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Tuberculosis (TB) affects humans and other animals, and it is caused by 
bacteria within the Mycobacterium tuberculosis complex (MTBC). In this 
study, we  report the characterisation of Mycobacterium pinnipedii that 
caused a TB case in a sea lion (Otaria flavescens) kept in an Italian zoo. The 
animal died due to severe, progressive disorders involving the respiratory 
and gastro-enteric systems and the skin. At necropsy, typical gross lesions 
referable to a TB generalised form were found. In particular, nodular 
granulomatous lesions were detected in the lungs and several lymph nodes, 
and colonies referable to Mycobacterium spp. were isolated from lung, 
mesenteric, and mediastinal lymph nodes. The isolate was identified by PCR 
as a MTBC, had a spoligotype SB 1480 (“seal lineage”), and was characterised 
and characterised by whole-genome sequencing analysis confirming 
that the MTBC involved was M. pinnipedii. The analysis of the resistome 
and virulome indicated the presence of macrolide and aminoglycoside 
resistance genes intrinsic in M. tuberculosis [erm-37 and aac(2′)-Ic] and 
confirmed the presence of the region of difference 1 (RD1), harbouring the 
esxA and esxB virulence genes, differently from its closest taxon, M. microti. 
As for other MTCB members, M. pinnipedii infection can spill over into non-
pinniped mammalian species; therefore, zoological gardens, veterinary 
practitioners, and public health officers should be  aware of the hazard 
posed by tuberculosis from marine mammals. Since the isolate under study, 
as well as all available genomes of M. pinnipedii investigated in this study 
retains almost all the M. tuberculosis virulence genes, it could indeed cause 
infection, lesions, and disease in other animal species, including humans.
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1 Introduction

Tuberculosis (TB) affects humans and other animals, and it is 
caused by bacteria within the Mycobacterium tuberculosis complex 
(MTBC). MTBC members belong to the family Mycobacteriaceae and 
are Gram-positive, acid-fast bacilli. The taxonomy of organisms in the 
MTBC is in constant evolution [World Organisation for Animal 
Health (WOAH), 2022]. Based on the current knowledge, the MTBC 
is comprised of nine human-adapted lineages (L), representing 
M. tuberculosis sensu stricto (L1–4 and L7–8) and M. africanum (L5–6 
and L9), plus different animal-associated lineages including M. bovis, 
M. caprae, M. microti, and M. pinnipedii (Riojas et al., 2018; Silva et al., 
2022; Vågene et al., 2022).

All MTBC members have almost identical genome sequences/
genotypes, with more than 99.95% nucleotide identity, and although 
all mammalian species are considered susceptible to tuberculosis, 
their host tropism and ability to cause disease differ significantly 
(Silva-Pereira et al., 2019). Single-nucleotide polymorphisms (SNPs) 
and deletions of genomic regions ranging from 2 to 12.7 Kb, 
denominated ‘regions of difference (RDs)’, allow for species 
differentiation [Cousins et al., 2003; Silva-Pereira et al., 2019; World 
Organisation for Animal Health (WOAH), 2022].

Mycobacterium pinnipedii was first described in pinnipeds in 1913 
(Blair, 1913), but it was not until 2003 that the causal agent was 
recognised as a novel member of the MTBC, now known as 
M. pinnipedii (Cousins et al., 2003). Mycobacterium pinnipedii has 
been mostly isolated from pinnipeds (seals and sea lions) worldwide, 
more often in captive animals (Cousins et al., 2003; Kiers et al., 2008; 
Moser et al., 2008; Kriz et al., 2011; Boardman et al., 2014; de Amorim 
et al., 2014; Martins Melo et al., 2019; Roe et al., 2019; Silva-Pereira 
et al., 2019; Macedo et al., 2020; Lindsay and Gray, 2021). However, 
the host range for M. pinnipedii infection appears to be rather broad, 
with infections reported in multiple non-marine mammal species 
(Moser et al., 2008; Jurczynski et al., 2011; Loeffler et al., 2014; Roe 
et al., 2019), including humans (Cousins et al., 2003; Kiers et al., 2008; 
Macedo et  al., 2020) and non-human primates, often resulting in 
clinical tuberculosis (Cousins et  al., 2003; Cousins, 2006). The 
virulence of the organism has also been confirmed by experimental 
infections (Cousins et al., 2003; Cousins, 2006) and genomic studies 
on ancient bacteria recovered from archaeological human skeletal 
remains from South America (Bos et al., 2014; Vågene et al., 2022).

Direct contact with pinnipeds infected with M. pinnipedii, in 
particular those kept in zoos and marine parks, is the main source of 
infection for other animals and humans (Silva-Pereira et al., 2019) 
although waters and shores possibly contaminated by infected 
pinnipeds have also been associated with transmission events of 
M. pinnipedii to grazing cattle (Loeffler et al., 2014).

Genome sequencing of M. pinnipedii isolates and comparative 
genomic analyses in order to better explore the genetics of these 
bacteria, including phylogenesis, virulence, and antimicrobial 
resistance traits, has been occasionally performed, contributing to a 
better understanding of M. pinnipedii epidemiology, zoonotic 
potential, and MCTB past history (Bos et al., 2014; Riojas et al., 2018; 
Silva-Pereira et al., 2019; Macedo et al., 2020; Vågene et al., 2022).

The objectives of the present study were to: describe the TB case 
in a captive sea lion and its aetiology; perform in-depth genomics 
characterisation of the isolate by whole-genome sequencing (WGS) 
and bioinformatics in order to gain insight into its zoonotic potential 

through the assessment of its main genomic traits (e.g., those 
associated with virulence and antimicrobial resistance); and 
phylogenetically compare it with other M. pinnipedii genomes 
available in public repositories.

