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A mycobacterial disease is
associated with the silent mass
“mortality of the pen shell Pinna
e« nobilis along the Tyrrhenian
et coastline of Italy

F. Carella?, S. Aceto?, F. Pollaro?, A. Miccio?, C. laria®*, N. Carrasco®, P. Prado® & G. De Vico*!

Disease is an increasing threat for marine bivalves worldwide. Recently, a mass mortality event (MME)
impacting the bivalve Pinna nobilis was detected across a wide geographical area of the Spanish
Mediterranean Sea and linked to a haplosporidian parasite. In 2017-2018, mass mortality events
affecting the pen shell Pinna nobilis were recorded in two different regions of Italy, Campania and Sicily,
in the Tyrrhenian Sea (Mediterranean Sea). Histopathological and molecular examinations of specimens
showed the presence of Haplosporidium sp. in only one specimen in one area. Conversely, in all of the
surveyed moribund animals, strong inflammatory lesions at the level of connective tissue surrounding

. the digestive system and gonads and linked to the presence of intracellular Zhiel-Neelsen-positive

. bacteria were observed. Molecular analysis of all of the diseased specimens (13) confirmed the presence
of a Mycobacterium. Blast analysis of the sequences from all of the areas revealed that they were
grouped together with the human mycobacterium M. sherrisii close to the group including M. shigaense,
M. lentiflavum and M. simiae. Based on pathological and molecular findings, it is proposed that a

© mycobacterial disease is associated with the mortality episodes of Pinna nobilis, indicating that, at this

. time, Haplosporidium sp. is not responsible for these events in Campanian and Sicilian waters.

. The bivalve pen shell Pinna nobilis is an endemic Mediterranean species and among the largest bivalves world-
* wide, playing an important ecological role for soft bottom communities and contributing to the increase in local
. biodiversity. This species can reach up to 120 cm in length and a maximum reported age of 27 years'?. The species
. commonly lives in seagrass fields of Posidonia oceanica or Cymodocea nodosa? but also in non-vegetated estuarine
areas and the soft bottoms of marine lakes®. The family of Pinnidae includes two genera (Pinna and Atrina) with
61 species described worldwide®. Different anthropogenic factors have adverse effects on the pen shell lifecycle
and distribution, bringing structural and functional alterations in habitats and species physiology. Currently,
© P nobilis has become a threatened and vulnerable species and is legally protected under Annex II of the Barcelona
: Convention (SPA/BD Protocol 1995), Annex IV of the EU Habitats Directive (EU Habitats Directive 2007), and
. the Spanish Catalogue of Threatened Species (Category: Vulnerable, Royal Decree 139/2011).
: To date, disease conditions and mortality outbreaks have been reported in marine benthic population world-
wide, such as corals, sea urchins, molluscs, sea turtles and marine mammals®~7 and have also been described in
. the Mediterranean Sea®'°. Evidence suggests that a combination of predisposing and necessary biotic factors is
. involved in the disease causation, resulting in a scenario of new emerging complex multifactorial diseases'!. In
. fact, these diseases have been often linked to changes in host/pathogen interactions and have been associated
: with increased water temperature, pathogen distribution and virulence, host reduced immune competence and
: growth!>". The spread of infectious diseases of molluscs due to pathogens of different types has been intensively
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Figure 1. Location map of the two studied Italian regions in Tyrrhenum (A,B) (black square) with sampled
sites (6 red dots) in Campania and Sicily. Mortality reports from SCUBA divers and IUCN all over Tyrrhenum
are underlined in red. Location of the Marine Protected Area- AMP Punta Campanella is denoted by green
lines.

described in the last years, especially in farmed species'*!*, with new outbreaks continuing to be recorded glob-
ally, representing a large limitation for the aquaculture industry. Conversely, in wild animal populations, only a
few descriptions are present, and these outbreaks can involve keystone species, with consequences for the whole
ecosystem.

Recently, mass mortality events of the pen shell Pinna nobilis were reported over hundreds of kilometres of the
western Mediterranean coast of Spain, except for Catalonia, due to a haplosporidian parasite!®!”.

In Italy, since 2016, mortality episodes of the pen shell have been described by local SCUBA divers and scien-
tists along the Tyrrhenian coastline and encompassing different regions. In early 2017, mass mortality episodes of
P, nobilis populations were detected in Campania and Sicily, affecting animals of all sizes and affecting 85-100% in
prevalence. The aims of this paper are to unravel the bivalve health status and to define the possible causes of the
mortality events involving the pen shell P. nobilis in these two geographical areas in late 2017 through May 2018.

Results

Mass mortality. Following mortality episodes from different areas of the regions of Campania and Sicily,
samples were collected and provided to our laboratory by divers in the Area Marina Protetta (AMP) Punta
Campanella from the north-southeast part of the Campania region from December 2017 to May 2018. At the
same time, samples were also collected by local fisherman in Sicily (Messina) in May 2018 (Fig. 1). Individuals
were placed within iceboxes and transported to the lab for anatomical description, measurement of valve length
and dissection of organs.

A total of 13 moribund animals of the pen shell P. nobilis and 1 specimen of P. rudis were collected from two
different regions of the Tyrrhenum: Campania and Sicily. At the time of the sampling, in all of the areas, SCUBA
divers reported mortality episodes ranging between 80% and 95%, depending on the season and location, and
represented by empty valves, as observed in many other part of the Italian Tyrrhenum (Fig. 2). An apparently
healthy specimen of P. nobilis, which did not show any sign of illness, presenting at external examination well
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Figure 2. Field observation of dead specimens of P. nobilis in Tyrrhenian Sea, Tharros, (OR, Sardinia) at 4m of
depth. Empty and dispersed valves over the phanerogame Cymodocea nodosa.
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Table 1. Sample schedules, animal codes and results of PCR analysis of specimens of P. nobilis. Positive results
are in bold. *Moribund animal; tissue inflammation with nodules filled by Ziehl-Neelsen-positive bacteria. "Non-
moribund animal. ‘Liquid cyst at digestive tissue level. *Only sampled specimen of Pinna rudis. **Results of the
sequence and GenBank accession number are reported in the figures.

closed valves, strong adductor muscles and good coloration of tissues, was also collected in Campania as a nega-
tive control to facilitate disease diagnosis.

