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Abstract

Since 2010, Guiana dolphin morbillivirus (GDMV; family Paramyxoviridae, genus Morbillivi-
rus, species Morbillivirus ceti, syn. Cetacean morbillivirus) is recognized as the cause of
death of multiple cetacean species along the Brazilian coast, including an unusual mortality
event in Rio de Janeiro state. Coronaviruses of the genus Gammacoronavirus (family Coro-
naviridae) have been previously detected in cetaceans in the northern hemisphere. After the
emergence of the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), respon-
sible for the COVID-19 pandemic and with the potential to affect several mammal species,
there is an increased concern about the risk of infection in aquatic mammals. The goal of
this study was to molecularly screen the presence of morbillivirus and coronavirus infections
in cetaceans stranded in several regions of the Brazilian coast in order to determine their
occurrence rates, pathogenicity, and range of potentially susceptible cetacean species. We
molecularly tested tissue samples of 118 cetaceans, belonging to 20 species, found
stranded in Brazil, between 2015 and 2022. Overall, 2.5% (3/118) of the analyzed ceta-
ceans were positive for GDMV infection: a Guiana dolphin (Sotalia guianensis), an Atlantic
spotted dolphin (Stenella frontalis), and a humpback whale (Megaptera novaeangliae).
None of the animals were positive for coronavirus. Our findings indicate that the morbillivirus
sequence type identified in Indo-Pacific bottlenose dolphins ( Tursiops aduncus) of Australia
and our GDMV sequences from Brazil belong to the same strain. The systematic monitoring
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of cetacean morbilliviruses is recommended to properly estimate the occurrence rate, path-
ogenicity and evolution of these viruses, which may help anticipate novel epizooties and
reduce their impact on endangered cetacean populations.

Introduction

The Brazilian coast is one of the largest in the world, sustaining a rich biodiversity, with
descriptions of over 45 cetacean species; nine mysticetes (i.e., baleen whales) and 36 odonto-
cetes (e.g., dolphins and porpoises) [1]. Due to their ecologic and physiologic adaptations to a
fully aquatic life, cetaceans are considered environmental sentinels of the marine environment
[2]. Therefore, the study of emerging and reemerging infectious diseases in these animals is
crucial to evaluate the health of their ecosystems, subjected to several threats over the last
decades [3,4].

Morbillivirus ceti (syn. Cetacean morbillivirus [CeMV], genus Morbillivirus, family Para-
myxoviridae) is an enveloped negative-sense single-stranded RNA virus considered an impor-
tant cause of morbidity and mortality in cetaceans and pinnipeds worldwide [5]. Seven strains
of CeMV are recognized to date: Dolphin morbillivirus (DMV) [6], Porpoise morbillivirus
(PMV) [7], Pilot whale morbillivirus (PWMYV) [8,9], Beaked whale morbillivirus (BWMYV)
[10], Guiana dolphin morbillivirus (GDMV) [11], one strain found in Indo-Pacific bottlenose
dolphins (Tursiops aduncus) [12], and the Fraser dolphin morbillivirus [13]. In Brazil, two
morbillivirus strains have been reported in cetaceans: GDMV and PWMYV [14-20]. GDMV
was detected in multiple cetacean species [14-18], including in an unusual mortality event
(UME) that killed at least 270 Guiana dolphins (Sotalia guianensis) in Rio de Janeiro state,
between November 2017 and March 2018 [19]. PWMYV infections were reported in short-
finned pilot whales (Globicephala macrorhynchus) of Brazil in 2020 [20], indicating that other
strains also circulate in Brazilian waters. Despite these reports, the current knowledge regard-
ing morbillivirus infection occurrence rate, pathogenesis, and epidemiology in Brazil is still
scarce.

Coronaviruses, subfamily Letovirinae, family Coronaviridae, order Orthocoronavirus, are
enveloped positive-sense single-stranded RNA viruses divided into four genera: Alpha-, Beta-,
Gamma-, and Deltacoronavirus. Coronavirus infection can affect several systems (e.g., respira-
tory, gastrointestinal, nervous) in a broad range of mammal and bird species [21-23]. Corona-
viruses are considered important emerging infectious agents due to their potential to switch
hosts and also due to their zoonotic potential, as seen in the severe acute respiratory syndrome
(SARS) and the COVID-19 pandemic [22,24]. In cetaceans, there is limited information
regarding coronavirus infection, with few reports of gammacoronavirus infection in captive
and free-ranging odontocetes [25-27]. Clinical signs and histopathologic examination of ceta-
ceans infected with gammacoronaviruses portrayed gastrointestinal problems (e.g., diarrhea)
in Atlantic bottlenose dolphins (Tursiops truncatus) [26], and pulmonary lesions, and hepatic
failure due to hepatic necrosis in beluga whales (Delphinapterus leucas) [25].

