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Introduction: Shortly before the mass mortality event of the noble pen shell
(Pinna nobilis) population in the south-eastern Adriatic coast, two rapidly growing
Mycobacterium strains CVI_P3™ (DSM 114013 T, ATCC TSD-295T) and CVI_P4
were obtained from the organs of individual mollusks during the regular health
status monitoring.

Methods: The strains were identified as members of the genus Mycobacterium
using basic phenotypic characteristics, genus-specific PCR assays targeting
the hsp65 and 16S rRNA genes and the commercial hybridization kit GenoType
Mycobacterium CM (Hain Lifescience, Germany). MALDI-TOF mass spectrometry
did not provide reliable identification using the Bruker Biotyper Database.

Results and discussion: Genome-wide phylogeny and average nucleotide identity
(ANI) values confirmed that the studied strains are clearly differentiated from their
closest phylogenetic relative Mycobacterium aromaticivorans and other validly
published Mycobacterium species (ANI<85.0%). The type strain CVI_P3" was further
characterized by a polyphasic approach using both phenotypic and genotypic
methods. Based on the phenotypic, chemotaxonomic and phylogenetic results,
we conclude that strains CVI_P3" and CVI_P4 represent a novel species, for which the
name Mycobacterium pinniadriaticum sp. nov. is proposed.

KEYWORDS

noble pen shell, mass mortality event, Croatia, Mycobacterium, Adriatic Sea, average
nucleotide identity

1 Introduction

The genus Mycobacterium (M.) was first named in 1896 by Lehmann and Neumann based
on phenotypic characteristics such as the presence of mycolic acid in the cell wall, aerobic
growth and bacillary cell shape. Currently, the genus comprises nearly 200 validly published
species (Parte et al., 2020), including major human pathogens such as M. tuberculosis and
M. leprae. Based on phenotypic and phylogenomic data, the genus can be divided into rapid and
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slow growers. A recent study on the genome-wide phylogeny of the
genus Mycobacterium proposed to split the genus into four new genera
(Mycolicibacterium, Mycolicibacter, Mycolicibacillus, and
Mycobacterioides) and an emended genus Mycobacterium (Gupta
et al., 2018). However, another recent study using multiple genome-
based methods showed that the new genera overlap and therefore
suggested that they should be combined into a single genus named
Mycobacterium (Meehan et al., 2021). Based on clinical manifestation,
most Mycobacterium species are non-tuberculous mycobacteria
(NTM), many of which are important opportunistic pathogens and
can be found in various niches and environments (Fedrizzi et al.,
2017). To date, many new Mycobacterium species have been described,
which were first described in different environments such as natural
water ecosystems (Zhang et al., 2013; Fogelson et al., 2018; Nouioui
etal,, 2018) and artificial water systems (Shahraki et al., 2017).

The noble pen shell Pinna (P) nobilis (Linnaeus, 1758) is endemic
and the largest bivalve of the Mediterranean Sea, inhabiting soft-
bottom coastal areas and seagrass meadows. Occasionally, it also
thrives on unvegetated bottoms, maerl beds and boulders (Zavodnik
et al., 1991; Garcia-March et al., 2002; Kersting and Garcia-March,
2017; Ondes et al., 2020). Currently, the pen shell populations in the
Mediterranean Sea are seriously endangered by Haplosporidium (H.)
pinnae, a haplosporidian endoparasite that causes mass mortality
events (MMEs). Mortality was first reported in the Western
Mediterranean, off the coasts of Spain and France in late 2016
(Darriba, 2017; Vazquez-Luis et al., 2017), later expanding along the
shores of Turkey, Greece, Albania, and Croatia (Cabanellas-Reboredo
etal., 2019; Carella et al., 2019; Panarese et al., 2019; Tiscar et al., 2019;
Cizmek et al., 2020; Sari¢ et al., 2020; Mihaljevi¢ et al., 2021). In just 5
years, these MMEs were observed in all parts of the Mediterranean
Sea. Although H. pinnae is believed to be the main cause of mortality,
mycobacteria have also been detected in the affected shell tissue using
genetic methods (Carella et al., 2019, 2020; Cizmek et al., 2020; Lattos
et al., 2020; Sari¢ et al., 2020; Mihaljevi¢ et al., 2021). To our
knowledge, Mycobacterium sp. has never been successfully cultured
from the tissue of healthy or diseased P. nobilis. Finally, the hypothesis
that MMEs are caused by multiple pathogens remains uncertain
(Scarpa et al., 2020). A pronounced effect of anthropogenic factors
related to climate change suggests multifactorial disease as a possible
explanation for the MMEs of P. nobilis (Sarié et al., 2020; Scarpaetal,
2020). Here, we describe a novel mycobacterial species for which
we propose the name Mycobacterium pinniadriaticum. Because strains
CVI_P3" and CVI_P4 were both obtained from a single tissue (gills
and mantle, respectively) collected a few weeks before the MMEs in
Mljet National Park (Croatia) in 2019, its possible involvement in
mass mortality events of pen shells remains to be elucidated.

