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ABSTRACT Among the numerous pathogenic nontuberculous mycobacteria (NTM),
which may cause disease in both poikilothermic and homoeothermic organisms, members
of the unique clade Mycobacterium ulcerans/Mycobacterium marinum (MuMC) may cause
disease in both fish and humans. Here, we describe the emergence of Mycobacterium
pseudoshottsii, one of the four MUMC members, in Israel. For many years, M. marinum was
the dominant NTM that was diagnosed in Israel as a fish pathogen. To the best of our
knowledge, this is the first isolation and genomic characterization of M. pseudoshottsii
infecting edible fish from two different fish species farmed in offshore sea cages in the
eastern Mediterranean as well as in a recirculating aquaculture system in Israel. We com-
pared the M. pseudoshottsii whole-genome sequences to all available genomic sequences
of MuMC in free, publicly accessible databases.

IMPORTANCE  Mycobacterium pseudoshottsii was first detected in 1997 in the USA,
infecting wild striped bass (Morone saxatilis). Since then, several reports from different
countries worldwide have shown its capacity to become established in new regions as
well as its pathogenicity to saltwater and euryhaline finfish of different genera. Our phy-
logenetic analysis revealed that the Mycobacterium ulcerans/Mycobacterium marinum
clade (MuMC) is divided into two main branches: one that includes M. marinum and M.
pseudoshottsii, and the second, which includes other M. marinum isolates as well as two
isolates of M. shottsii. Our results reinforce the proposition that the geographical distri-
bution of M. pseudoshottsii is much more extensive than is commonly believed. The
emergence of M. pseudoshottsii in different parts of the world and its pathogenic traits
that affect finfish of different genera may be a cause for concern among fish farmers,
researchers, and environmental organizations.
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and is also known as Buruli ulcer, especially in African countries and Australia (2);
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saxatilis) in the Chesapeake Bay, USA, with a limited geographical distribution (4); and
Mycobacterium pseudoshottsii, which is a fish pathogen that was also first detected in
wild, diseased striped bass in the Chesapeake Bay (5) but, with time, was also diag-
nosed in farmed fish species from Japan (6) and Europe (7).

From 2020 to 2021, public veterinarians working at two Israeli fish-sorting stations noted
splenomegaly and pathological alterations of internal parenchymal organs that were refera-
ble to mycobacteriosis in 5 to 10% of examined specimens during a routine visual inspec-
tion as part of a specified organoleptic examination for the premarketing control of locally
grown, edible fish (8). We collected fish tissue samples from both farms: (i) a small-scale
recirculating aquaculture system (RAS) that was growing hybrid striped bass (Morone chrys-
ops x M. saxatilis) and (ii) an offshore sea cage farm in the eastern Mediterranean Sea that
was rearing gilthead seabream (Sparus aurata). Our epidemiological investigation revealed
that both farms had purchased fingerlings from the same hatchery. The source farm also
has breeding herds of both white bass and striped bass that were originally imported from
the USA, where M. pseudoshottsii is endemic. Hitherto, M. marinum had been the only infec-
tious agent that was causing piscine mycobacteriosis in Israel (3), and this species was im-
mediately suspected. Samples of fish parenchymal organs (liver, heart, kidney, gills, visceral
adipose tissue, and intestine) were smeared on glass slides and subjected to Ziehl-Neelsen
(ZN) staining (9). This yielded rod-shaped bacteria that were referable to the genus
Mycobacterium. The fish specimens were further fixed in 10% buffered formalin for 48 h,
dehydrated in an ethanol series and xylene, and embedded in Paraplast. Standard histologi-
cal protocols were applied. Finally, the samples were cut into 3 wm sections and alternately
stained with Mayer's hematoxylin and eosin (H&E), histochemical ZN stain, and Gram-Twort
stain.

Histopathology (Fig. 1) revealed the marked presence of multifocal to coalescing granu-
lomas in the spleen as well as amorphous eosinophilic areas in the spleen parenchyma with
an intense infiltration of acid-fast bacilli (AFB) that were referable to Mycobacterium spp.
These AFB were evident in the granuloma cores in the liver, heart, kidney, visceral adipose
tissue, and intestinal serosa, and they were also dispersed in the connective tissue.