A broad investigation of morbillivirus and coronaviruses infection in wild marine mam-
mals is essential to shed light into the pathogenicity and epidemiological aspects of these infec-
tions, and to understand these viruses dynamics and potential impacts in cetacean populations
[5,28]. Additionally, following the 2017-2018 GDMV-associated UME reported in Brazil [19],
there is an increasing concern about the impact of infectious diseases on cetacean conserva-
tion, particularly on threatened species. Therefore, applying a One Health approach to the
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study of infectious agents in marine mammals of Brazil is an essential conservation measure.
The objective of this study was to survey morbillivirus and coronavirus in a large panel of ceta-
cean species occurring in different regions of Brazil. We also evaluated other important epide-
miological aspects: the occurrence rate of these infections, viral detection in novel susceptible
species, the circulating viral strains, and their pathogenicity.

Materials and methods

Samples

The selection criteria used herein aimed on a broad diversity of cetacean species and stranding
locations. Thus, we selected individuals of resident species (Guiana dolphin, Lahille’s dolphin
[Tursiops truncatus gephyreus] and Franciscana [Pontoporia blainvillei]) from different coastal
regions, including animals with signs of infectious processes, animals that died due to anthro-
pogenic interactions, and also individuals of non-resident species that occur less frequently in
the studied region.

Opverall, we selected 118 cetaceans, comprising 20 species, that stranded between November
2015 and January 2022, in the northeastern (25/118), southeastern (64/118) and southern (29/
118) regions of Brazil. These individuals were either found dead or stranded alive and died
under treatment; or died shortly after admission into rehabilitation centers. Animals were
selected according to their decomposition condition status (DCS) (from fresh to moderate
autolysis) [29] and unusual records of the species. Cases in advanced autolysis were included if
they were found in an underrepresented region or belonged to an undersampled species (e.g.,
humpback whale Megaptera novaeangliae, in the Abrolhos Archipelago, northeastern Brazil).
All individuals that were mummified or only presented the skeleton were excluded. Age class
(i.e., fetus, calf, juvenile and adult) was stablished based on total body length [30], and charac-
teristics such as the presence of vibrissae, and sexual maturity were confirmed by histopathol-
ogy analyzes. All 118 animals were tested for paramyxovirus infection (618 analyzed tissue
samples), while 93 cetaceans were tested for coronavirus (345 analyzed tissue samples). The
epidemiological and biological data of the tested individuals are summarized in S1 Table.

Pathological analyses

Samples for histological (10% neutral buffered formalin) and molecular analyses (frozen at -20
°C and stored at -80 “C until processing) were collected during standardized necropsies (29).
RT-PCR-positive cases were also evaluated by histology (hematoxylin and eosin).

Molecular analyzes

The following frozen samples from each animal were selected for the molecular screening of
coronavirus and morbillivirus: cerebrum, cerebellum, brainstem, spinal cord, kidney, liver,
lung, mesenteric lymph node, prescapular lymph node, pulmonary lymph node, small intes-
tine, spleen, feces. Total RNA extraction was performed with TRIzol-LS (Life Technologies
Corporation, CA, USA), and reverse transcription reaction was performed using random
primers and M-MLV Reverse Transcriptase (Life Technologies Corporation).

For paramyxovirus and coronavirus screening, two consensus nested broad-range
RT-PCRs were performed to amplify a 530 base pair (bp) fragment of the RNA dependent
RNA polymerase (RdRp) gene of Paramyxoviridae—including Morbillivirus and other para-
myxovirus genera (RARp-PAR-nPCR) [31], and a 432 bp fragment of coronavirus RdRp
(RARp-COV-nPCR [32]. Paramyxovirus-positive samples were further tested using a RT-PCR
directed to the phosphoprotein (P) gene of the genus Morbillivirus (P-MV-nPCR), yielding a
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420 bp fragment, in order to confirm morbillivirus infection and strain typing [7]. In
RT-PCR-positive animals, all the available tissues were tested by RARp-PAR-nPCR and RdRp-
COV-nPCR, and subsequently tested by P-MV-nPCR, if applicable.