2 Materials and methods

2.1 Sea lion origin and clinical picture

In 2021, a dead 18-year-old male South American sea lion (Otaria 
flavescens) was sent to the Istituto Zooprofilattico Sperimentale del 
Lazio e della Toscana “M. Aleandri” (IZSLT) to ascertain the causes of 
death. The animal had been kept at a zoo located in Central Italy. The 
zoo covers an area of 40 ha and contains approximately 350 animals of 
36 different species (mammals, birds, and reptiles) at the time of the 
case, including a population of 14 pinnipeds (all born in captivity) 
kept in an open-air basin. The pinniped species included four Otaria 
flavescens, four Zalophus californianus, three Phoca vitulina, and three 
Halichoerus grypus. The sea lion was born in a Belgian zoo in 2003, 
was temporarily relocated to a Portuguese zoo, and arrived at the 
Italian zoo in 2005. To the best of our knowledge, it had never been 
tested for TB (direct or indirect) before its death.

The animal died following several days of progressive signs 
characterised by diarrhoea, inappetence, sensory depression, severe 
subcutaneous emphysema, and difficulty in breathing. No other 
pinnipeds were reported to be  sick at the time of the death, and 
subsequently, no other pinnipeds died at the zoo.

2.2 Pathology, sample collection, 
histopathology, and bacteriology

A complete examination and necropsy of the sea lion’s corpse were 
performed. During necropsy, samples of several biological specimens 
were collected; parts were fixed in 10% neutral buffered formalin for 
histopathological examination, and parts were subjected to standard 
bacteriological analyses. Briefly, for bacteria isolation and 
identification, tissue/organs were cultured on Columbia agar 
supplemented with 5% sheep blood (VWR, Belgium) and brain heart 
infusion broth; following incubation for 24 to 48 h at 37°C under 
aerobic and microaerobic (10% CO2) conditions, growth colonies 
were subcultured, and pure colonies were screened using standard 
techniques including colony morphology, Gram staining, catalase test, 
oxidase test, and biochemically identified at the species level with API 
test kits (bioMérieux, France). Intestine content was screened for the 
presence of Salmonella spp. following international recommendations 
[World Organisation for Animal Health (WOAH), 2022], as 
previously described (Alba et al., 2013). The lung and several lymph 
nodes from various apparatus showing suspected TB lesions were also 
subjected to Ziehl–Neelsen acid-fast staining and cultured using 
specific solid commercial media for the isolation of Mycobacterium 
spp. (Stonebrink and Lowenstein–Jensen media, Microbiol S.n.c., 
Italy), following the specific chapter of the WOAH Manual of 
Diagnostic Tests and Vaccines for Terrestrial Animals 2022 [World 
Organisation for Animal Health (WOAH), 2022]. Briefly, specimens 
for culture were processed by removing extraneous material (e.g., fat) 
using sterile scissors, then tissues were cut into small pieces and 
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homogenised using a stomacher with sterile PBS, followed by a 
decontamination step using a 2% sodium hydroxide solution for 
20 min. The suspension was centrifuged, the supernatant was 
discarded, and the sediment was used for solid media inoculation.

2.3 Mycobacterium molecular 
identification and genetic characterisation

DNA from suspect colonies referable to Mycobacterium spp. was 
extracted using the QIAamp DNA Mini Kit (Qiagen, Hilden, 
Germany) following the manufacturer’s protocol and as previously 
described (Iurescia et  al., 2021). Extracted DNA was subjected to 
multiplex end-point PCR for identification at the genus level and to 
assess their belonging to MTBC (Kulski et al., 1995). Identification of 
the MTBC involved was assessed by the amplification of the genomic 
region of difference RD2, in particular using the RD2seal PCR protocol 
described by Warren et  al. (2006). Spoligotyping, following the 
protocol described by Kamerbeek et al. (1997), was performed by 
hybridization onto a spoligotyping membrane (Mapmygenome, 
Hyderabad, India), where the spacer sequences contained in the direct 
repeat locus were spotted. Spoligotypes were named in accordance 
with an international convention by using the www.mbovis.org 
database (Smith and Upton, 2012).

The MTBC isolates retrieved were also investigated by whole-
genome sequencing (WGS) analysis. Libraries for short read pair-end 
sequencing were prepared using the Nextera XT DNA library 
preparation kit (Illumina, Inc., San Diego, CA, United  States) 
following the Nextera XT R Guide 150319425031942 and sequenced 
on an Illumina platform (MiSeq). Quality trimming of the reads was 
performed using Trimmomatic v0.39 with the following parameters: 
LEADING:30, TRAILING:30, SLIDINGWINDOW:10:20, and 
MINLEN:50 (Bolger et al., 2014). Assembly was performed using 
SPAdes v3.13.0 (Bankevich et al., 2012). The quality of the assembly 
was addressed using QUAST v5.0.2 (Gurevich et al., 2013). Trimmed 
raw reads and assemblies were mapped against the M. tuberculosis 
reference sequence H37Rv (NC_000962) by using minimap2 v2.24-
r1122 (Li, 2018), samtools v1.12 (Danecek et al., 2021) for sorting and 
indexing, and IGV v2.5.3 (Thorvaldsdóttir et  al., 2013) for 
visualisation. The interpretation was performed manually by checking 
the deletions described previously by Brodin et  al. (2002) for 
M. microti.

Multilocus sequence typing (MLST) was carried out by using the 
scheme published in the pubMLST.org database (https://pubmlst.org/
organisms/mycobacteria-spp; Jolley et al., 2018) and uploading the 
complete assembly. Resistance and virulence genes were screened 
using abricate1 with the databases ResFinder (Zankari et al., 2012; 
updated on 9 November 2022) and vfdb (Chen et al., 2005, updated 
on 22 April 2022), respectively. Point mutations were investigated 
using the PointFinder online tool (https://cge.food.dtu.dk/services/
ResFinder/ accessed 15 November 2023; Zankari et al., 2017). All the 
analyses were performed with the following cutoffs: minimum 80% 
coverage and 80% identity.