2 Materials and methods

One of the most important habitats of P. nobilis in the southern
Eastern Adriatic Sea is the Mljet National Park, which is a very
productive and biodiverse marine ecosystem and is part of the Natura
2000 European Network of Protected Areas (code HR5000037). It has
two lake-like inlets: the Small Lake and the Big Lake. In April 2019,

Abbreviations: ANI, Average nucleotide identity; MME, Mass mortality event.
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health status control was conducted at five sites in Mljet National Park
located in the southeast Adriatic Sea. Healthy shells were collected in
April 2019 at a sea temperature of 17.2°C. The deepest points along
the transects were from 3.8 m to 7.3 m (Mihaljevi¢ et al., 2021). Five
sampling sites were selected according to the most abundant pen shell
populations. Sampling sites 1 and 2 were located in the Small Lake
(Supplementary Figure S1), a lake-like inlet connected by a shallow,
narrow channel to the Big Lake (sampling site 3), which was connected
to the open sea by a slightly deeper, wider channel. Two additional
sampling sites besides these lake-like inlets were Gonoturska Bay
(sampling site 4) and Cape Lenga (sampling site 5) (Mihaljevic et al.,
2021). Five healthy individuals were collected, one for each sampling
site (Mihaljevi¢ et al., 2021). Samples of digestive glands, mantles and
gills were collected for bacteriological examination. All samplings
were conducted in April 2019 with permission of the Croatian
Ministry of Environmental Protection and Energy (CLASS UP/1-612-
17/18-48/172; No. 517-05-1-1-18-4 of 21 December 2018 and CLASS
UP/1-612-07/19-48/193; No. 517-05-1-1-19-3 of 11 September 2019).

Samples were homogenized, concentrated and decontaminated as
described previously (Kent and Kubica, 1985). The material was
inoculated on three standard nutrient media: Lowenstein-Jensen (L])
slant supplemented with pyruvate, L] slant supplemented with
glycerol, and Stonebrink slant. The inoculated media were incubated
at 28, 37, and 45°C under light and dark conditions. Each sample was
decontaminated using 5% oxalic acid for 10 min at room temperature.
For each sample, 200 uL of homogenized suspension was inoculated
on standard nutrient media as described previously. Slants were
checked for growth twice a week for 8 weeks. All grown colonies
underwent Ziehl-Neelsen (ZN) and Gram staining. Acid-fast bacilli
indicative of mycobacteria were subcultured (Figure 1). Growth rate,
ability to grow at different temperatures and colony morphology were
recorded. Growth, biochemical and phenotypic characterization were
performed in parallel at the Croatian Veterinary Institute in Zagreb,
Croatia and the Leibniz-Institut Deutsche Sammlung von
Microorganismen und Zellkulturen GmbH (DSMZ), Braunschweig,
Germany.