Amplicons of the expected size obtained with the P-MV-nPCR were purified using Pure-
Link™ Quick Gel Extraction Kit (Life Technologies Corporation). Both strands were directly
sequenced by Sanger using the ABI PRISM BigDye™ Terminator v3.1 kit (Ready Reaction
Cycle Sequencing, Applied Biosystems, Foster City, USA), and assembled using the Codon
Code aligner v.4.2.1 software (Codon Code Corp. Dedham, USA). The obtained consensus
sequences of partial P genes were queried for similarity using the Basic Local Alignment Search
Tool (BLAST). Subsequently, the alignments with other CeMV P gene sequences available
were conducted using Mega 7 [33]. The deduced CeMV amino acid P sequences obtained in
this study, along with the selected CeMV P sequences in GenBank/EMBL/DDB] database were
used for inferring molecular phylogeny, totalizing 32 sequences. Phocine distemper virus was
selected as outgroup. Phylogenetic analyzes were conducted in MEGA7 software. In addition,
a fragment of 164 nucleotides of the P gene of 107 CeMV sequences was used to evaluate the
PMV, DMV, BWMV, GDMV and PWMYV intra and inter strain diversity, based on pairwise
identity distance (Table 1). That 164 bp fragment of the P gene was chosen to increase the
representation of a large number of CeMV strains, once it is available for most of the sequences
in GenBank. For the GDMYV strain, the intra-group variability was also verified using a longer

Table 1. Substitutions observed in P gene nucleotide (nt) and amino acid (aa) sequences among all the GDMYV reported in Brazil and the CeMV detected in Swan
River, Australia, in comparison with strain MQ904P (MG845552), which was detected during an unusual mortality event in a Guiana dolphin (Sotalia guianensis)

population, Brazil.
Animal ID Stranding Cetacean GenBank | Nt phosphoprotein Position of nt | Aa phosphoprotein | Position of aa Reference
date/ species accession gene sequence size substitutions gene sequence size substitutions
sampling number (bp) related to related to
collection MG845552 MG845552
Swan River 2009 Tursiops N/D 389 374 (A/G) 130 126 (E/G) Jacob et al.
aduncus (10);
Stephens
etal. (12)
Strain Ea2010 2010, Sep 14 Eubalaena MH497060 213 1(T/G) 72 1(C/G) Groch et al.
australis (15)
Strain Sg-2010 | 2010, Nov 30 Sotalia KF711855 374 374 (A/G) 125 - Groch et al.
guianensis (11)
Strain Mn-B10 | 2011, Sep 22 Megaptera MT799694 212 - 72 - Groch et al.
novaeangliae (17)
Strain Mn-B26 | 2012, Aug28 | Megaptera MT799695 212 - 72 - Groch et al.
novaeangliae (17)
Strain 2014, Aug Orcinus orca MT647723 206 12 (G/A), 18(G/A) 70 6 (G/R), 8 (A/T) Groch et al.
MM?710_Kidney (14)
Strain Ea2015 2015, Aug 1 Eubalaena MH497061 213 1(T/G) 72 1(C/G) Groch et al.
australis (15)
Strain MQ904P 2017, Nov Sotalia MG845551 405 150 (C/T) 135 51 (S/P) Groch et al.
(UME) guianensis (18)
Strain 318_19 | 2018, Apr 24 Stenella This study 377 - 126 - This study
(case 1) frontalis
Strain 315_19_ | 2018, Nov 22 Sotalia This study 377 126 - This study
(case 2) guianensis
Strain 159_21 2020, Dec 10 Megaptera This study 377 97 (A/G) 126 34 (K/E) This study
(case 3) novaeangliae
N/D: Sequence not deposited at the GenBank database, but published by Jacob et al. [10].
https://doi.org/10.1371/journal.pone.0316050.t001
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fragment (206-389 nucleotides in length and 70-130 amino acids in length), available for this
variant in GenBank. The nucleotide and amino acid substitutions are shown in Table 1. The
alignments, evolutionary and diversity analyzes were conducted in MEGA?7 software. The
sequences obtained in this study were compared with those found in Indo-Pacific bottlenose
dolphins of western Australia, based on p-distance.