1 https://github.com/tseemann/abricate

The following publicly available raw reads were downloaded for 
phylogenetic comparison purposes: ERR150046 (chimpanzee bacillus), 
SRR3745458 (dassie bacillus), ERR234255 and SRR998578 
(M. africanum), SRR6705904 (M. bovis), DRR120409 (M. caprae), 
ERR027298 (M. microti), SRR3500411 (M. mungi), SRR5642712 
(M. orygis), ERR970409 (M. suricattae), ERR552768, SRR1238557, 
SRR1238558, SRR1239336, SRR1239337, SRR1239338, SRR1239339, 
ERR4143898, ERR4143897, SRR7693584, and SRR7693090 
(M. pinnipedii). For virulence determinant comparison, the following raw 
reads of M. microti were downloaded for further selected bioinformatics 
analysis: ERR2659163, ERR2659164, ERR2659165, ERR2659167, 
ERR2659168, ERR2659169, ERR2659170, ERR2659171, and ERR551111.

SNPs were obtained by using Snippy 4.62 with the default 
parameters (minimum quality of the nucleotide set as 13; minimum 
coverage set as 10; minimum proportion of those reads that must 
differ from the reference set as 0.9). The obtained core alignment was 
used as input for tree generation. The phylogenetic tree was built using 
RAxML 8.2.12 (Stamatakis, 2014) and the maximum likelihood (ML) 
algorithm with the ‘GTRCAT’ model and 1,000 bootstrap inferences 
in order to remain adherent to the tools used in the phylogeny was 
proposed by Silva-Pereira et al. (2019). The best tree was chosen and 
re-rooted with the reference strain. The visualisation of the figure was 
created using iTol (Letunic and Bork, 2021).

3 Results

3.1 Pathology, histopathology, and 
bacterial cultures

At necropsy, the animal had severe generalised subcutaneous 
emphysema and necrotizing and suppurative generalised 
lymphadenitis with multifocal areas of partial calcification. In the 
thoracic cavity, in addition to lymphadenitis, there was a severe pleural 
effusion of serohaemorrhagic fluid, a severe, bilateral, coalescing 
granulomatous pneumonia, and evidence of suppurative and 
haemorrhagic tracheitis and bronchitis, with ulcers and fibrino-
necrotic plaques on the mucosa. Severe granulomatous lymphadenitis 
was evident also in the abdominal cavity, with catarrhal and ulcerative 
enteritis of the first tract of the duodenum and the presence of 
disseminated miliary nodules in the liver parenchyma.

The main lesions observed at histopathology were characterised 
by severe granulomatous inflammation, with a high number of foamy 
macrophages surrounding central areas of necrosis and different 
degrees of mineral deposits, particularly concentrated in the lung and 
lymph nodes; similar foci of necrosis were evident in the liver 
parenchyma but without macrophage infiltration. Ziehl–Neelsen 
staining performed on lymph nodes of different areas (thorax and 
abdomen) and lung sections highlighted the presence of a few acid-
fast bacteria, morphologically resembling Mycobacterium spp.

After approximately 10 weeks of post-inoculation, suspect 
colonies referable to Mycobacterium spp. were detected on TB-specific 
media from lung, mesenteric, and mediastinal lymph nodes.

2 https://github.com/tseemann/snippy
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Standard cultures for other bacteria were performed on samples 
(lung, pleural fluid, intestine, mesenteric, and mediastinal lymph 
nodes) and were positive for the presence of Pseudomonas aeruginosa 
(lung, intestine, mesenteric, and mediastinal lymph nodes) and 
Staphylococcus pseudintermedius (mediastinal lymph nodes), 
respectively.

3.2 Mycobacterium molecular 
identification and genomics

Mycobacterium spp. suspected colonies from both lung and 
mesenteric and mediastinal lymph nodes were positive at the genus 
level and for MTBC by multiplex end-point PCR amplification of the 
Region of Difference RD2 failed, indicating M. pinnipedii as the 
aetiological agent. Spoligotyping analysis revealed the presence of an 
SB1480 profile, a typical M. pinnipedii spoligotype.

The WGS assembly presented a 58X median depth and covers 
97.3678% of the M. tuberculosis H37Rv genome. The overall quality of 
the assembly was good, and, in the end, 128 contigs (>500 bp) 
were obtained.

The mapping analysis against M. tuberculosis H37Rv confirmed 
the identity as M. pinnipedii by revealing the absence (deletion) of the 
region of difference 2 (RD2 ‘seal’). Moreover, the SNP-based 
phylogenomics approach (Silva-Pereira et al., 2019) placed our isolate 
(PRJEB66335) in Cluster 1 of M. pinnipedii (Figure 1). The pairwise 
SNP distances of the isolates located in this cluster ranged from 2 to 
84 SNPs of difference, and the genetically closest isolate was 
M. pinnipedii isolated in Germany (ERR552768), with only 2 SNPs of 
difference, for which the animal species of origin and year of isolation 
are not reported (Malm et al., 2017; Brites et al., 2018). Isolates other 
than M. pinnipedii showed a pairwise SNP distance greater than 300 
SNPs of difference. The SNP calling variant process resulted in the 
non-inclusion of the following genomes available from international 
repositories: SRR1238557, SRR1238558, and SRR1239337.

