**" Single-cell RNA sequencing (SCRNA-
seq) can be used to identify undescribed host-virus interactions and investi-
gate their ecological importance and impact.”” Spatial distribution of viral
spillover risk can also be predicted by approximating general transmission
patterns.”** Nucleic acid sequence-based amplification (NASBA), as a contin-
uously evolving molecular detection platform, has spawned novel method-
ologies such as molecular point-of-care testing (POCT). This technology
enables rapid acquisition of test results through using portable analytical
devices and compatible reagents. Ongoing advances in real-time detection,
multiplex amplification, and chip-integrated assays have markedly improved
sensitivity and accuracy, reshaping the POCT diagnostic landscape and
opening new avenues for faster, more convenient on-site diagnostics.”***"'

Big data and Al-driven viral spillover risk prediction

A large-scale spatial epidemiology framework has been applied to investi-
gate how marine environments influence viral disease transmission in Pacific
oysters, showing that the disease first broke out in the intertidal farming area
and then spread seaward.”” The network science framework and related
approaches have identified fundamental biological principles governing cross-
species transmission.'****® Some abnormal trends might serve as critical
signals for early warning of disease outbreaks. When these signals were
combined with information on newly emerging viral hosts, the combined data
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sources might provide a foundation for developing tools to predict virus
spillover risks. Such tools have already been applied to forecasting high-risk
areas for potential spillover events. Data sources-based systems utilizing
blockchain and smart contract technologies can effectively share data and
facilitate precise disease identification.”® Genomic surveillance of spillover
variants, such as wildlife surveillance and risk mapping, would be a powerful
complement to predictive approaches. Targeting interventions to regions with
the highest genetic risk of spillover can also enhance impact.”®

Data sharing network for continuous surveillance of viral spillover

A group of international experts have proposed a universal modular
sequencing framework that can flexibly switch among different viral targets
to maximize cost-effectiveness.”® World Health Organization (WHO) has
announced the International Pathogen Surveillance Network (IPSN), aiming to
strengthen global early warning and rapid response capabilities (https://
www.who.int/initiatives/international-pathogen-surveillance-network, 2023).
Recently, a comprehensive viral genome database, named VIRE (a virome
resource data platform derived from metagenomics, covering planetary
scales with environmental context) has been released. It covers diverse
ecosystems, including host-associated, aquatic, terrestrial, and anthro-
pogenic environments, and contains 1.7 million viral genomes from over
100,000 publicly available metagenomes.”’® Virus spillover can also be
predicted based on characteristics of both the host and the virus.”®’ Tools for
virome analysis and virus discovery have also been progressively established.
VirlD (Virus Identification) has been developed as a comprehensive platform
for identifying and characterizing RNA viromes, with a powerful RdRP
sequence database that significantly improves the accuracy and depth of
virus descriptions.””

But this is still not sufficient. The current tools for evaluating viral spillover
in aquatic animals remain notably deficient in timeliness, ease of use, and
precision of risk assessment. And the process of virus spillovers and global-
ization and the global climate change has led viral diseases to be spread
faster than before. Therefore, there is an urgent need to establish rapid-
response mechanisms to enhance the risk prevention and mitigation for viral
spillover.

RISKS PREVENTION AND MITIGATION OF VIRAL SPILLOVER IN
AQUATIC ANIMALS

Aquatic ecosystems are the most diverse habitats for animal life on
Earth,”™ and also harbor an extensive and astonishing array of viral commu-
nities. Viruses are also key drivers of global biogeochemical cycles and inte-
gral components of ecosystems, and the most distinctive 'survival strategy’
lies in continual spillover.””” In the past the spillover effects of aquatic animal
viruses are further amplified due to negative impacts of aquatic environmen-
tal stress.””" As complex replication mechanisms, extensive genomic muta-
tions, and changeable drug resistance of aquatic animal viruses pose severe
challenges to existing prevention and control measures, it is very imperative
of spillover risks associated with aquatic animal viruses are of paramount
importance. The core objectives should include: (1) to break through the
bottlenecks of traditional vaccine development and to open up new avenues
for broad-spectrum antiviral strategies; (2) to elucidate the molecular basis of
viral drug-resistant mutations and host immune evasion mechanisms; and
(3) to integrate emerging biotechnologies to transform antiviral defense
systems.””

To mitigate the potential risks posed by emerging and re-emerging infec-
tious diseases to hosts, WHO has issued a list of high-priority pathogens with
pandemic potential.”’* Formulated through a comprehensive evaluation
framework, the list mainly considers pathogen transmissibility and transmis-
sion pathways, feasibility of existing control measures, and lethal risk of
associated diseases. Concurrently, some researchers have proposed
comprehensive prevention and control strategies that should emphasize
three necessary measures including (1) to deepen our understanding of
pathogenic mechanisms, (2) to optimize host protective immune responses,

and (3) to utilize artificial intelligence for model construction to inform vaccine
and therapeutic development.””

