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Abstract

:

Brucella ceti infections have been increasingly reported in cetaceans. In this study, we analyzed all cases of B. ceti infection detected in striped dolphins stranded along the Italian coastline between 2012 and 2021 (N = 24). We focused on the pathogenic role of B. ceti through detailed pathological studies, and ad hoc microbiological, biomolecular, and serological investigations, coupled with a comparative genomic analysis of the strains. Neurobrucellosis was observed in 20 animals. The primary histopathologic features included non-suppurative meningoencephalitis (N = 9), meningitis (N = 6), and meningoencephalomyelitis (N = 5), which was also associated with typical lesions in other tissues (N = 8). Co-infections were detected in more than half of the cases, mostly involving Cetacean Morbillivirus (CeMV). The 24 B. ceti isolates were assigned primarily to sequence type 26 (ST26) (N = 21) and, in a few cases, ST49 (N = 3). The multilocus sequence typing (cgMLST) based on whole genome sequencing (WGS) data showed that strains from Italy clustered into four genetically distinct clades. Plotting these clades onto a geographic map suggests a link between their phylogeny and the topographical distribution. These results support the role of B. ceti as a primary neurotropic pathogen for striped dolphins and highlight the utility of WGS data in understanding the evolution of this emerging pathogen.
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1. Introduction


The genus Brucella contains an increasing number of species, some of which are of relevant to public health and economic concerns in many areas of the world [1,2,3].



Brucella spp. infections were first described in pinnipeds and cetaceans from California and Scotland in the early 1990s [4,5], and have been since reported in several wild marine mammal species all over the world. Since 2007, isolates of Brucella spp. from marine mammals have been further classified into two species, B. ceti and B. pinnipedialis, preferentially associated with cetaceans and pinnipeds, respectively [6]. Brucella ceti has been isolated from dolphins, whales, porpoises, and some pinnipeds [6,7,8,9,10,11].



Pathological changes associated with B. ceti infection in cetaceans are well documented, and include reproductive tract inflammation (endometritis, orchitis), abortions, placentitis, mastitis, pneumonia, myocarditis, pericarditis, osteoarthritis, spinal discospondylitis, subcutaneous abscesses, hepatic, splenic, and lymph node necrosis, alongside macrophage infiltration in the liver and spleen, and meningoencephalomyelitis [8,9,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30].



Neurobrucellosis represents a common cause of stranding for cetaceans, being associated with disorientation, uncoordinated lateral swimming, buoyancy disturbances, and death [30], while it has not been recorded in bovine, caprine, ovine, swine, or canine hosts [31]. Moreover, based on the infection patterns documented at the central nervous system (CNS) level in striped dolphins (Stenella coeruleoalba), which resemble those seen in human patients [32], a specific susceptibility has been suggested for this species [9,12,16,17,18,31,33,34,35,36].



B. ceti, similarly to other Brucella species, seems to replicate inside host macrophages and trophoblasts [9,16,17], but mechanisms of pathogenesis, virulence, and host affinity, including the cell receptor(s) involved in the host’s CNS invasion, have not yet been fully understood [9,31,37,38].



The localization of B. ceti in lungworms and cestodes raises the possibility that they may serve as vectors for the transmission of the infection [9,20], although the role of metazoan parasites in the eco-epidemiology and pathogenesis of brucellosis in cetaceans is still unclear.



According to Multi Locus VNTR (Variable Number of Tandem Repeats) Analysis (MLVA), B. ceti strains can be divided into two major clusters and three sub-clusters [39,40]. Multi Locus Sequence Typing (MLST) has been used to identify 13 sequence types (STs) to date, as reported in the public PubMLST repository (https://pubmlst.org/brucella/, accessed on 27 April 2023).



Only a few cases of infection by B. ceti sequence type (ST) 27 have been documented in humans [7,9,30], and therefore the zoonotic potential of marine Brucella species remains ill-defined.



Although B. ceti infection is of increasing concern among free-ranging cetaceans in most oceans across the world [9,29,41] there is limited information about isolates from Mediterranean Sea cetaceans. B. ceti was first isolated in 2009 from a striped dolphin stranded along the Spanish Catalonian coast [21]. In 2012, B. ceti infection was documented in four other cetaceans: in one striped dolphin and one bottlenose dolphin (Tursiops truncatus) found beached along the same Spanish Catalonian coastline [21], and in two striped dolphins stranded along the Tyrrhenian and Adriatic Sea Italian coastlines [18,42]. Based on MLST investigations, all B. ceti strains isolated in these cases belonged to ST26 [21,42].



In Italy, a coinfection involving Brucella spp. was then molecularly confirmed in 2015, in a striped dolphin stranded along the Ligurian coastline, and was associated with related pathological changes in the brain, blubber, liver, and spleen [23]. Moreover, a B. ceti ST27 strain, previously found only in Pacific Ocean waters [2,9], was isolated from several lymph nodes of one bottlenose dolphin in the Croatian part of the northern Adriatic Sea, thus representing the first evidence of the spread of the strain in Mediterranean as well as in European waters [43,44]. The first survey of B. ceti infection in eight striped dolphins stranded along the coast of Italy from 2012 to 2018 [36] showed the presence of ST26 strains in all cases, with an apparently higher occurrence of the infection along the Ionian coastline.



To gain proper insight into the epidemiology and the pathological features of B. ceti infection in cetaceans found stranded along the Italian coastline, we analyzed all cases of B. ceti infection detected by microbial isolation—the gold standard diagnostic test—in striped dolphins stranded between 2012 and 2021 (N = 24). We focused on the pathogenic role of the microorganism as well as on the genetic make-up of the strains involved. All strains were subjected to a comparative genomic analysis using whole genome sequencing (WGS) to characterize the fine phylogenetic relationships and infer phylogeographic distribution in dolphin populations of the Italian seas. Moreover, we aimed at determining whether different B. ceti STs are linked to specific B. ceti-associated lesions, stranding areas, age classes, and the “CeMV infection status” of the animals involved.




2. Materials and Methods


2.1. Dolphins and Samples Included in the Study


We investigated specimens of 24 striped dolphins found stranded and lifeless on the coast of Italy between 2012 and 2021, all of which were positive for the isolation of B. ceti from one or more tissues during routine pathological and cause-of-death assessment. This assessment was performed at the diagnostic public laboratories belonging to the network of Istituti Zooprofilattici Sperimentali (II.ZZ.SS.), coordinated by the National Reference Centre for Diagnostic Investigations on Stranded Marine Mammals (C.Re.Di.Ma.), which was officially established in 2014 by the Italian Ministry of Health.



The geographical distribution of the stranding events for the animals under study is recorded in Figure 1.




2.2. Post-Mortem Examination


The stranded animals were examined and necropsied according to standard guidelines, depending on the carcasses’ preservation status [45,46]. Only a limited sampling was carried out on the carcass of Case 4.



Each specimen was labeled with the IZS identification code, alongside the code assigned by the Banca Dati Spiaggiamenti (BDS) (http://mammiferimarini.unipv.it, accessed on 18 May 2023). We reorganized all the concerned cases in chronological order, from Case 1 to Case 24.



Stranding (type, location, date) and life history data (species, sex, estimated age class) were recorded. The stranding locations of animals under investigation were reviewed to identify the associated sea sector (http://mammiferimarini.unipv.it, accessedon 18 May 2023).