MLST from WGS data indicated that our isolate belongs to 
sequence type (ST)215, a common ST amongst isolates of the MTBC 
taxa (Jolley et al., 2018). Only two natural (intrinsic) resistance genes 

were found using the ResFinder database: erm-37 and aac(2′)-Ic, 
encoding for macrolide and aminoglycoside resistances, respectively. 
Chromosomal mutations known to be related to antibiotic resistance 
were not found. Several mutations have been found in the 
chromosomal genes as gyrA, gyrB, or rpoB, possibly related to 
antimicrobial resistance but with unknown effects on the phenotype 
(Supplementary File S1). Amongst others, an interesting feature is an 
insertion of 6 bp in the rpoB gene, a gene known to be associated with 
rifampicin resistance in certain versions. It causes a two amino-acid 
insertion (R849insRED) in an external loop of the protein. Regarding 
the virulence genes, 139 genes of the MTBC were detected, amongst 
the 142 genes of M. tuberculosis H37Rv (NC_000962), including esxA 
(6 kDa early secretory antigenic target), esxB (10 kDa culture filtrate 
antigen), and the mbtA, mbtB, mbtC, mbtD, mbtE, and mbtF genes, 
involved in the biosynthesis of the siderophore mycobactin. The 
virulome of our M. pinnipedii strain was very similar to the virulome 
of the other M. pinnipedii genomes we had retrieved from public 
repositories and analysed in this study. Conversely, all the M. microti 
genomes here analysed lacked esxA, esxB, and some genes involved in 
the ESX-1 type VII secretion system as eccA1, eccB1, or eccCa1 
(Supplementary File S1).

The raw reads obtained were submitted to the European 
Nucleotide Archive (ENA)3 under the study accession 
number PRJEB66335.

4 Discussion

In this study, we have reported, for the first time in Italy, a case of 
tuberculosis from M. pinnipedii infection in a South American sea lion 
(Otaria flavescens) who died at an Italian zoo. The isolation of other 
bacteria (Pseudomonas aeruginosa and Staphylococcus 
pseudintermedius) is probably attributable to secondary infections that 
may have contributed to the clinical picture and to animal death.

3 http://www.ebi.ac.uk/ena

FIGURE 1

Phylogenetic tree calculated with the ML algorithm for several genomes of the Mycobacterium TB complex. The red branches indicate a 100% 
bootstrap. The tree scale indicates that 0.1 nucleotide substitutions per site correspond to that length in a branch.
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The genomic investigation confirmed that the isolate belonged to 
the taxon pinnipedii because of the lack of the RD2 (‘seal’ region). The 
identification of the taxon as pinnipedii was further confirmed by the 
high similarity with other M. pinnipedii genomes in the SNP-based 
phylogenomics approach, conducted as in the study by Silva-Pereira 
et al. (2019), which placed the Italian isolate PRJEB66335 in Cluster 1 
of M. pinnipedii amongst the isolates of South American origin. 
Indeed, modern M. pinnipedii strains appear to be divided into two 
groups according to geographic locations and possibly host species: 
modern Cluster 1, comprising isolates of South American origin, and 
modern Cluster 2, comprising isolates from Australia (Silva-Pereira 
et al., 2019).

Since the resistome and virulome found in our isolate are 
considered intrinsic features of M. tuberculosis, their presence in 
M. pinnipedii could also be considered intrinsic. No other acquired 
resistance genes or mutations conferring antimicrobial resistance 
features were detected by the consensus databases ResFinder/
PlasmidFinder. Regarding the insertion with no reported effects in the 
rpoB gene (Zankari et al., 2017; Li et al., 2021; WHO, 2021), since it is 
located outside the RIF resistance-determining region (RRDR) and 
outside the pocket where rifampicin fits (Pang et al., 2013; Li et al., 
2021), there is no evidence that it can provide a genetic basis associated 
with a rifampicin resistance phenotype (i.e., silent insertion). However, 
further consensus evidence is necessary to confirm this point.

Differently from M. microti, phylogenetically its closest taxon 
amongst MTBC (Brites et al., 2018; Silva-Pereira et al., 2019), the 
M. pinnipedii under study also preserves the RD1 region, like all other 
available M. pinnipedii genomes here analysed (Figure  1). RD1 
harbours the esxA and esxb virulence genes, well-known virulence 
markers of M. tuberculosis, that encode ESAT-6 and CFP-10, 
respectively (Meher et  al., 2006). Indeed, the RD1 deletion in 
M. microti has been described as one of the causes of its minor 
pathogenicity (Brodin et al., 2002), which is also the most relevant 
mutation associated with attenuation in the M. bovis BCG vaccine 
(Pym et al., 2002). The fact that M. pinnipedii conserves the RD region 
and its virulence genes should be considered a further marker and 
indicator of its zoonotic potential.

The infection caused by M. pinnipedii has been described in 
pinnipeds worldwide, particularly in captive animals, but since 2018, 
to our knowledge, new cases have no longer been reported in captive 
or wild pinnipeds from Europe (Macedo et al., 2020). The 18-year-old 
sea lion did not show any signs compatible with TB, such as respiratory 
signs or enlargement of superficial lymph nodes, before 2021. The 
source of the infection remains unknown, but since no recent new 
introductions of pinnipeds were reported at the zoo (the last one was 
in 2017), it is possible that the infection was chronic and long-lasting. 
The gross and histological lesions found are similar to those described 
for other pinniped species (Cousins et  al., 2003; Roe et  al., 2019; 
Lindsay and Gray, 2021). In particular, lesions detected were 
characterised by lung and lymph nodes, granulomatous inflammation 
and pleural effusion, tracheitis, and bronchitis, further supporting 
respiratory secretions as the probable main pathway of transmission 
in pinnipeds (Cousins et al., 2003). Interestingly, the genomics data 
indicated that amongst the available genomes, our M. pinnipedii 
isolate was most similar to M. pinnipedii (host species of isolation and 
year of isolation unknown) from Germany (Malm et al., 2017; Brites 
et al., 2018); hence, a possible common origin of the infection chain 
might be speculated. The possibility that the animal had long-lasting 
sub-clinical signs is concerning, since it suggests that this zoonotic 

pathogen might circulate undetected in captive pinnipeds in the zoo 
network for a long period of time. More in general, this situation may 
be favoured amongst captive pinnipeds by the lack of validated intra-
vitam tuberculosis diagnostic methods available in marine mammals.