Vaccine development and deployment in aquaculture

Existing commercial aquaculture vaccines primarily encompass: whole-cell
inactivated vaccines, live-attenuated vaccines, subunit vaccines, and DNA
vaccines. The primary routes of vaccine delivery are injection vaccination,
immersion vaccination, and oral vaccination.””® Aquaculture vaccine develop-
ment has advanced rapidly in recent years. A growing array of next-genera-
tion vaccines include subunit, recombinant, mucosal, synthetic peptide, DNA,
vectored, monovalent, polyvalent, and reverse vaccinology-designed
vaccines.”’’ This indicates that the translational application of emerging tech-
nologies in aquaculture vaccines still holds broad development prospects.
However, current vaccines elicit inadequate cross-variant immunity,
constraining their protective efficacy against rapidly emerging and continu-
ously evolving pathogens.””

Currently, the antigen optimization approaches are transitioning from tradi-
tional empirical screening to rational design, primarily encompassing struc-
ture-guided antigen design, immunoinformatics-predicted conserved epitope
targeting, consensus sequence optimization, chimericimmunogen engineering,
and the integrated application of mMRNA technology with virus-like particles
(VLPs).”"” Leveraging continuous innovations in cutting-edge technologies,
the developing strategies include structure- and immunoinformatics-guided
antigen design and nanoparticle delivery systems and are opening new
avenues for broad-spectrum vaccine development. In addition, the
CRISPR/Cas13d-based antiviral system for aquatic animals has been
successfully established and can serve as a novel anti-viral strategy.” For
example, Siniperca chuatsi rhabdovirus (SCRV) is a lethal virus that infects
mandarin fish. By constructing the CRISPR/Cas13d system, viral replication
and gene expression of SCRV in fish cells can be effectively targeted and
suppressed, and highly efficient target sequences that may serve as poten-
tial antiviral-specific sites have been identified.”

Enhancement of immune defense capabilities in aquatic animals

Enhancing disease resistance and defense capabilities of aquatic animal
hosts should be systematically developed. For example, genetic improve-
ment innovation should be enhanced through disease-resistant molecular
breeding to strengthen genetic resistance foundation. And active defense and
specific protection should be established via vaccine and immunization
program optimization.”*”*** Extensive research have shown the integration of
natural products (e.g. medicinal plants, probiotics, prebiotics, insect-derived
products, aquatic organism derivatives, vitamins, and minerals) into aquacul-
ture practices also presents a promising strategy for sustainable fish health
management.”” These natural substances can significantly enhance the
innate and adaptive immune responses of freshwater fish, promote growth,
and improve resistance to other pathogens. Synergistic effects of these
measures are instrumental in improving the health status of farmed aquatic
animals, mitigating pathogen infections, and ultimately enhancing aquacul-
ture yield and product quality.”*®

Ecological prevention and control of viral spillover

Farmed and wild aquatic organism conservation are facing three persis-
tent challenges: elucidating the correlation between viral detection and
disease occurrence, quantifying the immune status of animal populations,
and establishing a multi-layered integrated prevention and control system.”’
The scientific literature on how ecosystems mitigate viral spillover is currently
fragmented and inconclusive, hindered by insufficient conceptual frame-
works and practical guidance. Though viral disease prevention and control
command considerable focus, and scholars are investigating ecological
intervention strategies, pathogen spillover risk remains absent from the
global priority agenda.

There is growing recognition that ecosystem restoration represents an
effective way for reducing the risk of viral spillover. Rebuilding ecological
integrity through biodiversity enhancement, ecosystem resilience improve-
ment, and pathogen dynamic regulation can significantly reduce the risks of
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Figure 4. A framework for virus spillover warning, monitoring and preparedness The framework includes: (1) Sample collection and database construction. (2) Big Data and
data integration platform. (3) Mathematical modeling and machine learning (e.g. Al empowerment). (4) Globally networked, Al-driven early warning with real-time monitoring and
collaborative intelligence. (5) Risk prevention and mitigation for viral spillover, with operationalization of the One Health framework.

viral spillover and transmission,”™ Further integration of ecological and
biomedical approaches should be carried out to establish a synergistic,
comprehensive framework for preventing and controlling viral spillover
risks.”” Meanwhile, applying macroecological approaches to predict viral
spillover risk and integrating them into the broader One Health framework will
provide support for comprehensive prevention and control strategies.””

Leveraging “One Health” to fortify defenses against viral spillover

“One Health" urges human, animal, and environmental health sectors to
break down silos between professions, disciplines, and institutions, and to
work collaboratively through synthesis approach.””’ This concept was
formally defined in 2021 by the One Health High-Level Expert Panel
(OHHLEP), emphasizing the inseparable and close interconnections among
human health, animal health (including wildlife), and ecosystem health.”*
Based on interdisciplinary systematic thinking, integrating multiple omics, big
data science, and remote sensing environmental screening technologies to
construct an active monitoring system is expected to fully unleash the
greater potential of prediction and early warning.””® Therefore, in order to
support healthy and sustainable development of aquaculture, it is urgent to
focus on strategic scientific issues and policy priorities in the field of aquatic
animal health. Furthermore, World Organisation for Animal Health (OIE) has
also decided to refine and improve biosecurity regulations related to aquacul-
ture, with its content grounded in the established guidelines developed and
validated by the International Aquatic Veterinary Biosecurity Consortium
(IAVBC).2

