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Natural fatal infection of Tembusu
virus in bottlenose dolphins in
Thailand

Chutchai Piewbang¥?7, LeYi®7, Aisyah Nikmatuz Zahro?>*, Panida Poonsin'-2,
Panitnan Panyathi?, Tanit Kasantikul®, Nathamon Kosoltanapiwat®, Biao He3 &
Somporn Techangamsuwan®2"*

Interspecies transmission of viruses poses significant risks to animal and human health. Tembusu
virus (TMUV), an emerging flavivirus, is primarily associated with avian diseases. This study reports
the first documented natural infection of TMUV in mammals, specifically zoo dolphins in Thailand,
offering insights into its evolution, transmission dynamics, and zoonotic potential. In July 2023, three
bottlenose dolphins developed neurological symptoms and died. Postmortem analyses, including
histopathology, immunohistochemistry, high-throughput sequencing, and transmission electron
microscopy, confirmed TMUV infection. Viral loads were high in brain and lung tissues, followed by
kidney and spleen whereas the TMUV antigen was identified in only brain tissue. TMUV was localized
in neurons and astroglia cells, and immunohistochemistry revealed CD3-positive T lymphocyte
perivascular cuffing in the brain. Phylogenetic analysis placed the dolphin TMUV strains within cluster
3, related to strains found in mosquitoes in China. Retrospective analysis of dolphin samples from 2019
confirmed persistent TMUV circulation. Viral isolation on Vero cells showed characteristic cytopathic
effects, and transmission electron microscopy revealed enveloped virions. This study highlights

the virus’s ability to infect diverse hosts, including mammals. The findings underscore the need for
continuous surveillance and a One Health approach to mitigate emerging viral threats.
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Interspecies transmission of viruses has been reported on many occasions, often due to close contact or
evolutionary proximity among susceptible hosts"2. The viral replication in hosts is a complex mechanism
involving various interactions, and coevolution between viral pathogens and host also shapes infection patterns®.
Infections can occur when infective elements are transmitted to hosts with coevolutionary or genetic proximity
to the natural reservoirs?, even if the new host does not support sustained transmission. Several viruses, such
as emerging influenza viruses and coronaviruses, are known to infect various types of hosts>°. In addition
to these, flaviviruses exhibit a broad host range, often involving intermediate mosquitoes or arthropods. The
Flaviviridae family contains four genera: Orthoflavivirus, Pestivirus, Hepacivirus, and Pegivirus®. Over 50% of
known orthoflaviviruses cause disease in humans, including Japanese encephalitis virus (JEV), West Nile virus
(WNV), and Dengue virus (DENV). Others, such as Tembusu virus (TMUV) and Usutu virus, are associated
with diseases in wild and domestic animals®.

Tembusu virus (TMUV) is an emerging flavivirus that has been shown to cause decreased egg production
and severe neurological disorders in ducks’. TMUV-related viruses were first identified in mosquitoes in
Malaysia in the 1950s%, with sporadic reports in broiler chickens and ducks in Malaysia and China, respectively®.
In 2010, TMUYV outbreaks were massively reported in duck farms in Thailand and China, leading to significant
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economic losses”!®!!. Clinical manifestations include egg-drop syndrome and peritonitis, with neurological
signs occasionally reported in infected young birds!>!3.

TMUYV is a positive-sense, single-stranded RNA virus belonging to the Orthoflavivirus genus, with an
approximately 11 kb genome®. Among its structural proteins, the E gene is crucial for encoding a virulent
protein involved in viral attachment, plasma membrane fusion, and replication'. This gene also determines the
virus’s cellular tropism and is used for classifying TMUV into clusters 1 to 3'>. While clusters 1 and 2 have been
predominantly reported in Thailand and China, respectively, information on TMUYV cluster 3 is limited and was
first officially reported in 2019 in Thailand'®. However, surveillance of flaviviruses in mosquitoes in Thailand in
1992 and 2002 revealed that TMUYV cluster 3 was already present'”. This evidence suggests that TMUV cluster
3 may represent an earlier lineage in the evolutionary history of TMUYV, potentially contributing to the diversity
observed in other clusters. Additionally, TMUYV cluster 3 appears to exhibit a broader host range compared to
other clusters, identified in mosquitoes'”!8, ducks!®, chickens!'*?’, sparrows?!, and geese?>%.