The tissue samples of the fish with splenomegaly or splenic granulomatous nodules
were also crushed in a mortar with a few drops of deuterium-depleted water (DDW)
and decontaminated for 30 min at room temperature with a 1:1 volume of 5% oxalic
acid. Then, DDW was added to stop the process, and the sample was centrifuged at
3,000 x g for 20 min and resuspended in 5 mL of the supernatant. These samples were
inoculated on solid Lowenstein-Jensen (LJ) medium and incubated at 25°C and 30°C
until growth was observed. Overall, one isolate was obtained from hybrid striped bass
(reference no. 189-2020) that were incubated at 25°C, and two isolates were obtained
from gilthead seabream (reference no. 539-2021, 540-2021) that were incubated at
25°C. The first bacterial colonies were observed on LJ medium for samples 189-2020,
539-2021, and 540-2021 after 29, 21, and 25 days, respectively. The smears of all of the
mycobacterial colonies were subjected to ZN staining (9). Interestingly, no growth of
mycobacterial colonies was observed under incubation at 30°C, as was noted with a
previous case of piscine mycobacteriosis that was caused by M. marinum affecting gilt-
head seabream in Israel (3). These in vitro thermal growth characteristics matched
those of a recently published study in which elevated temperature inhibited M. shottsii
infection and M. pseudoshottsii disease in vivo (10).

For the whole-genome sequencing, 3 representative colonies were collected from LJ me-
dium using an inoculating loop and were suspended in 2 mL of DDW. DNA was then
extracted from the cultures by using a QlAamp DNA Mini Kit (Qiagen), according to the manu-
facturer's protocol. The genomic DNA of the Mycobacterium 189-2020, 539-2021 and 540-
2021 DNA libraries was prepared by using a Nextera DNA Flex Library Preparation Kit, follow-
ing the manufacturer’s instructions. Sequencing was performed on an lllumina MiSeq platform
by using a paired-end read (v2, 2 x 250 bp) kit. The genome assemblies and annotations for
all of the isolates were conducted by using the PATRIC v3.5.36 platform (11) and the Bacterial
and Viral Bioinformatics Resource Center (BV-BRC) (12) with the default parameters, unless
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FIG 1 Histological alterations observed in gilthead seabream affected by Mycobacterium pseudoshottsii. (A)
Spleen parenchyma showing severe multifocal to coalescing granulomatous inflammation (arrows),
peripheral normal spleen parenchyma (*), H&E, 4. (B) Affected spleen core showing multiple amorphous
eosinophilic areas (*) that are surrounded by multifocal granulomatous inflammation (arrows), H&E, 4x.
(C) Detail of the granulomatous reaction (arrows) in the spleen, H&E, 10xx. (D) Diffuse presence of acid-fast
bacilli that were referable to the genus Mycobacterium and were interspersed between the amorphous
matrix in the spleen core, ZN, 20x. (E) Multifocal granulomas (arrows) in trunk kidney parenchyma, H&E,
10x. (F) Multifocal granulomas (arrows) in the visceral adipose tissue and the pancreas (arrowhead), H&E,
10x. (G) Detail of coalescent epithelioid cell granulomas (arrowheads) with a necrotic core (arrows) and
vacuolated macrophages (*) in the spleen, H&E, 20x. (H) Increased magnification of the epithelioid cell
granulomas (arrowheads) with an eosinophilic necrotic core (arrows) H&E, 40xx.