Prevention of virus spillover risks based on “One Health”

Under a One Health approach, incorporating spillover-associated data,
including ecological shifts, wildlife migration, and fisheries trade, into moni-
toring frameworks facilitates identification of potential outbreak zones and
supports early warning of viral spillover, and ultimately improves intervention
efficacy.””"*"" Simultaneously, an interdisciplinary governance system should
be built to integrate basic research, quantitative risk assessment, interdisci-
plinary collaboration, and coordinated governance, and thereby to achieve the
co-construction and co-governance of aquatic animal health and sustain-
able aquaculture development.”®

Aquaculture biosecurity and integrated control strategies

Biosecurity Management in Aquaculture is of indisputable importance as
the foundation of success in the aquaculture sector. Aquaculture industry
could not just flourish but also play a critical role in increasing global food
security by effectively addressing global concerns, embracing innovation, and
upholding environmental responsibility.”” Aquaculture is currently facing a
series of global challenges, particularly disease outbreaks, environmental
stress, and the urgent pressures brought about by meeting the growing
global demand for aquatic products etc. Biosecurity in aquaculture is a holistic
disease prevention, control, and management approach. It includes a wide
range of strategies, from strictly enforced quarantine and advanced monitoring
systems to selective breeding for disease resistance. The investment in
epidemic prevention and control is essentially a strategic investment in long-
term global stability.”**" A visualized framework for viral spillover investiga-
tion grounded in the One Health paradigm has been constructed, aiming to
translate scientific findings into actionable intervention roadmaps. This
framework encompasses: identifying pathogen characteristics, transmission
contexts, and risk factors, as well as elucidating the host reservoirs and envi-
ronmental conditions that facilitate spillover events.*”” Furthermore, employing
phylogenetics and molecular evolution approaches to elucidate viral evolu-
tionary patterns can provide theoretical support for developing targeted
strategies to prevent and control viral spillover.”” Recent advances in disease
diagnostics, surveillance systems, and immunological approaches have
demonstrated how innovation drives progress in disease prevention and
aquatic health management.****

To enhance the ability to predict virus spillover, comprehensive methods
can further integrate multidimensional data such as virus mutation rate, host
susceptibility, and environmental driving factors to construct a systematic
prediction model, thereby achieving early identification and early warning of
potential spillover events. Currently, significant breakthroughs have been
made in emerging technologies and methods such as machine learning
prediction models, spatial Durbin models, molecular imaging techniques, and
acoustofluidics integrated molecular diagnostic chips (AIMDX) in this field.
The AIMDx enables high-throughput, highly sensitive detection of
immunoglobulins (IgA, IgG, and IgM) and nucleic acids. This technology facil-
itates on-chip enrichment and rapid lysis of viral RNA, followed by nucleic
acid amplification via Reverse Transcription Loop-Mediated Isothermal
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Amplification (RT-LAMP). Concurrently, it supports electrochemical detection
of antibodies, including IgA shielded by mucin. Furthermore, AIMDx allows for
efficient recovery of both viral particles and antibodies.” Using a deep learning
framework (LucaProt) that integrates protein amino acid sequences and
predicted protein functional structural information, 161,979 potential RNA
virus species and 180 RNA virus supergroups were predicted.”” Furthermore,
by constructing integrated comprehensive databases, and applying machine
learning, Spatial Durbin models, and phylogenetic analysis, the integrated
approach can help figure out how viruses "spill over".* And pairing the right
viral animal models with suitable molecular imaging tools can reveal what
pathogens look like, how they interact with hosts, and what that means—
giving us valuable information.*”

To enhance the timeliness and accuracy of prediction and prevention, there
is an urgent need to construct a more robust and systematic framework for
aquatic-animal virus analysis and surveillance. This framework should inte-
grate innovative tools for virus detection and surveillance, and more compre-
hensive prevention, early warning, and control measures for emerging infec-
tions across species interfaces should be proposed. How to design an excel-
lent virus spillover warning and surveillance framework for primary preven-
tion and the development of risk-targeted early warning and monitoring
systems? The core components of the framework should cover: acquiring
comprehensive information, integrating multi-source data, intelligent analy-
sis and judgment. Collectively, monitoring, early-warning, and other func-
tional modules should be integrated to establish a risk prevention system as
shown in Figure 4.

CONCLUSION

This paper systematically reviews the latest advances in viral spillover in
aquatic animals and its risk monitoring and prevention, with a focus on the
spillover risk characteristics of different viral taxa, the processes and mecha-
nisms of spillover, and strategies for monitoring and preventing spillover
risks. Taking ranavirus as a typical case study, we construct an overview map
of viral spillover across different taxonomic groups. Further highlighting the
crucial need to integrate emerging scientific methods into the following: (1)
vaccine and antiviral drug development, (2) host immunity enhancement, (3)
pathogen spread prevention, and (4) the practice of the "One Health"
paradigm. In addition, a novel framework for early warning, surveillance, and
risk prevention is constructed, providing theoretical support and practical
guidance for tracing the source and precise prevention and control of aquatic
animal diseases.
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