Apart from affecting various bird species, there is evidence that TMUV can infect mammalian hosts.
Inoculations of TMUV in BALB/c and Kunming mice exhibit neurological deficits and systemic infection,
with TMUYV titers and TMUV-specific neutralizing antibodies recovered?*-%. Infected mice showed significant
non-suppurative encephalitis, and TMUV proteins were detected in neurons and glial cells?*?*?’. Various
mammalian- and human-derived cell lines are also permissive to TMUYV infection?®. Additionally, neutralizing
antibodies against TMUYV were detected in the sera of humans, and TMUV RNA was identified in throat swabs
of duck farm workers in China®. This suggests zoonotic potential and the ability to infect mammals, though
the possibility of transmission through intermediate hosts, such as mosquitoes, cannot be excluded. Although
flaviviruses are predominantly found in terrestrial species®, infections or endogenous flaviviral elements have
been reported in aquatic and marine species, especially in marine mammals**-2. In this study, we identified
TMUYV as the cause of non-suppurative encephalitis in zoo dolphins in Thailand. This is the first report of natural
TMUYV infection in mammals, providing significant insights into the virus’s evolution, circulation patterns, and
interspecies transmission dynamics.

Materials and methods

Ethics

This study was approved by the Institutional Animal Care and Use Committee (IACUC) of the Faculty of
Veterinary Science, Chulalongkorn University, Thailand (approval No. 2431048). All methods performed in this
study were carried out in accordance with the institutional and ARRIVE guidelines and regulations.

Animals and retrospective samples

In July 2023, three male, captive-bred common bottlenose dolphins (Tursiops truncatus), housed in a private zoo
in Thailand, developed progressive neurological signs. The dolphins were kept together in the same 550-square-
meter aquarium pond with a water depth of 3.5 m and a total volume of approximately 2000 cubic meters, with a
four-hour turnover flow and filtration system. They were not co-housed with any other animal species.

The first dolphin (case no. 1) initially presented with decreased appetite for one week, followed by decreased
coordination and body tremors. Upon clinical deterioration, case no. 1 was separated and quarantined in a
separate pond. Initial hematology and biochemistry results were within normal limits. During quarantine, the
two other dolphins (case nos. 2 and 3) developed similar neurological signs approximately two weeks later, and
their condition progressively worsened over the following weeks. Supportive treatment, including antibiotic
therapy (fluoroquinolone, ceftriaxone, or a combination of both), was administered to all three dolphins. Despite
intensive management, case no. 1 succumbed within a few weeks of symptom onset, followed by case nos. 2 and
3 after prolonged supportive care. The total clinical course lasted approximately one month from the onset of
signs in case no. 1 to the deaths of all three dolphins.

The necropsies were performed at the zoo by the attending veterinarians, and only selected tissues were
submitted for histopathology and viral investigations; therefore, a detailed gross pathological examination was
not available for evaluation. Tissues from multiple organs, including the brain, lungs, kidneys, spleen, heart,
pancreas, intestine, and liver, were collected and preserved as formalin-fixed, paraffin-embedded (FFPE)
samples. Additionally, fresh-frozen tissues from the same organs of case nos. 1-3 and swab samples from the
rectum and blowhole cavity of case no. 1 were collected and stored at —80 °C until analysis. FFPE samples
underwent routine histological examination with hematoxylin and eosin (H&E) staining, while fresh-frozen
tissues were submitted for viral molecular diagnostics at the Department of Pathology, Faculty of Veterinary
Science, Chulalongkorn University.

To further investigate the presence of TMUYV in dolphins, archival samples from six captive-bred bottlenose
dolphins (T. truncatus) (case nos. 4-9) and three captive-bred Indo-Pacific humpback dolphins (Sousa chinensis)
(case nos. 10-12), which had died from various or unknown causes between 2015 and 2023, were retrospectively
examined. Since the objective was to determine the presence of TMUV in any available dolphin samples, all
archived dolphin cases in our department were included without exclusion criteria. These archival samples,
stored at the Department of Pathology, Faculty of Veterinary Science, Chulalongkorn University, as well as
private laboratories in Bangkok, Thailand, included both fresh-frozen and FFPE samples. A detailed summary
of all investigated cases is provided in Table 1.