Considering the risks, the local competent authority (CA) soon 
implemented risk mitigation action for the personnel and visitors and 
a surveillance programme amongst the pinnipeds and other mammals 
at the zoo, which is still ongoing, based on clinical assessment and 
direct testing (specific PCR for MTBC and TB cultures) on faeces and 
saliva samples. However, at the time of the article submission, the CA 
has not reported any new cases of animal TB infection or disease, nor 
has it notified any human cases of tuberculosis amongst the animal 
husbandry staff at the zoo.

5 Conclusion

Although MTBC comprises host-adapted taxa, inter-species 
transmission between wild, captive, and domesticated animals and 
humans has been frequently reported, posing a worldwide threat to 
both human and animal health (Vågene et al., 2022).

People who can come into close contact with animals infected by 
M. pinnipedii (mainly zookeepers), either through direct contact or 
exposure to a contaminated environment, should be aware of the 
hazards posed by tuberculosis. The bacterial pathogen detected in the 
case under study (similarly to all other M. pinnipedii genomes here 
investigated) has virulence traits associated with zoonotic potential 
reportedly claimed for past descriptions of M. pinnipedii infection and 
disease cases and harbours almost the same key virulence genes as 
M. tuberculosis. Our findings highlight the need for awareness and 
constant vigilance of the zoonotic hazard posed to any person in close 
contact with captive pinnipeds, even in the absence of suspected TB 
signs (e.g., respiratory signs).

Data availability statement

The datasets presented in this study can be  found in online 
repositories. The names of the repository/repositories and accession 
number(s) can be found in the article/Supplementary material.

Ethics statement

Ethical approval was not required for the studies involving 
animals in accordance with the local legislation and institutional 
requirements because it was not applicable since we reported a case of 
tuberculosis on a dead animal received for necropsy. Written informed 
consent was obtained from the owners for the participation of their 
animals in this study.

Author contributions

PA: Writing – original draft, Conceptualization, Data curation, 
Formal analysis, Investigation, Methodology, Software, Supervision, 
Validation, Visualization, Writing – review & editing. AC: 
Conceptualization, Methodology, Supervision, Validation, 
Visualization, Writing – original draft, Writing – review & editing, 

https://doi.org/10.3389/fmicb.2023.1303682
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Alba et al. 10.3389/fmicb.2023.1303682

Frontiers in Microbiology 06 frontiersin.org

Formal analysis. CC: Conceptualization, Investigation, Methodology, 
Supervision, Visualization, Writing – review & editing. CE: 
Investigation, Methodology, Supervision, Visualization, Writing – 
review & editing. ED: Data curation, Investigation, Methodology, 
Software, Visualization, Writing – review & editing. VD: Data 
curation, Investigation, Methodology, Visualization, Writing – review 
& editing. AI: Investigation, Methodology, Visualization, Writing – 
review & editing. LS: Investigation, Visualization, Writing – review & 
editing. FS: Investigation, Visualization, Writing – review & editing. 
NC: Writing – review & editing, Conceptualization, Visualization. 
MB: Data curation, Investigation, Methodology, Software, 
Visualization, Writing – review & editing. MZ: Investigation, 
Methodology, Visualization, Writing – review & editing, Data 
curation. AF: Conceptualization, Data curation, Methodology, 
Resources, Supervision, Validation, Visualization, Writing – review & 
editing. AB: Conceptualization, Data curation, Methodology, 
Resources, Supervision, Validation, Visualization, Writing – review & 
editing.

Funding

The author(s) declare that no financial support was received for 
the research, authorship, and/or publication of this article.

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

The author(s) declared that they were an editorial board member 
of Frontiers, at the time of submission. This had no impact on the peer 
review process and the final decision.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated organizations, 
or those of the publisher, the editors and the reviewers. Any product 
that may be evaluated in this article, or claim that may be made by its 
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fmicb.2023.1303682/
full#supplementary-material

References
Alba, P., Terracciano, G., Franco, A., Lorenzetti, S., Cocumelli, C., Fichi, G., et al. 

(2013). The presence of Brucella ceti ST26 in a striped dolphin (Stenella coeruleoalba) 
with meningoencephalitis from the Mediterranean Sea. Vet. Microbiol. 164, 158–163. 
doi: 10.1016/j.vetmic.2013.01.023

Bankevich, A., Nurk, S., Antipov, D., Gurevich, A. A., Dvorkin, M., Kulikov, A. S., et al. 
(2012). SPAdes: a new genome assembly algorithm and its applications to single-cell 
sequencing. J. Comput. Biol. 19, 455–477. doi: 10.1089/cmb.2012.0021

Blair, W. R. (1913). Report of the veterinarian. In: 17th annual report of the New York 
zoological society, 74.