During the necropsy, the decomposition condition category (DCC) and the nutritional condition category (NCC) were evaluated [46].



The carcass DCC at the time of necropsy was classified as code 1 (extremely fresh carcass, just dead), code 2 (fresh), code 3 (moderate decomposition), code 4 (advanced decomposition), or code 5 (mummified or skeletal remains) [46].



The carcass NCC was assessed and classified as good, moderate, or poor [46].



The age class was established, based on total body length (TBL) [47], in three estimated age classes (newborns/calves, juveniles, and adults), with the final differentiation between juveniles and adults being made based on gonad maturation [48,49].



Macroscopical findings of all cases were recorded, and the gastric chambers were opened to evaluate pathological changes and their content. The presence of helminths was estimated by macroscopic and microscopic examination of tissues. Endoparasites were preserved in 70% alcohol for microscopic identification according to established morphological characteristics [50,51].



During necropsy, tissue samples from all the major organs and lesions were collected and subsampled: one was kept frozen at −20 °C for microbiological investigations and one was kept frozen at −80 °C for biomolecular analyses, with the remaining one being preserved in 10% buffered formalin for histological and immunohistochemical (IHC) investigations.



The brain was cut into two halves, and one half was fixed in 10% neutral buffered formalin and the other was split into two separate portions, one frozen at −20 °C and the other at −80 °C. The spinal cord from some dolphins was also organized in a similar way on a metameric basis (cervical, thoracic, lumbo-sacral regions).



Whenever available, cerebrospinal fluid (CSF), blood serum, and aqueous humor (HA) were collected and frozen at −20 °C for serological investigations. Selected tissues and/or fluids (CSF) were collected for microbiological, biomolecular, and serological investigations focused on Brucella infection diagnosis.




2.3. Diagnostic Investigations


Table 1 shows an overview of the conducted analyses per case, arranged in chronological order.



For histological investigations, CNS samples included the cerebrum in all animals. In some cases, cerebellum, medulla oblongata, and spinal cord were also sampled. Coronal sections from different regions (telencephalon, diencephalon, mesencephalon, pons, cerebellum, medulla, and spinal cord) [52] as well as samples from all major organs were fixed in 10% neutral buffered formalin, embedded in paraffin, sectioned at 4 μm and finally stained with hematoxylin and eosin (HE) for light microscopy examination.



As ancillary diagnostic investigations and to deepen the pathological findings observed or the positivity to biomolecular investigations, immunohistochemistry (IHC) for Morbillivirus was performed on tissue sections of Cases 6, 12, 21, and 22 including the brain, as well as on the urinary bladder from Case 6, using a monoclonal anti-canine distemper virus (CDV) antibody (VMRD, Pullman, WA, USA) [53].



Toxoplasma gondii IHC was carried out on the brain tissues of Cases 6, 12, and 21 using a polyclonal serum of caprine origin (VMRD, Pullman, WA, USA) [53].



Molecular detection of relevant pathogens such as CeMV [54] and T. gondii [55] was carried out in each animal under study, with CNS tissue samples systematically tested for both pathogens, except case 19, in which the CNS was tested only for T. gondii, and cases 10, 14, 15, and 16, in which the CNS was tested only for Morbillivirus. Moreover, additional available tissues, consisting of lung, liver, spleen, lymph nodes, heart, kidney, skeletal muscle, urinary bladder, intestine, skin, and skin ulcer, were tested for Morbillivirus, while liver, skeletal muscle, spleen, lymph nodes, heart, thymus, and intestine tissue samples were tested for T. gondii.



Furthermore, the presence of Herpesvirus (HV) was investigated by PCR [56] in CNS samples and additional tissues, including spleen, lymph nodes, skin, lung, liver, kidney, skin ulcer, and tongue ulcer of Cases 6, 11, 17, 21, 22, and 24.



Serological investigations aimed at assessing the occurrence of anti-Morbillivirus and anti-T. gondii antibodies were also performed in 6 animals (Cases 3, 6, 7, 12, 14, 15) [53] and, specifically, in the blood serum, CSF, and aqueous humor of Case 6, as well as in the blood serum and CSF of Cases 12 and 14, and in the blood serum of Cases 3, 7 and 15.




2.4. Investigations Focused on Brucella Infection Diagnosis


2.4.1. Brucella Isolation and Identification


In-depth microbiological investigations targeting Brucella spp. were performed in CNS samples of all animals and, except for Cases 2, 4, and 5, also in the other tissues available, including spleen, lymph nodes, lung, liver, heart, pancreas, kidney, urinary bladder, ovarium, uterus, testicle, mammary gland, muscle, cerebrospinal fluid (CSF), and a lungworm.



The frozen CNS of Case 7 was used for bacterial isolation subsequent to the observation of microscopic lesions suggestive of neurobrucellosis discovered during the histopathological analysis performed retrospectively on the CNS from this dolphin. Likewise, frozen tissues available for Cases 13 and 17 were investigated after microscopic lesions suggestive of neurobrucellosis had been found during routine investigations.



The Brucella spp. isolation and identification procedures were performed in accordance with the technique described in the OIE Manual of Diagnostic Tests and Vaccines [57], using both selective and non-selective solid media and enrichment broths to enhance the chance of isolating the microorganism (except for tissues other than CNS of Case 7).



For Cases 1, 2, 4, and 5, Farrell’s and Columbia blood agar media were used, while for Case 3, and for Cases 6 and 7, Farrell’s and Modified Thayer Martin’s solid media, and a combination of Farrell’s and CITA media were used, respectively. Considering all the other cases, modified Thayer Martin and CITA media were used. The solid media were incubated at 37 °C, aerobically and in a microaerophilic atmosphere containing 5% CO2, for at least 10 days. An enhancement step was carried out in Brucella enrichment broth, supplemented with fetal horse serum, and modified Brucella selective supplement, and incubated at 37 °C in a microaerophilic atmosphere containing 5% CO2. For Case 3 we used trypticase-soy broth supplemented with amphotericin B (1 mg/mL) and vancomycin (20 mg/mL), and for Cases 8, 9, 18, 19, and 23 we also added Thayer Martin broth. Enrichment cultures were subcultured weekly (six subcultures) on selective solid media described above. Suggestive colonies (circular, convex, shiny, 1–2 mm in diameter after 48–72 h) were seeded onto blood agar medium and incubated for a further 2 days before re-examination. When Brucella spp. was suspected based on Gram’s staining [58], the colonies were tested for catalase, oxidase, and urease activities [58]. Motility and slide agglutination tests with Brucella anti-A and anti-M antisera were also performed for Cases 1, 2, 4, 5, 8, 9, 18, 19, and 23, together with nitrate reduction, H2S production, and growth in the presence of CO2 for Cases 6, 7, 12, 13, 17, 21, 22, and 24 [58].



For DNA extraction, all B. ceti isolates were subcultured on Brucella medium agar base (BAB; Oxoid, Hampshire, UK) and incubated in a 5–10% CO2 atmosphere at 37 °C for 48 h to assess the purity of cultures and the absence of dissociation. Bacterial DNA was extracted from single colonies using the Maxwell1 16 Tissue DNA Purification Kit by means of Maxwell1 16 Instrument (Promega, Madison, WI, USA), or the High Pure DNA Template Preparation kit (Roche Diagnostics, Mannheim, Germany) according to the manufactures’ instructions. All strains isolated from the striped dolphins under study were identified as B. ceti using the PCR-RFLP method [59] and then subjected to genomic analysis at the National and OIE Reference Laboratory for Brucellosis, Istituto Zooprofilattico Sperimentale dell’Abruzzo e del Molise, Teramo, Italy.