Nucleic acid extraction and routine virologic testing

The fresh tissue samples, approximately 5 g each, were homogenized with 0.5X phosphate-buffered saline (PBS)
solution using an automated homogenizer (Bead Ruptor 12, Omni International, GA, USA). The supernatant
from the homogenized tissues and swabs was collected and submitted for nucleic acid extraction using a
commercial extraction kit and an automated nucleic acid extraction machine (QIAcube, Qiagen, Hilden,
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Detection of TMUV
Age (year) Date of RT-qPCR Virus Morphological
Case no. | Species /Sex collection | Tissues (Ctvalue) | IHC | isolation® | diagnosis(es)
Brain 30.12 + CPE* 1. Moderate perivascular
- non-suppurative encephalitis
Kidney 3117 _ Na and mild perivascular edema
Lung 29.18 - CPE* with multifocal gliosis.
2. Marked multifocal
Spleen 3342 B NA suppurative pyelonephritis
1 T. truncatus | 20/ Male 2023 Rectal swab _ NA | NA and marked multifocal
lymphoplasmacytic
interstitial nephritis with
marked interstitial fibrosis
Blowhole swab | 35.12 NA |NA 3. Regional pulmonary
fibrosis; diffuse pulmonary
congestion and edema
Brain 31.42 + NA 1. Moderate perivascular
- non-suppurative encephalitis
2 T. truncatus | 15/ Male 2023 Kidney 3675 - NA and mild perivascular edema
with multifocal gliosis.
Lung B B NA 2. Renal congestion
Brain 31.18 + NA Brain congestion with
3 T. truncatus | 17/ Male 2023 Kidney - - NA r\nlmmal to mild non-
suppurative encephalitis and
Lung - - NA moderate perivascular edema
Brain - - NA
Kidney _ NA | NA 1. Moderate brain congestion
4 T. truncatus | Adult/ Female 2022 2. Severe pulmonary
Lung - NA | NA congestion
Liver - NA | NA
Brain - - NA
5 T. truncatus | Adult/ Male 2022 Kidney - NA |NA Severe tissue autolysis
Lung - NA | NA
Brain - NA | NA Severe pulmonary fibrosis
6 T. truncatus | Adult/Male 2020 Lymph nodes | - - NA with extraintestinal larva
Lung - - NA migration
Brain 35.41 + NA
Kidne - - NA , i
7 T. truncatus | 15/ Female 2019 i Moderate non-suppurative
Lung _ _ NA encephalitis and gliosis
Liver - NA | NA
Brain 34.21 + NA 1. Moderate non-suppurative
Kidney _ _ NA encephalitis and gliosis, with
8* T. truncatus | Unknown/ Male 2019 severe perivascular cuffing
Lung - - NA 2. Non-suppurative
Liver - NA |NA meningitis
Brain 3432 + NA
Kidney _ - NA Mild gliosis with mild non-
9* T. truncatus | Unknown/ Female | 2019 suppurative perivascular
Lung - - NA cuffing
Lymph nodes | - - NA
Brain - - NA
Kidney - NA |NA 1. Squamous cell carcinomas
. . with metastasis
10 S. chinensis | 45/ Male 2016 Lung - - NA 2. Moderate pulmonary
Lymph nodes | - NA |NA congestion
Skin - NA |NA
Brain - - NA
Kidney - - NA
11 S. chinensis | 45/ Female 2016 Lung - - NA Squamous cell carcinomas
with metastasis
Lymph nodes | - NA |NA
Skin - NA | NA
Continued

Scientific Reports |

(2025) 15:9917

| https://doi.org/10.1038/s41598-025-93477-5

nature portfolio



http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Detection of TMUV
Age (year) Date of RT-qPCR Virus Morphological
Case no. | Species /Sex collection | Tissues (Ctvalue) | IHC | isolation® | diagnosis(es)
Brain - - NA
Kidney - - NA
12 S. chinensis | 45/ Female 2015 Lung - NA | NA Squamous cel! carcinomas
with metastasis
Lymph nodes | - NA |NA
Skin - NA | NA

Table 1. Investigation of Tembusu virus (TMUYV) infection in dolphins. CPE: cytopathic effect; Ct: cycle
threshold; THC: immunohistochemistry; NA: Not determine; RT-qPCR: quantitative reverse-transcription
polymerase chain reaction; TMUV: Tembusu virus. ¥ Virus isolation was performed on pooled brain and lung
homogenization. *Archival samples that had only formalin-fixed, paraffin-embedded (FFPE) samples. RT-
qPCR is performed on the nucleic acid extraction of the FFPE shaving.

Germany). The obtained nucleic acids were then quantified and qualified using a 260/280 ratio spectrophotometer
(NanodropLite, Thermo Fisher Scientific Inc., Waltham, MA, USA). Subsequently, the samples were subjected
to virologic testing panels using either conventional (c) or quantitative (q), reverse transcription (RT)
polymerase chain reaction (PCR), targeting various viral families. The viral targets of the PCR panels included
paramyxovirus®*>4, herpesvirus®, poxvirus®, and papillomavirus¥’, following previously described protocols
and primers. Furthermore, specific PCR tests against morbillivirus** and Toxoplasma gondii*® were performed.
Routine immunohistochemistry (IHC) targeting canine/phocine morbillivirus was also conducted on the FFPE-
brain and lung sections, following a previous described protocol®’. The archival samples, which included either
fresh-frozen or FFPE samples, were subjected to routine RT-qPCR detection and IHC analysis as described
above. For the archival samples without fresh-frozen tissue, RNA extraction was performed using RNeasy FFPE
extraction kit (Qiagen, Hilden, Germany) on shaved FFPE slides, following previously described protocols*.