Mycolic acid analysis was performed at DSMZ on cultures grown
at 28°C for 9 days on M.65 media plates. Mycolic acids were extracted
according to the protocol described previously (Vilcheze and Jacobs,
2007) by hydrolyzing mycolic acids from the cell wall by saponification.
If the mero-chain contains wax-esters, these are hydrolyzed, resulting
in the formation of dicarboxy mycolic acids. Mycolic acids were
identified using mass spectrometry-based on the exact masses of
mycolic acids. The relative abundance of the mycolic acids was
calculated based on the sum of the identified mycolic acids. To test for
the presence of long-chain alcohols, the fatty acid methyl ester
mixtures were separated by gas chromatography and detected by a
flame ionization detector using Sherlock Microbial Identification
System (MIS) version 6.4 and myco6 database (MIDI, Microbial ID,
Newark, DE, United States). Peaks were automatically integrated and
fatty acid names and percentages were calculated by the MIS Standard
Software (Microbial ID). Obtained fatty acid profiles were compared
with the profiles of other rapidly growing mycobacteria (Vuorio et al.,
1999; Hennessee et al., 2009; Tortoli et al., 2009; Musser et al., 2022).

Antimicrobial susceptibility testing (AST) was performed by
broth microdilution method using two commercial AST plates,
namely Sensititre Myco SLOMYCO (Thermo Scientific) and
RAPMYCO (TREK Diagnostic Systems, East Grinstead, UK). Plates
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FIGURE 1

the stereomicroscope Discovery v20 (Carl Zeiss AG, Germany).

(A) Light microscopy of Ziehl-Neelsen-stained strain CVI_P3" at 1000x magnification with oil immersion. Acid-fast rods, separate and in clusters, are
visible. Smear was prepared from bacterial colonies in pure culture on Lowenstein—Jensen agar supplemented with pyruvate. The photo was taken by
AxioCam MRCS5 with Axio Imager.A2 microscope (CarlZeiss, AG, Germany). (B) Colony morphology of CVI_P3" bacterial colonies in a pure culture
grown on Lowenstein—Jensen agar supplemented with pyruvate. The image was taken after 14 days of growth at room temperature (24 + 1°C) using

were incubated at 36+1°C and 25°C for 7 days (up to 14days if
bacterial growth was poor).

MALDI-TOF mass spectrometry analysis of the studied strains
was performed in parallel at UHCZ and DSMZ. The isolates grown on
a solid medium underwent protein extraction as previously described
and identification using MALDI Biotyper Mycobacteria Library v6.0
with MALDI Biotyper Microflex LT/SH (Bruker Daltonics GmbH,
Bremen, Germany) (O'Connor et al., 2016; Alcaide et al., 2018). The
Bacterial Test Standard (Bruker Daltonics GmbH, Bremen, Germany)
was used for calibration. The MALDI-TOF analysis did not provide
reliable identification using the mycobacterial library mentioned
above. In addition, the profiles were analyzed in 24 technical replicates
using flexAnalysis 3.4 software. According to the literature and the
thresholds used by the manufacturer, scores of >1.80 and 1.60 to 1.79
represented high confidence and low confidence identification,
respectively. A score of <1.60 is considered unreliable (Rodriguez-
Temporal et al., 2020).

DNA extraction was performed by resuspending a loop-full of a
bacterial colony in 100pL of distilled water (AccuGENE, Lonza,
Belgium), followed by incubation at 95°C for 20 min with shaking at
350 rpm (Thermomixer comfort, Eppendorf). After centrifugation at
14,000 g for 1 min (SL8, Thermo Scientific, Germany), the supernatant
was used as a DNA template for PCR.

Genus identification of strains CVI_P3" and CVI_P4 was
performed using two genus-specific PCR assays for mycobacteria
(Supplementary Figures S8, S9). The first assay amplified the hsp65

Frontiers in Microbiology

gene (encoding the 65-kDa heat shock antigen) with primers TB1
(5"-GAG ATC GAG CTG GAG GAT CC-3") and TB2 (5"-AGC TGC
AGC CCA AAG GTG TT-3") with an expected product size of 383 bp
(Hance et al., 1989). The second assay amplified the 16S rRNA gene
with primers 16S rRNA F (5"-ACG GTG GGT ACT AGG TGT GGG
TTT C-3") and 16S rRNA R (5"-TCT GCG ATT ACT AGC GACTCC
GAC TTC A-3’) with an expected product size of 564 bp (Devulder
etal., 2005).