Boardman, W. S., Shephard, L., Bastian, I., Globan, M., Fyfe, J. A., Cousins, D. V., et al. 
(2014). Mycobacterium pinnipedii tuberculosis in a free-ranging Australian fur seal 
(Arctocephalus pusillus doriferus) in South Australia. J. Zoo Wildl. Med. 45, 970–972. doi: 
10.1638/2014-0054.1

Bolger, A. M., Lohse, M., and Usadel, B. (2014). Trimmomatic: a flexible trimmer for 
Illumina sequence data. Bioinformatics 30, 2114–2120. doi: 10.1093/bioinformatics/
btu170

Bos, K. I., Harkins, K. M., Herbig, A., Coscolla, M., Weber, N., Comas, I., et al. (2014). 
Pre-Columbian mycobacterial genomes reveal seals as a source of New World human 
tuberculosis. Nature 514, 494–497. doi: 10.1038/nature13591

Brites, D., Loiseau, C., Menardo, F., Borrell, S., Boniotti, M. B., Warren, R., et al. 
(2018). A new phylogenetic framework for the animal-adapted Mycobacterium 
tuberculosis complex. Front. Microbiol. 9:2820. doi: 10.3389/fmicb.2018.02820

Brodin, P., Eiglmeier, K., Marmiesse, M., Billault, A., Garnier, T., Niemann, S., et al. 
(2002). Bacterial artificial chromosome-based comparative genomic analysis identifies 
Mycobacterium microti as a natural ESAT-6 deletion mutant. Infect. Immun. 70, 
5568–5578. doi: 10.1128/IAI.70.10.5568-5578.2002

Chen, L., Yang, J., Yu, J., Yao, Z., Sun, L., Shen, Y., et al. (2005). VFDB: a reference 
database for bacterial virulence factors. Nucleic Acids Res. 33, D325–D328. doi: 10.1093/
nar/gki008

Cousins, D. (2006). “Tuberculosis in Fur seals ans sea lions” in Mycobacterium bovis 
infection in animals and humans. eds. C. O. Thoen, J. H. Steele and M. J. Gilsdorf. 2nd 
ed (Ames, Iowa: Blackwell Publishing), 258–270.

Cousins, D. V., Bastida, R., Cataldi, A., Quse, V., Redrobe, S., Dow, S., et al. (2003). 
Tuberculosis in seals caused by a novel member of the Mycobacterium tuberculosis 
complex: Mycobacterium pinnipedii sp. nov. Int. J. Syst. Evol. Microbiol. 53, 1305–1314. 
doi: 10.1099/ijs.0.02401-0

Danecek, P., Bonfield, J. K., Liddle, J., Marshall, J., Ohan, V., Pollard, M. O., et al. 
(2021). Twelve years of SAMtools and BCFtools. Gigascience. 10:giab008. doi: 10.1093/
gigascience/giab008

de Amorim, D. B., Casagrande, R. A., Alievi, M. M., Wouters, F., De Oliveira, L. G., 
Driemeier, D., et al. (2014). Mycobacterium pinnipedii in a stranded south American sea 
lion (Otaria byronia) in Brazil. J. Wildl. Dis. 50, 419–422. doi: 10.7589/2013-05-124

Gurevich, A., Saveliev, V., Vyahhi, N., and Tesler, G. (2013). QUAST: quality 
assessment tool for genome assemblies. Bioinformatics 29, 1072–1075. doi: 10.1093/
bioinformatics/btt086

Iurescia, M., Romiti, F., Cocumelli, C., Diaconu, E. L., Stravino, F., Onorati, R., et al. 
(2021). Plasmodium matutinum transmitted by Culex pipiens as a cause of avian malaria 
in captive African penguins (Spheniscus demersus) in Italy. Front Vet Sci. 8:621974. doi: 
10.3389/fvets.2021.621974

Jolley, K. A., Bray, J. E., and Maiden, M. C. J. (2018). Open-access bacterial population 
genomics: BIGSdb software, the PubMLST.org website and their applications. Wellcome 
Open Res. 3:124. doi: 10.12688/wellcomeopenres.14826.1

Jurczynski, K., Lyashchenko, K. P., Gomis, D., Moser, I., Greenwald, R., and 
Moisson, P. (2011). Pinniped tuberculosis in Malayan tapirs (Tapirus indicus) and its 
transmission to other terrestrial mammals. J. Zoo Wildl. Med. 42, 222–227. doi: 
10.1638/2009-0207.1

Kamerbeek, J., Schouls, L., Kolk, A., van Agterveld, M., van Soolingen, D., Kuijper, S., 
et al. (1997). Simultaneous detection and strain differentiation of Mycobacterium 
tuberculosis for diagnosis and epidemiology. J. Clin. Microbiol. 35, 907–914. doi: 10.1128/
jcm.35.4.907-914.1997

Kiers, A., Klarenbeek, A., Mendelts, B., Van Soolingen, D., and Koëter, G. (2008). 
Transmission of Mycobacterium pinnipedii to humans in a zoo with marine mammals. 
Int. J. Tuberc. Lung Dis. 12, 1469–1473.

Kriz, P., Kralik, P., Slany, M., Slana, I., Svobodova, J., Parmova, I., et al. (2011). 
Mycobacterium pinnipedii in a captive Southern Sea lion (Otaria flavescens): a case 
report. Vet Med. 56, 307–313. doi: 10.17221/1549-VETMED

Kulski, J. K., Khinsoe, C., Pryce, T., and Christiansen, K. (1995). Use of multiplex 
PCR to detect and identify Mycobacterium avium end M. intracellulare in blood 
culture fluids of AIDS patients. J. Clin. Microbiol. 33, 668–674. doi: 10.1128/
jcm.33.3.668-674.1995

Letunic, I., and Bork, P. (2021). Interactive tree of life (iTOL) v5: an online tool for 
phylogenetic tree display and annotation. Nucleic Acids Res. 49, W293–W296. doi: 
10.1093/nar/gkab301

Li, H. (2018). Minimap2: pairwise alignment for nucleotide sequences. Bioinformatics 
34, 3094–3100. doi: 10.1093/bioinformatics/bty191