High-throughput sequencing and genome analysis

The supernatant obtained from the homogenized fresh-frozen lung and brain tissues of case no.1 was pooled,
filtered with a 0.4-um cellulose membrane, and dried on Fast Technology for Analysis (FTA) cards (QIAcard
FTA Indicating Classic, Qiagen, Hilden, Germany). The cards were then shipped for metagenomic analysis
using high-throughput sequencing. The DNA library was constructed using the NEBNext® Ultra Directional
RNA Library Prep Kit (NEB) and subsequently sequenced on an Illumina NovaSeq 6000. The generated raw
data were trimmed, analyzed, and assembled. Meta-transcriptomic (MTT) sequencing combined with multiple
displacement amplification (MDA) was employed to profile the viral metagenomes*!. MetaSPAdes and Megahit
were used for genome assembly. The complete TMUV genome sequence generated was then aligned with
previously identified TMUV sequences available in the GenBank database using the BLASTn algorithm. The
alignment sequences were used for genome analysis. Pairwise nucleotide and deduced amino acid sequence
identities were calculated using the BioEdit software package v. 7.2. Based on the Bayesian criterion, the general-
time reversible (GTR) model and Tamura and Nei 1993 (TN93) models were selected for phylogenetic tree
construction based on complete nucleotide and amino acid sequences. Phylogenetic trees were constructed
using MEGA software v. 11.

Viral loads quantification of TMUV in dolphins

Following the results from high-throughput sequencing, nucleic acid samples extracted from various organs
including brain, lungs, kidneys, spleen, heart, pancreas, intestine, and liver of case nos. 1-3 were tested to detect
and quantify the presence of TMUV. A SYBR Green-based RT-qPCR specific to TMUV cluster 3 was performed.
Briefly, 2 pl of extracted nucleic acids were combined with a RT-qPCR reaction mix (qPCRBIO SyGreen 1-step
kit-GO Lo-Lox, PCR BIOSYSTEMS, London, UK) and previously described TMUV primers?*2. The RT-qPCR
protocols included an RT step at 45 °C for 10 min, followed by polymerase activation at 95 °C for 2 min, and
40 cycles of denaturation at 95 °C for 10 s and annealing at 60 °C for 30 s. Melt curve analysis was performed
from 70 to 95 °C, increasing by 1 °C increments, with acquisition on the green melt channel. Samples that
presented signals after 38 cycles were considered negative. A non-template tube was used as a negative control.
The obtained cycle threshold (Ct) value was used to estimate the amounts of TMUV. The RT-qPCR products
were then subjected to Sanger sequencing (Celemics, South Korea), to confirm the presence of TMUV. The
obtained sequences were subsequently used for phylogenetic tree construction using the Maximum Likelihood
(ML) method implemented in MEGA software v. 11, with 1000 bootstrap replicates. To determine the amino
acid sequence mutations of the TMUV E gene, conventional PCR targeting the complete E gene was performed
using the protocols and primers described previously?*. The resulting PCR products were subjected to Sanger
sequencing (U2BIO, South Korea). The deduced amino acid sequences of the E gene were then compared to
previously described TMUYV strains available in the GenBank database to identify mutations.

Virus isolation
Virus isolation was performed using Vero cells (ATCC CCL81). The cells were grown in Minimum Essential
Medium (MEM) supplemented with 10% fetal bovine serum (FBS), 1x Antibiotic-Antimycotic solution
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containing penicillin, streptomycin, and amphotericin, and 1x GlutaMAX (Gibco™, Thermo Fisher Scientific,
Waltham, MA, USA) until they reached 80-90% confluency. The homogenized brain and lung tissues from
case no. 1 were filtered through a 0.45 um pore-sized membrane using a syringe filter and then diluted five-
fold with viral growth medium (MEM supplemented with 2% FBS, 1x Antibiotic-Antimycotic solution, and
1x GlutaMAX). The Vero cell monolayer in a 12-well tissue culture plate was inoculated with 200 ul per well
of the diluted, filtered samples. Virus adsorption was achieved by incubating the cells at 37 °C under a 5% CO,
atmosphere for 1 h. The inoculum was then removed, and 1 mL of viral growth medium was added to each well.
The cells were incubated at 37 °C under a 5% CO, atmosphere and observed microscopically for cytopathic
effect (CPE) daily for 5-6 days post infection (DPI). Two blind passages were performed. Supernatants from
CPE-positive wells were collected and stored at — 80 °C for further TMUV-specific RT-qPCR confirmation.
Cell pellets were collected by centrifugation for 5 min at 200 x g, washed three times with PBS, and fixed in
2.5% glutaraldehyde solution at 4 °C overnight. Virus isolation was performed in duplicate, with mock-infection
serving as a negative control. The fixed cells were then subjected to transmission electron microscopy (TEM)
analysis.