For further identification, the studied strains were tested with
GenoType Mycobacterium CM (Hain Lifescience, Germany), a
commercial molecular genetic assay for the identification of clinically
relevant mycobacterial species from cultured material.

For whole-genome sequencing (WGS), DNA was extracted using
the NucleoSpin Microbial Mini DNA Kit (Macherey-Nagel, Germany).
DNA libraries were prepared using the NEBNext Ultra DNA Sample
Prep Master Mix Kit (NEB). Paired-end (2 x 150bp) sequencing was
performed on the NextSeq 6000 System (Illumina) to a minimum
coverage of 170x. Genome assembly was performed using Shovill
version 1.0.9' with SPAdes version 3.13.1 (Bankevich et al., 2012) as
the assembler. Assembly quality was assessed using Quast version
5.0.2 (Gurevich et al.,, 2013). The EDGAR 3.0 platform (Dieckmann
et al., 2021) was used to construct nucleotide and amino acid

1 https://github.com/tseemann/shovill
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alignments of the core genome comprising 1,198 core genes. The
nucleotide and the amino acid-based core genome phylogeny were
constructed using RAXML version 8.2.12 (Stamatakis, 2014) with the
maximume-likelihood method. Average nucleotide identity values
based on the MUMmer algorithm (ANIm) were calculated using
pyani version 0.2.11 (Pritchard et al., 2016). For 16S rRNA gene
phylogeny, the complete 16S rRNA gene sequences of strains CVI_P3"
and CVI_P4 were extracted from the annotated draft genomes and
aligned using Clustal Omega.

3 Results and discussion

Five healthy individuals of the noble pen shell were collected a few
weeks before the MMEs in Mljet National Park (Croatia) in 2019, one
for each sampling site. Samples of digestive glands, mantles and gills
were subjected to bacteriological examination. Growth was detected
on the slants seeded with samples of gills and a mantle of a single adult
noble pen shell (53 cm long, 18.5cm wide and 6.6 cm thick) collected
at sampling site 1 (Supplementary Figure SI1), resulting in the
acquisition of strains CVI_P3" and CVI_P4. Acid-fast bacilli indicative
of mycobacteria were subcultured and growth, biochemical and
phenotypic characterization were performed (Figure 1). The results of
growth rate, ability to grow at different temperatures and colony
morphology are summarized and compared with closely related
organisms in Table 1.

Mycolic acid analysis was performed on the two strains. Fatty acid
names and percentages were calculated using the MIS Standard

10.3389/fmicb.2023.1289182

Software (Microbial ID) and are shown in Supplementary Table 52
and Supplementary Figures S4-S6.

The MALDI-TOF analysis did not provide reliable identification
using the mycobacterial library mentioned above. The main spectra
profiles (MSPs) generated by FlexAnalysis after smoothing and
subtraction are shown in Supplementary Figure S7. According to the
literature and the thresholds used by the manufacturer, scores of >1,80
and 1,60 to 1,79 represented high and low confidence identification,
respectively. A score of <1.60 is considered unreliable (Rodriguez-
Temporal et al., 2020). However, MALDI-TOF analysis performed at
DSMZ found that the most closely related strain was M. aurum DSM
6695 with a score value of 1.37. This strain was isolated from the soil
polluted with vinyl chloride in the Netherlands (Hartmans and de
Bont, 1992). The most closely matched patterns were also those of
M. pallens DSM 45404T DSM b L (score 1.430) and M. crocinum
DSM 45433T DSM b L (score 1.220) found by the MALDI-TOF
analysis in UHCZ. According to the manufacturer, the matching hints
of M. pallens and M. crocinum were similar to each other. Available
data on these two species are scarce. Both were first described from
Hawaiian soils in 2009 as rapidly growing mycobacteria, which can
degrade polycyclic aromatic hydrocarbons, known organic pollutants
(Hennessee et al., 2009).