2.4.2. Molecular Detection of Brucella spp. from Tissues


The molecular detection of Brucella spp. was performed from available tissues of Cases 3, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 20, 21, 22, and 24, including the CNS of all animals, except for Case 12, as well as from spleen, lymph nodes, laryngeal tonsil, lung, liver, heart, pancreas, kidney, urinary bladder, ovarium, uterus, testicle, mammary gland, muscle, tongue, skin, cerebrospinal fluid (CSF), and a lungworm.



Frozen tissue samples of Cases 3, 6, 7, 11, 12, 13, 17, 21, and 22 were tested by PCR to detect Brucella spp. using hemi-nested PCR targeting of an outer membrane protein gene of B. abortus [60].



Samples of Cases 10, 14, 15, 16, 20, and 24 were analyzed by RT-PCR for Brucella spp. [61].



Samples of Cases 8 and 9 were tested using multiplex PCR assay for the detection of Brucella spp. [62,63].




2.4.3. Serological Tests for Brucellosis


Serological investigations aimed at assessing the presence of anti-smooth Brucella spp. antibodies were performed on the blood serum of eleven animals (Cases 6, 7, 9, 10, 12, 14, 15, 18, 19, 20, and 23), by rapid serum agglutination (Rose Bengal plate test, RBT), using RBT antigen produced from B. abortus strain S99 [16,53].




2.4.4. Whole Genome Sequencing and Bioinformatics


Each strain submitted for genomic analysis was labeled with a corresponding ID number (ID strain 10759, 28753, 1207793, 31957, 2780, 3838, 17753, 1259, 25153, 2785, 19005477, 578, 6980, 39595, 46223, 66805, 26087, 255877, 19759, 260676, 277922, 277892, 226242, 28356), as listed in Supplementary Table S1. Total genomic DNA of the 16 samples from the new cases studied was sequenced with the Illumina NextSeq 500 instrument. Total genomic DNA was quantified using Qubit DNA HS assay (Thermo Fisher Scientific Inc., Waltham, MA, United States) and the sequencing libraries were generated using a Nextera XT Library Preparation Kit (Illumina, St. Diego, CA, United States). The libraries were sequenced in 300 cycles using NextSeq 500/550 Mid Output Reagent Cartridge v2, according to manufacturer’s instructions, thereby generating 150 bp paired end reads. Following automatic demultiplexing and adapter removal, the quality was assessed using FastQC v0.11.5 [64]. The reads were then quality trimmed using Trimmomatic v 0.36 [65] with the following quality parameters—Leading: 25; Trailing: 25; Slidingwindow: 20:25. Genome scaffolds were assembled using SPAdes version 3.11.1 (using parameters–k 21, 33, 55, 77; –careful) [66]. The quality of the scaffolds was assessed with QUAST v 4.3 [67]. Sequence reads were deposited in Sequence Read Archive (SRA) database under NCBI Bioproject PRJNA623338. Twenty-four assembled genomes from strains included in this study and from the previous study by Garofolo (2020) were imported into Ridom SeqSphere+ software, version 6.0.2 [68] where multilocus sequence typing (MLST) and core genome MLST (cgMLST) were performed. Briefly, MLST was assigned using a nine locus MLST (MLST-9) scheme available at https://pubmlst.org/brucella/ (accessed on 18 May 2023) and accessed through Ridom SeqSphere+. The cgMLST profiles were assigned using a template composed of 2067 core genes in Ridom SeqSphere+. The UPGMA tree was constructed by pairwise comparison of the cgMLST profiles with missing values ignored.





2.5. Cases/Pathological Evaluation


A hypothesis on the cause of death for all animals included in this study, except for Case 4, was formulated considering the biological and epidemiological data, coupled with the macroscopic and microscopic findings, alongside the results of all diagnostic investigations. The causes of death were categorized into causes of natural origin (pathologies of infectious origin, neonatal/perinatal pathologies, traumatic intra-interspecific interactions, senescence/aging, etc.) and anthropogenic (interaction with fishing, ship collisions, etc.) according to available bibliographic references [69,70] and recently elaborated diagnostic frameworks (“Evidence Based Diagnostic Assessment Framework for Cetacean Necropsies on Marine Debris Ingestion and Common Data Collection” (Ascobans 2020), Life DELFI harmonized protocols and frameworks (https://lifedelfi.eu/wp-content/uploads/2021/04/A3_Framework_Fishery_interaction 1.pdf, accessed on 18 May 2023). The gross and microscopic findings from all the B. ceti-microbiologically positive striped dolphins were reviewed. In data analysis, a lesion was categorized as B. ceti-associated (primary pathogen or co-pathogen) if associated with the simultaneous isolation of the pathogen in culture and/or with a positive result in the PCR assay, as well as with pathological features consistent with those previously described in the literature [8,9,12,16,17,18,22,25,26,27,28,29,30,31].



The features of B. ceti infection in all the animals under investigation were additionally evaluated to assess the microbial agent’s pathogenic role as the most probable cause(s) of stranding and/or death (Supplementary Table S1).




2.6. Statistical Analyses


Firstly, we performed a univariate analysis with the non-parametric Wilcoxon–Mann–Whitney test to detect differences between ST26 and ST49 in the distribution of either individual information (sex, age class) or the presence of B. ceti-associated lesions in the available organs (CNS, reproductive system, lymph nodes, spleen, liver, heart, lung, and mammary gland), or the presence of CeMV coinfection. Statistical significance was achieved when the p-value was <0.05. Multivariate analysis was performed by means of multi-level mixed effect logistic models, including the strain as the dependent variable, age class and the occurrence of B. ceti-associated pathologic changes in the available organs alongside the presence of CeMV coinfection as independent variables, and the individual as a random effect. All statistical analyses were performed using STATA 17.0.





3. Results


3.1. Postmortem Pathological and Diagnostic Laboratory Investigations


3.1.1. Individual Data and Gastric Contents


Individual data (history, sex, age class, sexual maturity, DCC, NCC, stranding location, latitude and longitude coordinates, sea sector, date), along with gastric contents, gross and microscopic pathologic findings, Brucella analytical data (isolation, PCR, RBT), ancillary diagnostic test results (Morbillivirus/T. gondii/Herpesvirus), co-infections, and hypotheses about the cause(s) of death and the pathogenic role of B. ceti infection for each of the B. ceti-infected striped dolphins found stranded along the coast of Italy are summarized in Supplementary Table S1.



Excluding Case 4, in which sex could not be determined, females represented a higher proportion of stranded striped dolphins (15/23; 65.2%) than males (8/23; 34.8%).



Considering the age, adults (14/22; 63.6%) were overrepresented compared with juveniles (8/22; 36.4%). In Cases 4 and 23, the age class could not be estimated. Most of the animals were fresh (DCC 2) (18/22; 81.8%), with a few individuals exhibiting a moderate decomposition (DCC 3). For two animals (Cases 4 and 5), we were no able to estimate DCC.