Details about animal dimensions, macroscopic lesions and disease diagnosis are reported in Table 1. Collected
specimens of shrimp (P, pinnophylax) were negative for all of the diagnostic analyses.

Macroscopic signs of disease. The pen shells did not show any sign of illness, and the only collected indi-
vidual of P. rudis was healthy and negative for all of the diagnostic analyses performed for the different pathogens.
Regarding diseased animals, during collection, anomalous behavioural signs were demonstrated in debili-
tated specimens, showing difficulty in closing the valves (gaping) or slow responses to touching. The animals also
showed retracted mantles or mantles with watery cysts.
On laboratory examination, on the external valves, the animals presented with attached epibionts of different
types; among them, polychaetes, bryozoans, red and brown algae, ascidians, sponges and small bivalves were
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Figure 3. Macroscopic appearance of Pinna nobilis sampled from different areas of Campania. (A) Gill (G)
oedema (arrowheads) in samples from Massa Lubrense 1 in December 2017, posterior view. (B) Evident liquid
cystlocated on the right side of the digestive tissue (DT-arrowheads) and details (insert) of the atrophic and
yellowish digestive glands (arrowhead) - frontal view; Go: gonad; Mu: muscle: M: Mantle; By: byssus; K: kidney.

present. All of the specimens contained in the valves the Palaemonidae shrimps Pontonia pinnophylax; in 7 cases
(53%), there were two per bivalve.

Microscopic/histopathogical examination. In 9 of the exanimated specimens (69%), gross examina-
tion of the bivalves revealed diffuse tissue oedema, mainly visible at the level of the gill and mantle (Table 1,
Fig. 3A). Interestingly, in 1 of three examined bivalves from Cilento in 2018 (CI1 PnMay2018-3), a brownish/
black cyst-like area was visible at the level of the digestive apparatus (Fig. 3B). Attempts to acquire a cytological
smear from the cyst revealed a liquid content, sticky and brownish/yellow in appearance. Once examined, the
animal showed an atrophic yellowish/orange digestive gland (Fig. 3B, inset).

On light microscopy, all of the specimens showed inflammatory lesions of variable degree; depending on the
animals and disease extent, infection seemed primarily present at the connective tissue circumscribing both the
gonad and the digestive gland and then in other tissues, such as the mantle and gills (Fig. 4A,B). In two cases,
necrosis of digestive tubules and gonadal follicles were also visible. Regarding the inflammatory response, the
immune cells involved were of two distinct types resembling those described by'® as both hyalinocytes and gran-
ulocytes. The inflammatory condition was characterized by large nodular aggregates of the above immune cells,
which were filled with long, slightly shaped, acid-fast positive bacteria (Fig. 4C,D). These bacteria-filled immune
cells were distributed mainly at the level of connective tissue surrounding the gonads, mantle and digestive tis-
sue, as well as in proximity to the haemolymph vessels forming aggregate-rich regions coupled with Brown cells
(Fig. 4E,F). On the other side, infiltrative-type inflammation was instead visible at the digestive tubule level with
visible haemocytes filled by mycobacteria around haemolymph vessels (Fig. 5).

In the sample from Cilentol that showed a liquid cyst (CI1PnMay2018-3), both cytology and histopathology
showed the presence of different phases of development of a haplosporidian parasite in the digestive tissue. Large
numbers of multinucleate stages were disseminated in the digestive tubule epithelia (Fig. 6). Sporogonic stages
(sporocysts 20-50 pm in diameter) and acid-fast spores (3.13 = 0.26 pum of length) were located at the epithelium
of the digestive tubules. Sporocyst rupture was seen in the nearby digestive epithelial cells. In the connective
tissue, few uni-nucleate stages (2.5 032 pm of length) dispersed with central or slightly eccentric dense nuclei
were also observed.

Ultrastructural studies of the Mycobacterium. Electron microscopy (EM) was used to further char-
acterize these bacteria in the absence of a cultured strain. Transmission electron microscopy (TEM) performed
on three infected individuals was used to assess the features of the bacteria (Fig. 7), allowing for the detection of
bacterial shape within the immune cells and showing that they were rod shaped with a diameter of approximately
0.5 pm and a length of 3.5 pm. They contained granules and large vacuoles and were free in the cytoplasm, with
no evidence of phago-lysosomal membranes around them (Fig. 7, inset).
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Figure 4. Microscopical observation of Mycobacteria sp. within Pinna nobilis immune cells in the bivalve
tissues (arrowheads) on H&E (a and c) and Ziehl-Neelsen stain (b,d-f). (A,B) Connective tissue circumscribing
gonads presenting nodules filled with Ziehl-Neelsen-positive bacteria (arrowheads) (C,D). details of the
inflammatory nodules containing bacteria (*) spreading in association with the immune cells and brown cells
(Br) (E,F). presence in the mantle epithelium (E) of the mycobacteria (arrowheads); Br: Brown cells.

Molecular identification of the pathogen responsible. Considering the pathogens responsible for
mortality episodes reported in Italian bivalves and considering the observed Mycobacterium sp., three dif-
ferent PCR sets were run for different pathogens: the Herpes virus OsHv-1'%; haplosporidian parasites®’; and
Mycobacterium sp*! detection.