Permits

The field studies and sample collections were performed in full compliance with specific fed-
eral permits issued by the Brazil Ministry of Environment (MMA) and the Chico Mendes
Institute for Biodiversity Conservation (ICMBio), under the Biodiversity Information and
Authorization System (SISBIO 69115-4) and National System of Genetic Resource Manage-
ment and Associated Traditional Knowledge (SISGEN ADA22DD), all in accordance with the
Ethic Committee on Animal Use of the School of Veterinary Medicine and Animal Sciences
(University of Sao Paulo)-CEUA/FMVZ (certificate number 6819150419). Consent to partici-
pate: not applicable.

Results
Samples

Herein, we analyzed 57 males, 58 females, and three cetaceans of undetermined sex (due to
their advanced decomposition status, e.g., predation), identified as adults (n = 58), juveniles
(n =41), calves (n = 17), and two fetuses (S1 Table).

Molecular findings

Three out of 118 individuals (2.5%) were positive for CeMV: (i) an Atlantic spotted dolphin
(Stenella frontalis, case 1) stranded in Floriandpolis, Santa Carina state (southern region),
which tested positive in brain, tongue and kidney; (ii) a Guiana dolphin (case 2) stranded in
Sdo Mateus, Espirito Santo state (southeastern region), positive in prescapular lymph node;
and (iii) a humpback whale (case 3) stranded in Sdo Francisco do Sul, Santa Catarina state
(southern region), which tested positive in brain and lungs (Fig 1). According to cetacean spe-
cies, one out of five Atlantic spotted dolphins (1/5), 3.6% in Guiana dolphins (1/28) and 6.3%
in humpback whales (1/16) were morbillivirus-RT-PCR-positive. None of the individuals
tested positive to coronavirus.

The retrieved P gene nucleotide sequences (377 bp length) of the three cases were identical
amongst them, except for a synonymous substitution (A/G) in position 97 of the sequenced
fragment obtained from the humpback whale (case 3, Table 1). All samples were assigned as
GDMV strain. The sequences obtained herein are highly similar to those from previous
GDMV cases reported in Brazil, including those from the 2017-2018 UME (GenBank acces-
sion no. MG845551 and MG845552, Table 1). The substitutions observed in nucleotide and
amino acid sequences of the P gene among all the GDMV reported in Brazil in relation to the
sequence type MQ904P (MG845551) are shown in Table 1. The GDMV P gene sequences
obtained in this study in the humpback whale, the Guiana dolphin and the Atlantic spotted
dolphin were submitted to GenBank/DDBJ/ENA database under accession numbers
PP475487, PP475488, and PP475489, respectively.

The phylogenetic tree based on the 118 amino acid fragment of the P gene of 32 cetacean
morbillivirus sequences clearly classified our sequences within the Guiana dolphin morbillivi-
rus strain, and also grouped them (99% bootstrap value) with a sequence retrieved from an
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Fig 1. Geographical locations of the individuals that were RT-PCR-positive for Guiana dolphin morbillivirus (GDMYV) along the Brazilian coast.

ES = Espirito Santo state, SC = Santa Catarina state.
https://doi.org/10.1371/journal.pone.0316050.9001

Indo-Pacific bottlenose dolphin of the Swan river, Australia. The other cetacean morbillivirus

sequences analyzed in the phylogram were also accurately classified (Fig 2).
The divergence analysis of the gene fragment (pairwise identity distance analysis) showed

significant divergence between each group of viral strains (Table 2), corroborating with the
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HQ829972 Dolphin Spain
KP835995 Dolphin morbillivirus/Stenella coeruleoalba/Portugal
JN210891 Dolphin Spain

MNB06007 Dolphin morbillivirus/ Tursiops truncatusfltaly

MH430937 Dolphin morbillivirus/Stenella coeruleoalballtaly
AF333347 Dolphin morbillivirus/Kogia breviceps/Taiwan

KR704575 Dolphin morbillivirus/Indopacetus pacificus/New Caledonia
KP835991 Dolphin r
KP835999 Dolphin morbillivirus/Delphinus delphis/Portugal