Transmission electron microscopy

The glutaraldehyde-fixed Vero cells at 5 DPI were subjected to TEM analysis. Briefly, the cells were resuspended,
triple-washed with 0.1 M PBS, and incubated with 1% (v/v) osmium tetroxide (OsO,) for 1 h. The cells were then
dehydrated in acetone and embedded in epoxy resin. The resin was sectioned, placed on a copper grid, and post-
stained with 5% uranyl acetate. The ultrathin sections were examined under a TEM machine (HT7800, Hitachi,
Tokyo, Japan) operating at 80 kV*.

Immunohistochemistry
All FFPE tissues from both investigated and retrospective cases that tested positive for TMUV-specific RT-
qPCR were subjected to horseradish peroxidase (HRP)-based IHC to localize TMUV. Briefly, the FFPE tissues
were sectioned at 4 um thickness and placed on positively charged slides. These slides were deparaffinized and
rehydrated through serial dilutions of xylene and alcohol. Antigen retrieval was performed by autoclaving
the sections with citrate buffer (pH 6) at 121 °C for 5 min. Endogenous peroxidase activity was blocked using
3% (v/v) hydrogen peroxide in absolute methanol for 15 min at room temperature. Non-specific binding was
inhibited by incubating the sections with 2.5% (g/v) bovine serum albumin at 37 °C, 1 h in a moist chamber. The
primary antibody, a purified mouse monoclonal against the flavivirus group antigen (clone D1-4G2-4-15), was
applied at a 1:500 dilution and incubated overnight at 4 °C. After triple washes with 1x PBS, HRP-conjugated
Envision polymers were applied as a secondary antibody. Detection of antigen-antibody complexes was achieved
with a 1:100 dilution of 3, 3’-diaminobenzidine (DAB), with a positive reaction indicated by brown staining
within the cellular morphology. JEV-infected brain section** and TMUV-RT-qPCR positive brain sections of
case no.1 treated with normal rabbit IgG antibody NIO1 (Sigma-Aldrich, MO, USA) served as positive and
negative controls, respectively. In addition, FFPE brain section from the necropsied dolphin that tested negative
for TMUV by qPCR incubating with the flavivirus-specific antibody, were used as additional negative controls.
Furthermore, IHC targeting CD3, CD79, CD20, and ionized calcium binding adaptor molecule 1 (Iba-1)
was performed to assess the inflammatory process within brain lesions. Dual labelling for TMUYV antigen and
brain-specific cellular markers—neuronal nuclei (NeuN), glial fibrillary acidic protein (GFAP), oligodendrocyte
transcription factor 2 (Olig-2), and Iba-1 that was specific to neurons, astroglia, oligodendroglia, and microglia,
respectively—was performed to determine the cellular localization of TMUYV in brain tissues. Double-labelling
protocols followed previously established methods**. A PermaRed AP chromogen (Diagnostics Biosystem, CA,
USA) and StayGreen AP/Plus (Abcam, MA, USA) was used as the chromogen for NeuN and Olig-2 and GFAP
and Iba-1 detections, respectively.

Results

Detection of TMUV in dolphins

Due to negative results from routine virologic tests and PCR for T. gondii, and the absence of morbillivirus
antigen in the FFPE samples, the homogenized brain and lung tissues from case no. 1 were subjected to a
metagenomic study using high-throughput sequencing. This analysis identified the presence of the TMUV
genome. A 10,963-bp TMUYV genome was recovered and submitted to the GenBank database under accession
no. PQ154625. To validate the high-throughput sequencing results, RT-qPCR targeting TMUYV was performed,
which yielded positive results in all three dolphins (Table 1). The partial genome sequences obtained via RT-
qPCR showed 100% nucleotide similarity with the TMUV sequence from the metagenomic study. Genomic
analysis of the complete TMUV genome revealed 98.95% nucleotide similarity to the TMUYV strain YN2020
(0Q238827.1) found in mosquitoes in China. Unique deduced amino acid mutations in the E gene of TMUV
identified in dolphins were observed at N522H, V775M, M1168V, Y1618H, L2080, and T27901. Phylogenetic
analysis placed the TMUYV detected in dolphins within TMUV cluster 3, showing close genetic relationship to
the TMUYV strain YN2020 from mosquitoes in China (Fig. 1A).