Antimicrobial susceptibility testing (AST) could not be performed
because bacterial growth was insufficient to determine minimum
inhibitory concentrations despite several repetitions of the assay.

Genus identification of strains CVI_P3" and CVI_P4 was
performed using two genus-specific PCR assays for mycobacteria,
namely hsp65 and 16S rRNA (Supplementary Figures S8, S9). The

TABLE 1 Phenotypic characteristics of the studied strains CVI_P3" and CVI_P4 and closely related organisms.

Phenotypic CVI_P3"/CVI_P4  Mpycobacterium Mycobacterium  Mycobacterium  Mycobacterium
characters crocinum#* pallens* aromaticivorans* iranicum*#*
Origin Pen shell gills Non-contaminated soil Non-contaminated soil Contaminated soil Various human clinical

samples
Pigment production Yes Yes Yes Yes Yes
Pigment Yellow-orange Yellow-orange Pale-orange Yellow-orange Orange
Pigment classification | Scotochromogenic Scotochromogenic Scotochromogenic Scotochromogenic Scotochromogenic
Growth rate Rapid Rapid Rapid Rapid Rapid
Colony morphology Smooth Smooth - Smooth Smooth
Cell morphology Rod-shaped Long thin rods Medium rods Coccoid and long rod -

shapes

Ziehl Nielsen Positive Positive Positive Positive Positive
Gram staining Weakly positive Weakly positive Weakly positive Weakly positive Positive
Temperature of 25-37°C, optimal at 28°C | 28-37°C, optimal at 37°C 28-37°C 28 and 37°C 25-40°C, optimal at 37°C
growth (°C)
NaCl tolerance Yes, in aerobic conditions Tolerates 2.5% salinity, not 5% | Negative in 2.5 and 5% Tolerates 2.5-5.0% Tolerates 2.5-5.0%
Aerobic growth Aerobic-microaerophilic Aerobic Aerobic Aerobic Microaerophilic
Tween 80 hydrolysis Positive - - - Negative
Nitrate reduction Positive Positive Positive Negative Negative
Urease activity Negative Negative Negative Positive Positive
Catalase activity Negative Positive Positive Positive Positive

* Hennessee et al. (2009).
** Shojaei et al. (2013).
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FIGURE 2

Amino acid-based phylogenetic tree of the core genome showing
the phylogenetic position of Mycobacterium pinniadriaticum sp. nov.
(in bold) within the genus Mycobacterium. M. pinniadriaticum strains

M. GZ002 (NZ_CP034181)
10 | M. pinniadriaticum CVI_P4 (JAPJDO000000000.1)
o M. pinniadriaticum CVI_P3T (JAPJDN000000000.1)

100

100

M. aromaticivorans JS19b1" (JALNO0000000.2)
M. confluentis JCM 136717 (NZ_AP022612.1)
M. insubricum JCM 163667 (NZ_AP022618.1)
M. fallax JCM 6405" (NZ_AP022603.1)
100 M peregrinum CSUR P2098 (CYSH00000000.1)
M fortuitum CT6 (CP011269.1)