All of the samples were negative for OsHv-1 PCR. In contrast, PCR amplification using the primer pair spe-
cific for the 16S ribosomal gene of mycobacteria yielded an amplicon of ~1000bp in all of the samples of P.
nobilis examined apart from the non-moribund specimens from south of Campania (Table 1). BLAST analysis
revealed that the nucleotide sequences of these fragments were homologues of the 16S subunit of Mycobacterium
sp. The Mycobacterium sequences isolated from P. nobilis were very similar, showing a p-distance ranging from
0 to 0.0069. The neighbour-joining tree constructed from the nucleotide alignment of the sequences obtained in
the present study and those of different Mycobacterium species downloaded from GenBank are shown in Fig. 8.
The sequences of the Mycobacterium infecting P. nobilis were grouped together with Mycobacterium sherrisii and
appeared close to the group including M. shigaense, M. lentiflavum and M. simiae. Surprisingly, they are quite
divergent from the Mycobacterium species previously found in aquatic molluscs (M. marinum, M. ulcerans and
the strain found in sea scallops**.

PCR amplification using the primer pair specific for the haplosporidian 18S ribosomal gene yielded an ampli-
con of 350 bp for the individual CI1PnMay 2018-3. Blasts showed a similarity of 100% with the Haplosporidium
sp. identified in Spanish samples of P. nobilis (LC338065); moreover, it showed 92% similarity to the 18S small
subunit ribosomal RNA of uncultured Haplosporidium sp. from environmental samples but was not grouped with
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Figure 5. Ziehl-Neelsen-positive mycobacteria (arrowheads) spreading within the digestive gland. DT:
digestive tubules; V: vessels; *Inflammation.

Figure 6. Microscopical observation of the only specimens of P. nobilis parasitized by Haplosporidium sp.
Digestive tissue containing large numbers of the pre-sporulation and sporulation stages (arrowheads); DT:
digestive tissue. H&E stain.

any definite haplosporidian species (sequence accession number: MH572222) (Fig. 9). The same individual was
positive for the PCR for Mycobacterium (Table 1).

Discussion

In the last decades, numerous episodes of mass mortality events (MMEs) of sessile benthic invertebrates, includ-
ing ascidians, sponges, anthozoans and bivalves, have been reported in the aquatic environment and many indeed
in the Mediterranean Sea. Several factors have contributed to mass-mortality episodes. Many papers have agreed
that global warming might be linked to the occurrence of such catastrophic events in the Mediterranean Sea,
which could alter the host/pathogen range, due to alteration in host immunocompetence/pathogen virulence
and thus modify pathogen transmission rates. In this scenario, opportunistic pathogens are suspected to play an
important role, with a modified condition of virulence and pathogenicity'>!¢.
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Figure 7. Transmission electron microscopy (TEM) of Mycobacterium sp. (white arrows) free in the
cytoplasm of immune cells (black arrowheads) with visible nuclei (N). In the inset: details of the rod-shaped
Mycobacterium with cell walls and containing large vacuoles (arrowhead). Gr: immune cell granules; M:
melanin.

Mycobacteriosis is a serious and generally lethal infectious disease, affecting a wide range of species from
human to animals, both in farmed and wild conditions. The Mycobacteriaceae family includes 128 validly pub-
lished species?. With the exception of Mycobacterium leprae, the species responsible for tuberculosis in human
and animals consists of a group of highly related mycobacterial lineages collectively known as the mycobacterium
tuberculosis complex (MTBC)?. Finally, MTBC is distinguished from nontuberculous mycobacteria (NTM):
free-living organisms that are ubiquitous in the environment and can cause a wide range of mycobacterial infec-
tions in humans and animals (more frequently pulmonary infections)?.

In the past few years, the occurrence of NTM in both terrestrial and aquatic species has increased”-*°. In
particular, in marine environments, three species have been frequently cited as the main causative agents of infec-
tions in fish M. marinum, M. fortuitum and M. chelonae but also several other mycobacterial species, including a
number of novel species, have been reported®-**. Thus far, mycobacteria in molluscs have only been detected in
different gastropod species from the freshwater environment, while in bivalves, frequently oysters of the genus
Crassostrea have been reported to be vector of infection involved in human disease, and one case was instead
reported in the pecten Placopecten magellanicus with no human infection (Fig. 8).

Here, we report a mycobacterial infection affecting the Italian bivalve pen shell Pinna nobilis in Campania
and Sicily and associated with animal mortality. The found mycobacterium is grouped together with the human
mycobacterium M. sherrisii, which belongs to a heterogeneous group of mycobacteria part of the group of
Mycobacterium simiae complex®*. The first strains of M. sherrisi were isolated from HIV-infected patients born in
Africa and appeared later in Italy*®, Argentina® and recently Singapore”’. Generally, the reports of diseases attrib-
uted to NTM have been described in AIDS patients and immune-compromised persons due to cancer, organ
transplantation or the administration of immuno-suppressive drugs®. Remarkably, many reports have recently
observed a progressive pathogenic evolution with cases of NTM also in immunocompetent individuals®®*.