In the investigation of TMUYV in archival samples, RT-qPCR detection revealed a~148-bp nucleotide
sequence of TMUYV in 3 out of 9 FFPE samples from captive dolphins that died in 2019 (Table 1). Although
attempts were made to assess the genetic relationship between dolphin-TMUVs from archival samples and
other TMUYV strains, only 148-bp sequences of the TMUV E gene were recovered from the FFPE samples.
Phylogenetic analysis based on these 148-bp sequences indicated that the TMUV detected in dolphins clustered
within TMUYV cluster 3 (Fig. 1B).
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Fig. 1. Phylogenetic analysis of Tembusu virus (TMUYV) identified in dolphins. Phylogenic topology based on
whole genome sequences (A) and partial NS2A gene sequences of TMUYV (B) indicates that TMUYV identified
in dolphin no.1 (red triangle) is clustered within TMUYV cluster 3. The TMUYV sequences obtained from
dolphins in archival samples (blue circles) also fall within cluster 3, closely related to the TMUYV identified in
this study. Bars indicate phylogenetic distance.

Histopathology of TMUV-infected dolphins
All brain specimens obtained from the three dolphins (case nos. 1-3) displayed non-suppurative encephalitis
characterized by lymphoplasmacytic perivascular cuffing and gliosis, though the severity varied between
individuals. The primary findings included minimal to moderate perivascular infiltrations of lymphocytes, with
fewer plasma cells and rare foamy histiocytes forming cuffs of 1-10 layers (Fig. 2A). Aggregates of eosinophilic
proteinaceous globules were observed around rare blood vessels in case nos. 1 and 2. Multifocal areas of
rarefaction containing glial cell aggregates, few foamy histiocytes, occasional perivascular hemorrhages were
present (Fig. 2B). Clusters of glial cells, sometimes associated with neurons, were observed, consistent with gliosis
as defined by species-specific criteria. The meninges, where present, were variably expanded and contained pools
of erythrocytes, sometimes disrupting the underlying neuropil. In case no. 3, perivascular cuffing and gliosis
were less pronounced. Additionally, within TMUV-positive archival samples (case nos. 7-9), similar lesions
were observed, including non-suppurative encephalitis with varying degrees of lymphoplasmacytic perivascular
cuffing and gliosis. Morphologic diagnoses for these lesions are summarized in Table 1.
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Fig. 2. Tembusu virus (TMUV) infection in dolphins. Cerebrum. case no. 1 (A-E), case no. 4 (F). (A) Two-
three layers of non-suppurative perivascular cuffing are observed. (B) Focal perivascular non-suppurative
encephalitis and gliosis is found. Hematoxylin and eosin. (C) TMUV antigens (brown color) are detected in
the glial and neuron cells (inset). Immunohistochemistry (IHC). (D) Prominent nuclear and cytoplasmic
labelling of TMUV antigen in neurons and glial cells are observed. (E) No positive reaction is observed in case
no. 1 following incubation with normal rabbit IgG antibody (internal negative control). (F) no immunolabeling
is detected in the TMUV-negative brain section incubated with purified mouse monoclonal antibody against
the flavivirus group antigen (external negative control). G: gliosis. Scale bars indicate 20 pm.

Histopathologic analysis of the kidney and lung from TMUV-positive case no. 1 revealed lesions likely
unrelated to TMUV infection and potentially representing background changes. In the kidney, marked
multifocal suppurative pyelonephritis and multifocal lymphoplasmacytic interstitial nephritis with prominent
interstitial fibrosis were observed. Moderate renal congestion was observed in case no. 2. In the lung of the case
no. 1, regional pulmonary fibrosis with diffuse pulmonary congestion and edema was found. However, these
changes were not observed in lung sections from other TMUV-positive cases. No significant histopathologic
changes were observed in organs other than the brain, kidney, and lung in case no. 1. Additionally, no significant
lesions were observed in the lung or kidney of case no. 3 or in archival tissue samples (case nos. 7-9), except for
the lesions detailed in the brain.

TMUV loads and distribution in deceased dolphins

TMUYV loads and tissue distribution were determined using RT-qPCR. In dolphin no. 1, the highest viral loads
were identified in the lung, brain, kidney, and spleen samples, respectively (Table 1). TMUV RNA was detected
in the brain and kidney of case no. 2 and only in the brain of case no. 3. No TMUV RNA was identified in other
organs. Due to the availability of only FFPE brain tissue of TMUV-positive archival samples, TMUYV loads in
other organs of these archival samples could not be determined. IHC-against TMUYV antigen revealed positive
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detection in the brains of all RT-qPCR-positive dolphins. TMUV was identified in cells resembling neurons
and glial cells (Fig. 2C&D). No IHC signals identified in the negative controls (Fig. 2E&F). Furthermore, IHC-
specific lymphocyte classification revealed that CD3-specific T lymphocytes were the main inflammatory
cells within the perivascular cuffing of the brain tissue of TMUV-infected dolphins (Fig. 3A), but not CD20-
specific B lymphocytes (Fig. 3B). To differentiate the TMUV-positive cells in the brain, dual labelling was
performed, indicating that the TMUYV antigens were localized in neurons and astroglia (Fig. 3C&D), but not in
oligodendroglia or microglia.