M. conceptionense D167 (CTEF00000000.1)

M. senegalense CK2 (LDPU00000000.1)

M. farcinogenes DSM 43637" (CCAY00000000.1)

M. syngnathidarum 273357 (MLCL00000000.1)
M porcinum HMC1 (MSTD00000000.1)
M boenickei CIP107829 (FUWC00000000.1)

M. setense DSM 450707 (JTJW00000000.1)

M. septicurn DSM 44393 (CBMO00000000.1)

100

M. neworleansense ATCC 494047 (CWKH00000000.1)
M. houstonense ATCC 49403" (FJV0O00000000.1)
M. smegmatis NCTC 81597 (LN831039.1)
M. goodii X7B (CP012150.1)
M. wolinskyi CDC 01 (LGTW00000000.1)
M. brisbanense JCM 156547 (BCSX00000000.1)
M. mageritense JCM 123757 (NZ_AP022567.1)
M. llatzerense CLUC14 (JXST00000000.1)
M. mucogenicum DSM 44124 (NZ_CP062008.1)
M. diernhoferi ATCC 193407 (NZ_CP080332.1)
M. bacteremicum DSM 45578" (MVHJ00000000.1)
M. neoaurum VKM Ac-1815D (NC 023036.2)
M. canariasense JCM 152987 (BCSY00000000.1)

M. cosmeticum DSM 44829 (CCBB00000000.1)

o M. litorale JCM 174237 (NZ_AP022586.1)
i M. monacense JCM 15658" (NZ_AP022617.1)
1 M. doricum JCM 124057 (NZ_AP022605.1)

M. holsaticum JCM 12374T (NZ_CP080998.1)

M. elephantis 852002-10318 SCH4845932 (LZHS00000000.1)
M. celeriflavum JCM 18439" (NZ_AP022591.1)

M. komanii GPK 10207 (CVTA00000000.1)

M. malmesburyense WCM 7299" (CVTB00000000.1)

M. acapulense CSURP1424 (FLMU00000000.1)

M. novocastrense GA-2613 (LQIH00000000.1)

M. phlei CCUG 21000" (NZ_CP014475.1)

M. rutilum DSM 454057 (NZ_LT629971.1)

M. flavescens M6 (MIHA00000000.1)

M. rhodesiae NBB3 (NC_016604.1)

M. moriokaense JCM 6375" (NZ_AP022560.1)

M. istibile NCTC 104097 (NZ_LT906483.1)
M. hassiacum DSM 44199 (NZ_LR026975.1)

M. chubuense NBB4 (NC_018027.1)

i M. rufum JS147 (JROA00000000.1)

M. chlorophenolicum DSM 438267 (JYNL00000000.1)
M. kyogaense NCTC 11659" (QJUA00000000.1)

M. obuense 22DIII (SDLP00000000.1)

M. aurum NCTC 10437" (NZ_LR134356.1)

M. iranicum UM TJL (AUWT00000000.1)

M. parafortuitum JCM 63677 (NZ_AP022598.1)
M. gilvum Spyr1 (NC_014814.1)

M. vaccae 95051" (NZ_CP011491.1)

100 M. vanbaalenii PYR-1T (NC_008726.1)

M. austroafricanum MYC221 (NZ_CP070380.1)
M. trivialis DSM 441537 (LQPZ00000000.1)
M. terrae NCTC 10856 (NZ_LT906469.1)

M. tuberculosis H37RvV" (NC_000962.3)

M. vulneris DSM 45247 (NCXM00000000.1)

10 L M. senriense TY59" (NZ_AP024828.1)

(Continued)
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FIGURE 2 (Continued)

CVI_P3" and CVI_P4 were obtained from the gills and mantle of a
noble pen shell, respectively; the shell was collected a few weeks
before the mass mortality events in Mljet National Park (Croatia) in
2019. The core genome alignment was constructed using EDGAR
3.0 and comprised 1,198 concatenated core genes and 477,090
amino acid residues per genome. The maximume-likelihood
phylogenetic tree was constructed with RAXML version 8.2.12 with
the PROTGAMMALGF substitution model. Values on the branches
represent bootstrap values. Mycobacterium abscessus GZ002 was
used as an outgroup and root. Bar, the average number of nucleotide
substitutions per site.

assays determined the genus but were not specific enough to
determine the species.