otherwise noted. A FastQC analysis (11) confirmed that the FastQ files were of good quality.
The total number of reads was 2,688201. We used the Comprehensive Genome Analysis
Service, including de novo assembly by SPAdes (13), for the genome assembly of these iso-
lates. Remapping the reads to the de novo assembly resulted in a median base coverage for
Mycobacterium 189-2020, 539-2021, and 540-2021 (Table S1). The genome annotation was
conducted by using the Rapid Annotations using Subsystems Technologies tool kit (RASTtk)
(14). The annotated genome features are presented in Table S1. The Mycobacterium 189-2020,
539-2021, and 540-2021 genomes contained genes that were annotated as virulence factors
(Virulence Factor Database [VFDB]), such as the FtsK/SpolllE family protein EccCal, which is a
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FIG 2 Phylogenetic analysis. (A) Maximum likelihood phylogenetic tree of 71 Mycobacterium ulcerans/
Mycobacterium marinum clade (MuMC) isolates. The tree is based on a nucleotide alignment of 1,435
single-copy orthologous genes. The bootstrap values are shown for the internal nodes. (B) Minimum
spanning tree of M. pseudoshottsii and our isolates, based on the alignment of 4,393 SNPs. The numbers
on the edges represent the SNP differences between adjacent isolates. The difference between isolate
189-2020 and isolate 540-2021 is 82 SNPs (data not shown).
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component of the Type VIl secretion system ESX-1, the ESAT-6-like protein EsxG, as well as an-
tibiotic-resistance genes (Comprehensive Antibiotic Resistance Database [CARD]), such as the
DNA gyrase subunit B, DNA gyrase subunit A, and transcriptional regulatory protein EmbR.
The complete list of VFDB virulence factors and CARD antibiotic resistance genes for the iso-
lates 189-2020, 539-2021, and 540-2021 is presented in Table S1. To identify the closest homo-
logue in the database, as well as the closest high-quality representative genome in NCBI, we
utilized the Similar Genome Finder Service, which uses the Mash/MinHash algorithm (15).
Taxonomic classification via Kraken (16) identified isolates 189-2020, 539-2021, and 540-2021
as M. pseudoshottsii.

For the maximum likelihood phylogenetic tree construction (Fig. 2A), we used the
Mycobacterium samples 189-2020, 539-2021, and 540-2021 with all of the available
assemblies of M. marinum (excluding GCF_003431775.1), M. ulcerans, M. shottsii, and
M. pseudoshottsii (Table S2) from the NCBI RefSeq database (17). In addition, M. tuber-
culosis H37Rv (accession number: GCF_000195955.2) was used to root the phyloge-
netic tree. To exclude inconsistencies between annotations, we used PGAP (18) to
annotate our samples. OrthoFinder v2.5.4 (19) was used to perform orthogroup cluster-
ing between protein sequences, and this resulted in a set of 1,435 single-copy ortholo-
gous genes. For each orthogroup, corresponding coding sequences were aligned using
Muscle v5.1 (20). The aligned sequences were concatenated and then analyzed with
IQtree v1.6.12 (21) by using the GTR+F+I1+G4 model that was selected by
ModelFinder (22) with 1,000 ultrafast bootstrap replicates (23). The phylogenetic tree
was visualized by using iTOL (24). kSNP v4.0 (25) was used to generate a total genomic
single-nucleotide polymorphism (SNP) alignment for the minimum spanning tree of M.
pseudoshottsii and our isolates (Fig. 2B). The tree was constructed using GrapeTree
v1.5.0 (26). From the results of the minimum spanning tree, we cannot conclude that
there is a clear epidemiological relationships between our isolates and isolates from
other countries. Further analysis on a larger number of isolates is required in order to
provide us with new insights.

The number of fish infections with M. pseudoshottsii has been increasing in recent
years, and the reasons for this can be varied (increased awareness, improved surveillance
systems, and availability of advanced diagnostic methods). The domestication of wild fish
species, the intensification of modern aquaculture, and the international trade of live ani-
mals are also leading to higher numbers of reported cases of fish mycobacteriosis due to
M. pseudoshottsii.

Data availability. The raw sequencing data generated from clinical fish samples
have been deposited into the NCBI Sequence Read Archive (SRA) database under
BioProject accession number PRINA893417.

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
SUPPLEMENTAL FILE 1, XLSX file, 0.03 MB.
SUPPLEMENTAL FILE 2, XLSX file, 0.02 MB.
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