Regarding disease pathogenesis and recorded lesions, infection with Mycobacteria typically brings an inflam-
matory disease condition. The defensive response generally starts with the aggregation of macrophages in the
injured foci, with a gradual shift towards an epithelioid cell morphology. As infection progresses, the initial
intense pro-inflammatory response observed is regulated by suppressive mediators balancing inflammation. In
our cases, mycobacteria were observed within the molluscs’ immune cells, forming typical inflammatory nodular
lesions distributed at the level of the connective tissue of the gonads and digestive glands and then spreading to
the other organs. Regarding possible pathogenic route, we can speculate by considering the literature on other
species of mycobacteria. In vertebrate mycobacteriosis, the general route of infection can be through the digestive,
respiratory or congenital (maternal-foetal transmission) system. In the case of P. nobilis, the digestive route could
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M. terrae complex 59
M. parafortuitum complex
S:,?ég’a‘}gﬂz,é?“”"“s Miuicerans Buruli ulcer, endemic regions in 60
the Republic of Benin
Experimental infection with
Tropical aquatic snails M. ulcerans M. ulcerans in the aquarium
(Pomacea canaliculata and environment; snails were 23
Planorbis planorbis) collected in the Daloa region
(Ivory Coast)
Oysters Crassostrea sp. Oyster “shucked” from river inlet
M. marinum on holiday; human disease with
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Sea scallop (Placopecten Mycobacterium sp Inflammatory nodular lesions
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Figure 8. Neighbour-joining tree of the 16S rDNA sequences. The analysis involved 22 nucleotide sequences
and 882 positions in the final dataset. The percentages of bootstrap replicates are shown next to the branches.
Red asterisks (*) and pink square indicate the sequences obtained in this work (ML: Massa Lubrense; SIC:
Sicily; PO: Positano; IS: Ischia; CI: Cilento). Blue square and table show the reported cases from the literature
on mycobacteriosis in mollusc species.

be preferential since the main acute lesions were localized at the digestive gland level; from this position, it is
likely that the mycobacterium spreads to other organs via haemolymph, as suggested by the presence of haemo-
cytes filled by mycobacteria both within the circulation and around haemolymph vessels. In this sense, this pos-
sible pathogenesis is similar to many other types of mycobacteriosis that involve spreading of the mycobacteria
via the haematic and lymphatic routes to the entire body, becoming a systemic disease. Previous descriptions of
Mycobacterium sp. in the Atlantic sea scallop Placopecten magellanicus sp** were also represented by an inflam-
matory response constituted by large nodules with central necrosis but mainly present at the adductor muscle
level; haemocyte inflammation, muscular necrosis and mild oedema were also visible in the other tissues, in some
cases involving digestive tubules. Phylogenetic analyses showed great differences between this species and the one
described in our cases.
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Figure 9. Neighbour-joining tree of the 18S rDNA sequence of haplosporidian parasite. The analysis involved
20 nucleotide sequences in the final dataset. The percentages of bootstrap replicates are shown next to the
branches. Red asterisk (*) indicates the sequence obtained in this work.

With the exception of M. ulcerans, Mycobacteria are primary intracellular parasites of phagocytes. Phagosomes
containing mycobacteria are believed to resist the normal processes of acidification and phago-lysosomal
fusion**-42, thus promoting bacterial survival****. However, according to electron microscopy results, the
Mycobacterium detected in our cases were located in the cytoplasm of immune cells without evidence of pha-
gosome membranes around them. This finding seems to be in accordance with early evidence, suggesting that
mycobacteria might eventually escape from phagosomes by translocating to the cytosol, as in the cases of M.
tuberculosis and M. marinum*. It has been suggested that cytosolic translocation might reflect a strain-dependent
virulence mechanism of pathogenic mycobacteria, conferring to cytosol-preferring strains a gain in virulence
function by acquiring resistance to autophagy*”*. In this context, Mycobacterium sherrisii has been so far asso-
ciated with several human diseases*>*’ and only a few cases have been reported in animals, all of them in mam-
mals®. To our knowledge, this report is the first concerning evidence for the involvement of M. sherrisii in disease
outbreaks of aquatic organisms and in a bivalve mollusc. Over thousands of years, mycobacteria have undergone
extensive specialization, particularly with vertebrate hosts or specific environmental ecosystems retaining the
flexibility to occupy new niches by continually infecting different animals as primary pathogens or opportunists.
In our cases, the zoonotic potential of the observed Mycobacterium should be considered and clarified.

Mycobacteria are known to infect a number of aquatic organisms other than fish?, surviving and replicating
within various hosts®!, so vectors are potentially present throughout the food web. In many cases, the modality
of transmission is not clear. Water and associated biofilms are natural habitats for Mycobacterium spp. including
M. marinum, M. fortuitum, and M. chelonae, so waterborne transmission seems likely. In our case, the origin and
transmission of the Mycobacterium remain unknown, but aquatic environments constitute the natural habitat of
M. simiae complex.

Disease is the outcome of complex interactions among the host, causative agent(s) and environment. Many
causes frequently cooperate to induce diseases (complex of causes), and some of them are necessary (their
absence prevents the onset of the effect), while others are predisposing (preparing the ground for the action of the
necessary cause)'!. In this context, it is important to emphasize that the boundaries between pathogen and sym-
biont can be, in some cases, unfixed, with an alteration in the association, even in evolutionary short periods of
time®2. About haplosporidians, the group includes more than 50 described species, many of them responsible for
important diseases in aquatic invertebrates®. An haplosporidian parasite was detected across a wide geographic
area of the Spanish Mediterranean Sea (western Mediterranean Sea) in early autumn 2016 and was recognized as
possibly responsible for the MME of P. nobilis population in the area!®!”. A previous hypothesis reported that the
observed Haplosporidium was instead a symbiont that modified its relationship with the host following environ-
mental changes, finally leading to the mortality outbreak”.

In such a scenario, we consider that data reported in our study drive a hypothesis of a more complex disease
pathogenesis involved in the disease outbreak of the bivalve P. nobilis, in which two possibly opportunistic path-
ogens are involved in two different areas of the Mediterranean Sea, suggesting that both are activated by further
possible common unidentified causes. Based on our pathological and molecular findings, we are more likely to
consider that a mycobacterial disease is associated with the observed mortality episodes, indicating that, at this
time, Haplosporidium sp. is not responsible for the events in Campanian and Sicilian waters. Further knowledge
of the modality of transmission, distribution and source of this pathogens is key to devising methods for the
identification and understanding of disease pathogenesis. In our cases, the lack of genomic and proteomic data
does not allow us to go beyond the consideration that further studies are needed to clarify the pathogenicity and
potential virulence for the reported mycobacteriosis other than its origin and evolution. The present study is
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especially relevant since it uncovers additional information about the complexity in understanding the multifac-
torial diseases that we have experienced in recent years in the aquatic environment. Future collaboration among
wildlife ecologists, environmental biologists, animal pathologists and related disciplines should be conducted to
deeply explore emerging diseases in marine wildlife.