Isolation of TMUV and ultrastructural investigation

TMUYV was successfully isolated using Vero cells (Supplementary Fig. S1). Microscopically, TMUYV caused a
CPE, characterized by cells rounding up and detaching. The presence of CPE was first detected at 3DPI and
reached significant CPE formation at 5DPI. Viral media from inoculated cells were collected at 5DPI, and the
viral RNA was identified using RT-qPCR. To confirmed the infection of TMUV in Vero cells, the cells at 5DPI
were harvested and submitted for TEM analysis.

Ultrastructurally, TMUV-infected cells exhibited moderately damaged cellular architectures, including
disrupted nuclear and plasma membranes, engorged cytoplasmic organelles, and condensed nuclear chromatin.
Fused cells containing two or more nuclei were also evident (Fig. 4A). Within disrupted cells, cytoplasmic
vacuolation with various-sized smooth vacuoles was observed. These vacuoles contained numerous 40-50 nm
electron-dense or electron-lucent particles (Fig. 4A). Enveloped nucleocapsid particles were found within the
Golgi apparatus and some cytosolic vesicles (Fig. 4B). The enveloped particles, measuring 60-70 nm, were
also located near the plasma membrane (Fig. 4C). Virions were present in dilated cisternae of the endoplasmic
reticulum (Fig. 4D). Exocytosis vesicles containing the enveloped particles were seen within the complete plasma
membrane, and virions were released from the cells via a ruptured plasma membrane.

Discussion

Tembusu virus (TMUV) is an emerging flavivirus primarily known to infect avian species, causing significant
morbidity and mortality in poultry, particularly ducks!®!1:1619:204246 This virus has rapidly spread across
Southeast Asia, leading to substantial economic losses in the poultry industry. Recent discoveries have revealed
that TMUYV can also infect mammalian species, broadening the scope of its potential impact?®?°. The detection
of TMUYV infection in dolphins provides evidence supporting the possibility that TMUV may pose a threat to
mammals. The detection of TMUYV infection in dolphins provides evidence that this virus, typically associated
with avian species, can infect mammals under certain circumstances. While the findings highlight an unusual
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Fig. 3. Tembusu virus (TMUV) infection in dolphins. Cerebrum. case no. 1. (A) CD3-positive cells (brown
color) are present in the areas of a perivascular cuffing and gliosis. (B) No immunoreaction observed in the
section incubated with an antibody against CD20. (C) Co-localization (arrows) of TMUV antigen (brown
color) and astrocyte (green color) (inset) (Dual IHC). (D) Co-labelling of TMUYV antigen (brown color) and
neuron-specific marker (red color) are identified (inset) (Dual IHC). G: gliosis. Scale bars indicate 20 pm.

Scientific Reports |

(2025) 15:9917 | https://doi.org/10.1038/s41598-025-93477-5 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Fig. 4. Tembusu virus (TMUV) infection in Vero cell. Ultrastructural investigation of TMUV-infected Vero
cell at 5DPI. (A) A cell presents cytoplasmic vacuolation. Within the vacuole, 50 nm-electron-dense particles
were observed (inset). (B). Numerous viral particles are observed within the degenerated Golgi apparatuses
of severely destructed cell. (C) There are electron-dense particles in the cytoplasm (arrows), and nearby the
plasma membrane. (D) There are particles (arrows) present in the dilated cisternae of endoplasmic reticulum.
No: Nucleolus; N: Nucleus. Scale bars indicate within the figures.

host occurrence, there is no evidence from this study to suggest broader cross-species transmission or infection
within the zoo or natural surroundings. The identification of TMUYV in dolphins suggests that the virus may have
a wider host range than previously understood, warranting further investigation into its potential adaptability
and ability to infect non-avian hosts. Given that these TMUV-infected dolphins resided in a zoo with many
susceptible avian species, transmission could occur through various mechanisms. For instance, mosquitoes
within the aquarium environment may transmit the virus. Infected mosquitoes could bite both avian and
mammalian hosts, facilitating cross-species transmission3%47, Additionally, other biting insects or contact with
contaminated water sources could serve as potential transmission routes*®.