Excluding Cases 4 and 23, in which NCC could not be estimated, the cetaceans under study showed different body conditions: poor (12/22; 54.5%), moderate (5/22; 22.7%), and good (5/22; 22.7%). Considering the stranding location, different sea sectors were represented: Ionian Sea (N = 6), Central Adriatic Sea (N = 6), Southern Adriatic Sea (N = 3), Central Tyrrhenian Sea (N = 3), Southern Tyrrhenian Sea (N = 2), Sardinian Sea (N = 2), and Ligurian Sea (N = 2).



With reference to gastric contents, except for Cases 2, 4, and 5, for which no data were available, most of the animal showed absence of ingesta (20/21; 95,2%), with evidence of a recent meal having been found in one animal only (Case 20) (1/21; 4.8%).




3.1.2. Gross and Microscopic Findings


Postmortem examination and histopathological investigations were performed on 23 out of the 24 striped dolphins with positive culture for B. ceti (Case 4 was not included), and histopathologic evaluation of brain tissue samples was conducted in all the 23 cases.



A wide variety of gross and microscopic findings were observed in 21 out of the 23 investigated cetaceans (Supplementary Table S1).



General Gross Findings


The main gross findings included parasitization by Phyllobotrium (delphini and/or Monorygma grimaldi plerocercoids (20/23; 86.9%), hyperemic meninges and/or brain (17/23; 73.9%), a parasitic bronchopneumonia (13/23; 56.5%), a lymphadenomegaly (12/23; 52.1%), and a nodular gastritis by Pholeter gastrophilus (7/23; 30.4%) (Supplementary Table S1).




Gross Brucella ceti-Associated Findings


The main gross Brucella ceti-associated lesions included the hyperemic meninges and/or brain (17/23; 73.9%), alongside reproductive tract inflammation (endometritis) (4/23; 17.3%). Another prominent macroscopic change was represented by an increased volume or hemorrhagic CSF appearance (3/8; 37.5%) (Table 2; Supplementary Table S1).




Microscopic Findings Associated with Brucella ceti Infection (CNS)


Neurobrucellosis was observed in most of the animals investigated (20/23) (Table 2), and the main microscopic Brucella ceti-associated lesions were represented by non-suppurative meningoencephalitis, detected in 9/20 individuals (45%), non-suppurative meningitis in 6/20 (30%), and non-suppurative meningoencephalomyelitis in 5/20 (25%) (Supplementary Table S1).



In particular, the B. ceti-associated lesions detected in the CNS of bacteriologically and/or molecularly positive animals are shown in Table 3, along with the pathologic changes observed in CNS regions other than the cerebrum, whenever present, and/or lesions related to other pathogens in case of coinfection.



Non-suppurative meningitis was detected in twenty animals, which was severe in five (Table 3; Supplementary Table S1; Figure 2G–H); non-suppurative encephalitis was detected in fourteen animals, being severe in four; non-suppurative plexus choroiditis was seen in ten animals, being severe in one (Table 3; Supplementary Table S1); non-suppurative cerebellitis (seven animals), myelitis (five animals), and polyradiculoneuritis (two animals) were the main lesions observed in other regions (Table 3; Supplementary Table S1; Figure 2G).



Associated lesions included the detection of protozoan cysts in Cases 3 and 6 (Table 3; Supplementary Table S1).



Pathological changes were also detected in three animals (Cases 11, 12, 13), despite their negativity for Brucella at CNS level. In detail, in Case 3, a multifocal acute encephalitis of unknown origin, associated with microgranulomas and perivascular hemorrhages, was evident; in Case 6, a non-suppurative meningoencephalitis, associated with mononuclear cell perivascular cuffs, vasculitis, and gliosis, alongside the presence of widespread T. gondii IHC-positive protozoan cysts of distinct size, was observed. Case 12 exhibited a severe chronic monocytic meningitis of unknown origin




Microscopic Brucella ceti-Associated Findings (Tissues Other Than CNS)


A minority of animals with neurobrucellosis (8/20) also showed B. ceti-associated lesions in other tissues (Cases 3, 6, 10, 16, 17, 18, 19, 21) (Supplementary Material Tables S1 and S2).



Overall, considering all the 23 animals with histopathological findings, B. ceti-associated lesions in positive tissues other than CNS involved splenitis (and/or lymphoid necrosis) (4/14; 20%), lymphadenitis (and/or lymphoid necrosis) (4/12; 33.3%), reproductive tract inflammation (4/12; 33.3%), myocarditis (and/or necrosis) (2/11; 18.1%), pneumonia (3/19; 15.7%), necrotizing hepatitis (2/15; 13.3%), and mastitis (1/3; 33.3%) (Table 2). The lesions affecting lymphoid tissues included splenitis and generalized lymphoid necrosis (spleen, prescapular, and pulmonary lymph nodes) (Case 6), splenitis, with infiltration of monocyte-macrophage type cells, and hyperplastic lymphadenitis in pancreatic and parotid lymph nodes (Case 10), lympho-histiocytic splenitis (Case 16), reactive lymphadenitis associated with congestion (Case 17), reactive lymphadenitis in prescapular lymph nodes (Case 19), and lymphoid hyperplasia in spleen (Case 21).



The lesions in reproductive organs were represented by lympho-monocytic oophoritis and lympho-monocytic endometritis (Case 10), lymphocytic orchitis (Case 12), endometritis with monocytic-macrophagic infiltration (Case 16), and severe non-suppurative endometritis (Case 18).



Lesions in the cardiovascular and respiratory systems included focal myocardial necrosis, associated with edema and mild inflammatory infiltrate (Case 18), alongside a mononuclear interstitial myocarditis (Case 19), pneumonia associated with perivascular lymphocytic infiltrates (Case 3), broncho-interstitial pneumonia (Case 6), and a non-suppurative interstitial pneumonia with exudative alveolitis, emphysema, and bronchial calcifications (Case 10).



Lesions in other organs were represented by multifocal necrotizing hepatitis (Case 6), necrotizing hemorrhagic hepatitis (Case 18), and mastitis (Case 10).



A selected collection of the gross and microscopic features of B. ceti-associated CNS lesions in some of the animals under study are shown in Figure 2.





3.1.3. Coinfections


Fifteen animals (15/24; 62.5%) were found to be coinfected with other pathogens. PCR assays confirmed co-infections with CeMV alone (8/15), with CeMV and T. gondii (2/15), with T. gondii alone (2/15), with CeMV, T. gondii, and HV (1/15), with CeMV and HV (1/15), and with HV (1/15) alone.



By means of IHC, Morbillivirus infection was additionally confirmed in Case 6, while T. gondii infection was recognized in Cases 6, 12, and 21. Moreover, protozoan cysts were detected at brain level in 3/5 T. gondii—molecularly positive animals (Cases 3, 6, 12) with anti-T. gondii and anti-Morbillivirus antibodies being also found in Cases 3 and 6, and Cases 6 and 12, respectively.



Supplementary Table S1 summarizes the results obtained by IHC, molecular, serological, and histological investigations.




3.1.4. Cause of Death and Pathological Evaluation


Hypotheses on the cause(s) of death were formulated for almost all animals (23/24). For Case 4, considering the limited data available, the cause of death was undetermined (ND). In all the animals evaluated (23/23; 100%) the cause of death was associated with natural origin, specifically represented by infectious diseases.