Methods

Sampling and light microscopy. The study area in Campania covers a large geographical scale including
the main habitat for P. nobilis from 5 sites: in December 2017 in Massa Lubrense 1 (40°36’45,7”, 14°19/58,1")
and Massa Lubrense 2 (40°34/57.5”"N 14°21/22.6"E); Ischia island, AMP Regno di Nettuno (N 40°42,075/,
013°56, 268’E) and Positano in April 2018 (40°37'3,6”, 14°27'27,1"); and in May 2018 Cilento 1 (39°59’58.59”N,
15°25’40.13"E) and Cilento 2 (40°10’23.9”"N 15°05'08.4”E). In Sicily, there were two places: Torre Faro
(35°15’50.18"N, 15°38/34.71"E) and Paradiso (38°13’6.91”N, 15°34’4.78"E) (Fig. 1). A permit for collection of P.
nobilis individuals was issued by the ISPRA - Istituto Superiore per la Protezione e la Ricerca Ambientale (Ref.:
Prot. 25888 5 April 2018). During the macroscopic evaluation of the individuals, a description of each specimen’s
condition was conducted, and the presence of epibionts and valve length were recorded. Animal valves were
opened with the help of a blade, and the flesh observed was examined macroscopically, checking for eventual
external signs. Impression smears of the digestive glands, gills, mantle and ovaries were obtained, air dried, fixed
in absolute ethanol, and stained with May-Grunwald-Giemsa quick stain (Bio Optica, Milan, Italy) for cytologi-
cal examination. Samples from the digestive glands, mantle, labial palps, gills, gonads and adductor and retractor
muscles were fixed in Davidson’s solution for 48 h at room temperature. Pieces of digestive gland and mantle
were also preserved in 2.5% glutaraldehyde for TEM examination. Fragments of bivalve tissues and shrimp P
pinnophylax were fixed in absolute ethanol for DNA isolation.

P. nobilis and P. pinnophylax tissue samples were embedded in paraffin blocks and cut to 5 pm with a rotary
microtome (Bioptica, Naples, Italy). Tissue sections were deparaffinized, stained with Carazzi haematoxylin and
eosin and examined by light microscopy (Zeiss Axioscope Al). Additional staining techniques were also per-
formed: Gram, Mallory Trichrome, Ziehl-Neelsen and PAS-BA (periodic acid Shiff)>.

TEM (transmission electron microscopy). Five animals from different areas were processed for TEM
observation, searching for pathogens of a different nature. From each animal, pieces of digestive gland tissue were
placed in 2.5% glutaraldehyde, post-fixed in 2% OsO4, and embedded in Epon. Ultra-thin sections were stained
with uranyl acetate and lead citrate and were examined in a JEOL JEM 1010 transmission electron microscope
at 80kV.

DNA isolation and PCR amplification. DNA was isolated from pieces of different tissues using the
Qiagen Blood and Tissue Kit (Qiagen). DNA quality and quantity were checked with a Nanodrop ND-1000 spec-
trophotometer (Nanodrop Technologies, Inc.).

DNA was amplified by PCR with OsHv-1 primers (OsHVDPFor/OsHVDPRev) by, generic haplosporid-
ian primers (HAPF1- HAPR3)? and primers derived from the 16S rRNA sequence of mycobacteria, mycgen-f
(5’-AGAGTTTGATCCTGGCTCAG-3’) mycgen-r (5-TGCACACAGGCCACAAGGGA-3'), as described by*..
A positive control was used for OsHv-1 PCR reaction. The PCR was performed in 25 pl of reaction volume con-
taining 1pl of genomic DNA, 12.5ul of GoTaq MasterMIX (Promega) at 1x concentration, 6.5l of water and
2.5pl of each primer (10 uM). PCR products were electrophoresed on 2% agarose gels in 1x TAE buffer. The
amplified fragments were gel eluted and directly sequenced. Negative controls were included in the PCR reaction.

BLASTN analysis was conducted using the nucleotide sequences obtained in the present study. The sequences
were then submitted to GenBank (the accession numbers are listed in Figs 8 and 9).

The pairwise p-distances were calculated among the 16S nucleotide sequences of Mycobacterium sp. obtained
in the present study and those of different Mycobacterium species present in GenBank, selected on the basis of
the highest BLASTN score. The analysis also included the 16S sequence of Mycobacterium sp. KR822678 isolated
from sea scallops® and of M. marinum and M. ulcerans, which are able to infect marine molluscs**?*. The nucleo-
tide alignment was constructed using Clustal W and the neighbour-joining tree was obtained using the Maximum
Composite Likelihood model implemented in MEGA X*-! with 1000 bootstrap replicates.

References

1. Zavodnik, D. Contribution to the ecology of Pinna nobilis L. (Moll., Bivalvia) in the northern Adriatic. Thalassia Jugosl. 3(1-6),
93-103 (1967).

2. Zavodnik, D., Hrs-Brenko, M. & Legac, M. Synopsis on the fan shell Pinna nobilis L. in the eastern Adriatic Sea. In: Boudouresque,
C. E, Avon, M., Gravez, V. (eds) Les Espéces Marines 4 Protéger en Méditerranée. GIS Posidonie, p 169-178 (1991).