To adapt to and enhance infection in mammals, TMUV may undergo genetic mutations that allow it to
overcome the species barrier. Several studies describe genetic mutations within the E protein of TMUYV that may
affect its ability to infect mammalian hosts. Although we did not find the mutations at positions 326, 156, and
154 of the TMUV E protein previously associated with mammalian infection®*-2, we identified other unique
amino acid mutations in the TMUV-infected dolphins. It is important to acknowledge that these mutations
could potentially represent adaptations arising from blind passaging in cell culture rather than genuine host-
specific adaptations. Furthermore, no experimental methodologies were employed in this study to determine
whether these mutations specifically enhance or limit the virus’s infectivity in dolphin cells or other mammalian
hosts. The functional implications of these specific mutations remain unclear and require further investigation
to distinguish between cell culture artifacts and genuine host-specific adaptations.

The retrospective detection of TMUV in dolphins in Thailand since 2019 provides key insights into the
virus’s evolution, circulation, and phylogenetics. The identification of TMUYV in dolphins, belonging to cluster
3 and closely related to mosquito strains from China, suggests notable evolutionary changes, host adaptation,
and genetic diversity. Its presence in both dolphins and mosquitoes across distant regions highlights complex
transmission dynamics, with mosquitoes likely playing a key role in dissemination. Detection since 2019
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suggests ongoing circulation and a possible established transmission cycle. Additionally, the virus’s presence in
Thailand and China raises the possibility of long-distance dispersal through migratory birds, human activity,
or environmental factors®>~>°. Further investigation is needed to confirm the pathways facilitating this spread.

TMUV-infected dolphins exhibited neurological signs, with viral localization identified in brain tissue.
While neurological lesions were observed and are consistent with findings in TMUV-infected avians and
flavivirus encephalitis®®, the severity of these lesions was mild to moderate. Although several studies have
indicated TMUYV localization in neurons and glial cells?’, specific studies focusing solely on TMUV localization
in glial cells are limited. This study, therefore, aims to identify the actual central nervous system (CNS) tropism
of TMUV and the corresponding inflammatory response during natural infection. Apart from neurons, we
found that TMUV exclusively localizes in astrocytes. The general behavior of flaviviruses, including TMUYV,
that can infect neurons and glial cells, mainly astrocytes, provides insights into how TMUYV interacts with glial
cells. Although CD3-positive T-cell lymphocyte perivascular cuffing is the main inflammatory process for
TMUV-infected CNS dolphins, no TMUV was identified within the infiltrated lymphocytes. This suggests that
the presence of CD3-T cells in perivascular cuffs may be a response to infected neuronal and glial cells, as
flaviviruses generally do not infect T lymphocytes directly®”"8. This finding emphasizes the TMUYV pathogenesis
and may indicate the potential mechanisms of TMUV-induced CNS damage. It is important to acknowledge that
the observed perivascular lymphocytic cuffing in the brain, while indicative of inflammation, is a non-specific
finding that can be associated with a variety of systemic infectious processes of both bacterial and viral origin.
Further experimental infection focusing on TMUV-induced CNS damage can elaborate our findings. Taken
together, the kidney lesions observed in TMUV-positive case no. 1 may not be directly attributable to TMUV
infection although the viral RNA was identified, as similar lesions were not identified in other TMUV-positive
cases. Furthermore, the mixed nature of the kidney lesions—comprising both chronic (background) changes
and acute alterations—suggests that the observed pathology may represent pre-existing conditions.

Despite high viral loads detected by RT-qPCR in the lungs of the infected dolphin (case no. 1), IHC failed to
identify TMUYV antigen. This discrepancy may be due to the higher sensitivity of RT-qPCR, which detects viral
RNA even when protein levels are below IHC’s detection threshold. Additionally, the FFPE process can degrade
antigens, and uneven viral distribution may lead to sampling bias. The lung lesion observed, characterized by
pulmonary fibrosis, likely represents a pre-existing chronic condition rather than an acute TMUV infection.
Multiple examinations of the lung samples consistently yielded the same results, with RT-qPCR detecting viral
RNA while IHC remained negative. This repeated outcome underscores the influence of technical limitations,
sampling variability, and pre-existing pathology on diagnostic findings.

In conclusion, the detection of TMUYV in dolphins, coupled with genomic and phylogenetic analyses, provides
valuable insights into the virus’s evolution, circulation patterns, and transmission to new species. These findings
highlight the importance of integrated surveillance and research efforts to mitigate the impacts of emerging viral
threats. Considering that TMUV infection exhibits fatal disease in dolphins, the detection of TMUYV in diverse
hosts underscores the need for a One Health approach, integrating human, animal, and environmental health
efforts to address zoonotic disease threats.

Data availability
The data support the findings of this study are openly available in Tembusu virus isolate AVDD05-CP001/
TH2023, complete genome at ttps://www.ncbi.nlm.nih.gov/nuccore/PQ154625, reference number PQ154625.
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