In most of the animals investigated (14/23; 60.8%) and specifically, in Cases 1, 2, 5, 8, 14, 15, 16, 17, 18, 19, 20, 22, 23, and 24, the lesions seen at CNS level were consistent with B. ceti infection, and their stranding could have resulted from a severe cerebral impairment exclusively due to B. ceti infection. Interestingly, a strong suspect of a feeding behavioral alteration (pica) was raised for Case 16, which showed an evident dislocation of the laryngeal beak due to a foreign body ingestion, with subsequent difficulties in food intake.



In Cases 7, 9, and 10, CNS lesions were consistent with B. ceti infection, and the stranding could have resulted from a severe cerebral impairment associated with CeMV coinfection, while in Cases 3 and 6, a T. gondii coinfection, and in Case 21, a T. gondii and HV coinfection, could have led to the dolphins’ stranding.



In Cases 11 and 12, the role of B. ceti infection remains unknown. In the first case, the lesions in the spleen were not consistent with B. ceti infection and the stranding could have resulted from a severe cerebral impairment associated with brain inflammation of unknown origin. In the second case, the testicular lesions were consistent with a localized B. ceti infection, and the stranding could have resulted from a severe cerebral impairment due to a brain inflammation by T. gondii.



In Case 13, while the CNS lesions were of suspect B. ceti origin, a confirmation by isolation and/or PCR was not obtained, so the role of B. ceti infection in the dolphin’s stranding remains unknown.



Supplementary Table S1 includes the results of the evaluation of the hypotheses on the cause(s) of death and on the pathogenic role of B. ceti for each case considered, summarized in column “comments/COD”.





3.2. Brucella Infection Diagnosis


All the results are summarized in Supplementary Table S1.



The isolation of B. ceti was attempted and obtained in all 24 animals under investigations.



B. ceti was isolated from the CNS of 20/24 striped dolphins (83.3%) (Cases 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 14,15, 16, 17, 18, 19, 20, 22, 23, 24), including the isolation from CSF of Case 16, and, in most of these animals, CNS was the only positive tissue (13/20). In the remaining seven animals (Cases 1,3, 6, 10, 17, 18, 19) the isolation was obtained from at least one, to a maximum of twelve, types of tissue tested.



In four animals (Cases 11, 12, 13, 21) B. ceti was isolated only from the spleen (Cases 11 and 21), ovary (Case 13), and testicle (Case 12).



The PCR for Brucella spp. detection directly from tissues was performed in 16/24 animals (66.6%) (Cases 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 20, 21, 22, 24), with positive results obtained from CNS and/or other tissues of 12 animals (12/16; 75%) (Cases 6, 7, 9, 19, 11, 12, 15, 16, 17, 20, 21, 24), and with evidence of a systemic spread in two cases (Cases 6 and 10). Notably, in Case 10, Brucella spp. was detected in a sampled lungworm (fam. Pseudaliidae).



The RBT test was performed using the blood serum of eleven animals (11/24; 45.8%), and the test result was positive in six (6/11; 54.5%) (Cases 9, 10, 18, 19, 20, 23) and negative in the remaining five (Cases 6, 7, 12, 14, 15) samples.




3.3. Brucella ceti Epidemiological Data


The genotyping of B. ceti using MLST classified 21/24 strains as sequence type 26 (ST-26) and 3/24 as sequence type 49 (ST-49). The analysis using cgMLST allowed us to examine the genetic relationship between the 24 strains included in our study. The strains were divided into four different clades (Clade 1: strains 1905477, 26087, 1207793, 3838, and 6980; Clade 2: strains 31957, 255877, 19759, 46223, 66805, 1259, 39595, 25153, 10759, and 28753; Clade 3: 17753, 2785, 260676, and 226242; Clade 4: 578, 277892, 277922, and 28356) and one branch containing a single strain (2780) (Figure 3). The maximum distance between the genomes was 61 core genes and the distance between the clades ranged between 37 and 44 core genes. Clade 1 was composed of strains isolated from dolphins found stranded on the western coasts of Italy, including the Central Tyrrhenian, Sardinian, and Ligurian Seas. The maximum allele distance within the clade reached 18; interestingly, however, two genomes from the Tyrrhenian Sea and the Sardinian Sea, 1905477 and 26087, were very closely genetically related (only two alleles of difference). Both Clade 2 and Clade 3 contained strains isolated along the eastern coastlines of the Adriatic and the Ionian Sea. The genetic distances between the strains in Clade 2 ranged from 1 to 20 alleles, while within Clade 3 we detected a maximum distance of only 5 core genes. The genetic variation between the genomes in Clade 2 was likely influenced not only by the geographic location of dolphins’ habitat, but also by the date of strain isolation, which ranged from 2012 to 2020. Clade 4, composed of strains isolated from dolphins stranded along the coastline of the Central and Southern Tyrrhenian Sea, was further divided into two branches, one containing three genetically identical strains assigned to ST-49 isolated in 2019 and 2021, and one isolate of ST26 located 28 alleles away from the other three strains.



Plotting these clades on the geographic map suggests a link between their phylogeny and topographical distribution (Figure 4).




3.4. Statistical Analyses


Neither the univariate nor the multivariate analysis showed any statistically significant differences between the ST26 and ST49 B. ceti strains recovered from the investigated striped dolphins.





4. Discussion


This study represents an exhaustive survey of B. ceti infection in cetaceans from Italian waters, which included a detailed examination of 24 cases diagnosed between 2012 and 2021, along with a complete characterization of the B. ceti isolates. In comparison with the results of the first survey performed on eight animals [36], here we documented the circulation of a new sequence type (ST 49), and the occurrence of B. ceti infection extended to almost all marine sectors, instead of geographically restricted areas.



We isolated B. ceti from the CNS of most of the striped dolphins under investigation (83.3%), while, in a few animals (N = 4), the isolation was obtained only from lymphoid tissues and reproductive tract organs.



In seven animals, besides the CNS, B. ceti was isolated from other tissues, with two dolphins also showing clear evidence of severe systemic infection (Cases 10 and 18).



Although we observed several pathologic changes typically not consistent with B. ceti infection, we detected peculiar gross lesions associated with Brucella infection, mostly represented by hyperemic meninges and/or brain, which were observed in 17 animals [9,10,16,17]. Other B. ceti-associated findings were detected in the reproductive organs of four adult females, which were affected by endometritis (Cases 10, 16, 17, 19). Another feature observed was the increased volume or the hemorrhagic CSF appearance (Cases 10, 18, 20).



In our study, histological analyses revealed a strong correlation between B. ceti infection and neuropathological findings of different severity and frequency, which was in accordance with the previous descriptions [16,71]. Neurobrucellosis was indeed observed in most of the animals investigated (20/23), also associated, in a minority of cases (8/20), with B. ceti-associated lesions in other tissues (Cases 3, 6, 10, 16, 17, 18, 19, 21), including splenitis and/or generalized lymphoid necrosis, reactive lymphadenitis, necrotizing hepatitis, myocardial necrosis and myocarditis, reproductive tract inflammation, mastitis, and interstitial pneumonia.