The studied strains were also tested with GenoType
Mycobacterium CM, a commercial hybridization assay.
The assay classified strain CVI_P3" into the

M. scrofulaceum/M.  paraffinium/M. parascrofulaceum  group
(Supplementary Figure S10).

Assembly of the whole genome filtered sequences resulted in draft
genomes of the two strains, both 6.9Mb in size and had a G+C
content of 66.3% (Supplementary Table S3). The EDGAR platform
used to construct nucleotide and amino acid alignments of the core
genome found 1,198 core genes. The core genome alignment had
1,457,448 bp and 485,816 amino acid residues per genome. The
nucleotide and the amino acid-based core genome phylogeny showed
that the studied strains form a separate clade most closely related to
M. aromaticivorans, previously described in Hennessee et al. (2009)
(Figure 2, Supplementary Figure S2).

A pairwise comparison of the two studied strains revealed a
pairwise ANI value of 100%. Pairwise ANI values with the nine
selected closely related Mycobacterium species are shown in Figure 3.
M. aromaticivorans JS19bl had the highest pairwise ANI value of
85.0% with M. pinniadriaticum. The calculated ANI values were well
below the generally accepted threshold for species delineation of
95-96% ANI (Rossell6-Mora and Amann, 2001; Goris et al., 2007),
strongly suggesting that the studied strains are representatives of a
new Mycobacterium species.

The 16S rRNA gene sequences of both isolates were identical and
were phylogenetically most closely related to M. iranicum MO5T
(Shojaei et al, 2013) with a pairwise identity of 98.25%
(Supplementary Figure S3). M. gilvum SM 35T (Stanford and
Gunthorpe, 1971) was the best match identified by the EzBioCloud
16S identification service (Yoon et al., 2017) with 98.88% identity.

The two Mycobacterium strains from two different organs of an
adult were isolated a few weeks before the MME of the P. nobilis
population on the eastern coast of the Adriatic Sea. This is the first
description of Mycobacterium sp. successfully cultured from P. nobilis
and described to the species level. Its possible involvement in the
recent MMEs in Croatia and several other locations along the
Mediterranean Sea remains unclear; therefore, further studies are
needed to clarify this issue. This hypothesis is supported by the fact
that the seawater temperature at the time of sampling was lower
(about 17.2°C) than at the time of the highest mortality rate, which
occurred later with the increase in seawater temperature to 26°C
(Mihaljevi¢ et al., 2021), which is optimal for the growth of bacterial
colonies. Lower seawater temperatures may have hindered the growth
of mycobacteria and/or the establishment of their pathogenic
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. tuberculosis H37RvT (NC_000962.3)

. aromaticivorans 3519b1™ (JALNO0O000000.2)
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. terrae NCTC 10856" (NZ_LT906469.1)
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. insobricum JCM 16366" (NZ_AP022618.1)

M. vulneris DSM 452477 (NCXM00000000.1)
M. senriense TY59" (NZ_AP024828.1)

M. tuberculosis H37RvT (NC_000962.3)

M. aromaticivorans JS19b1 (JALNO0000000.2)
M. confluentis ISM 136717 (NZ_AP022612.1)
M. trivialis DSM 44153" (LQPZ00000000.1)

M. terrae NCTC1 0856" (NZ_LT906469.1)

M. fallax JCM 6405T (NZ_AP022603.1)

M. insobricum JCM 16366 (NZ_AP022618.1)

M. pinniadriaticum CVI_P3" (JAPJIDN0O00000000.1)
M. pinnaidriaticum CVI_P4 (JAPJDO000000000.1)

FIGURE 3
Average nucleotide identity (ANI) values of strains CVI_P3" and CVI_P4 compared with selected closely related mycobacterial species.

potential. In addition, the co-occurrence of different pathogens with  also rod-shaped with smaller differences considering the size of the
the greatest influence of Mycobacterium and Haplosporidium hasbeen  rods. The optimal growth temperature is 25-28C in the aerophilic to
previously suggested (Lattos et al., 2020). Other factors such as  the microaerophilic atmosphere. Bacteria are unable to grow at
seawater temperature, salinity, population density, and age of the pen ~ 45°C. Its closest relatives grow mostly in an aerobic atmosphere
shell population should also be considered (Carella et al., 2020; Lattos ~ optimally at 37°C. Scotochromogenic, yellowish colonies become
etal,, 2020). visible after 5-7 days on solid media L] supplemented with pyruvate
which is usually the case with its closest relatives. Growth on