KF695110 Dolphin morbillivirus/ Tursiops truncatus/(Canary Islands) Spain
KU720624 Dolphin morbillivirus/ Tursiops truncatus/(Louisiana) USA

licia) Spain

92 KY681807 Dolphin morbillivirus/Balaenoptera physalus/Denmark
MNB06000 Dolphin morbillivirus/Stenella coeruleoalballtaly
Z47758 Dolphin mor pain
KT878659 Dolphin Portugal
MH430940 Dolphin irostri:
—1 | MH430941 Dolphin morbillivirus/L agenorhynchus albirostrisThe Netherlands
— KM460046 Beaked whale iae/(Hawaii) USA
el KM460048 Beaked whale morbillivirus/Stenella longirostris/(Hawail) USA
1 KF650727 Porpoise mort Phocoena phocoena/The (1990)
[7] S MH430942 Porpoise morbillivirus/Phocoena phocoenallreland
AF200817 Pilot whale morbillivirus/Globlicephala melas/(New Jersey) USA 2000 or before
FJ842381 Pilot whale morbill anary Islands) Spain
g 87 KT006289 Pilot whale -anary Islands) Spain
78 KT006290 and KT006291 Pilot whale anary Islands) Spain
0P37534 PWM\ Brazil
73 0P375347 and OP375348 PWMV/Globic /Brazil
Cetacean from Australian dolphin/(Swan River) Australia
MG845551 Guiana dolphin morbillivirus/Sofalia guianensis/Brazil
e @ PP475487 Guiana dolphin iaelBrazil
——————— MG845552 Guiana dolphin morbillivirus/Sotalia guianensis/Brazil
L @ PP475489 and PP475488 GDMV/St. frontalis and So. guianensis/Brazil A‘
KC802221 Phocine distemper virus strain/Phoca vitulina/The Netherlands

Fig 2. Maximum-likelihood phylogenetic tree based on Jones-Taylor-Thornton model with a discrete Gamma
distribution of the alignment of the partial phosphoprotein gene amino acid sequences of morbillivirus (1)
obtained in this study (blue dots), (2) other Guiana dolphin morbillivirus sequences (gray square), and (3)
cetacean morbillivirus sequences representing the different lineages aside from Guiana dolphin morbillivirus
recognized to this date—Dolphin morbillivirus (yellow square), Beaked whale morbillivirus (green square),
Porpoise morbillivirus (blue square), Pilot whale morbillivirus (violate square)—Available at the GenBank/DDB]J/
EMBL database. A phocine distemper virus phosphoprotein sequence was selected as outgroup. The bootstrap
consensus tree inferred from 1000 replicates. Bootstrap values lower than 70 were omitted. GDMV: Guiana dolphin

morbillivirus.

https://doi.org/10.1371/journal.pone.0316050.g002

Table 2. Estimation of average evolutionary divergence of the phosphoprotein gene within and between each group of cetacean morbillivirus strains.

P-distance values (standard deviation) GDMV DMV BWMV PMV PWMV
GDMV 0.0000
(0.0000)
DMV 0.2532 0.0057
(0.0352) (0.0018)
BWMV 0.3023 0.1717 0.0016
(0.0359) (0.0294) (0.0012)
PMV 0.2264 0.1340 0.1509 0.0065
(0.0334) (0.0272) (0.0287) (0.0032)
PWMV 0.2615 0.1547 0.2071 0.1527 0.0088
(0.0353) (0.0283) (0.0317) (0.0291) (0.0037)

GDMV: Guiana dolphin morbillivirus; DMV: Dolphin morbillivirus; BWMYV: Beaked-whale morbillivirus; PMV: Porpoise morbillivirus; PWMV: Pilot whale

morbillivirus.

https://doi.org/10.1371/journal.pone.0316050.t002
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phylogram. Nevertheless, low divergence was observed in the intra-group of CeMV variants
using this molecular marker (Table 2). Considering the detected GDMYV sequence types, the
variability observed using the 181 bp fragment of the P gene was lower than the one observed
when a longer fragment was analyzed (206-377 bp; Table 2). Based on P-distance, the morbilli-
virus P sequence of Indo-Pacific bottlenose dolphins of western Australia and the GDMV
sequences of the same length (all three obtained in this study and two from Guiana dolphins
MGB845551 and MG845552) present high similarity (nucleotide identities ranging from 99.4 to
99.7% and amino acid similarities from 98.3% to 99.2%).