The majority of B. ceti-positive animals displayed severe non-suppurative meningitis, along with encephalitis, choroiditis, cerebellitis, and myelitis. Specifically, non-suppurative meningoencephalitis, meningitis, or meningoencephalomyelitis, which were detected in the CNS of 20 B. ceti-infected animals, were similar to those reported in neurobrucellosis-affected humans [32,72], as well as in neurobrucellosis-affected striped dolphins elsewhere [9,12,16,17,18,33,36,73]. Notably, a relationship between a specific pulmonary B. ceti-associated lesion (interstitial pneumonia) and a severe parasitic bronchopneumonia by nematodes (from which Brucella ceti was isolated) was demonstrated in Case 10.



We detected co-infections in more than half of the animals investigated, mainly involving CeMV and T. gondii, as previously reported in several cetacean species infected by Brucella spp. and CeMV [21,71,74] or T. gondii [18,23]. Moreover, co-infection with Herpesvirus (HV) was also detected in three cases [71,75].



A potentially relevant role played by CeMV in initiating the animal’s decline could be suggested in 3/12 cases of co-infection with the virus (Cases 6, 10, and 19), along with specific immunopositivity and the presence of antibodies in Case 6, with evidence of systemic spread of B. ceti infection and the presence of several lesions consistent with this bacterial infection.



Likewise, the signs of T. gondii infection were observed in 4/5 cases of co-infection, and the presence of protozoan cysts at the cerebral level, the specific immunopositivity, and the presence of antibodies may also support the potentially relevant role played by T. gondii in initiating the animals’ decline.



A potential pathogenic role could have also been played by Herpesvirus in one of the cases of co-infection detected, specifically in Case 21, where classical CNS lesions associated with the presence of alphaherpesviruses [19,71,75,76,77,78], represented by neuronal necrosis, were detected. On the other hand, the absence of HV antigens in the CNS of the other two cases (Cases 17 and 22), and the absence of specific lesions in HV-positive tissues or the evidence of systemic infections [79,80,81], make the role of HV infection uncertain. Its involvement in the host’s immune response impairment could not, however, be negligible, as seen in the previous reports of CeMV [80,82].



Meningitis and encephalitis, associated with a wide range of pathogens (viral, bacterial, protozoan, parasitic), are among the leading known natural causes of death in stranded cetaceans [71]. Considering the pathogenic role of B. ceti in the striped dolphins under study, for most of the animals investigated by means of in-depth anatomo-histopathological analyses (14/23), the stranding could have resulted from a severe cerebral impairment associated exclusively with B. ceti infection. For the additional six cases, the stranding could have resulted from a severe cerebral impairment associated with a co-infection, specifically with CeMV (3/6), T. gondii (2/6), and T. gondii and HV together (1/6).



The role of B. ceti infection could not be determined in three cases, characterized by single isolation in spleen without associated pathological lesions (Case 11), single isolation at the testicular level with associated pathological lesions (Case 12), and single isolation at the ovary level, with microscopic features not available (Case 13).



Moreover, in Cases 2 and 10, the finding of lymphoid depletion, described before in dolphins with brucellosis [17,26], suggests an immunocompromised host response. Case 10 provide evidence of a CeMV co-infection and the presence of numerous Brucella-type lesions, involving spleen, lymph nodes, lung, ovarium, uterus, and mammary gland, representative of a severe systemic spread of B. ceti infection in the presence of anti-Brucella spp. antibodies.



Anti-Brucella spp. antibodies were detected in more than half of the eleven positive animals tested, and in three of them (Cases 10, 18, 19), they were associated with a severe systemic infection, characterized by B. ceti isolation and antigen detection in multiple tissues, alongside many B. ceti-associated lesions; in the three other dolphins (Cases 9, 20, 23), the infection was detected only at CNS level. Negative results were mostly associated with a single involvement of CNS (Cases 7, 12, 14, 15), and only in Case 6 were they associated with a severe systemic infection. This supports the evidence that the use of B. abortus antigen may lead to false-negative results, and other serological tests, such as the ELISA test or RBT test with B. ceti antigen, could be used as complementary methods to detect the serological response to B. ceti in dolphins, as previously shown [9,16,83]. Although the limited number of samples hampers any definitive conclusions on the use of RBT for the detection of Brucella spp. infection in dolphins, the positive results obtained in cases with a severe systemic infection in serum samples collected from animals having a good conservation status support a true positive result [9].



The highest frequency of B. ceti infection was confirmed in adults, and this observation seems in accordance with the results obtained in a previous study on marine mammals of the genus Stenella stranded in Brazil [26]. Additionally, more than a half of the animals showed a poor body condition, and almost all animals had empty stomachs at necropsy, suggesting an impairment in their foraging ability, likely caused by the disease and impairment of neurological functions [16,17,84].



Considering the stranding location of all striped dolphins under study, the circulation of B. ceti appears to extend to almost all Italian marine sectors, especially in the central-southern Adriatic and Ionian Seas.



None of the cases considered in this report stranded alive, so it was not possible to observe neurological symptoms at the time of stranding.



The MLST analysis of B. ceti isolated from stranded striped dolphins showed that most of the strains belonged to ST26, as previously described, and three strains were assigned to ST49. ST49, although not reported in the literature, has been previously associated with B. ceti strains isolated from dolphins in the United Kingdom and in Spain (https://pubmlst.org/, accessed on 18 May 2023). The cgMLST divided the Italian B. ceti population into four clades; however, the maximum distance between all the analyzed strains did not exceed 61 core genes, suggesting the presence of a recent common ancestor. Interestingly, within the clades, we identified closely related strains isolated in different years, suggesting that the genetic variation in B. ceti in the striped dolphin population in Italy may not be high. The division of the clades followed the geographic origin of the samples, with two clades containing the strains isolated from animals stranded along the eastern coastlines of Italy, and the two other clades composed of the strains from the western seas. We previously reported a strong phylogeographic segregation of the B. ceti isolates [36], and the results of the analysis of addition of 16 new genome sequences further support this observation. Here, we mapped the presence of the four clades in six distinct sea sectors, namely, Southern Adriatic, Central Adriatic, Ionian, Southern Tyrrhenian, Central Tyrrhenian, and Sardinian and Ligurian Seas. Again, the segregation was confirmed and the association with the dolphin population was also suggested. Further studies linking the distribution and behavior of striped dolphin pods in the European seas and the molecular evolution of B. ceti strains could provide more insights into the routes of transmission of B. ceti infection among the marine mammals.



In summary, our results provide novel data and pathological evidence of B. ceti infection in cetacean species in Italy and the geographic distribution range of this agent in Italian waters. Considering the results of this survey and the other data available [18,23,36], the occurrence of B. ceti infection in cetaceans stranded along the Italian coastline appears to be extended to almost all marine sectors and especially to the central-southern Adriatic and Ionian Seas.



The severity of B. ceti-associated lesions reported in the present study supports the role of B. ceti as a primary neurotropic pathogen in striped dolphins, as well as a probable cause of stranding events and death, as previously described elsewhere [21,34]. In this regard, our results corroborate previous reports indicating that striped dolphins are highly susceptible hosts for developing neurobrucellosis in comparison with the other cetaceans [17] and confirming neurobrucellosis as one of the most significant lesions’ patterns associated with B. ceti infection [17,18,21,23,85]. Additional studies are required to identify the mechanisms, as well as the pathogen- and the host-related factors, driving the neuro-invasion process in B. ceti infection and the role of specific virulence determinants in colonization and persistence in the host’s CNS [37].