Li, M. C., Lu, J., Lu, Y., Xiao, T. Y., Liu, H. C., Lin, S. Q., et al. (2021). rpoB mutations 
and effects on rifampin resistance in Mycobacterium tuberculosis. Infect Drug Resist. 14, 
4119–4128. doi: 10.2147/IDR.S333433

https://doi.org/10.3389/fmicb.2023.1303682
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1303682/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1303682/full#supplementary-material
https://doi.org/10.1016/j.vetmic.2013.01.023
https://doi.org/10.1089/cmb.2012.0021
https://doi.org/10.1638/2014-0054.1
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1038/nature13591
https://doi.org/10.3389/fmicb.2018.02820
https://doi.org/10.1128/IAI.70.10.5568-5578.2002
https://doi.org/10.1093/nar/gki008
https://doi.org/10.1093/nar/gki008
https://doi.org/10.1099/ijs.0.02401-0
https://doi.org/10.1093/gigascience/giab008
https://doi.org/10.1093/gigascience/giab008
https://doi.org/10.7589/2013-05-124
https://doi.org/10.1093/bioinformatics/btt086
https://doi.org/10.1093/bioinformatics/btt086
https://doi.org/10.3389/fvets.2021.621974
https://doi.org/10.12688/wellcomeopenres.14826.1
https://doi.org/10.1638/2009-0207.1
https://doi.org/10.1128/jcm.35.4.907-914.1997
https://doi.org/10.1128/jcm.35.4.907-914.1997
https://doi.org/10.17221/1549-VETMED
https://doi.org/10.1128/jcm.33.3.668-674.1995
https://doi.org/10.1128/jcm.33.3.668-674.1995
https://doi.org/10.1093/nar/gkab301
https://doi.org/10.1093/bioinformatics/bty191
https://doi.org/10.2147/IDR.S333433


Alba et al. 10.3389/fmicb.2023.1303682

Frontiers in Microbiology 07 frontiersin.org

Lindsay, S. A., and Gray, R. (2021). A novel presentation of tuberculosis with intestinal 
perforation in a free-ranging Australian Sea lion (Neophoca cinerea). J. Wildl. Dis. 57, 
220–224. doi: 10.7589/JWD-D-20-00104

Loeffler, S. H., de Lisle, G. W., Neill, M. A., Collins, D. M., Price-Carter, M., 
Paterson, B., et al. (2014). The seal tuberculosis agent, Mycobacterium pinnipedii, infects 
domestic cattle in New Zealand: epidemiologic factors and DNA strain typing. J. Wildl. 
Dis. 50, 180–187. doi: 10.7589/2013-09-237

Macedo, R., Isidro, J., Gomes, M. C., Botelho, A., Albuquerque, T., Sogorb, A., et al. 
(2020). Animal-to-human transmission of Mycobacterium pinnipedii. Eur. Respir. J. 
56:2000371. doi: 10.1183/13993003.00371-2020

Malm, S., Linguissi, L. S., Tekwu, E. M., Vouvoungui, J. C., Kohl, T. A., Beckert, P., et al. 
(2017). New Mycobacterium tuberculosis complex sublineage, Brazzaville, Congo. Emerg. 
Infect. Dis. 23, 423–429. doi: 10.3201/eid2303.160679

Martins Melo, A., Silva Filho, R. P. D., von Groll, A., Reis, A. J., Diniz, J., Perdigão, J., 
et al. (2019). Tuberculosis caused by Mycobacterium pinnipedii in a wild south American 
sea lion Otaria flavescens stranded in southern Brazil. Dis. Aquat. Organ. 133, 189–194. 
doi: 10.3354/dao03342

Meher, A. K., Bal, N. C., Chary, K. V., and Arora, A. (2006). Mycobacterium tuberculosis 
H37Rv ESAT-6-CFP-10 complex formation confers thermodynamic and biochemical 
stability. FEBS J. 273, 1445–1462. doi: 10.1111/j.1742-4658.2006.05166.x

Moser, I., Prodinger, W. M., Hotzel, H., Greenwald, R., Lyashchenko, K. P., 
Bakker, D., et al. (2008). Mycobacterium pinnipedii: transmission from south 
American sea lion (Otaria byronia) to Bactrian camel (Camelus bactrianus 
bactrianus) and Malayan tapirs (Tapirus indicus). Vet. Microbiol. 127, 399–406. doi: 
10.1016/j.vetmic.2007.08.028

Pang, Y., Lu, J., Wang, Y., Song, Y., Wang, S., and Zhao, Y. (2013). Study of the rifampin 
monoresistance mechanism in Mycobacterium tuberculosis. Antimicrob. Agents 
Chemother. 57, 893–900. doi: 10.1128/AAC.01024-12

Pym, A. S., Brodin, P., Brosch, R., Huerre, M., and Cole, S. T. (2002). Loss of RD1 
contributed to the attenuation of the live tuberculosis vaccines Mycobacterium bovis 
BCG and Mycobacterium microti. Mol. Microbiol. 46, 709–717. doi: 
10.1046/j.1365-2958.2002.03237.x

Riojas, M. A., McGough, K. J., Rider-Riojas, C. J., Rastogi, N., and Hazbón, M. H. 
(2018). Phylogenomic analysis of the species of the Mycobacterium tuberculosis complex 
demonstrates that Mycobacterium africanum, Mycobacterium bovis, Mycobacterium 
caprae, Mycobacterium microti and Mycobacterium pinnipedii are later heterotypic 
synonyms of Mycobacterium tuberculosis. Int. J. Syst. Evol. Microbiol. 68, 324–332. doi: 
10.1099/ijsem.0.002507

Roe, W. D., Lenting, B., Kokosinska, A., Hunter, S., Duignan, J., Gartrell, B., et al. (2019). 
Pathology and molecular epidemiology of Mycobacterium pinnipedii tuberculosis in native 
New Zealand marine mammals. PloS One 14:e0212363. doi: 10.1371/journal.pone.0212363