3. Richardson, C. A., Kennedy, H., Duarte, C. M., Kennedy, D. P. & Proud, S. V. Age and growth of the fan mussel Pinna nobilis from
southeast Spanish Mediterranean seagrass (Posidonia oceanica) meadows. Mar. Biol. 133(2), 205-212 (1999).

4. Lemer, S., Buge, B., Bemis, A. & Giribet, G. First molecular phylogeny of the circumtropical bivalve family Pinnidae (Mollusca,

Bivalvia): evidence for high levels of cryptic species diversity. Mol. Phylogenet. Evol. 75, 11-23, https://doi.org/10.1016/j.

ympev.2014.02.008 (2014).

. Harvell, C. D. et al. Emerging marine diseases—climate links and anthropogenic factors. Science 285, 1505-1510 (1999).

6. Daszak, P,, Cunningham, A. A. & Hyatt, A. D. Emerging infectious diseases of wildlife— threats to biodiversity and human health.
Science 287, 443-449 (2000).

7. Burge, C., Shore-Maggio, A., Rivlin, N. D. Ecology of Emerging Infectious Diseases of Invertebrates Chapter 16 from: Ecology of
Invertebrate Diseases. Ann E. Hajek (Editor), David, I. Shapiro-Ilan (Editor) ISBN: 978-1-119-25607-6, 680 pp (2017).

8. Carella, F, Aceto, S., Saggiomo, M., Mangoni, O. & De Vico, G. Gorgonian disease outbreak in the Gulf of Naples: pathology reveals
cyanobacterial infection linked to elevated sea temperature. Dis. Aquat. Org. 21(111(1)), 69-80, https://doi.org/10.3354/da002767
(2014).

9. Cerrano, C. et al. Catastrophic mass-mortality episode of gorgonians and other organisms in the Ligurian Sea (Northwestern,
Mediterranean), summer 1999. Ecol. Lett. 3, 284-293 (2000).

w

SCIENTIFICREPORTS| (2019) 9:2725 | https://doi.org/10.1038/s41598-018-37217-y 10


https://doi.org/10.1038/s41598-018-37217-y
https://doi.org/10.1016/j.ympev.2014.02.008
https://doi.org/10.1016/j.ympev.2014.02.008
https://doi.org/10.3354/dao02767

www.nature.com/scientificreports/

10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
. Grimm, C., Huntsberger, C., Markey, K., Inglis, S. & Smolowitz, R. Identification of a Mycobacterium sp. as the causative agent of
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.

38.
39.

40.
41.

42.
43,
44.
45.
. Philips, J. A. Mycobacterial manipulation of vacuolar sorting. Cell Microbiol. 10(12), 2408-2415 (2008).
47.
48.
49.
50.

51.

52.

Garrabou, J., Perez, T., Sartoretto, S. & Harmelin, J. G. Mass mortality event in red coral Corallium rubrum populations in the
Provence region (France, NW Mediterranean). Mar. Ecol. Prog. Ser. 217, 263-272 (2001).

Carella, E, Feist, S. W, Bignell, ]. P. & De Vico, G. Comparative pathology in bivalves: Aetiological agents and disease processes. J.
Invert. Pathol. 131, 107-120, https://doi.org/10.1016/j.jip.2015.07.012 (2015).

Marcogliese, D. J. The impact of climate change on the parasites and infectious diseases of aquatic animals. Rev. sci. tech. off. int. epiz.
27(2), 467-484 (2008).

Daszak, P., Cunningham, A. A. & Hyatt, A. D. Anthropogenic environmental change and the emergence of infectious diseases in
wildlife. Acta Tropica 78, 103-116 (2001).

Carnegie, R. B., Arzul, I. & Bushek, D. Managing marine mollusc diseases in the context of regional and international commerce:
policy issues and emerging concerns. Phil. Trans. R. Soc. B 371, 20150215, https://doi.org/10.1098/rstb.2015.0215 (2016).

Berthe, E. C. J. New approaches to effective mollusc health management. In: Bondad-Reantaso, M. G., Mohan, C. V,, Crumlish, M.,
Subasinghe R. P. (eds) Diseases in Asian aquaculture V1. Fish Health Section, Asian Fisheries Society, Manila, p 343—352 (2008).
Vézquez-Luis, M. et al. Pinna nobilis: a mass mortality event in western Mediterranean Sea. Front. Mar. Sci. 4, 220, https://doi.
org/10.3389/fmars.2017.00220 (2017).

Darriba, S. First haplosporidan parasite reported infecting a member of the Superfamily Pinnoidea (Pinna nobilis) during a
mortality event in Alicante (Spain, western Mediterranean). J. Invert. Pathol. 148, 14-19 (2017).

Matozzo, V., Pagano, M., Spinelli, A., Caicci, F. & Faggio, C. Pinna nobilis: A big bivalve with big haemocytes? Fish Shellfish Immunol.
55, 529-534 (2016).

Webb, S. C., Fidler, A. & Renault, T. Primers for PCR-based detection of ostreid herpes virus-1 (OsHV-1): Application in a survey of
New Zealand molluscs. Aquaculture 272(1-4), 126-139 (2007).

Renault, T. et al. Haplosporidiosis in the Pacific oyster, Crassostrea gigas, from the French Atlantic coast. Dis. Aquat. Org. 42,
207-214 (2000).

Boddinghaus, B., Rogall, T., Flohr, T., Blocker, H. & Béttger, E. C. Detection and identification of mycobacteria by amplification of
rRNA. J. Clin. Microbiol. 28, 1751-1759 (1990).

Haenen, O. L., Evans, ]. ]. & Berthe, F. Bacterial infections from aquatic species: potential for and prevention of contact zoonoses.
Rev. Sci. Tech. 32(2), 497-507 (2013).