No differences were seen in B. ceti-associated lesions and, furthermore, most of the cases (87%) clustered into ST26. With such small samples, statistical associations are very difficult to find.



To better understand the interactions between pathogen, host, and environmental factors, in close agreement with the “One Health” concept, a detailed understanding of the effects of pollutant-related immunotoxicity, suggested by some case reports [23,86], is additionally required, particularly in the light of the conflicting results obtained using ex vivo models [87].



Surveillance of cetacean strandings in Italy involves organizations from governmental and academic institutions with different areas of expertise such as public health, animal health, and environment. Such a network made this study possible, and our findings highlight the importance of maintaining a multidisciplinary and standardized approach in the monitoring of stranded cetaceans, with epidemiological and laboratory data truly shared across sectors.



Finally, based on the known zoonotic nature of B. ceti [88,89,90], it is strongly recommended to maintain proper handling of stranded animals and to adopt all necessary biosafety and biosecurity measures and protocols during post mortem and diagnostic investigations, to avoid the risk of the disease transmission to humans, as well as exposure to other neglected zoonoses.




5. Conclusions


Consistent with a previous survey [36], the present study confirms the role of B. ceti as a primary neurotropic pathogen for striped dolphins from Italian seas. Contrary to the idea that B. ceti infection is limited to specific areas, the circulation instead appears to extend to almost all Italian marine sectors, especially in the central-southern Adriatic and Ionian Seas. The genotyping of a higher number of strains allowed the identification of a new sequence type (ST49), in addition to the common, previously detected ST26, and the WGS provided novel data on the separation of the Italian B. ceti population into four clades. These data highlight the need for continuous surveillance and monitoring studies on stranded cetaceans, while maintaining a multidisciplinary and standardized approach, to improve knowledge of the impact and the evolution of this pathogen along the Italian coastline and in the Mediterranean Sea.
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Figure 1. Stranding sites of striped dolphins infected by B. ceti under study, Italy, 2012–2021, by month and year of stranding. Geographical mapping was obtained by QGIS software using the geographical coordinates found from the strandings (source monitoring of cetacean strandings on Italian coasts, http://mammiferimarini.unipv.it/index_en.php, accessed on 18 May 2023). Each dot represents a stranding and is identified by the Case Id number of Supplementary Table S1. The Italy map was used under a CC BY-SA copyright from OpenStreetMap contributors (https://www.openstreetmap.org/copyright/en, accessed on 18 May 2023). 
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Figure 2. Gross and histological findings in striped dolphins (Stenella coeruleoalba) with neurobrucellosis. (A) Case 6. Dead stranded striped dolphin, presenting poor body condition. (B) Case 22. Hyperemic meninges over the cerebrum and cerebellum. (C) Case 24. Hyperemic meninges over the cerebrum. (D) Case 2. Non-suppurative meningitis. Cerebellar meninges are infiltrated by mononuclear cells 40x×. H&E. (E) Case 8. Non-suppurative meningitis. Cerebral cortex meninges are infiltrated by mononuclear cells. 10x×. H&E. (F) Case 7. Perivascular cuff characterized by the presence of lympho-monocytic cells. 20x×. H&E. (G) Case 5. Non-suppurative lympho-monocytic plexochoroiditis. 20x×. H&E. (H) Case 15. Severe non-suppurative lympho-monocytic meningitis, associated with non-suppurative periganglioneuritis 10x×. H&E. (I) Case 5. Severe non-suppurative meningitis. Meninges at the level of medulla oblongata are infiltrated by lympho-monocytic cells. 10x×. H&E. (J) Case 6. Non-suppurative lympho-monocytic plexo-choroiditis. 40x×. H&E. 
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Figure 3. UPGMA tree generated using cgMLST for 24 strains of B. ceti isolated from striped dolphins stranded along the Italian coastline. The tree was calculated by pairwise comparison of 2076 core genes with missing values ignored. The origin of the stranded dolphins is highlighted with distinct colors and the MLST profiles are shown on the tree branches. 
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Figure 4. Stranding sites of striped dolphins infected by B. ceti under study, Italy, 2012–2021, by clade. Geographical mapping was obtained by QGIS software using the geographical coordinates found from the strandings (source monitoring of cetacean strandings on Italian coasts, http://mammiferimarini.unipv.it/index_en.php, accessed on 18 May 2023). The square brackets in the legend represent the overall number of strains and the number of strains for each clade identified. Each dot represents a stranding and is identified by the Case Id number of Supplementary Table S1. The Italy map was used under a CC BY-SA copyright from OpenStreetMap contributors (https://www.openstreetmap.org/copyright/en, accessed on 18 May 2023). 
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Table 1. Overview of diagnostic investigations conducted per case. Cases are listed in chronological order.






Table 1. Overview of diagnostic investigations conducted per case. Cases are listed in chronological order.





	
Case ID

	
Histological

	
Immuno-Histochemical

	
Biomolecular

	
Serological

	
Brucella Infection Diagnosis




	
CeMV °

	
T.

gondii °°

	
HV °°°

	
CeMV *

	
T.

gondii*

	
Isolation and Identification **

	
PCR from Tissues

	
Serological (RBT) * and ***






	
1

	
x

	

	
x

	
x

	

	

	

	
X

	

	




	
2

	
x

	

	
x

	
x

	

	

	

	
X

	

	




	
3

	
x

	

	
x

	
x

	

	
x

	
x

	
X

	
X ^

	




	
4

	

	

	
x

	
x

	

	

	

	
X

	

	




	
5

	
x

	

	
x

	
x

	

	

	

	
X

	

	




	
6

	
x

	
X (Morbillivirus;

T. gondii) *

	
x

	
x

	
x

	
x

	

	
X

	
X ^

	
x




	
7

	
x

	

	
x

	
x

	

	
x

	
x

	
X

	
X ^

	
x




	
8

	
x

	

	
x

	
x

	

	

	

	
X

	
X ^^^

	




	
9

	
x

	

	
x

	
x

	

	

	

	
X

	
X ^^^

	
x




	
10

	
x

	

	
x

	
x

	

	

	

	
X

	
X ^^

	




	
11

	
x

	

	
x

	
x

	
x

	

	

	
X

	
X ^

	




	
12

	
x

	
X (Morbillivirus;

T. gondii) *

	
x

	
x

	

	
x

	

	
X

	
X ^

	
x




	
13

	
x

	

	
x

	
x

	

	

	

	
X

	
X ^

	




	
14

	
x

	

	
x

	
x

	

	
x

	

	
X

	
X ^^

	
x




	
15

	
x

	

	
x

	
x

	

	
x

	
x

	
X

	
X ^^

	
x




	
16

	
x

	

	
x

	
x

	

	

	

	
X

	
X ^^

	




	
17

	
x

	

	
x

	
x

	
x

	

	

	
X

	
X ^

	




	
18

	
x

	

	
x

	
x

	

	

	

	
X

	

	
x




	
19

	
x

	

	
x

	
x

	

	

	

	
X

	

	
x




	
20

	
x

	

	
x

	
x

	

	

	

	
X

	
X ^^

	
x




	
21

	
x

	
X (Morbillivirus;

T. gondii) *

	
x

	
x

	
x

	

	

	
X

	
X ^

	




	
22

	
x

	
X (Morbillivirus) *

	
x

	
x

	
x

	

	

	
X

	
X ^

	




	
23

	
x

	

	
x

	
x

	

	

	

	
X

	

	
x




	
24

	
x

	

	
x

	
x

	
x

	

	

	
x

	
X ^^

	








Legend: x: performed; *: Di Guardo et al., 2010; °: Verna et al., 2018; °°: Vitale et al., 2013; °°°: VanDevanter et al., 1996; **: OIE Manual, 2018; Alton 1988; Cloeckaert et al., 1995; ^: Baily et al., 1992; ^^: Bounaadja et al., 2009; ^^^: López-Goñi et al., 2008 and Kang et al., 2011; ***: Hernandez-Mora et al., 2008.
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Table 2. B. ceti-associated lesions (gross/microscopic) in tissues/fluids from microbiologically and/or molecularly B. ceti-positive striped dolphins under investigation. Note that one animal was not considered (gross and microscopic data not available).