Pathological findings in GDMV-positive animals

Case 1, the Atlantic spotted dolphin, presented good body condition. The main gross findings
were generalized congestion, moderate diffuse pulmonary distention and congestion, presence
of mild to moderate multifocal necrosis areas in occipital cortex (Table 3, Fig 3A), and a mild
focal ulcerative lesion in the dorsal aspect of the tongue (Fig 3B). Additionally, postmortem lin-
ear cuts were observed in the caudal fin and abdominal region, with organ exposure, suggest-
ing anthropic interaction. Case 2, the Guiana dolphin, was in advanced autolysis, which
hampered its examination. Finally, Case 3, the humpback whale, stranded alive at the end of
the reproductive season (in Brazil, from July to November), and died soon after. Upon external
examination, the animal was in poor body condition, with diffuse moderate whale lice (Cya-
mus boopis) infestation (Fig 3C), mild presence of barnacles, and mild multifocal coockiecutter
shark (Isistius sp.) bites in different scar stages. This individual also presented moderate diffuse
petechiae and congestion of cerebrum and cerebellum, with perivascular cuffs of mononuclear
infiltrate (Fig 3D), diffuse pleural thickness and pulmonary congestion, moderate diffuse

Table 3. Epidemiological and pathological data of the morbillivirus-RT-PCR-positive cetaceans detected in this study.

Case Species
no
1 Stenella
frontalis
2 Sotalia
guianensis
3 Megaptera
novaeangliae

*TBL: Total body length.

Stranding

date

Apr 24,
2018

Nov 22,
2018

Dec 10,
2020

Location Sex Age TBL

Floriandpolis, Male | Adult 1.83 Fresh

Sao Mateus, ES | Female | Adult 1.63

Sdo Francisco do | Male | Juvenile | 12.20 Fresh
Sul, SC adrenalitis. Brain: mild multifocal lymphocytic

Decomposing
class (m)* status

Histological analysis

Lungs: moderate multifocal to coalescent suppurative
bronchopneumonia. Lymph node: moderate diffuse
granulocytic lymphadenitis. Mild to moderate diffuse
lymphoid hyperplasia. Brain: moderate to marked focally
extensive encephalomalacia with hemorrhagic areas and
phagocytizing glial cells associated with the presence of
parasite eggs compatible with Nasitrema sp.

Heart, skeletal muscle, liver, diaphragm, kidney, adrenal
gland: NSFO** and partial autolysis.

Autolysis Advanced autolysis

Adrenal gland: moderate multifocal lymphocytic

meningoencephalitis with perivascular cuffs, mild multifocal
lymphocytic myelitis with perivascular cuffs. Stomach:
moderate multifocal lymphocytic gastritis. Liver: moderate
multifocal periportal lymphoplasmacytic-histiocytic
hepatitis, mild congestion., Intestine: enteritis with mild
hyperplasia of globet cells and severe villous atrophy. Lymph
node: moderate lymphoid depletion in lymph node and
spleen. Colon: mild multifocal neutrophilic colitis.
Humerus: focal necrosis in humeral head.

**NSFO: No significant findings were observed.

https://doi.org/10.1371/journal.pone.0316050.t003
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Fig 3. Pathological findings in GDMV-RT-PCR-positive cases. (A) Atlantic spotted dolphin (Stenella frontalis).
Brain. Congestion, focal lesion in occipital cortex surrounded by an area of malacia (white arrow); (B) Atlantic spotted
dolphin. Mild focal ulcerative lesion in the right edge of the tongue (arrow); (C) Humpback whale (Megaptera
novaeangliae) stranded in poor body condition with moderate diffuse whale lice; (D) Humpback whale. Cerebrum
presenting perivascular cuffs and mononuclear infiltrate; (E) Humpback whale. Note the lymphoid depletion and the
disorganization of the splenic parenchyma. (F) Humpback whale. Observe the periportal lymphoplasmacytic-
histiocytic hepatitis, mild hepatic congestion and mild amount of brown intracytoplasmic pigment.

https://doi.org/10.1371/journal.pone.0316050.9003

hepatic congestion, and a focal nodule in the mucosal layer of the bladder. The histopatholog-
ical findings are described in Table 3.

Discussion

The evaluation of a large diversity of cetacean species conducted in the present study allowed
the identification of the first GDMYV infection potentially associated with tissue lesions in
humpback whales (case 3), and the first morbillivirus infection in Atlantic spotted dolphins
(case 1) presenting compatible pathological findings, expanding the host range of species sus-
ceptible to GDMV. Previous GDMYV infections were reported in exhaled breath of humpback
whales and in tissue samples of Guiana dolphins, a killer whale (Orcinus orca), and southern
right whales (Eubalaena australis) [14-18]. Further serological surveys are required in order to
understand the exposure of cetaceans against GDMYV in Brazil.