Silva, M. L., Cá, B., Osório, N. S., Rodrigues, P. N. S., Maceiras, A. R., and Saraiva, M. 
(2022). Tuberculosis caused by Mycobacterium africanum: knowns and unknowns. PLoS 
Pathog. 18:e1010490. doi: 10.1371/journal.ppat.1010490

Silva-Pereira, T. T., Ikuta, C. Y., Zimpel, C. K., Camargo, N. C. S., de Souza 
Filho, A. F., Ferreira Neto, J. S., et al. (2019). Genome sequencing of Mycobacterium 
pinnipedii strains: genetic characterization and evidence of superinfection in a south 
American sea lion (Otaria flavescens). BMC Genomics 20:1030. doi: 10.1186/
s12864-019-6407-5

Smith, N. H., and Upton, P. (2012). Naming spoligotype patterns for the RD9-deleted 
lineage of the Mycobacterium tuberculosis complex; www.Mbovis.org. Infect. Genet. Evol. 
12, 873–876. doi: 10.1016/j.meegid.2011.08.002

Stamatakis, A. (2014). RAxML version 8: a tool for phylogenetic analysis and post-
analysis of large phylogenies. Bioinformatics 30, 1312–1313. doi: 10.1093/bioinformatics/
btu033

Thorvaldsdóttir, H., Robinson, J. T., and Mesirov, J. P. (2013). Integrative genomics 
viewer (IGV): high-performance genomics data visualization and exploration. Brief. 
Bioinform. 14, 178–192. doi: 10.1093/bib/bbs017

Vågene, Å. J., Honap, T. P., Harkins, K. M., Rosenberg, M. S., Giffin, K., 
Cárdenas-Arroyo, F., et al. (2022). Geographically dispersed zoonotic tuberculosis in 
pre-contact south American human populations. Nat. Commun. 13:1195. doi: 10.1038/
s41467-022-28562-8

Warren, R. M., Gey van Pittius, N. C., Barnard, M., Hesseling, A., Engelke, E., de 
Kock, M., et al. (2006). Differentiation of Mycobacterium tuberculosis complex by 
PCR amplification of genomic regions of difference. Int. J. Tuberc. Lung Dis. 10, 
818–822.

WHO. (2021) Technical Report on Critical Concentrations for Drug 
Susceptibility Testing of Isoniazid and the Rifamycins (Rifampicin, Rifabutin and 
Rifapentine). Available at: https://www.who.int/publications/i/item/9789240 
017283.

World Organisation for Animal Health (WOAH) (2022). Chapter 3.1.13. “Mammalian 
tuberculosis (infection with Mycobacterium tuberculosis complex)” (version adopted 
in may 2022)” in WOAH manual of diagnostic tests and vaccines for terrestrial animals. 
Available at: https://www.woah.org/fileadmin/Home/eng/Health_standards/tahm/A_
summry.htm.

Zankari, E., Allesøe, R., Joensen, K. G., Cavaco, L. M., Lund, O., and Aarestrup, F. M. 
(2017). Point finder: a novel web tool for WGS-based detection of antimicrobial 
resistance associated with chromosomal point mutations in bacterial pathogens. J. 
Antimicrob. Chemother. 72, 2764–2768. doi: 10.1093/jac/dkx217

Zankari, E., Hasman, H., Cosentino, S., Vestergaard, M., Rasmussen, S., Lund, O., et al. 
(2012). Identification of acquired antimicrobial resistance genes. J. Antimicrob. 
Chemother. 67, 2640–2644. doi: 10.1093/jac/dks261

https://doi.org/10.3389/fmicb.2023.1303682
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.7589/JWD-D-20-00104
https://doi.org/10.7589/2013-09-237
https://doi.org/10.1183/13993003.00371-2020
https://doi.org/10.3201/eid2303.160679
https://doi.org/10.3354/dao03342
https://doi.org/10.1111/j.1742-4658.2006.05166.x
https://doi.org/10.1016/j.vetmic.2007.08.028
https://doi.org/10.1128/AAC.01024-12
https://doi.org/10.1046/j.1365-2958.2002.03237.x
https://doi.org/10.1099/ijsem.0.002507
https://doi.org/10.1371/journal.pone.0212363
https://doi.org/10.1371/journal.ppat.1010490
https://doi.org/10.1186/s12864-019-6407-5
https://doi.org/10.1186/s12864-019-6407-5
http://www.Mbovis.org
https://doi.org/10.1016/j.meegid.2011.08.002
https://doi.org/10.1093/bioinformatics/btu033
https://doi.org/10.1093/bioinformatics/btu033
https://doi.org/10.1093/bib/bbs017
https://doi.org/10.1038/s41467-022-28562-8
https://doi.org/10.1038/s41467-022-28562-8
https://www.who.int/publications/i/item/9789240017283
https://www.who.int/publications/i/item/9789240017283
https://www.woah.org/fileadmin/Home/eng/Health_standards/tahm/A_summry.htm
https://www.woah.org/fileadmin/Home/eng/Health_standards/tahm/A_summry.htm
https://doi.org/10.1093/jac/dkx217
https://doi.org/10.1093/jac/dks261

	Genomics insights into a Mycobacterium pinnipedii isolate causing tuberculosis in a captive South American sea lion (Otaria flavescens) from Italy
	1 Introduction
	2 Materials and methods
	2.1 Sea lion origin and clinical picture
	2.2 Pathology, sample collection, histopathology, and bacteriology
	2.3 Mycobacterium molecular identification and genetic characterisation

	3 Results
	3.1 Pathology, histopathology, and bacterial cultures
	3.2 Mycobacterium molecular identification and genomics

	4 Discussion
	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions

	References