Table 2. B. ceti-associated lesions (gross/microscopic) in tissues/fluids from microbiologically and/or molecularly B. ceti-positive striped dolphins under investigation. Note that one animal was not considered (gross and microscopic data not available).









	Gross Lesions
	Striped Dolphins Examined





	Hyperemic meninges and/or brain
	17 of 23 (73.9%)



	Reproductive tract inflammation
	4 of 23 (17.3%)



	Hemorrhagic cerebrospinal fluid/increased volume
	3 of 8 (37.5%)



	Microscopic lesions
	



	Non-suppurative encephalitis (±meningitis/myelitis)
	20 of 23 (86.9%)



	Splenitis (±necrosis)
	4 of 14 (20%)



	Hepatitis
	2 of 15 (13.3%)



	Myocarditis (±necrosis)
	2 of 11 (18.1%)



	Reproductive tract inflammation
	4 of 12 (33.3%)



	Lymphadenitis (±necrosis)
	4 of 14 (33.3%)



	Pneumonia
	3 of 19 (15.7%)



	Mastitis
	1 of 3 (33.3%)










[image: Table] 





Table 3. Brucella ceti-associated lesions in the CNS from Brucella-positive striped dolphins.






Table 3. Brucella ceti-associated lesions in the CNS from Brucella-positive striped dolphins.





	
Case ID

	
Cerebrum

	
Other Nervous System Regions Different from the Cerebrum

	
Associated Lesions Related to Other Pathogens

	
Co-Infections (CNS)




	
M

	
E

	
Pl-C






	
1

	
+

	
-

	
-

	
-

	
-

	
-




	
2

	
+

	
-

	
-

	
NS cerebellitis

	

	
-




	
3

	
+ *

	
+

	
-

	
-

	
scattered protozoan cysts with a few granulomatous foci

	
T. gondii




	
5

	
+ *

	
+ *

	
+

	
NS inflammation in medulla oblongata *

	

	




	
6

	
+

	
+

	
+

	
granulomatous cerebellitis, with malacia and protozoan cysts

	
protozoan cysts

	
CeMV—

T. gondii




	
7

	
+

	
+

	
-

	
-

	
-

	
CeMV




	
8

	
+ *

	
+ *

	
+

	
NS myelitis

	
-

	
-




	
9

	
+

	
+

	
-

	
NS cerebellitis and myelitis

	
-

	
CeMV




	
10

	
+

	
-

	
-

	
NS cerebellitis, NS perineuritis and periganglioneuritis at spinal cord cervical level

	

	
CeMV




	
14

	
+

	
+ *

	
+

	
NS cerebellitis, myelitis.

	

	
-




	
15

	
+ *

	
-

	
-

	
NS inflammation in medulla oblongata and perineuritis

	

	
-




	
16

	
+

	
-

	
-

	
NS inflammation in medulla oblongata

	

	




	
17

	
+ *

	
-

	
-

	
-

	
-

	
-




	
18

	
+

	
+

	
+

	
NS cerebellitis, inflammation in medulla oblongata

	
-

	




	
19

	
+

	
+

	
+

	
NS inflammation in medulla oblongata and myelitis

	
-

	
-




	
20

	
+

	
+

	
-

	
NS inflammation in medulla oblongata and myelitis

	
-

	
-




	
21

	
+

	
+

	
+

	

	

	
T. gondii-HV




	
22

	
+

	
+ *

	
+

	

	
-

	




	
23

	
+

	
+

	
+

	
NS cerebellitis

	
-

	
-




	
24

	
+

	
+

	
+

	

	
-

	
-








Legend: NA: sample not available for histopathology; NS: non suppurative; CNS: central nervous system; M: meningitis; E: encephalitis; Pl-C: plexus choroiditis; CeMV: Cetacean Morbillivirus; HV: Herpesvirus. *: severe.



















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
s
| ,15
~n
4
23,

'.?-






nav.xhtml


  pathogens-12-01034


  
    		
      pathogens-12-01034
    


  




  





media/file2.png
N Y Stranding year-month
LT ‘4‘0 5 R ® 2012-February
B i . ® 2012-March

g A 18 2012-October

o R 55 s P 5.2 B 2013-November

Pl e _ v ot 4 2014-December
S S S N W Taan s, 2017-December

3 / 2017-February

‘ AR 2017-May
| 2018-November

2019-April

2019-February
2019-January
2019-October
2020-December
2020-February
2020-May
2020-October
2021-December
2021-February
2021-March
2021-May

; . & 218
D ¢
¢

00000000 ODOO®

N.
o
0
L 4

‘4._;.3.,’

#





media/file5.jpg





media/file3.jpg





media/file1.jpg





media/file7.jpg
<

> > o RIS
sl E






media/file0.png





media/file8.png
Clades identified [24]
® 1[5]
2[10]
® 3[4]
@ 4[4
Single strain [1]






media/file6.png
—
ST-26 L
—
ST-26 L
ST-26
ST-26

ST-49

ST-26

IR

[ ] Adriatic Sea

[ ] lonian Sea

D Ligurian Sea

| | sardinian Sea
[ ] Tyrrhenian Sea

0.01

1905477, Central Tyrrhenian Sea, LAZIO
26087, Sardinian Sea, SARDINIA

1207793, Ligurian Sea, TOSCANA

3838, Ligurian Sea, LIGURIA

6980, Sardinian Sea, SARDINIA

31957, Southern Adriatic Sea, PUGLIA
255877, Southern Adriatic Sea, PUGLIA
19759, Central Adriatic Sea, PUGLIA
46223, Central Adriatic Sea, ABRUZZ0O
66805, Central Adriatic Sea, ABRUZZO
1259, lonian Sea, PUGLIA

39595, Central Adriatic Sea, MOLISE
25153, lonian Sea, PUGLIA

10759, lonian Sea, PUGLIA

28753, lonian Sea, PUGLIA

17753, lonian Sea, CALABRIA

2785, Central Adriatic Sea, MOLISE
260676, Central Adriatic Sea, ABRUZZO
226242, Southern Adriatic Sea, PUGLIA
2780, lonian Sea, PUGLIA

578, Southern Tyrrhenian Sea, CALABRIA
277892, Central Tyrrhenian Sea, CAMPANIA
277922, Central Tyrrhenian Sea, CAMPANIA
28356, Central Tyrrhenian Sea, CAMPANIA