The GDMYV detection rate in the present study was 2.5% (3/118). Studies conducted world-
wide reported variable values of CeMV infection rates (ranging from 1.8% to 31.9%) in areas
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that suffered UMEs [34-36]; however, such discrepancies between occurrence rates are
expected. Both GDMV and DMV strains are able to infect several cetacean species, but circu-
late in different regions (e.g. GDMYV in Southeastern Atlantic and likely in the Indian Ocean,
based on the analysis of the sequence from Australia, and DMV in the Northern Atlantic and
Mediterranean Sea) and may have distinct pathogenic features and host susceptibility. Charac-
teristics of the cetacean populations used in each study may also contribute to these discrepan-
cies, such as the diversity of cetacean species sampled (some species seem to be highly
susceptible to CeMV infections, such as striped dolphins), and the eligibility criteria used for
sampling (e.g., carcass decomposition stage, animals with/without viral related lesions). In
addition, the distinct diagnostic methods and protocols used in these studies should also be
considered. In Brazil, a high morbillivirus occurrence rate (27.5%, 40/325) was reported in
Guiana dolphins of Parana state, southern Brazil, between February 2016 and November 2018
[16]. Nevertheless, the diagnosis was based solely on tissue antigen detection through immu-
nohistochemistry, and none of the positive cases were confirmed by RT-PCR, which limits
direct comparisons with the results obtained herein. The GDMV-positive animals detected in
this study were collected in northeastern, southeastern and southern Brazil, indicating this
virus’ circulation along the Brazilian coast [11,14,15,17].

The Atlantic spotted dolphin (case 1) had an ulcerative lingual lesion similar to those
described in morbillivirus-infected cetaceans [37]. Additionally, this individual had an exten-
sive area of parasitic malacia in the central nervous system, which along with the morbillivirus
infection, may have contributed to its stranding. The impact of this strain over the Atlantic
spotted dolphin population is still unknown. Of note, the Atlantic spotted dolphin population
of the Santos Basin is one of the largest cetacean populations in the area, with 26,909 estimated
individuals (personal communication with the Cetacean Monitoring Program-Santos Basin,
Brazil).

BWMYV was the first detected CeMV strain in humpback whales, reported in a stranded
animal in the USA, in 1998 [10]. Another CeMYV strain—GDMYV, was detected in the exhaled
breath of apparently healthy adult humpback whales (2/48 groups of whales), sampled in 2011
and 2012, in a study conducted in the Abrolhos Bank, northeastern Brazil [17], and recently,
in tissue samples of two juvenile males of that species stranded in southern Brazil, in 2022 [18].
Herein, the GDMV-positive humpback whale (case 3) presented lesions suggestive of morbilli-
virus infection, such as bronchopneumonia and non-suppurative encephalitis, consistent with
an acute GDMYV infection. The animal stranded in poor body condition and presented high
whale lice infestation, which indicates impaired locomotion. Our whale stranded in 2020, two
years after the Rio de Janeiro UME [19], and almost 10 years after the GDMYV detection in
exhaled humpback whale breath [17]. Thus, our findings, alongside those reported by de
Amorim et al. (2024), suggest that GDMYV circulates in the humpback whale population of
Brazil (Breeding stock A), which sustains high site fidelity to breeding areas of the southwest-
ern Atlantic.

GDMYV infection with associated lesions was reported in Guiana dolphins in two previous
studies in Brazil [11,19]. Herein, we tested 28 Guiana dolphins from Ceara, Espirito Santo, Sdo
Paulo, and Santa Catarina states, and found one positive individual (case 2) that stranded in
November 2018, in Sao Mateus, Espirito Santo (northeastern region). Of note, this animal was
found dead in the same location as the first GDMV case reported in Brazil [11]—a Guiana dol-
phin that stranded in 2010, suggesting that GDMYV is recurrently circulating in Guiana dol-
phins. The studied animal died in the same year of the Rio de Janeiro UME, but over 350 km
away.