Stonebrink and LJ supplemented with glycerol was noted in

4 _De_sc ri ptIO n of MyC obacterium subcultivation. Growth in the presence of 5% NaCl is also observed.
pinnia driaticum Sp. NOV. The type strain CVI_P3" is negative for urease and catalase activity.
Salinity tolerance and urease activity differ between species that are

Mycobacterium pinniadriaticum sp. nov. (pi.niad.riatikum. most closely related. However, catalase activity is negative for

L. fem. Adj. pinna, from the name of the bivalve mollusk genus,  Mycobacterium pinniadriaticum sp. nov. but usually is positive in its
isolated from a noble pen shell (Pinna nobilis); N.L. gen. n. adriaticum,  closely related species. Additional phenotypic properties are listed in
specific epithet of Adriatic Sea). Supplementary Table S1. Prominent fatty acids (>11%) are C18:1w9¢
Generally, rod-shaped, acid-fast, Gram-positive and acid-resistant ~ and C16:1w6¢; the mycolic acid pattern is composed of dicarboxy- or

by Ziehl-Neelsen staining. No spores or filaments were observed by  dihydroxy-mycolic acids, a-mycolic acids, wax esters and long-chain
microscopy. This is also the case with its closest relatives which are  alcohols. Comparing its fatty acid profiles to those of its closely related
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TABLE 2 Comparison of the whole-cell fatty acid composition of the CVI_P3™ and CVI_P4 strains and closely related strains of rapidly growing

mycobacteria.

FAME 1 2 3 4 ) () Vi 8 9 10 11 12 13
10:0 0.53 0.23 1.87 ND ND ND ND ND ND ND ND ND ND
12:0 0.88 2.19 0.73 ND ND ND ND ND ND ND ND ND ND
14:0 6.00 9.65 6.95 3.4 3.8 54 3.7 7.7 5.0 7.8 3.2 4.8 6.0
15:0 0.64 1.10 1.16 <0.4 <0.4 1.1 <0.4 0.5 0.5 0.2 0.3 <0.4 0.3
16:107¢ +w6c 13.48 ND 12.20 ND ND ND ND ND ND ND ND ND ND
16:0 23.59 37.92 23.17 19.6 22.4 19.9 21.9 18.2 19.1 23.7 21.7 23.6 34.1
17:0 0.09 0.86 0.51 ND ND ND ND ND ND ND ND ND ND
18:1m9¢ 22.79 26.36 29.69 21.4 20.0 23.5 29.4 18.1 23.2 22.2 17.3 32.4 35.5
18:0 1.36 3.24 1.32 1.3 1.1 0.9 2.7 0.6 3.0 2.1 0.9 1.6 1.0
10Me-18:0 8.54 5.02 3.02 16.6 13.6 13.3 10.6 4.7 3.5 8.4 7.5 2.0 3.9
20:0 0.28 1.15 0.84 <0.4 <0.4 <0.4 0.7 0.6 0.5 0.3 <0.4 1.3 <0.4

1. CVI_P3T; 2. M. insubricum FI1-06250'T; 3. M. aromaticivorans JS19b1; 4. M. murale MA112/96 T; 5. M. aurum NCTC 10437 T; 6. M. holderi DSM 44183 T; 7. M. gadium NCTC 10942T; 8.
M. diernhoferi DSM 43524 T; 9. M. vaccae NCTC 10916 T; 10. M. komossense ATCC 33013 T; 11. M. austroafricanum DSM 44191 °T; 12. M. neoaurum NCTC 10818 T; 13. M. abscessus NCTC

10882.

species as well as other rapidly growing mycobacteria, the CVI_P3"
strain has a unique profile. Its closest relatives M. aromaticivorans
JS19b1 and M. insubricum have the most similar fatty acid profiles
both in composition and percentages. Other rapidly growing species
differ significantly in fatty acid composition (Table 2).
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