Marsollier, L. et al. Aquatic Snails, Passive Hosts of Mycobacterium ulcerans. Appl. Environ. Microbiol. 70(19), 6296-6298 (2004).

orange nodular lesions in the Atlantic sea scallop Placopecten magellanicus. Dis. Aquat. Org. 118, 247-258, https://doi.org/10.3354/
da002961 (2016).

Brites, D. & Gagneusx, S. The nature and evolution of genomic diversity in the Mycobacterium tuberculosis complex. Adv. Exp. Med.
Biol. 1019, 1-26 (2017).

Porvaznik, I., Solovic, I. & Mokry, J. Non-tuberculous mycobacteria: classification, diagnostics, and therapy. Adv. Exp. Med. Biol.
944, 19-25 (2017).

Kent, P. T. & Kubica, G. P. Safety in the laboratory. In Public Health Mycobacteriology. A Guide for the Level III Laboratory, pp. 5-10.
US Department of Health and Human Services publication 86-8230. Atlanta, GA: Centers for DiseaseControl (1985).

Pate, M., Jencic, V., Zolnir-Dovc, M. & Ocepek, M. Detection of mycobacteria in aquarium fish in Slovenia by culture and molecular
methods. Dis. Aquat. Organ. 64, 29-35 (2005).

Sakai, M. et al. Characterization of a Mycobacterium sp. isolated from guppy Poecilia reticulata, using 16S ribosomal RNA and its
internal transcribed spacer sequences. Bull. Eur. Assoc. Fish. Pathol. 25, 64-69 (2005).

Whipps, C. M., Dougan, S. T. & Kent, M. L. Mycobacterium haemophilum infections of zebrafish (Danio rerio) in research facilities.
FEMS Microbiol. Lett. 270, 21-26 (2007).

Levi, M. H. et al. Characterization of Mycobacterium montefiorense sp. nov., a novel pathogenic mycobacterium from moray eels that
is related to Mycobacterium triplex. J. Clin. Microbiol. 41, 2147-2152 (2003).

Rhodes, M. W. et al. Mycobacterium shottsii sp. nov., a slowly growing species isolated from Chesapeake Bay striped bass. Int. ] Syst.
Evol. Microbiol. 53, 421-424 (2003).

Rhodes, M. W. et al. Mycobacterium pseudoshottsii sp. nov., a slowly growing chromogenic species isolated from Chesapeake Bay
striped bass (Morone saxatilis). Int. ]. Syst. Evol. Microbiol. 55, 1139-1147 (2005).

Stahl, D. A. & Urbance, J. W. The Division between Fast- and Slow-Growing Species Corresponds to Natural Relationships among
the mycobacteria. J. Bact. 172(1), 116-124 (1990).

Tortoli, E., Mariotti, A. & Mazzarelli, G. Mycobacterium sherrisii isolation from a patient with pulmonary disease. Diagn. Microbiol.
Infect. Dis. 57,221-223 (2007).

Barrera, L., Palmero, D., Paul, R. & Lopez, B. Grupo de Investigacion de M. simiae. Disease due to Mycobacterium simiae and
Mycobacterium sherrisii in Argentina. Medicina (B Aires) 70, 343-346 (2010).

Ho, J. et al. Immune reconstitution inflammatory syndrome associated with disseminated Mycobacterium sherrisii infection. Int J.
Std. AIDS 23, 369-370 (2012).

Dailloux, M., Laurain, C., Weber, M. & Hartemann, P. Water and nontuberculous mycobacteria. Water Res. 33, 2219-2228 (1999).
Grosset, J., Truffot-Pernot, C., Boisvert, H. & Lalande, V. Quest-ce que les mycobactearies atypiques? Med. Mal. Infect. 21, 7-15
special (1991).

Brown, C. A., Draper, P. & Hart, P. D. Mycobacteria and lysosomes: a paradox. Nature 221, 658-660 (1969).

Armstrong, J. A. & Hart, P. D. Response of cultured macrophages to Mycobacterium tuberculosis, with observations on fusion of
lysosomes with phagosomes. J. Exp. Med. 134, 713-740 (1971).

Sturgill-Koszycki, S. et al. Lack of acidification in Mycobacterium phagosomes produced by exclusion of the vesicular proton-
ATPase. Science 263, 678-681 (1994).

Clemens, D. L. & Horwitz, M. A. Characterization of the Mycobacterium tuberculosis phagosome and evidence that phagosomal
maturation is inhibited. J. Exp. Med. 181, 257-270 (1995).

Clemens, D. L. Characterization of the Mycobacterium tuberculosis phagosome. Trends Microbiol. 4, 113-118 (1996).

Russell, D. G. Mycobacterium tuberculosis: here today, and here tomorrow. Nat. Rev. Mol. Cell Biol. 2, 569-577 (2001).

Jamwal, S. V. et al. Mycobacterial escape from macrophage phagosomes to the cytoplasm represents an alternate adaptation
mechanism. Sci Rep. 6,23089 (2016).

Steffani-Vallejo, J. L., Brunck, M. E., Acosta-Cruz, E. Y., Montiel, R. & Barona-Gémez, F. Genomic insights into Mycobacterium
simiae human colonization. Stand. Genom. Sci. 13, 1, https://doi.org/10.1186/s40793-017-0291-x (2018).

Gamperli, A. et al. Pulmonary Mycobacterium sherrisii infection in a human immunodeficiency virus type 1-infected patient. J. Clin.
Microbiol. 43, 4283-5 (2005).

Botha, L., Geyvan, Pittius, N. C. & Helden, P. D. Mycobacteria and disease in southernAfrica. Transbound. Emerg. Dis. 60, 147-156,
https://doi.org/10.1111/tbed.12159 (2013).

Reavill, D. R. & Schmidt, R. E. Mycobacterial Lesions in Fish, Amphibians, Reptiles, Rodents, Lagomorphs, and Ferrets with
Reference to Animal Models. Vet. Clin. North. Am. Exot. Anim. Pract. 15(1), 25-40, https://doi.org/10.1016/j.cvex.2011.10.001
(2012).