The GDMV found in Brazil clustered with a high support with a morbillivirus detected in
an Indo-Pacific bottlenose dolphin in western Australia, which was previously considered a
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different strain [12] and was not present in public databases, but published by Jacob et al. [10].
When compared with the closest GDMV phosphoprotein sequences of the same size, the
sequence from Australia presented only a single amino acid substitution with the closest
GDMYV sequences, the same difference that we observed between different GDMV phospho-
protein sequences. Therefore, the GDMV and the Australian sequence are likely comprised
within the same viral strain. Our findings suggest that GDMV circulates in the southern Atlan-
tic and the Indian Ocean, although the analyzes of other genes is recommended to confirm
this possibility.

Despite the reports of some systemic infections in the Mediterranean sea, most DMV infec-
tions outside outbreak periods were associated with the chronic encephalitic form, especially
in striped dolphin populations [5,28,34,36,38-42]. There is no available information regarding
the extent of the GDMYV strain association with restricted central nervous system (CNS) infec-
tions. In our study, all the positive cases presented systemic infections; however, only 64 of the
118 studied individuals had samples of CNS available for molecular testing, which may have
underestimated the number of obtained positives if they presented chronic encephalitic forms
[43]. According to immunohistochemical analysis, the GDMYV found in the Guiana dolphins
of the Brazilian outbreak showed lower neurotropism and less severe pathological findings
than those observed in dolphins with DMV infections [44]. The impact of chronic encephalic
infections on virus transmission and endemicity has been discussed, but is still unknown [43].

Several large-scale outbreaks have been reported in the Mediterranean Sea, with two main
types of DMV identified according to the geographical origin—the Mediterranean and north-
eastern (NE) Atlantic, with the latter gradually replacing the former, possibly due to the over-
lapping of migrating cetacean species coming from the Atlantic [36]. The introduction of the
new NE-Atlantic DMV lineage in the Mediterranean Sea into an immune naive cetacean pop-
ulation seems to explain, at least in part, the frequent epizooties in the region [34,36,42,45]. In
Brazil, there is no high divergence among the detected GDMYV sequence types (based only on
partial P gene sequences), which should be one of the explanations for the infrequent out-
breaks in the region. Nevertheless, one should consider that the low variability observed in
Brazilian sequence types may also reflect the reduced number of samples available for analysis.
It is a matter of debate if the GDMYV strain is endemic in resident cetacean populations (e.g.,
Guiana dolphins) or if it has been sporadically introduced into Brazilian waters by other ceta-
cean species that migrate to the region, especially because we have no serological data regard-
ing anti-morbillivirus antibodies in cetaceans of this country. Nevertheless, the low number of
outbreaks occurring in the region suggests some degree of immunity, characteristic of endemic
infections. There are several locations considered relevant in terms of cetacean conservation in
the Brazilian coast, including breeding grounds for humpback whales like the Abrolhos Bank
[46]. Of note, other locations, particularly coastal waters, sustain important host resident ceta-
cean populations: Lahille’s bottlenose dolphin (Tursiops truncatus gephyreus) [47], Guiana dol-
phin [48], and franciscana—the latter classified as the most endangered cetacean in the
southwestern Atlantic Ocean [49]. This study evaluated 25 franciscanas, 28 Guiana dolphins
and one Lahille’s bottlenose dolphin; however, only one Guiana dolphin was GMDV-positive.
To this date, there are no reports of morbillivirus infections in franciscana or in Lahille’s bot-
tlenose dolphin.

Although some studies suggested high susceptibility of certain cetacean species to SARS-
CoV-2 based on the sequence similarity between theirs and humans’ ACE-2 receptor [50,51],
neither SARS-CoV-2 nor any other coronavirus were detected in this study. The three reports
of gammacoronaviruses in cetaceans were from captive and free-ranging animals [25-27]. We
should also emphasize that in a previous report, coronavirus viral nucleic acids were detected
in feces, liver and heart samples [26-28], and herein, mesenteric lymph node (n = 39)/
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intestinal content (n = 4) were available for analysis in a reduced number of animals, which
could explain the observed negative results.

Our findings emphasize the importance of implementing long-term systematic CeMV sur-
veillance in Brazil to determine the occurrence rate of infection and to monitor viral evolution,
in order to anticipate epizootic events and their impacts on the conservation of threatened
cetacean populations. Further CeMV whole genome sequencing studies are required, particu-
larly regarding poorly characterized strains as GDMV. Regarding coronaviruses, despite the
negative results, the evaluation of fecal samples, especially of animals with diarrhea or under-
going rehabilitation should be considered in beach monitoring approaches conducted in
Brazil.
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