Bull, J. J., Molineux, I. J. & Rice, W. R. Selection of benevolence in a host-parasite system. Evolution 45, 875-882 (1991).

SCIENTIFICREPORTS| (2019) 9:2725 | https://doi.org/10.1038/s41598-018-37217-y 11


https://doi.org/10.1038/s41598-018-37217-y
https://doi.org/10.1016/j.jip.2015.07.012
https://doi.org/10.1098/rstb.2015.0215
https://doi.org/10.3389/fmars.2017.00220
https://doi.org/10.3389/fmars.2017.00220
https://doi.org/10.3354/dao02961
https://doi.org/10.3354/dao02961
https://doi.org/10.1186/s40793-017-0291-x
https://doi.org/10.1111/tbed.12159
https://doi.org/10.1016/j.cvex.2011.10.001

www.nature.com/scientificreports/

53. Arzul, I. & Carnegie, R. B. New perspective on the haplosporidian parasites of molluscs. J. Invert. Pathol. 131, 32-42, https://doi.
org/10.1016/j.jip.2015.07.014 (2015).

54. Mazzi, V. Manuale di tecniche istologiche e istochimiche. Piccin, Rome (1977).

55. Kumar, S., Stecher, G., Li, M., Knyaz, C. & Tamura, K. MEGA X: Molecular Evolutionary Genetics Analysis across computing
platforms. Mol. Biol. Evol. 35(6), 1547-1549, https://doi.org/10.1093/molbev/msy096 (2018).

56. Pavlin, B. I, Schloegel, L. M. & Daszak, P. Risk of importing zoonotic diseases through wildlife trade, United States. Emerg. Infect.
Dis. 15, 17216 (2009).

57. Beran, V., Matlova, L., Dvorska, L., Svastova, P. & Pavlik, I. Distribution of mycobacteria in clinically healthy ornamental fish and
their aquarium environment. J. Fish. Dis. 29, 383-393 (2006).

58. Hosty, T. S. & McDurmont, C. L. Isolation of acid-fast organisms from milk and oysters. Health Lab. Sci. 12, 16-19 (1975).

59. Kotlowski, R. ef al. One-tube cell lysis and DNA extraction procedure for PCR-based detection of Mycobacterium ulcerans in
aquatic insects, mollusks and fish. J. Med. Microbiol. 53,927-933 (2004).

60. Lewis, D. E. & Buker, J. L. Mycobacterium marinum infection from shucking oysters. Lancet 15(337(8755)), 1487 (1991).

61. Aubry, A., Chosidow, O., Caumes, E., Robert, ]. & Cambau, E. Sixty-three cases of Mycobacterium marinum infection: clinical
features, treatment, and antibiotic susceptibility of causative isolates. Arch. Intern. Med. 162, 1746-1752 (2002).

Acknowledgements

The authors are very grateful to Dr Domenico Sgambati and the group of SCUBA divers from Area Marina
Protetta (AMP) Punta Campanella and Nuria Rodriguez de la Ballina and Francesco Maresca of MAREA
Outdoors ASD for informing us of this phenomenon of mortality and for their support in providing sick
specimens. We thank Dr Grazia Villari for the technical support in histopathology. The authors thank Dr Guido
Villani for providing the photos of death specimens Pinna nobilis from Sardinia. The authors thank Dr Franco
Iamunno, Giampiero Lanzotti and Rita Graziano from the Electron Microscopy Service of SZN Anton Dohrn
(Stazione Zoologica di Napoli).

Author Contributions

EC. designed the entire study, performed the experiments and wrote the paper. S.A. performed the genetic
analysis and helped with the writing and revision of the manuscript. EP. helped in the connection of the data. C.L.
performed the samples in Sicily. A.M., N.C. and P.P. helped in the interpretation of the data. G.D.V. helped with
writing and revision of the manuscript.

Additional Information
Competing Interests: The authors declare no competing interests.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFICREPORTS| (2019) 9:2725 | https://doi.org/10.1038/s41598-018-37217-y 12


https://doi.org/10.1038/s41598-018-37217-y
https://doi.org/10.1016/j.jip.2015.07.014
https://doi.org/10.1016/j.jip.2015.07.014
https://doi.org/10.1093/molbev/msy096
http://creativecommons.org/licenses/by/4.0/

	A mycobacterial disease is associated with the silent mass mortality of the pen shell Pinna nobilis along the Tyrrhenian co ...
	Results

	Mass mortality. 
	Macroscopic signs of disease. 
	Microscopic/histopathogical examination. 
	Ultrastructural studies of the Mycobacterium. 
	Molecular identification of the pathogen responsible. 

	Discussion

	Methods

	Sampling and light microscopy. 
	TEM (transmission electron microscopy). 
	DNA isolation and PCR amplification. 

	Acknowledgements

	Figure 1 Location map of the two studied Italian regions in Tyrrhenum (A,B) (black square) with sampled sites (6 red dots) in Campania and Sicily.
	Figure 2 Field observation of dead specimens of P.
	Figure 3 Macroscopic appearance of Pinna nobilis sampled from different areas of Campania.
	Figure 4 Microscopical observation of Mycobacteria sp.
	Figure 5 Ziehl-Neelsen-positive mycobacteria (arrowheads) spreading within the digestive gland.
	﻿Figure 6 Microscopical observation of the only specimens of P.
	Figure 7 Transmission electron microscopy (TEM) of Mycobacterium sp.
	Figure 8 Neighbour-joining tree of the 16S rDNA sequences.
	Figure 9 Neighbour-joining tree of the 18S rDNA sequence of haplosporidian parasite.
	Table 1 Sample schedules, animal codes and results of PCR analysis of specimens of P.




